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s Abstract

7 Introduction-In recent years, Port and marine industry design standards were shifting their

s focus towards performance based and elasto-plastic limit state design criteria. Whilst

o performance based criteria for wharves and piers were well explained and covered by

10 POLA/POLB 1, performance based design of the dolphins was never reviewed. Current

1 PTANC WG-33 2 only briefly discussed design of the flexible dolphins. Some of the WG-33

12 statements related to fender supporting structures are ambiguous, and not well understood. In
13 author’ opinion, PIANC provisions do not differentiate between rigid, semi-flexible and flexible
14 dolphin systems making conflicting statements. The following study covers several aspects

15 associated with design of semi-flexible and flexible dolphin systems, and addresses design

16 issues which were insufficiently covered by PIANC and national marine codes. The list of

17 covered issues includes:? fender selection conflicts ? concept of impact dynamic amplification
18 7 utilization of the ductility concept for performance based design criteria ? the concept of

10 capacity protected elements and proper application of overload factors ? detailing mistakes in
20 pile to pile cap connections.This paper reviews design of the flexible dolphin systems with

21 concrete pile caps, explaining common design misconceptions and filling the gaps in the

2 current design practice.

23

24 Index terms— well explained and covered by POLA/POLBI1, performance based design of the dolphins was
25 never reviewed.

» 1 Introduction

27 n recent years, Port and marine industry design standards were shifting their focus towards performance based
28 and elasto-plastic limit state design criteria. Whilst performance based criteria for wharves and piers were well
29 explained and covered by only briefly discussed design of the flexible dolphins. Some of the WG-33 statements
30 related to fender supporting structures are ambiguous, and not well understood.

31 In author’ opinion, PIANC provisions do not differentiate between rigid, semi-flexible and flexible dolphin
32 systems making conflicting statements.
33 The following study covers several aspects associated with design of semi-flexible and flexible dolphin systems,

34 and addresses design issues which were insufficiently covered by PIANC and national marine codes. The list of
35 covered issues includes:

36 ? fender selection conflicts 7 concept of impact dynamic amplification 7 utilization of the ductility concept
37 for performance based design criteria ? the concept of capacity protected elements and proper application of
38 overload factors ? detailing mistakes in pile to pile cap connections.

39 This paper reviews design of the flexible dolphin systems with concrete pile caps, explaining common design
40 misconceptions and filling the gaps in the current design practice.
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4 COMMENT 2:

2 1II

3 Force of Abnormal Impact and

Fender Selection Clause 4.2.8.4(d) of PIANC WG-33 states: "It is considered advisable to check the supporting
structure against failure for loads substantially greater, (of 2-3 times greater), than the reactions due to abnormal
impact?” but does not explain the cause of magnification factor, and why force magnification is advisable?

This paper investigates two plausible sources of impact force magnification advisable by PIANC provision:

? Dynamic component of abnormal impact during the ? Ductility factor, p D -requirement rooted in the
performance based analysis.

The study was structured as a step by step approach:

Effect of the ductility factor component of the magnification coefficient, k cm , was analyzed in section III, and
an investigation of the dynamic component of abnormal impact was reviewed in Section Ila, following review of
the fender selection (Example 1). Example 1. Fender Selection for Rigid Dolphin Fender selection and analysis
of forces acting on a rigid dolphin during abnormal berthing impact are explained below. All denominations used
in this analysis correspond to denominations of PIANC WG-33. Compliance with both methods is achieved by
applying a correction multiplier K R = L.F. / C AB to Abnormal Berthing Reaction R AB .

Correction factor K R preserves fender size based on Abnormal Impact Energy requirements of PIANC WG-33
and complies with Limit State Load Factors set by national marine standards.

In the studied project, the Limit State Load factor was based on a wrong interpretation of AS 4997, cl.
5.3.2.5. As a result, selected ultimate limit state reaction corresponding to abnormal impact applied to the
breasting dolphin was overestimated by 25%.

