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ABSTRACT

Presented is the following Naval Facilities Engineering

Command (NAVFAC) publication, entitled:

"Deéign Standards for Structural Steel Dolphins in Cohesionless

Soils".

The contents include:
l. Foreword
2. Preface with Introductory Remarks

3. The report on Design Standards with subgrade

characteristics and rated capacities of piles,and behavior
of dolphins. Examples of design for different stress levels,

pile spacing and their embedment lengths are given.

This publication was prepared by the NAVFAC Engineering

Investigation (EI) program on 20 January 1974.
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FOREWORD

‘

"DESIGN STANDARDS FOR STRUCTURAL STEEL DOLPHINS"

Considerable collision damage to ships and structures
occurs each year in ports and harbors often because of in-
herent rigidity of piers, wharves and platforms. A ship
depending on its mass, velocity of approach, and its motions
caused by winds, currents, tides and waves may represent
considerable kinetic energy, destructive upon contact. This
energy has to be absorbed by the elastic deformation of the
ship's hull and the structure itself, after employed fender-
ing devices take care of their share up to the limit. It
would, therefore, be desirable that the absorption of the
ship's kinetic energy, which began by camels in some cases
and fenders,continues further until fully dissipated,
preferably by the structure, without its destruction or
serious damage. A flexibility of the structure would thus
be a prerequisite, particularly when fendering turns out
to be inadequate. Toward that goal "Design Standards for

Structural Steel Dolphins" are provided.

e 2
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INTRODUCTORY REMARKS TO

DESIGN STANDARDS FOR STRUCTURAL STEEL DOLPHINS

1. The report covers single pile and multiple pile-dolphins.
The single pile sizes in tables of Fig. 14 and Fig. 13 are
36", 48" and 60", 72" in diameters, respectively, with a
wall thickness from 0.75" for all sizes to 1.5" for 60"

and 72" diameter piles.

For increased capacities, multiple (small diamete:.” 36"
and 48") pile-dolphins comprise two, three, four and five
piles as well as six and seven piles of the 48" diameter
for different depths of water - providing a diversified
range of rated static force, and elastic energy absorption.
This is for a case in which the structure could be loaded
at any location around its perimeter.

Different combinations of pile sizes and their numbers
in addition to those shown in the table of Fig. 14, could
be used as desired or warranted by the local conditions.

2. These structures do not include fendering systems.

The fenders, if any could be provided in accordance with
the specific requirements of using activity. 1In such a
case, the energy absorbing capacity of the fenders should
be added to the listed rated elastic energy of the dolphins,
shown in the table, Fig. 14, to arrive at the total energy
capacity of the structure. The EI project "Fendering for
Structural Steel Dolphins" is available but fenders could
be individually designed as needed.

3. Dolphin piles do not carry axial stresses (tension or
compression) but act basically in bending.

Since the connections of piles in a group (to exclude
the axial pile loads) are expensive, it is recommended
that a single larger diameter pile be used for a required
capacity, rather than a group of smaller size piles, in
locations where large size piles and driving equipment
are available.

Usually a single-pile-dolphin should suffice, provided
it can be obtained in the required size. This would con-
stitute the simplest and least expensive solution. 1In
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special situations, the two-pile-dolphin with simple
connecting member, and fendering if required, could provide
a suitable and inexpensive structure, as depicted in Fig.
11 and Fig. 12.

4. To assist the designer and the engineer, 13 various
examples are given in the text to facilitate use of the
report. To name a some:

a. For existing dolphins - calculating the rated
capacity and the energy absorption for a given mooring
force at a given elevation, rotation, deflection, and
forces in bracing.

b. For design of dolphins - determining the required
number of available piles with the known properties -

(1) for a given mooring force acting at a given
elevation.

(2) for a required energy absorption under the
known loading.

To provide more favorable distribution of forces from
piles to soils, a concept of a sleeved pile is currently
being investigated by NAVFAC for future applications.

Verification of the calculated values for sleeved
piles fron this EI project and expected behavior of
structural members and soils will be undertaken in full
size field testing.

5. The use of the standard designs, the structural steel
stress levels, details of connections, pile spacing, their
embedment and installation are discussed in the report.

The derivation of equations and references to charts
used in the report are provided in Appendix A.

This report covers structures in cohesionless scils,
however, consideration is being given to the preparation
of similar aids for other soil conditions in future.

Casimir J. Kray
Consultant,
wWaterfront Structures
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LIST OF SYMBOLS

. A factor, dependent on pile diameter and pile wall thick-

ness, used to determine dolphin rated energy capacity

. A factor, dependent on pile yield stress, and on ratio

Thin/H» used to determine dolphin rated energy capacity

. Pile moment coefficient
. Coefficient in expression for maximum pile deflection
. Coefficient in expression for maximum pile slope change
. Pile (outside) diameter
. Modulus of elasticity
... Design force in chain
. Design force in inter-pile struts
. Maximum force on dolphin, for rated energy capacity
. Dolphin rated force capacity
. Height of load point, above seabed
. Moment of inertia of pile section
. Passive pressure coefficient
. Pile maximum bending moment
. M causing yield stress in pile outer fibers

Number of piles in a dolphin cluster

. Number of chain-connected piles

. Eccentricity moment, about dolphin axis

. Pile section modulus

. Pile characteristic length (= relative stiffness factor

in NAVFAC DM-7, 1971)

. T, based on maximum soil stiffness

. T, based on minimum soil stiffness

. Rated energy capacity of dolphin

. Eccentricity of applied dolphin load, with respect to

dolphin axis

. Coefficient of horizontal subgrade reaction

. Yield stress
. Radial distance from dolphin axis to axis of a perimeter

pile

. Spacing, c.c., of piles in a chain-connected pair

Units

in

kips/in?

ft
kips/ft2
kips
kips
kips
kips
ft
ft

kip-ft
kip-ft

kip-ft
in
ft

ft
ft
kip-ft
ft

Kips/ft;
1bs/in3
kips/in?
ft

ft
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. Nominal thickness of pile wall
. Net pile wall thickness with 0.125" deduction for

corrosion

. Horizontal angle defining direction of applied dolphin

load

. Horizontal deflection of pile at top
. Maximum deflection of pile at top
. Density of submerged soil
. Pile-top slope change
... Maximum pile top slope change
. Soil frictior angle, based on effective stress

Units

in
in

degrees

ft
ft
1bs/ft3
radians
radians
degrees
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DESIGN STANDARDS FOR STRUCTURAL STEEL DOLPHINS
1.0 INTRODUCTION

These standards provide dolphin designs for six different capaci-
ties (mooring force and energy absorption) in each of four water depths,
for seabeds of cohesionless soils. In addition methods are presented
for the design of dolphins of other capacities, other water depths, using
other pile sizes and, or, other steel strength grades. These methods
likewise are limited in their applicability to dolphins embedded in sea-
beds of cohesionless soil. Tables and graphs, and numerical design exam-
ples illustrating their use, are presented. The examples, to assist the
field engineer, include determinations of dolphin force and energy capaci-
ties, pile-top deflection and slope, and forces in inter-pile connecting
struts and chains.

2.0 SCOPE

The specific dolphin designs herein presented incorporate pipe piles
of only two sizes (36 PP.75 and 48 PP.75), in one strength grade (60 ksi
yield), in clusters of 1 to 7 piles. These designs provide the following
ranges of mooring force capacities and energy capacities.

Water Mooring Force Energy

Depth Capacities Capacities

40 ft. 27 to 191 kips 30 to 179 ft-kips
50 ft. 23 to 204 kips 32 to 240 ft-kips
60 ft. 36 to 214 kips 52 to 310 ft-kips
70 1L, 32 to 221 kips 55 to 386 ft-kips

The design of fendering was not within the scope of the contract for
the development of these standards. Energy capacities referred to herein
are the elastic energies absorbed by the steel piles (and, to a lesser ex-
tent, the soil). In most cases the required energy capacities are thus
developed at force magnitudes which can be distributed over the ship's
hull by simple timber fendering. When special energy-absorbing fendering
1§ used, the total energy capacity is the sum of the fender energy capacity

| plus the elastic energy capacity as given herein.