Another design issue frequently yielding conflicting results is related to a proper selection of the Thus, C for
the smallest vessel can be determined from the following formula: C’ AB smallest = C AB largest vessel * (m
smallest vessel /m largest vessel ) * (V smallest vessel / V largest vessel) 2 (Formula 1) but shall be restricted
by the following boundaries: C’ AB smallest < C AB smallest as given by PIANC WG-33, Table 4.2.5 (The
above formulas shall be used for similar types of vessels only and should not be applied when the same dolphin is
utilized for the berthing of dissimilar vessels like tankers and general cargo carriers, etc. Such an arrangements
shall be avoided, anyway). PIANC WG-33, Cl. 4.2.8.5 clearly states that Table 4.2.5 shall be used as a general
guidance only, and the "designers’ judgment should be paramount in determining the appropriate factor”.

All of the above relates to the fender selection for rigid dolphin structures.

Fender selection process for semi-flexible and flexible dolphins is slightly different.

The following discussion requires a clear explanation of the differences between Semi-Flexible and Flexible
Dolphin systems.

In accordance with PIANC, flexible dolphin consists of vertical or near vertical piles cantilevered from the
waterbed, and such dolphin system absorbs berthing energy via horizontal deflection of the pile heads under the
berthing impact.

The group of dolphins described above includes both semi-flexible and flexible dolphin systems.

Comment 2, below, explains the difference between two subgroups.

4 Comment 2:

Semi-flexible dolphin consist of a group of vertical or near vertical piles cantilevered from the waterbed and
designed to absorb the energy of impact by horizontal deflection within the elastic boundaries where dolphin pile
sections do not undergo elastoplastic deformations.

Flexible dolphins having similar construction features are designed as ductile structures with elastoplastic
deformations within the pile sections. Piles in such dolphins undergo partial plastification and allow residual
inelastic deformation of the dolphin.

The following example explains conceptual design of the Flexible Dolphin System. Example 1A. Fender
Selection for Semi-Flexible and Flexible Dolphins.

Step 1. Start with the assumption that between 15% and 20% of abnormal impact energy is absorbed by elastic
or elasto-plastic deformations of the dolphin structure itself. Validity of that assumption will require verification.

Step 2. Ignore manufacturing composite factors for energy absorption, and select fender based on E’ AB = E
O * C AB = 2,268kN-m; hence, fender size can be dropped from SCN2000E0.9 to SCN1800E1.2 Frequently, the
owner dictates the largest C ABfactor from WG-33, Table 4.2.5 (CAB=2.0).

It shall be understood that selection of a stiffer fender penalizes the dolphin structure for no reason and defeats
the purpose of the rubber fender, in a first place. Such definitions as "largest” or ”smallest” vessel (WG-33, Table
41.2.5) are frequently misinterpreted. Erroneously, the difference in C AB -factors for largest and smallest vessels
may be as high as 40%.

However, C AB is a composite energy factor directly proportional to the vessel composite mass (m), and square
power of the approaching berthing speed, V 2 .

Since the approaching speed (vector of the approaching speed is normal to the berthing key line) of largest
and smallest vessels may be identical, C AB variation will depend on a mass ratio of both vessels. Table 77
shows analysis of the impact impulse length (7) for a rigid dolphin system in a tabular format.

abs deflection) is equal to about 75% of the rated reaction, , of the selected fender.



102
103
104

106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129

131
132
133
134
135
136
137

139
140

141

142
143
144

145

146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

From Table ?7?, maximum rated reaction, R R =2,476 kN occurs at 0.63m fender deflection or
1.8m70.63m=1.17m standoff.

A similar analysis was done for a flexible dolphin system. Results of that analysis are summarized in Table
??