I AR . s A
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The dolphins covered by these standards are comprised of one or
more steel pipe piles functioning primarily as vertical beams canti-
levered from the seabed. When more than one pile is used their inter-
connection for effective group action can be costly. For this reason,
a single large pile is more attractive whenever piles of the required
size, and pile-driving equipment of the required capacity, are readily
available. In accord with instructions from tne Naval Facilities Engin-
eering Command, the pile diameters in the standard dolphins presented
herein are limited to 4 feet. However, the capacities of single-pile
dolphins of 5-foot and 6-foot diameters are are tabulated in Fig. 13.
Further, methods of design presented herein, and charts to facilitate
their application, are suitable for a wide range of piie sizes, steel
strength grades, water depths, and dolphin capacities

The standard dolphins and the design methods herein all assume a
seabed of cohesionless soil.

3.0 SOIL CHARACTERISTICS

3.1 SOIL TYPE

These standards are applicable to dolphins at sites where the sea-
bed is comprised of essentially uniform cohesionless soil throughout the
pile embedment length. For design purposes the soil characteristics of
interest are the coefficient of variation of soil modulus-of horizontal
subgrade reaction with depth, f, the coefficient of passive soil pres-
sure, kp, and the submerged unit weight of soil, Y-

3.2 NUMERICAL VALUES OF SOIL CHARACTERISTICS

Fig. 1 provides values of f and k_ as a function of sand density.
Values of f shown on Fig. 1 were obtained by reducing the values of f
for coarse grained soils from Fig. 11-8 of NAVFAC DM-7 by 60% (approx.
ratio of Ys to Ydry) to account for the effects ?{)submergence in accord-
ance with recommendations presented by Terzaghi. The detailed dolphin
designs presented in these standards are based upon a medium sand, for

which f varies from 8 to 24 lbslinch3 and kp varies from 3.0 to 4.0.
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Where the use of a low value of f is conservative, the mean value, re-
duced by 75 percent for the effect of repeated loading, has been used;

i.e., f .= 0.25(16) = 4.0 1b/inch®; where the use of a high value of
f is conservative, the maximum value for the range, unreduced for re-
peated loading, has been used; i.e., fmax = 24 1bs/inch3. It always is
conservative to use a low value of k_, and the lowest value for the

mediun sand range, kp = 3.0, has been used in these standards. The sub-
merged soil density, Y varies only over a very narrow range, and the
conservatively low value, it 50 ]b/ft3, has been used in these stand-
ards.

Where the seabed is comprised of cohesionless soil, but of substan-
tially different density than herein assumed, the range of values of f
and kp should be determined. For dolphin design fmin should be taken
equal to 25 percent of the lowest value at the site, and fmax should be
taken equal to the highest value at the site. The minimum value of kp

for the site should be used in design.

3.3 SUBSURFACE INVESTIGATION

In some instances the subsurface soil characteristics will be known
from prior investigations. When such data is not available, the follow-
ing investigations are necessary.

At the location of each dolphin, at least one 2-1/2" dia. test bor-
ing should be conducted. Standard split-spoon samples (1-3/8" I.D. and
2" 0.D.) should be obtained from the mudline to the top of the sand stra-
tum. For dolphin design purposes, H, "the height of load above seabed,"
must be taken as the height of load above the top of the sand stratum,
and the determination of the latter elevation is necessary. Within the
sand stratum, samples should be obtained at 5-ft. intervals to a depth
of 10 ft. below the bottom elevation of the proposed piles.

Standard penetration tests should be conducted according to the pro-
cedures specified in Table 4-2 of NAVRAC DM-7, which specifies that the
split-spoon sampler should be driven with a 140-pound hammer falling
freely through a distance of 30 inches, recording the number of blows for
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each six inches of penetration while driving the spoon a total distance
of 18 inches, unless indicated otherwise on Table 4-2. The total num-
ber of blows required to drive the spoon through its final 12 inches of
penctration is referred to as the blow count, N.

For cohesionless soils, the required soil parameters are a function
of relative density, which is related to the blow count, N, as shown on
Fig. 4-2 of NAVFAC DM-7. ¢ for cohesionless soils (SW + SP) can be found
as a function of relative density from Fig. 3-7 of NAVFAC DM-7, and kp =
(T+sin $)/(1-sin ¢). With kp determined, the value of f can be determined
from Fig. 1, herein.

4.0 SOURCES OF DOLPHIN LOADS

Primary (horizontal) loads on a dolphin can arise from its use as
a ship mooring, from its function to absorb kinetic energy of a ship dur-
ing docking operations, or from its use in assisting the maneuvering of
a ship in a narrow channel. In addition to these primary loadings the
dolphin may be subjected to significant forces associated with waves and
water currents. The dolphin may be used for mooring purposes under storm
conditions, but it is unlikely to be used for docking operations, or to
assist in ship maneuvers, under severe storm conditions. The mooring
force for which the dolphin is to be designed must reflect ma<imum wind,
wave, &nd water current forces on the ship as well as wave and water
current forces on the dolphin itself. Wave and water current forces on
the dolphin may be converted to an equivalent force (i.e., the force at
water surface wiich would cause the same overturning moment about a point
on the seabed), and added directly to the force applied by mooring line
or by ship contact.

Taking account of all of the above load sources, the dolphin design
is entered with (a) a maximum force to be resisted, (b) a maximum energy
to be absorbed, (c) a maximum contact force which can be tolerated with-
out damage to the ship's hull. The latter force limit may be a function
of the fender area that can be contacted by the hull. Since the dolphin,
typically, will be intended to serve a range of vessels with different
characteristics, there may be several loading conditions to be satisfied.




5.0 RATED CAPACITIES AND FACTORS OF SAFETY

The principal structural elements are pipe piles of ductile steel
utilized primarily in the bending mode. The bending moment correspond-
ing to steel yield can be computed with considerable confidence, and
pile embedment lengths are more than adequate to preclude "failure"
prior to steel yield. Accordingly the pile top lateral force required
to cause yielding of thepile steel can be reliably determined. It
should be noted that the time-dependent reduction in this force, due
to loss of material through corrosion, is accounted for by a 0.125"
reduction in the pipe wall thickness used in strength computations. The
method of connecting the several piles in a dolphin cluster is such that
all share, essentially equally, in resisting the load.

Rated Force Capacity of the dolphin is defined as 50 percent of the
dolphin force which, when equally distributed among the piles, will de-

velop yielding of the piie steel. Since the bending moment required to

cause actual pile failure is substantially greater than the bending mom-
ent to initiate yielding, the rated force capacity incorporates a factor
of safety somewhat greater than 2.0.

Energy absorption is a function of both load and deflection. Assum-
ing maximum soil stiffness (fmax)’ the pile lateral load and deflection
corresponding to a maximum bending stress equal to 75 percent of the
yield stress are determined. The Rated Energy Capacity is defined as
one-half the product of load and deflection, thus computed. If the soil
were linearly elastic, and of the assumed maximum stiffness, up to pile
yield, the rated energy capacity would represent 56 percent (i.e., (.75)2)
of the energy absorbed by the pile at the point of yielding. Thus the
rated energy capacity would imply a factor of safety of 1.78. However,
the actual soil stiffness must be less than the assumed maximum stiffness,
particularly under repeated loadings, and the stiffness must decrease
with increasing load. For both of these reasons the actual energy ab-

sorbed in loading a pile to the yield stress will exceed twice the rated
energy capacity; that is, the factor of safety with respect to energy is

somewhat greater than 2.0. Of course in an accident condition of high
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overload the pile steel yields, and very much larger amounts of

energy will be absorbed in the plastic range. The inherent ductility
of steel piles thus provides assurance that accidentally high levels
of vessel kinetic energy can be absorbed, though these may result in
dolphin damage that necessitates rcplacement.

6.0 STRUCTURAL BEHAVIOR OF DOLPHINS
6.1 SINGLE-PILE DOLPHINS

Within its service load range the single-pile dolphin is treated
as a vertical cantilever beam supported on an elastic foundation. The
foundation modulus is assumed to increase linearly with depth. Thus
the local soil reaction (1bs. per foot of pile length) at any depth is
the product of the pile lateral deflection at that depth, the depth,
and f, the coefficient of variation of the soil modulus with depth.

It should be noted that, for any given lateral load at the top of
the pile, the magnitude of the pile maximum bending moment is very in-
sensitive to the assumed value of the soil coefficient, f. This is due
to the fact that, for the water depths of interest (2 40 feet), the
water depth dominates the effective "moment arm" of the applied load.
That is,the maximum bending moment occurs at depth into the soil which
is very small compared to the water depth. Accordingly, small changes
in this depth into the soil, which accompany changes in the coefficient f,
cause only small changes in the bending moment. In this regard the
behavior of a dolphin pile is fundamentally different from the behavior
of a pile laterally loaded at, or near, this ground surface.

The horizontal deflection of a dolphin pile, atthe point where it
is loaded, results, in part, from pile flexure above the seabed and, in
part, from the deflection and slope at the seabed. The latter contribu-
tions are significantly influenced by the magnitude of the soil coeffi-
cient, f. Since absorbed energy is proportionate to deflection, the
rated energy capacity is conservatively based upon a high value of f
(Teading to a conservatively small value of deflection).




e —— I ———

P

-~

o7~

"Failure" of the pile involves development of a "plastic hinge,"
and the mobilization of soil passive pressure on the portion of the
pile above this hinge. The passive soil reaction (1bs. per foot of
pile length) is assumed to be three times the product of soil depth,
pile diameter, submerged unit soil weight, and the coefficient of
passive soil pressure. Because of the substantial distance of the point
of loading above the scabed, the magnitude of applied load corresponding
to an assumed pile hinge moment is very insensitive to assumed values of
submerged unit soil weight and coefficient of passive soil pressure. In
this regard the dolphin pile differs from piles subjected to lateral
load at, or near, the ground surfaces. In the preparation of these
standards, Y = 50 Tbs/ft> and ky = 3.0 have been assuned. These are
conservatively small values, but substantially different values would
have changed the results by only a few percent.

For the ductile steels appropriate for dolphin piles, the bending
moment at the plastic hinge can be expected to exceed the bending moment
associated with the initiation of yielding. However, the yield moment
has been, conservatively, taken as the hinge moment. The rated (mooring)
force capacity of the dolphin pile, assumed applied 10 feet above the
water surface, is defined as 50 percent of the load required to develop
the yield bending moment.

6.2 MULTIPLE-PILE DOLPHINS

The single-pile dolphin is the best choice when a pile of the re-
quired size, and equipment with the capacity to drive it, are readily
available. However, there will be cases in which two or more steel piles
must be combined to form a dolphin of the required capacity. In contrast
to timber dolphins, which often are comprised of a very large number of
timber piles, steel dolphins rarely will require more than a few piles.
Because the piles function primarily in bending (rather than as tension-
compression elements), and to minimize the possibility of damaging con-
tact with the lower part of a ship's hull, the steel piles of a multiple-
pile dolphin are arranged in parallel (i.e., all are vertical).
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The purpose of inter-pile connections is to distribute the applied
Toad as equally as possible among all the piles, without inhibiting the
pile-top slope changes associated with pile bending. Underlying these
two objectives are the following considerations:

a) The dolphin capacity is Timited by the bending stress in that
pile which is subjected to the largest shear and bending moment.
The total dolphin force required to produce the allowable bend-
ing stress in the most heavily loaded pile is maximized if bend-
ing stresses in the other piles concurrently reach, or closely
approach, the allowable values.

b) If inter-pile connections inhibit pile-top slope changes, very
large bending moments are developed in the piles, and in the
framing elements which connect the piles. Because of the short
span of the framing (i.e., close spacing of the piles), these
bending moments are accompanied by very large, vertical, shear
forces in the framing. The framing shear forces are reflected
in large axial tension forces in some piles. It is not possible
to preclude partial pull-out of such piles from the seabed.

The compiexity of inter-pile connections required to achieve the
above described objectives is dependent upon the number of piles in the
dolphin, how large a portion of the dolphin perimeter can be subjected
to loading, and the magnitude of possible eccentricity of the line of
action of the load with respect to the dolphin axis. The contract under
which these standards were prepared specified dolphins suitable for load-
ing at any point on their perimeter. This requirement, together with
the range of load directions implied by friction components at the ship-
to-dolphin contact point, creates maximum demands on the system of inter-
pile connections. The requirement that loading be accepted at any point
on the perimeter lead to axi-symmetric arrangements for all of the multiple-
pile dolphin designs herein presented. The necessity to provide for large

eccentricity of loading, with respect to the dolphin axis, required special
connection elements (i.e., chain-linked torque arms) to mobilize the
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torsional resistance of individual piles. Absorption of most of the
dolphin torque through torsional moments in the piles minimizes twist-
ing of the entire pile group, with two important consequences. First,
and most important, bending stresses are essentially equal in all of
the piles, even when the dolphin is eccentrically loaded. Thus there
is negligible degradation of the dolphin capacity under eccentric
loading. Second, the essentially parallel and equal displacements aof
the pile tops facilitates the connection of inter-pile struts, which
serve to maintain the distances between adjacent piles. These struts
can be connected by pins oriented (horizontally) to accommodate pile-top
slope changes. If twisting of the pile group were not inhibited, the
connection detail would be required to accommodate not only the vertical
rotations associated with pile-top slope changes, but horizontal rota-
tions as well.

Figs. 9 and 10i1lustrate, for a 3-pile dolphin, the increase in
dolphin capacity that can be achieved when the torsional resistance of
individual piles is mobilized. 1In each case the dolphin load F is
assumed to act with an eccentricity e with respect to the dolphin axis.
Thus the dolphin is subjected to a concentric load F plus a torque eF,
as shown in Figs. 9(b) and 10(b). If the dolphin torque must be resisted
by pile bending, Figs. 9(c) and 9(d) show the individual pile loads due,
respectively, to the dolphin concentric force F and the dolphin torque.
Note that pile 1 is far more heavily loaded than either of the other two
piles.

If the dolphin torque is resisted entirely by torsion in two of the
three piles, as shown in Fig.10(c), the three piles are loaded equally
in bending. A comparison of these two cases shows that the capacity of
a dolphin which fully mobilizes the torsional resistances of individual
piles is (1 + e/r) times the capacity of a dolphin in which dolphin torque
is resisted entirely by pile bending. In the factor (1 + e/r) the temm r
is the distance from dolphin axis to pile axis. The following conclusions
should be noted:
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a) Potential improvement in the dolphin capacity is directly
proportionate to the eccentricity of dolphin loading.

b) If the maximum possible eccentricity is small it may be un-
necessary, or economically unattractive, to provide inter-
pile connections designed to mobilize the torsional resist-
ances of individual piles.

¢) The maximum effective eccentricity of dolphin loading that
need be considered is e = r. For larger eccentricities the
additional torque, (Fe - Fr), is transmitted directly to indi-
vidual piles by the fendering. Thus the capacity augmenta-
tion factor (1 + e/r) reaches a maximum value of 2.0. Clearly
it is advantageous to mobilize individual pile torsional
resistances when large eccentricities of dolphin loading must
be accepted.

The dolphin capacity augmentation factor, (1 + e/r), which has been
demonstrated for the 3-pile dolphin, is equally applicable to all of the
dolphin designs presented herein except the 7-pile dolphin. For the
latter the factor can be shown to be (1 + g—%). Thus, for practical
purposes, it can be concluded for all multiple-pile dolphins the capacity
under large eccentricities of loading theoretically can be approximately
doubled by mobilizing the torsional resistance of individual piles. It
should be noted that the actual augmentation in capacity will be slightly
less than the theoretical value since 100 percent of the dolphin torque
will not be resisted by individual pile torsion. The actual percentage
resisted depends upon the stiffness of this mode in comparison with the
stiffness of the mode which resists dolphin torque through pile bending
(Fig.9 ). Fortunately the former mode typically is at least an order of
magnitude stiffer than the latter. Accordingly when inter-pile connections
are designed to mobilize individual pile torsional resistances, it is rea-
sonable to rate the dolphin capacity on the basis of concentric loading. In

contrast, dolphins whose inter-pile connections do not include this feature
must be assigned a substantially lower capacity rating under eccentric load-
ing than under concentric loading. For cases of large eccentricity the
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capacities of such dolphins will be only 50 percent of the concen-
tric load ratings.,

6.3 MULTI-LEVEL DOLPHIN LOADING

At many sites the tidal range will be small enough to permit fender
attachment at a single elevation on the dolphin. At other sites the
tidal range may require fender attachment at two (or, more rarely, at
three) different elevations. If the dolphin is comprised of a single
pile, the provision of fender attachments at more than one elevation pre-
sents no particular design problems. The designer should note, however,
that the rated energy capacity decreases somewhat with decreases in ele-
vation of dolphin loading above the seabed. For the water depths of
interest the rated energy capacities, at lowest and highest probable
fender attachment elevations, rarely will differ by more than 15 percent;
in most cases the difference will be much less.