The flexible dolphin of the studied case was constructed of four 1500 mm O.D. pipe piles with a 25 mm thick
wall. Corrosion allowance for pipe piles 3 m below the mud line and above was taken as 6mm. Table ?? shows
energy absorption capacity of the system at every force increment. At every instance, the force acting on the
rubber fender is reacted by the dolphin, and both deflections shown in Table 77 and Figure 1 contribute to energy
absorption of the semi-flexible or flexible dolphin system.

Figure 1 shows Buckling Fender Reaction-Deflection curves of the flexible dolphin structure, where deflection
of the fender is shown with sign (4+) and deflection of the dolphin is shown with sign (?) for the purpose of
convenience only. The algebraic sign has no physical meaning in the presented graph. Energy absorbed by the
rubber fender and dolphin structure can be estimated by integrating area under the curves.

Analysis of the impulse length (Rubber Fender + Flexible Dolphin) Table ?? : R R Reaction-deflection curve
of the fender can be closely fit by a polynomial curve generated by Excel. Using Excel’s trend line option,
designer can derive the formula for the curve and calculate fender energy absorption by integrating area under
the curve within the deflection range. Investigation of the possible Dynamic Amplification based on the fender
data presented in the Table ?? is presented below: Dynamic Magnification, is normally applied to the initial
impact force. P-y curve of the rubber fender (Figure 1) indicates that during the ship contact with the fender,
system experiences impact impulse twice:

? Primary impact during initial contact, and ? Secondary impact at 67% of the fender standoff (after fender
buckling, at about 40% of the initial fender standoff.) However, results of the fender compression analysis
consolidated in Table 77 indicate that the system absorbs all Kinetic Energy of impact at about 67% of the
original fender height or 0.67*1.80 = 1.20m standoff.

Summary of Impact Force magnification is shown in Figures ?7A and 3B The nature of the fender buckling
negates any possibility of dynamic impact magnification unless proposed fender was improperly selected, or was
very stiff. That statement is true for rigid dolphins.

Flexible dolphins have another line of defense against dynamic impact amplification: dolphin deflection itself.

5 Comment 3:

A summary of impact magnification analysis shown in Table 3 indicates that flexible dolphin protected by a
rubber fender does not experience dynamic impact amplification. The graph presented in Figure 1 indicates that
dynamic amplification becomes a strong possibility only in rigid dolphin systems when the fender was underrated
and deflected beyond the point of specified maximum deflection, or was overrated and had not buckled.

In the Rigid Dolphin case, energy is absorbed entirely by the rubber fender deflection, requiring a larger-sized
fender; whereas in the Flexible Dolphin case, about 20% of the kinetic energy is absorbed by the flexible dolphin
structure itself. That allows selection of the smaller and softer fender.

An additional energy absorption mechanism based on plastic deformation of the flexible dolphin is Benefits of
the Flexible Dolphin system become clear after comparison of torsional effects of the tangential force for both
rigid and flexible systems (

6 Structural Design of the Flexible Dolphin

Analysis of dolphin plastic deformations (performance based design criteria) requires design philosophy utilizing
and defining special members known as ”Capacity Protected Elements.” The term ”Capacity Protected Elements”
was first introduced by were never fully explained.

7 Comment 4:

An element shall be treated as Capacity Protected when elastic failure of the element changes the boundary
condition of support or critical connection.

That concept was vaguely discussed by PIANC WG-33, clause 6.6.4: ”"The following load factors for the limit
state design method are advised? depending on the pile capacity to resist overloads by plastic yielding.

? No yielding possible, 7 = 1.25

? Yielding possible until a displacement of at least two times the maximum elastic displacement, ? = 1.00
? Rewriting PIANC statement: ”The following load factors for the limit state design method are advised?
depending on the pile capacity to resist overloads by plastic yielding;:

? Pile to pile cap connection detail yields prior to yielding of dolphin piles, 7 = 1.25

? For Piles undergoing elasto-plastic deformations which are less than twice the elastic deflection based on
gross moment of inertia of the affected piles, overload factor ? shall be interpolated utilizing V o pile = 2 * M o
pile / L ¢ (Formula 5)

Where, M p -pile plastic moment capacity, at the location of the first plastic hinge.

If the shear plug was designed as a composite reinforced concrete section, it is expected that the first plastic
hinge will develop at, or slightly below, the soffit of the pile cap.
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9 COMMENT 6:

L ¢ -the distance between maximum moments in the pile (distance between the pile cap soffit and point of pile
virtual fixity) Modified forces shall be used for the design of the Capacity Protected Elements within the pile
cap. Such elements related to the pile-to-pile cap connection detail comprise: ©

8 t(hickness) = R-r
Step 2. Define the angle between the neutral axis and the edge of the slice, (7), as shown in Fig. 4 Step 3. Define
chords confined by a small increment d?:

Exterior and interior archs of the pipe confined by d? can be approximated by a chord length, R * d(?7)
(Formula 6) r * d(?) (Formula 7)

Step 4. Calculate area of the pipe shell confined by d (?):dAi=1/2* (R+r) * t * d(?) (Formula 8)

Step 5. Define the distance from the neutral axis to the elementary area,y 7 = y? = 1/2 * (R+r) * sin(?)
(Formula 9)

Step 6. Calculate moment of inertia of the pipe section confined by the central angle (?) in each of the 4
quadrants,) (*) (sin**)2/)((22232?7?7?74+==777aiieffdtrRdAyITleff =1/4%* (R+r)3*t
*[0.5 * 7 -0.25 * sin2(7)

| over integration limits (Formula 10) For checking formula, set integration limits between (7/2) and (-7/2) for
fully elastic section: For checking formula, set integration limits between (7/2) and (0) for fully plastic section.I
?=laceff =

Z 7 = (R+r) 2 * t (fully plastic section)(Formula 15)

Moment taken by a plastisized portion of the section (Formula 16)

Step 11. Total moment capacity of the section is described by Formula 17 (Formula 17)

Step 11 concludes analysis of partially plastisized pipe section.

Compliance with clause 6.6.4 of PIANC WG-33: "deflection equal to 2 times elastic deflection,” requires at
least part of the pipe section to be in a plastic mode, thus reducing the effective moment of inertia of the pile
section to the level where the elasto-plastic section deflects twice the magnitude of initial elastic displacement.
The new moment of inertia for such section is defined by Formula 10.

Figure 5 Equating the work done by the hypothetical external force (H) to the energy absorbed by the dolphin:H
*?7du=05Hp*?de+ Hp* (? du-? de ) (Formulal9)

Where, H * 7 du ? is work done by a hypothetical impact force (H) 0.5Hp *? de + Hp * (? du-? de ) ?
Energy absorbed by a dolphin prior to being forced into instability. Rewriting Formula 19 in terms of H p /H:H
p/H=2pD/ (2uD -1) (Formula 20)

Formula 20 establishes the relationship between Dolphin Capacity (H p ) and Demand Load (H), Where H is
the maximum anticipated load.

It should be understood that ductility factor applies only to flexible dolphins, but does not have any physical
meaning for semi-flexible systems exhibiting fully elastic behavior.

9 Comment 6:

A ductility factor of p D < 3 shall be used as a target for flexible dolphin design. Ductility factors in that range
allow the structure to be in continual use while undergoing insignificant structural repairs.

A ductility factor of 4 < p D < 7 defines damage criteria associated with moderate damage to the dolphin
structure. However, certain design limitations shall apply:

? Design shall rely on plastic deformations of the pile material, but not on elasto-plastic deformations of the
soil.

? Pipe pile shall not be subjected to ovalization and/or buckling.

? Residual plastic deflection should not be excessive. Accordingly, the dolphin will experience, not a minor,
but, a moderate distress which will require a longer time down for remediation repair.

In performance based design criteria, it is important to know the residual deflection of the system. That
parameter allows engineer to determine projected useful life of the structure.