In a multiple-pile dolphin the existence of fender brackets at more
than one elevation correspondingly may require more than one system of
inter-pile connections. Typically the major system (including components
for mobilizing individual pile torsional resistances to dolphin torque
associated with eccentric loading) will be located at the upper bracket
elevation. If no lower level system is provided, one of the piles may
be subjected to the entire dolphin capacity load, at a lower bracket,
with assistance from the other piles occurring only at the upper end of
the loaded pile. Under this condition the loaded pile may experience
substantially greater bending stress than the other piles. This mal-
distribution of stresses among the piles would require a reduction in
the dolphin rated energy capacity to avoid overstress of the loaded pile.
The extent to which the loaded pile can experience significantly higher
bending stresses than the other piles will increase (a) with the total
number of piles in the dolphin, and (b) with the ratio of the distance
between upper and lower fender brackets to the water depth.

In some instances (small number of piles and/or small ratio of fen-
der bracket spacing to water depth) the reduction in dolphin rated capac-
ity associated with loading on the Tower bracket may be acceptably small

LA




~12-

(e.g., 10 percent, or less). Moreover, contact by the larger vessels

may be either impossible, or unlikely, under the low tide conditions
which lead to loading on the Tower fender brackets. In those cases

where reduction in dolphin rating, due to overstress in the loaded pile,
is not acceptable, an additional system of inter-pile connections should
be provided at the elevation of the Towest set of fender brackets. In
some cases this system need only be comprised of a system of inter-pile
struts which maintain the c. to c. spacing of piles at that elevation.

In a few cases it also may be necessary to incorporate elements which
mobilize individual pile torsional resistances. An example of the latter
is a 2-pile dolphin subjected to loading in a direction essentially normal
to the vertical plane common to the two pile axes. Such a loading applied
to one of the two piles, at a lower bracket, may overstress the contacted
pile. To avoid such overstress by lower level inter-pile connection, this
connection must include elements mobilizing individual pile torsional re-
sistances.

7.0 DOLPHIN DESIGN

7.1 NUMBER AND ARRANGEMENT OF PILES

A11 of the standard dolphin designs presented herein are comprised
of piles in axi-symmetric arrangements. In each of these standard designs
the piles are either 36PP.75 or 48PP.75. The arrangements reflect the
specified requirement that these standard dolphins be able to accept load-
ing at any point on their perimeters. Two pile sizes were selected in
the interest of standardization.

When a particular dolphin installation requires equal capability at
all points on the perimeter, a selection from the standard designs may be
appropriate. Alternatively a single-pile dolphin, using a large size pile,
may be preferred. Fig.13 presents a tabulation of capacities for large
size single-pile dolphins .

In many cases the dolphin will not be required to accept loading at
all points on its perimeter. Indeed the primary purpose may be to assist

o
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in docking, to assist a éhip in its passage through a narrow channel,
or to protect a facility from contact by a ship. In each of these
common cases only a very limited portion of the dolphin perimeter is
subject to loading, and the range of directions of possible loading

is very narrow. Numbers and arrangements of piles suitable for these
cases may differ from those presented in the standard dolphin designs.

7.1.1 SINGLE-PILE vs. MULTIPLE-PILE DOLPHINS.

Whenever a single-pile dolphin can be used, it should be seriously
considered. Its particular attraction lies in the fact that it elim-
inates both the initial costs and the maintenance costs associated with
inter-pile connections. These are major advantages. However, it should
be noted that, for equal rated energy capacities, a large single-pile
dolphin will develop a larger contact force than will a multiple pile
dolphin comprised of smaller piles. The larger contact force may intro-
duce additional costs in the details of fendering required to maintain
contact pressure on the ship's hull within acceptable values. Fender
details are not within the scope of the contract under which these stand-
ards were prepared. However, it may be noted that a large contact force
may only require a correspondingly large fender contact area. Where the
provision of a sufficiently large contact area is not practical, it may
be necessary to absorb a portion of the energy in the fenders themselves,
thereby reducing the required dolphin energy rating and the associated
contact force.

In some cases it may be desired to provide constraints to ships'
lateral motion at several points along a channel (e.g., at a bend in the
channel), as shown in Fig.11 . It may be desirable to provide a single
pile at each point, but to interconnect two or more successive piles to
increase the energy capacity available at contact with any individual
pile. Thus a multiple-pile dolphin design would derive from the aim of
providing maximum rated energy at spaced points. In Fig. 11(b) fenders
are provided at each pile, but force applied to one pile is shared by the
pile and by one of its neighboring piles. In Fig. 17(c) a simply-suppor- 1

e = - —_—
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ted  fender beam (or truss) is mounted on each successive pair of
piles, and fenders are attached at mid-length of each fender beam.

Thus loading on any fender automatically is transmitted to two piles.

In the arrangement of Fig. 11(b) the major function of inter-
pile connecting elewents is to transmit horizontal shear, and concurrent
mobilization of the torsional resistances of individual piles is funda-
mental to the concept. In contrast, the arrangement of Fig. 11(c) does
not require mobilization of individual pile torsional resistances. Pile
torsional strength is not governed by torsional shear stress in the pile
steel, but by pile-to-soil friction limits. These limits will restrict
the spacings of successive piles for which the arrangement of Fig. 11 (b)
can be used. There is no corresponding 1imit on the arrangement of
Fig. 11(c).

7.1.2 PILE ARRANGEMENTS

Fig. 12 illustrates possible pile arrangements when a series of
individual dolphin contact points are required, and the applied loading
is narrowly limited in direction. Where the purpose is to protect a
facility, or to assist in docking, the contact points often lie on a
straight line parallel to the facility. In these cases, the horizontal
angle between the line of dolphin contact points and the side of the
vessel typically will be small. Thus the component of loading perpen-
dicular to the line of contact points may be very much larger than the
component parallel to this line. The latter component will result mainly
from rubbing friction between ship's hull and fenders. Fig. 12 illus-
trates pile arrangements which should be considered for this case.

Fig. 12 (a) illustrates a simple arrangement of single-pile dolphins,
grouped, where convenient, along the contact line. Fig.12 (b) shows an
arrangement of 2-pile dolphins, with compression strut interconnections
between front and rear piles. End connections of strut to piles must be
detailed to provide articulation in both the horizontal and the vertical
planes. The (small) component of loading parallel to the protected facility
will be resisted by the foreward piles only, and will displace these piles
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(relative to their rear pile neighbors) parallel to the contact line,

This relative deflection must be accommodated by the end connections

of the struts connecting front and rear piles. Note that this rela-
tive displaccment of front and rear piles can be essentially suppressed,
if desired, by interconnecting them not only with struls but aiso with
elements which mobilize their individual torsional resistances.

If the space between vessel and protected facility is too narrow
to accommodate the front-and-rear-pile dolphins illustrated in Fig.12 (b),
an arrangemnent of 2-pile or 3-pile dolphins with the piles parallel
with the protected facility may be indicated. Such a (3-pile) dolphin
layout is shown in Fig. 12(c). Here the inter-pile connections must
include elements to mobilize individual pile torsional resistances, since
the aim is to mobilize the capacity of additional piles when the fendering
on any pile is contacted. Although the(small) load component parallel
to the protected facility can be accomnodated by a single pile, tension-
compression struts must be included in the inter-pile connections. The
purpose of these struts is to prevent changes in c. to c. pile spacings,
which cannot be accommodated by the elements designed to mobilize pile
torsional resistances.

The arrangement shown in Fig. 12 (d) is similar to that shown in
Fig. 11 (c). Here the fenders are mounted at midlength of a fender beam,
which is supported on a pair of piles. Note that a horizontal truss may
be substituted for the fender beam. Note also that the beam (or truss)
need not 1ie entirely outside the front face of the piles, as shown (sche-
matically, only) in Fig. 12 (d). In application the beam (or truss)
would be framed in the space between the adjacent piles. End connections
of the fender beam (or truss) to the piles must be detailed to accommodate

the pile slope changes associated with the (small) loading component paral-

Tel to the protected facility. These connection details present no diffi-

culty because the deflections perpendicular to the facility are essentially

identical for the two piles.

The applications presented in this and the preceding section obvi-
ously do not exhaust the pile combinations and configurations which may
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merit consideration in specific situations. Starting with the site

and operational conditions (dolphin purpose, vessel approach angles,
vessel sizes and velocities, stream current velocities, wind velocity
wave and tidal extremes, waterway geometry, and any other geometrical

constraints) the engincer determines

a) magnitude of mooring forces, if any, to be resisted,

b) magnitude of vessel kinetic energy to be absorbed (as elastic
strain energy) by the dolphin,

c) geometrical limitations, if any, on dolphin size and shape.