Residual plastic displacement of the system can be estimated from the following equation,? res = ? T eff -7 I
gross ,

Where, ? 1 eff -deflection based on effective moment of inertia of elasto-plastic section determined from Formula
10 ? 1 gross -deflection based on moment of inertia of fully elastic section. The concept of a point of virtual fixity
shall be further explained, since frequently this point is determined incorrectly.

Iterating on angle (7) (Formula 10), designer can determine: a) an elasto-plastic section satisfying the factored
moment demand (M u =11,497kN); b) calculate effective moment of inertia (I eff ); ¢) estimate additional elastic
displacement associated with I eff , based on energy absorption requirements Comment 9: Clause 4.2.8.4(d) of
PIANC WG-33 requires design of the fender supporting structure for a force of 2 (1 D =1) to 3 times (up D =0.75)
greater than the force of abnormal impact.

Review of such requirement indicates that it lays outside of performance based criteria promoting rigid to semi
-flexible dolphins rather than flexible dolphins with residual plastic deformations.

Table ?? provides good correlations between ductility factor p D and ratio of Dolphin Capacity (H p ) and
Demand Load (H)



221
222
223
224
225
226
227

228

229
230
231
232

234
235
236
237

239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255

257
258
259
260
261
262
263
264

266
267

268

269
270
271
272
273
274
275
276
277
278
279
280

The data presented in Table ??7 explains Clause 4.2.8.4(d), but also indicates that a good design practice
should target fully elastic semi-flexible dolphin system. Residual plastic deformation of the dolphin, 7 res = ? 1
eff -7 I gross = 0.56 -0.38 = 0.18m Calculated residual deflection is excessive. Study of the case indicates that
dolphin was designed as a Flexible system, and therefore will have a fairly short useful life considering magnitude
of the residual deflection.

Utilizing the graph shown in Figure 7, engineer can find overload factor (? =1.12) utilized for analysis of the
Capacity Protected Elements within the pile cap.

10 The forces

M o pile = 7 * M pile = 1.12M pile =11,497 * 1.12 = 12,071kN-m (? =1.12, See Figure 7 ) A stiffer dolphin
structure will require more robust pile-to-pile cap connection detail and may shift the system into the rigid
dolphin category, while softer system will push dolphin into the flexible design category. Both, rigid and flexible
dolphins present extreme and hardly rational design cases. Rational design shall be based on semi-flexible dolphin
system philosophy.

? Pile-to-Concrete Pile Cap connection design Figures 2 and 3 show pile cap failure zones developing as a
result of ”shear plug” prying action caused by the pile rotation. Rotation of the shear plug and its rigidity
impose heavy reaction forces against the confining bands (Figures 2A and 2B). Sensitivity of the pile-to-pile cap
connection detail becomes obvious if it is viewed as an inverted pile embedded into a rigid medium. 7 The detail
should be modeled as a short beam on an elastic foundation utilizing a two-point p-y curve of soft rock as a
substitution for a concrete p-y curve.

Pile-to-pile cap connection detail (Figures 2 and 3 Therefore, the shear plug confinement band shall be designed
for the restraining of shear plug rotation. ? Bottom confinement band model R bot spr = 9,029kN M bot =
12,493kN-m EFR = 7,641kN/m F y = 551MPa (ASTM A706 high strength mild steel) Area of the primary lower
band reinforcement was calculated as A bot s = R bot spr / 0.9*F y = 9,029*10 3 / (0.9*551) = 18,207mm 2

Effective width of the shear plug (1.2m) was determined from the shear plug geometry. Therefore, bearing
stress under the shear plug f brg = 8,455kN / (1.2*¥1.0) = 7.06MPa < 0.85%35MPa = 30MPa Confinement band
reinforcement shall be placed as compactly as possible, placing 4 leg bands in one layer when possible.

Comment 11:

Based on Design Memorandum of WSDoT (February 14, 2012), ASTM A706 Grade 80 steel (Fy =80 ksi or
551MPa) may be used for elements not experiencing inelastic deformations. Grade 80 reinforcement steel can be
effectively utilized for design and detailing of capacity protected elements experiencing tensile forces only.

It shall be noted that Figures 8 and 10 show a constant slope and, as a result, exaggerated deflection of the pile
shear plug. It is considered prudent and conservative to artificially increase stiffness of the pile shear plug until
it starts behaving as a short, stiff beam on an elastic foundation. Such an approach yields slightly conservative
results for the magnitude of the reaction force resisted by Capacity Protected Elements (confining However, for
investigation of the concrete crushing and plug deflection, designer shall use the real stiffness of the pile shear
plug.

Size of the secondary confinement reinforcement, in the direction perpendicular to the primary confinement,
can be determined from the ratio of secondary force (force parallel to the fender face panel) to force acting during
abnormal berthing impact.

Analysis of the path of resistance not only requires proper of the analytical problem, but also selection of
the proper modeling technique. In the studied case, the engineer utilized the Strut-and-Tie model for the of
Pile-to-Pile cap connection analysis. However, comparison of the analytical model and on the design drawings
incompatibility between analysis and detailing.

As a result, lever arm between forces of the resisting couple was grossly overestimated, leading to a 20%
deficiency in area of confining band reinforcement.

Several critical discussed below, outline conditions necessary for compatibility between analytical and design
details of the Pile-to-Pile cap connection.

11 Comment

? Confining Band in tension should not be modeled as a pin support. Note: Confining band acts as a spring, when
subjected to a Direct Tension Force (DTF). Length of the spring shall be taken as a distance between confining
band lateral supports. Lateral supports must support band in both orthogonal directions. 7 Depending on
pile position in relation to the force direction, the spring band support should be applied at the top or bottom
of the shear plug, but never at both locations. When band is reinforced similarly to a concrete column where
ties confine longitudinal and provide direct bearing support a shear plug, detailing may allow modeling of the
confining band in the compression zone as a pin support. Nevertheless, utilization of the Strut-and-Tie model
requires additional reinforcement detail: tying top and bottom confining bands with evenly spaced vertical closed
stirrups. 7 Where design and detailing do not satisfy bullet (2) of Comments, tension spring support shall be
coupled with compression E(lastic) (F)oundation (R)eaction of the concrete medium.

Today, in a team work environment, analytical models and detailing are frequently poorly coordinated. Model-
design incompatibility happens more often than it could be anticipated.
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13 SUMMARY OF THE CASE STUDY

The Strut-and-Tie model requires special detailing, and there are certain geometrical limits when special
detailing becomes economically unviable (particularly when pile diameter exceeds 762 mm).

Another serious omission in the design of the pile-to-pile cap connection is frequently related to detailing of
the pile embedment where the designer leaves dowels of the shear plug (within the depth of the pile cap) without
spiral or tie confinement.

Such an omission leads to a deficient boundary condition of the shear plug itself, changing fixed connection to
a partial fixity with significant rotational

12 Summary of the Connection

Detailing Requirements

? Pipe pile shall be extended into the pile cap to the full height of the cap, or alternatively, dowels of the
shear plug embedded into the concrete pile cap shall be always confined by a spiral with a pitch not greater than
150mm.

? Shear plug dowels confinement is necessitated by stiffness requirements of the shear in a short pile failure
mode. Spiral volumetric ratio and spiral pitch shall be determined from formulas provided by CALTRAN.

? Confinement reinforcement shall run in orthogonal directions shown in Figure ??.

? Confinement reinforcement shall be designed with stirrups or ties preventing excessive de-bonding during
potential concrete spall. Such ties must be spaced not wider than 600 mm c/c

? Secondary confinement reinforcement does not need to be larger than 20% of the area of primary
reinforcement for berthing dolphins. For mooring dolphins, area of primary and secondary confinement will
depend on angular positions of the mooring lines.