Having the above basic input information, the engineer can use charts
contained herein for rapid determination of several alternative combina-
tions of numbers and sizes of piles which will form a dolphin of the re-
quired capacity, independent of the shape of the dolphin which will be
subsequently chosen. If none of the standard dolphin designs is appro-
priate for the specific site and dolphin purpose, he should next match
the alternative combinations selected on the basis of capacity to the
site geometry constraints: i.e., establish tentative pile group configura-
tions. As hereafter descrited, he should next determine forces to be
resisted by the inter-pile connections. Preliminary design of these ele-
ments sufficient to serve as the basis of cost comparisons among alterna-
tives should follow. The final choice may reflect the proximity of pile
fabricators, relative availability of alternate pile sizes in desired
steel grades, and the effect of pile size on required construction equip-
ment capacities.

7.2 DISTRIBUTION OF DOLPHIN FORCES AMONG PILES

The charts herein presented, as design aids, are applicable to a
wide range of assumptions regarding the pile group configurations. It
will be noted that the charts permit the determination of rated capaci-
ties of either a single pile or a total group of N piles. In some cases
N appears within specific equations. In either event the capacity of a

single pile obviously can be found by taking N = 1.
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Where N represents the number of piles in a group, it is assumed
that the mooring force (or elastic energy) is shared equally by all N
piles in the group under consideration. This implies that the load will,
in fact, be applied equally to the piles (e.g., by a fender beam as shown,
schematically, in Fig. 12(d), for example), or that the piles will be
inter-connected to force essentially equal sharing of the load, regard-
less of the location of the point of application and the direction of
the Toad on the dolphin. As was described in Section 6.2, the latter
can be accomplished by including jn the inter-pile connections elements
which mobilize individual pile torsional resistances to twisting of the
dolphin about its vertical axis. Thus an early design decision involves
a choice among three approaches to minimization of possible inequalities
among the pile bending moments. The choices are

a) To use unconnected individual piles. (Suitable only when the
desired vessel contact points can be so located that each pile's
share of the total demand is known. For some layouts it may be
clear that only one pile can function at a time, as in Fig. 11(a).
In other cases the vessel approach angle, relative to the line
of piles, may be so small as to preclude substantial inequalities
of the pile deflections, and loads.)

b) To use multiple-pile dolphins with fenders so located as to pre-
clude any significant eccentricity of loading. (This frequently
will be feasibTe when the vessel contact point can be located at
a single point on the dolphin perimeter, and the direction of the
dolphin load falls within a narrow angular range. In some cases
it may be necessary, or desirable, to achieve this result by
mounting the fender on a horizontal beam which is simply-supported
on spaced individual piles or pile sub-groups, as illustrated,
schematically, in Figs. 11(c) and 12(d).)

c) To use multiple-pile dolphins with piles inter-connected in a man-
mer to force equal sharing of the dolphin Toad. (This is the only
solution if Toading must be accepted around a major portion of the
perimeter. It may be a desirable solution whenever the load can
occur at two or more different points on the dolphin.)

In terms of simplicity of fabrication and construction, approach (a)
is preferable to (b), and (b) is preferable to (c). However, there will
be circumstances (e.g., limitations on availability of piles of large size
and/or requirements of location, magnitude, and direction of loading) which
dictate the choice of (b) over (a) or (c) over either (a) or (b).
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7.3 DESIGN FOR RATLD FORCE CAPACITY

As was described in Section 6.1, the rated (mooring) force capac-

ity of a pile, F,, is defined as 50 percent of the force associated

with a plastic h?ngu within the embedded portion ofthe pile and develop-
ment of passive soil pressure above the hinge. The hinge moment is
conservatively defined as the bending moment, M , which would produce an
extreme fiber stress equal to the yield stress, with the pile nominal
wall thickness reduced 0.125" to allow for corrosion. The input varia-

bles (known or assumed) are

D, nominal outside diameter of pile, feet
t, nominal pile wall thickness, inches

f , steel yield stress, ksi

H, height of loading above seabed, feet

The computed quantities are

t pile wall thickness reduced for corrosion, inches

n?
M

513 pile yield bending moment (kip-feet) divided by pile
nominal diameter ?feet).

The equations for tn and My/D are

t,=t-0.125 (1)
M t
D‘L = wf, t, (0- 13) (2)

Entering Fig. 2 with My/D, the value of FR/ND is read from the
curve corresponding to the H of interest. Then, for the N of interest
(for a single pile, N = 1),

Fr
FR " ND(Nﬁ) (3)

The derivation of Eq. (2) and the basis of the curves of Fig. 2 are
presented in an appendix.
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EXAMPLE 1
Given a cluster of 3 piles, each pile having a diameten of 3 feed,
a thickness of 1.25 inches, and a yield stness of 42 Ix/‘;-g//;;(_whz’ what

(s the dolphin rated capacity foxn a mooning force applied 60 feet above

the seabed?

o+
n

t -0.125 = tn = ].125"

ka

3m(42)(1.125)(3 - 0.28) = 1212 kip-feet/foot

From Fig. 2, for My/D = 1212 kip-feet/foot and H = 60 feet,
read

-

R - 9.4 kips/foot

=

Fp = ND = 9.4(3)(3) = Fp = 85 kips

EXAMPLE 2

Given that a dofphin must provide a rated moorning force capacity
0f 220 kips applied 80 feet above the seabed. How many piles are ne-
quired 4if each pile 4is 5 feet in diameter, has a thickness of 2 inches,
and has a yield stress of 50 hips/inch’?

tn sta 125 L 1.875"

M
5¥-= 3n(50)(1.875)(5 - 0.47) = 4004 kip-feet/foot

From Fig. 2, for ﬂy/D = 4004 and H = 80, read

Fr
D = 22.6 kips/foot

~
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— =22.6 D =22.6(5) = 113 kips

220 2 ilte ! sl g
N oy s N=1.95; use N =2 piles

Values of yield stress in excess of 60 kipa/inf.h2 are not recom-
mended.  Values of gross wall thickness, t, less than 0.375", or less
than 1/60 of the pile diameter, in inches, are not recoimmended.

7.4 DESIGN FOR RATED ENERGY CAPACITY

As was described in Section 6.1, the rated energy capacity of a
pile is defined as the energy absorbed for a maximum pile bending stress
equal to 75 percent of the yield stress. The soil is treated as an
elastic foundation with stiffness increasing in proportion to depth below
the soil surface. Pile flexural rigidity is a function of the pile nom-
inal diameter, D, and nominal wall thickness t, and the modulus of elas-
ticity of the steel. Pile section modulus is a function of pile nominal
diameter, D, and the net pile wall thickness, tn, (nominal wall thickness,
t, minus 0.125" corrosion allowance).

Within the embedded portion of the pile, relationships among pile
shear, bending moment, deflection, slope, and soil pressure are dependent
upon the "pile characteristic length," T, (which is termed the "relative
stiffness factor" in NAVFAC DM-7, March, 1971). T is a function of the
pile flexural rigidity and the coefficient of variation of soil modulus
of horizontal subgrade reaction with depth, f. Since absorbed energy
is proportionate to pile deflection, and pile deflection decreases with
increasing soil stiffness, rated energy capacity, Wp» is determined for
the maximum value of f at the dolphin site.

The input variables (known or assumed) are

B, nominal pile diameter, feet

nominal pile wall thickness, inches
f , steel yield stress, ksi

H, height of loading above seabed, feet

f .., maximum value of coefficient of variation of soil modulus
of horizontal subgrade reaction with depth, 1bs/inch3

e
ot
-




<271

Enter Fig. 3 with the pile nominal diameter, D, and read Tmin from
the Tmin 3
Note that the Tmin curves of Fig. 3 are based on fmax = 24 1bs/inch™,
which is appropriate for a medium sand seabed. If soil data at the

curve for the pipe wall nominal thickness, t, of interest.

specific site indicate a different value of fmax’ compute a corrected

value of T .
ue o% dnin

corrected T . = (ﬁe/;gé:j) % (Tmin from Fig. 3) (4)

max

Compute Tmin

Enter Fig. 4 with Tmin/H and read the coefficient CE from the curve

for the yield stress, fy, of interest.

Enter Fig. 5 with the pile nominal diameter, D, and read the coefficient,
AE’ from the curve for the pile nominal wall thickness, t, of interest.
These curves incorporate the effect of a 0.125" corrosion allowance.

The rated energy capacity, Wp, (kip-feet) is given by
NR =N CE AE H (5)

The bases of Eqs. (4) and (5), the curves of Figs. 3, 5, and 5, are
presented in an appendix.

EXAMPLE 3

For a dolphin cluster of six piles, each pile having a diameter of
4.5 feet and thickness 1.5 inches, and yield stress 50 kips/inch?,
what is the nated energy capacity for Loading 70 feet above the seabed?

From Fig. 3, for D = 4.5 feet and t = 1.5 {nches,

Tmin = 13.6 feet
Tmin 13.6

A= > = 0.194
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From Fig. 4, for nnin/” = 0.194 and fy = 50 kip/inchz,

CE = 0,068 kip/inchz

From Fig. 5, for D = 4.5 feet and t = 1.5 inches,
Ag = 24.6 inch?

1

NR = N CE AE H

6(.068)(24.6)(70) = NR = 703 kip-feet

EXAMPLE 4

Given that a dolphin must provide 180 kip-feet energy capacsity
under Loading applied 60 feet above the seabed. How many piles are
requined 4§ each pile is 3.5 feet in diameter, has a thickness of
1.0 inch, and has a yietd stress of 60 hips/inchls

From Fig. 3, For D = 3.5 feet and t = 1.0 inch,

Thin = 10.5 feet

"
uln | 105 5 yo

From Fig. 4, for Tmin/H = 0.175 and fy = 60 kip/inchz,
Cp = 0.091 kip/inch?

From Fig. 5, for D = 3.5 feet and t = 1.0 inch,
Ag = 11.8 inch?

Wy = N(.091)(11.8)(60) = 64.4N

N=§%=N=z£'uun-3gﬂa
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7.5 MAXIMUM FORCE ON_DOLPHIN

The rated force capacity of the dolphin (Section 7.3) represents
the (mooring) force which may be sustained, at or near its full value,
over a considerable period of time. In the energy-absorbing mode
(Section 7.4) the maximum force is of brief duration, and this force
is permitted to reach higher values than the rated force capacity.
Thus the waximum force on the dolphin is the force producing a maximum
pile bending stress equal to 75 percent of the yield stress (the basis
used in determining rated energy capacity). This force is used in the
determination of maximum forces resisted by inter-pile connecting ele-
ments. The maximum force on the dolphin is used in the design of fen-
dering (no% included in the contract under which these standards were
prepared). If the maximum force cannot be distributed over sufficient

hull area to avoid hull overstress, greater flexibility must be achieved.

A different dolphin may be selected (more piles, of smaller diameters)s
providing the required energy capacity at smaller maximum force. Alter-
natively, energy-absorbing fendering may be used, thus reducing the
required rated energy capacity (and the concurrent maximum force) to

be provided by the dolphin piles.

The input variables (known or assumed) are

D, nominal outside diameter of pile, feet
t, nominal pipe wall thickness, inches
fy, steel yield stress, ksi

H, height of loading above seabed, feet.

Compute t by Equation (1).

Compute M =3r f DZt (1-t") (6)
ompute M y " I

Enter Fig. 3 with pile nominal diameter D, and read Tmin from the

Tmin curve for the pipe wall thickness, t, of interest. If soil data

for the specific site indicate a value of fmax different from fmax =

24 lbs/inch3 (the basis of Fig. 3), use Eq. (4) to obtain a corrected

value of Tmin'

h

————
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T]
Compute .t

Enter Fig. 6 with Tmin/H and read the value of the coefficient CM.
The maximum dolphin force, Fmax’ is given by

0.75 MX.N
Fnax = L (7)

EXAPLE 5

Fon the dofphin cRusten of EXAMPLE 3, what {8 the maximum force,

P conrnesponding 2o the rated energy capacity for Loading 70 feet
above the seabed?

L 1.5 = 0.126 = 1.375"

from Eq. (61, M. = x(50)(4.5) (1. 975)[1 - a%i§§§3 = 12,120 kip-feet

My

From Fig. 6, for T

min/H = 0.194, read CM = 1.065

From Eq. (7), the maximum dolphin force is

_ 0.75(12,120)(6) _ -
Frax = .065(70 ' Eggx = T

EXAMPLE 6

For the dofphin cluster of EXAMPLE 4, what (s the maximum gorce,
Fax’ connesponding to the nated enengy capacity gor Loading 60 feet
above the seabed?

t, - 1.0 - 0.125 = 0.875"

From £q. (6), M, = 3n(60)(3.5)2(.875) [1 - I'(g%!s"] = 5685 kip-feet

From Fig. 6, for T

in/M = 0.175, read Cy, = 1.056

From Eq. (7) the maximum force is

e
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EXAUPLE 7

For the dolphin clusten of examples 4 and 6, for Loading applied
60 fect above the seabed, the nated enengy capacity and maximum fonce
are, nespectively, 3 x 64.4 = 193 hip-feet, and 202 kips. What are
the cornesponding nated enengy capacity and maximum force when the
Loading 45 50 §eet above the seabed?

. 3 5 it
From Fig. 4, for Tmin/H = 0.21 and fy = 60 kip/inch™,
CE = 0.100
s "R =N CE AE H
= 3(0.100)(11.8)(50) = “R = 177 kip-feet

From Fig. 6, for Tmin/H = 0.21, read CM = 1.073

_0.75(5685)(3) _ 2} :
From Eq. (7), F .. = Wé’:&‘(ﬁf}'(—)‘ = F., = 238 kips

Thus the rated energy capacity is less, (and the associated maximum
dolphin force is larger) as the elevation of loading is decreased.

7.6 MAXIMUM PILE-TOP DEFLECTION AND SLOPE

The inter-pile connecting elements must be designed to accommo-

date the pile-top slopes and deflections. These increase with decreas-

ing soil stiffness. Thus we compute slope and deflection based on a

maximum possible value of T denoted by Tmax' For determining Tmax we

use for f . the mean value from Fig. 1 (16 1bs/1nch3) reduced by

I
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75 percent for the possible effect of repeated loadings; i.e.,

fﬁi” = 4.0 Tbs/inch3. For conservatism we determine the slope and
deflection corresponding to the development of the yield bending
moment, M .

Y

The input variables are

D, nominal pile outside diameter, feet
t, nominal pile wall thickness, inches
f .. =0.25 times mean f for specific site, if soil data

fy, steel yield stress, ksi
H, height of pile top above seabed, feet.

Enter Fig. 3 with D and read Tmax from the Tmax curve corresponding

to the thickness, t, of interest. If soil data indicate a value of fmin

differing from 4.0 1bs/inch3, compute a corrected Tmax

corrected L PN \S/f—-lm'i Cn X (Tmax from Fig. 3) ®)

Compute the pile flexural rigidity EI (kip-feet?) from
= 3 t
EI = 45,0007 Dt (1 - Iﬁ) (9)
Compute t by Eq. (1).
Compute My by Eq. (6).

Enter Fig. 7 with Tmax/H and read values of the deflection coefficient

CA’ and the slope coefficient, be

Compute maximum deflection, A
L (radians) from

max® (feet) and maximum pile-top slope,

=C -fr__ (10)
’C ‘ﬁ— (n)

(S

indicate this mean value is different from 16.01bs/inch3

| .




Derivations of the above equations, and the bases for curves of Fig. 7
are presented in an appendix.

EXAMPLE §

For the dolphin clustern of EXAMPLE 3 and 5, what are the maxdimum
deflection and rnotation at the top, 70 feet above the seabed?

"

From EXAMPLE 5, My 12,120 kip-feet

4.5 feet and t = 1.5 inches

From Fig. 3, for D

I 19.3 feet

From Eq. (9)

17.7 x 10° kip-feet?

EI = 450007 (4.5)3(1.5) [] ’ 1%??57]

From Fig. 7, for Tmax/H = 0.276
Cy=1.01 and Cy = 1.00
From Eq. (10), 1.01(12,120) (70)°

= 3.4 feet
max 7.7 x 10° S

From Eq. (11),

paa—)

.00(12,120)(70)

= = (0.048 radians
max 17,7 x 10°

EXAMPLE 9

In the dolphin clusten of EXAMPLES 3, 5, and §, pairs of piles
are onovidod with honizontal tonque arms which are chain-connected
Lo mobilize p«le ionsional nesistances. When the pile-top deglec-
tion and sLope (detenmined in EXAMPLE §) occur {n the common plane 0f
such a pile pairn, what s the nefative vertical deflection of the

o

S
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torque axm ends? Assume each torque arm extends 6.5 feet grom the

pile axdis.