VII.

13 Summary of the Case Study

Review of the case indicates that while a flexible dolphin solution presents a viable alternative solution to a rigid
dolphin system, the engineer should aim for the design of a semi-flexible system exhibiting both elastic behavior
and the ability to absorb kinetic energy of impact into a sizable deflection in the dolphin structure. B
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T T/xt /T Dynamic Magnification Amplified Reaction
Sec Ag= 1+(Tfxt)*sin(xt/T) kM
0.56 1.79 1.55 *Ra 2,476
1.84 but < Ry
0.31 3.23 0.73 *Re 2,476
= 0.75*Ay* Ry
Amplified
T T/nt xtfT Dynamic Magnification Reaction
sec Ag= 1+(T/x1)*sin(=1/T) kN
2.85 0.53 1.89 150 ¥Ry 2,478
but < Ry
4.18 238 0.42 148 "R, 2,476
= 0.75*A*R,
52015
Figure 5: 5 2015 E
Fender Fender Distance from Torsional
System | Reaction | Stand off | the fender Moment acting
at max panel at stand on the dolphin
reaction, off to C.G. of pile group, M+
the pile cap.
(kN) (m) (m) (kN-m)
Rigid =4.5+1.3
Dolphin 2,610 1.30 5.80 15,1381
Flexible
Dolphin 2,476 117 =4.5+1.17 14,038 1
6 5.67

Figure 6: 6 Ee
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Remarks

Rigid Dolphin. Case is outside of performance based criteria. No
inelastic displacement is anticipated. Pile to pile cap connection design
requires application of 25% overload factor for design of Capacity
Protected Elements.

Semi-Flexible Dolphin. Case is outside of performance based
criteria. Mo residual inelastic displacement is anticipated. Close to 20%
of impact energy is absorbed by dolphin elastic deflection. Pile to pile
cap connection design requires application of 25% overload factor
{y=1.25) for design of Capacity Protected Elements,

1.2

Flexible Dolphin Case is within performance based criteria. Minor
structural damage. Miner to moderate residual inelastic deflection
should be anticipated. More than 25% of impact energy is absorbed by

dolphin elasto-plastic deflection. Overload factor, y for pile to pile cap
connection design shall be determined from Figure 4. Overload factor

application required for design of Capacity Protected Elements.

Flexible Dolphin. Case is within performance based criteria.

Moderate structural damage. Moderate residual inelastic deflection
should be anticipated. More than 25% of impact energy is absorbed by

dolphin elasto-plastic deflection. Mo overload factor {y =1.0) reguired
for design of Capacity Protected Elements.

Figure 12: Figure
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.6, for example,

demands Load Factor =1.6 for Berthing loads, whilst
Australian Standard AS 4997-2005 requires

berthing Load Factor = 1.5. Effect of such variations is
negligent.

The more troublesome fact is that some

National codes make conflicting statements.

Australian national code AS 4997-2005 in cl.

5.3.2.5, for example, states that:

"The ultimate strength design of the fender

support structures should then consider the greater load
of:

[Note: ¢ Fender selection based on method 1 will satisfy energy absorption criteria of PIANC WG-33, but will
not comply with load factors set for Berthing load by designated national standard.]

Figure 20: Table 3
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Figure 21: Table 4
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.1 Buckling and Ovalization

capability. Each dowel of the plug, in that case, acts as a single rebar, reducing rigidity of the shear plug to a
sum of rigidities of individual dowels.
Iv.

.1 Buckling and Ovalization

PIANC WG-33, cl. 6.6.4, purposely excludes possibility of plastic deformations in the soil due to the high
unpredictability of such deformations and excludes two critical design parameters:

? local buckling and ? effect of ovalization on local buckling.

Buckling ovalization must be checked at abnormal impact force which is interpreted as an Ultimate Limit
State force.