From EXAMPLE §, - BN 0.048 radians.

Vertical displacement of each torque arm end (upward on one arm and down-
ware on the other)

= 6.:5(0.048) = 0,31 feet = 3.7"
Relative vertical displacement =2(3.7) = 7.4"

The chains must be installed with an initial sag sufficient to accommo-
date this relative vertical displacement. An initial (midlength) sag
equal to one-half the anticipated maximum relative vertical displacement
of the torque arm ends will suffice.

7.7 CHAIN FORCES

As described in Section 6.2, the capacity of a multiple-pile dolphin
under eccentric loading can be substantially increased if inter-pile con-
nections mobilize individual pile torsional resistances. In these stand-
ards it is recommended that this be achieved by providing pairs of piles
with mating torque arms, and chain connecting them to 1imit relative hori-
zontal deflections of their ends. As shown in Figs. 14 and 15, the torque
arms can be incorporated in brackets which serve also as fender supports.

If loading can occur at any point in the perimeter, the most severe

eccentricity can be represented by the full dolphin force, F acting

max’
through the axis of the pile which is farthest from the dolphin axis, and
in a direction perpendicular ta the radial line from dolphin axis to pile
axis. In many cases this assumption is too conservative, and the maximum

possible eccentricity should be determined.

Denoting by e (feet) the maximum eccentricity of the applied load with
respect to the dolphin axis, and denoting by Q (kip-feet) the total eccan-
tricity moment ta he resisted by all the torque-arm-connected piles, we
write

Q=e Fus (12)
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When there are more than one pair of chain-connected pile pairs,
the total dolphin torque may not be distributed equally among the
pairs. Unequal distribution may result from sinall differences in the
initial chain sags. There is no danger of overstressing individual
piles, in torsion, because torsional shear stresses always are very
much smaller than the pile bending stresses. However, to avoid over-
stress of the chains, and their connections to the torque arms, the
following distributions are recommended. In each case NC denotes the
number of chain-connected piles, FCh denotes the chain force, and s
denotes the spacing of piles in each chain-connected pair.

A o8 0

For M. =2, F, N T2 (13)
i a0 .8 _2

For N, =4, Fch‘3Nc'2'3g‘ (14)
) o G

For N =6, Fch‘fgg'f’fs (15)

EXAMPLE 10

The dolphin of EXAMPLES 3 and 5 {8 comprised of 84ix pifes in a
negulan hexagonal arrangement. Three separate pile pairns are provided
with chain-connected tornque arnms. The pile spacing, in each pain,

8 13.5 feet. ALL piles are at the same radial distance from the
dolphin axis, 13.5 feet, and the Line of action of the applied Load
can gall outside the perimeter piles. In EXAMPLE 5 it was found that
Fmax = 732 Rips. Fon what maximum force, Fch' should the chains be
designed?

Since the line of action can fall outside the perimeter piles,
the most severe eccentricity will be assumed. Thus
e = 13.5 feet
From Eq. (12), Q = 13.5(732) = 9880 kip-feet.

1 ,9880
From Eq. (15), Fch =5 (1-3-»3 = 366 kips
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EXAUPLE 11

The dofphin of EXAMPLES 4 and 6 48 comprised of three piles, two
of which are chain connected. The pile spacing 4n this pain 45 10.5
feet. 1t has been detenmined that the maximun eccentricity of dofy'
Loading 44 4.6 §eet. 1In EXAMPLE 6 it was found that F = 20

me.x
Forn what max{mum {crce, F should the chains be designe!’
2 Lokt

\

e = 4.6 feet

From Eq. (12), Q = 4.6(202) = 929 kip-feet

From Eq. (13), F_ = T%%g' = 88 kips

Fig. 8 illustrates the chain forces for a 6-pile dolphin with the
most severe eccentricity of loading. The standard dolphins presented
herein (Figs. 14 and 15) have been designed on the assumption that the
most severe eccentricities can occur, and the chain sizes have been
selected accordingly. Table I lists the ratio of chain force, Fch’ to
maximum dolphin force, Fmax’ for dolphins similar to those presented
in Figs. 14 and 15, subject to the most severe eccentricities of load-
ing. It should be noted that many dolphins are not subject to loading
at all points on their perimeters, and the most severe eccentricities
may be substantially smaller than were assumed in the preparation of

Table I. It will be noted that Fch/F

o does not change greatly as

the number of piles is changed.

TABLE 1

RATIO OF CHAIN FORCE TO MAXIMUM
DOLPHIN FORCE IN STANDARD DOLPHINS

Cluster Pattern F et Fom
2-pile cluster 0.50
3-pile (equil. triangle) 0.58
4-pile (square) 0.47
5-pile (pentagon) 0.57
6-pile (hexagon) 0.50
7-pile (hexagon plus 0.58

central pile)

N
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7.8 STRUT SYSTEMS

As was described in Section 6.3, if fender brackets are required
at more than one elevation, two systems of inter-pile struts are needed.
Each of these systens comprises a horizontal truss. Strut-to-pile con-
nections consist of loose-fit horizontal pin joints which accommodate

angle changes (pile axis to strut axis) associated with deflection and

slope of the flexed piles. These pin joints are not on the pile axes.

However, the strut axes do intersect on the pile axes, and for analysis
of a strut-system "truss" the truss joints can be assumed to be located
on pile axes.

7.8.1 UPPER LEVEL STRUT FORCES

The upper-level truss system must hold in equilibrium the following
system of forces, applied at the truss "joints"; i.e., on pile axes.

(a) At one joint the full dolphin load, Fmax‘

(b) At every joint a load Fmax/N’ where N is the total number
of piles, acting in a direction opposite to the direction of

load Fmax‘

(c) At each joint from which a torque arm emanates, the chain force
transposed to the joint center.

The above total system of forces on the truss joints must be in
equilibrium, and analysis for the strut forces to maintain this equi-
librium is straightforward. Typically all struts will be designed for
the maximum force developed in any of the struts. Depending upon the
cluster pattern, and upon the location of chain-connected pile pairs, it
may not be obvious which truss joint must be subjected to the force Fmax
in order to produce the maximum strut force. This uncertainty may neces-
sitate the investigation of max strut forces for each of several choices
of the loaded joint.

For any joint to which the dolphin force is applied it is apparent
that the maximum dolphin torque (and, thus, the maximum chain force)
occurs when the applied load is perpendicular to the radial line from
dolphin axis to pile axis. This orientation does not necessarily produce
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the largest strut forces. For example, in a two-pile cluster maximum
strut force occurs when the applied load acts along the radial line
from dolphin axis to pile axis. Thus, more generally, for each pile
to which the dolphin load is applied, one must vary the direction of
loading to determine the maximum possible strut force.

Table IT Tists the ratios of strut forces, F to maximun dolphin

st’
force, rmax’ for dolphins similar to the standard dolphins presented in
Figs. 14 and 15. These ratios apply only to (regular polygonal) con-
figuration of the standard dolphin with loading possible at any point

on the perimeter.
TABLE II

RATIO OF UPPER-LEVEL MAXIMUM STRUT FORCE TO
MAXIMUM DOLPHIN FORCE IN STANDARD DOLPHINS

Cluster Pattern E§§£fm§5
2-pile 0.50
3-pile (triangle) 0.67
4-pile (square) 0.71
5-pile (pentagon) 0.93
6-pile (hexagon) 1.20

7.8.2 LOWER-LEVEL STRUT FORCES

The lower-level system of inter-pile struts is of the same geo-
metrical form as the upper-level system. However, the loading applied
to the lower strut system differs from that applied to the upper-level
system. The difference arises (a) from the fact that the dolphin force,
Frax® is larger for loading applied at the lower level, and (b) from the
fact that the piles are not chain-connected at the Tower level.

The lower-level strut system must hold in equilibrium the follow-

ing system of forces, applied at the truss “joints"; i.e., on pile axes.

(a) At one joint the full dolphin load, P
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force, F
Figs. 14 and 15. These ratios apply only to the (regular polygonal) con-

(b)

(c)

-

max’
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At every joint, a load Fmax/N’ where N is the total number
of piles, acting in a direction opposite to the direction

of load Fmax‘

At every joint, a load perpendicular to the radial line from
dolphin axis to pile axis. These loads together produce a
moment about the dolphin axis which is equal and opposite to
the eccentricity moment of the dolphin load Fmax' The magni-
tude of each load is proportionate to the radial distance
from dolphin axis to pile axis. Thus if the perimeter piles
are in a regular polygonal pattern, each load is equal to the
eccentricity moment divided by the product of the radial dis-
tance and the number of perimeter piles.