However, ovalization and local buckling frequently occur prior to plastic yielding. Corrosion, defined as a
corrosion allowance, may and will greatly affect pipe pile ovalization and local buckling.

APA -RP2A 8 sets overall and local pile buckling criteria for large diameter pipe piles.

Pile Overload Analysis based on Plastic design (APA-RP2A, section 3.3.1c) provides the following equation:

Where, P u and M u are factored Axial force and Bending Moment. Z -plastic section modulus F xc <1.2F
y -plastic local buckling depending on pile diameter to wall thickness ratio, D/t (API-RP2A, section 3.2.2.b)
Considering average weighted load factor for Ultimate Strength design to be close to 1.5, the ratio of (1.2/1.5)
*F y yields stress design limit of 0.8*F y .

PIANC WG-33 does not establish any credible criteria for large diameter pile buckling or pile "egging,” while
possibility of such failure prior to plastic buckling is high.

Section ovalization along the soil elastic foundation reduces pipe section moment of inertia, and simultaneously
increases the chance of section buckling.

.2 Comments 13:

Whilst circular section can be checked for plastic deformations, there are no established or credible analytical
procedures for the buckling of an oval section.

Therefore, it is important to exclude possible ovalization of the pipe pile below the ground surface. The
ovalization problem presents designer with two options:

? Option 1: Adjust pipe shell thickness and verify that Von Mises stresses in the pipe shell below the

? Option 2: Fill pipe pile annular space with concrete. Ovalization of the section shall not be allowed, and
Von Mises stresses shall be limited to 0.6*F y . Such a requirement is only slightly conservative, but fairly safe
approach.

V.

.3 Model for Checking Pile Ovalization

This paper does not review ovalization problem below the ground level. Investigation of ovalization is a fairly
complex task requiring soil spring / pipe shell interaction. Ovalization check below the ground level is generally
required when D/t ratio exceeds 60, and is rarely presents a problem. Ovalization issue at the shear plug,
however, is frequently neglected. On several reviewed projects the length of the shear plug embedment was
underestimated, and at least on one project ovalization of the pile at the pile cap soffit was clearly visible. Model
for checking ovalization at the shear plug is shown in Figures 7?72 and 13. The main reason for that check is
to determine the required length of the shear plug embedment into the pipe pile. The length of the shear plug
embedment shall be sufficient for prevention of the stresses in the pipe pile from reaching steel yield point. It
would be recommended to keep stresses in the pile below 0.9F at Ultimate Limit State. Stress in the pile shall
be checked assuming corrosion allowance at the end of the useful life of the structure.

[ Trelleborg. High Performance Fenders. Section] , Trelleborg. High Performance Fenders. Section 1.
[Design of Piers and Wharves| Design of Piers and Wharves, UFC 4-152-01. (Unified Facility Criteria)
[Wg-33] Guidelines for the Design of Fender Systems: 2002. International Navigation Association, Pianc Wg-33

[Guidelines for the Design of Marine Structures] Guidelines for the Design of Marine Structures, (Australian
Standard AS4997-2005)

[Rp-2a ()] Recommended Practice for Planning, Designing and Constructing Fized Offshore Platforms-Working
Stress Design, Api Rp-2a . 2007. American Petroleum Institute.

[Seismic Design Criteria. Version 1.6 (2010)] Seismic Design Criteria. Version 1.6, November 2010. CALTRAN
; California Department of Transportation

[Seismic Design of Pile -to-Pile Cap Connections in Flexible Pier Structures. Vitaly B. Feygin. Structure, SEI (2012)]

Seismic Design of Pile -to-Pile Cap Connections in Flexible Pier Structures. Vitaly B. Feygin. Structure,
SEI, March 2012.

[Port and Beach (2013)] Wharf Design Criteria. POLB WDC Version 3.0, Long Port , Beach . February 29,
2013.
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