Table IIT lists the ratios of strut forces, Fst‘ to maximum dolphin

for dolphins similar to the standard dolphins presented in

figuration of the standard dolphin with loading possible at any point on
the perimeter.

TABLE III

RATIO OF !OWER-LEVEL MAXIMUM STRUT FORCE TO
MAXTMUM DOLPHIN_FORCE IN STANDARD DOLPHINS

* - Cluster Pattern Fst/Fmax
2-pile 0.50
3-pile (triangle) 0.8
4-pile (square) 0.69
5-pile (pentagon) 0.77
6-pile (hexagon) 0.92

4 i )

-
]
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7.8.3 CHAIN FORCES AND STRUT FORCES IN DOLPHIN OF IRREGULAR CONFIGURA-
TION

This Section illustrates steps in the determination of forces in
the inter-pile connections for a multi-pile dolphin which is not one of
the standard configurations. There is, of course, an infinite number of
possible configurations, and only the method of analysis can be illus-
trated. Since dolphins comprised of a small number of large piles are to
be preferred, a three-pile dolphin will be treated in the examples.

LI}

r
EXAMPLE 12 r-/2'-—-—> (/3%
It

Conaiden a 3-pile dolphin with axes b

a
of the piles, a, b, and ¢ Located as shown. /‘K\\\\ T 3

At the uppen Level, the maximum dolphin §onrce, 9
Fmax' has been found to be 300 kips. Fenders
are mounted on pile a only. 1t has been de-

ternmined thatihe Line of action 0§ the dolphin £
force, defined by o, can Lie anywhere within 3

the nange a = 0 to a = 90°. The upper Level f=#-
inten-pile connections are comprised of struts a] F.

31
ab, be, and cd, and chain-Linked torque arms L

befween a and b. Determine the maximum chain

gonce, Fch' and maximum strut force, FAt'

JOLP/J)N AX(S

The dolphin axis is located at the centroid of the pile group;
i.e., 3 feet from ab and 4 feet from ac. The dolphin torque Q (counter-
clockwise) is given by

Q = 3(300 cos &) - 4(300 sin &
= 900 cos a - 1200 sin o kip-feet

Since piles a and b are connected by chain-linked torque arms, these two
piles will be assumed to resist all of the dolphin torque. From Eq. (/3)
the chain force is given by

Fop = 1. 15 [900 cos « - 1200 sin ]
= 75 cos « - 100 sin o kips.
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Clearly, within the given range of «, Fch reaches maxima of 75 kips
(for counterclockwise dolphin torque) and -100 kips (for clockwise
torque). While two different chain sizes could be used, it probably
is more practical to design both chains, their connections, and the
torque arms, for Fch = 100 kips in cach of the two directions.

Since .. (=300 kips) is shared equally by the three piles, truss
joint a experiences a net force (applied force minus pile resisting
shear) equal to 2/3 Fmax

and ¢ each experience a force 1/3 F

» in the direction of applied loading. Piles b

et (the pile shear) oppesite in

direction to the applied loading. In addition, piles a and b each ex-
perience the chain force, Fch' The combined joint forces will be

at a, directed toward b, %{300 cos ) = 200 cos a
at a, directed toward ¢, 5(300 sina) + (75 cos a - 100 sin q)
= 100 sina + 75 cos a
at b, directed toward a, %(300 cos a) = 100 cos a
at b, directed parallel to a c, %{300 sina) + (75 cos o - 100 sing)
=75 coso(
at ¢, directed parallel to a b, -]3-(300 cosa) = 100 cos o

at ¢, directed toward a, 3(300 sina) = 100 sinx

Analysis of the simple truss comprised of the three struts is straight-
forward. It leads to the following strut forces

Fab = - 200 cosa kips

Fac = -75 cosa - 100 sina) kips

Fbc =+ 125 cos @ kips

The largest strut force is seen to occur in a b, and to equal 200 kips,
at a= 0,

Conclusion, design struts for Fop = 200 kips
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EXAMPLE 13

". The Lowen-Level inter-pile connections, fon the dolphin of
EXAMPLE i2, are comprised only of struts; i.e., chain-Linked tonque
aums are <n the uppen-Level system and ane omitted §rom the Lowen-
Level system. The maximun dolphin force which can be applied at the
Lowen Level has been deternined to be 350 f.:('ps. 1t 44 a;r,‘(’(ml at the
same pile, a, and {5 Line of acticn {5 {in the same range of angle a
as was the upper-Level dolphin force. Forn what maximum force should
the Lowen-Level strhuts be designed?

Maximum dolphin torque Q (counterclockwise) is given by

3(350 cos @) -4(350 sin a)
1050 cos @ - 1400 sin a kip feet

Q

The sum of the squares of the radial distances from dolphin axis to
pile axes 1s (5)% + (7.2)2 + (8.6)2 = 150. Each pile will contribute
a force component, normal to the radial line from dolphin axis to pile
é axis, and proportionate to the radial distance, thus balancing the
dolphin torque Q. These forces are

FORCE TORQUE
.037 Q; 5(.033Q) = .17Q

(S5,
g
o

for pile a,

[o0]
ol

L For pile b, .057 Q; 8.6(.057Q) =.48q -

For pile ¢, -17-359

It is convenient to resolve the above joint forces into components,
parallel to a b and a ¢, and to combine them with the direct (non-torque-
1 related) force components. The final joint force components thus are,

n

.048 Q; 7.2(.048Q) =.35
|

at a, directed toward b,
- g{.033)(1050 cosa - 1400 sina)+ %(350 cosa) = 212 cosa + 28 sina

at a, directed toward c,

g(.osa)(loso cosa = 1400 sinc)+ §(350 sind) = 28 cos® + 196 sina

Y- “

- . - — —_— . -
*W‘— z
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at b, directed toward a,

'8'3(‘, ('05])(]050 cosq - 1400 sinu)+ ]3(350 COS(,,)

138 cosa - 28 sing

at b, parallel to a c,

ggg-(.057)(1050 cosa - 1400 sing)+ %(350 sing) = 56 cosa + 42 sina

at c, directed toward a,

% 74?-(.048)(1050 cosa - 1400 sina)+ %(350 sina) = -28 cosa + 154 sina

at c, parallel to a b,

74 cosa + 56 sina

- 535 (.048) (1050 cosa - 1400 sina)+ (350 cosa)

For the above set of joint forces the strut forces are readily obtaineqi

they are
} Fop = (138 cosa - 28 sina) + 3(56 cosa + 42 sina)
= 212 cosa + 28 sina kips, compression
F.o = (-28 cosa + 154 sina) + 3{74 cosa + 56 sina)

28 cosa + 196 sina kips, compression

Fie ™ §(56 cosa + 42 sina)

i 93 cosa + 70 sina kips, tension

It is apparent that the largest strut force occurs in strut a b. Thus

L Fst 3-\/Q212)2 + (28)2 = FSt = 214 kips, compression

A1l lower-level struts may be designed for 214 kips compression force.
’3 However, because its force is much smaller, and in tension, it may be
reasonable to design strut bc for

‘\/155)2v+ (70)2 = 116 kips, tension

e ————————— 1 Y. & . D) ——

————
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7.9 STEEL GRADES_AND_ STRESS LEVELS

7.9.1 PIPE PILES

If the function of a dolphin is solely to provide a mooring
point, the emphasis is on strength. For such an application large
diameter piles, of structural grade carbon steel, may be an economical
choice. The relatively low yield strength can be offset by the use of
fairly large wall thickness in the zone of high bending moment, and the
thickness can be reduced, in steps, toward the top and bottom of the
piles.

If the functions of the dolphin includ+ absorption of energy,
there is a very strong incentive to use higher strength steel. This
incentive derives from the fact that elastic energy increases in pro-
portion to the second power of the stress level. Thus the extra cost
of high strength steel, and the additional care required to achieve
satisfactory welded joints, may be more than offset by very large in-
creases in elastic energy capacity. It should be noted that, while high
strength steel pile dolphins have not been common in the United States,
they have a history of successful applications in Europe extending over
more than two decades.

In these standards it is recommended that steel having a yield
strength of the order of 60 ksi be used in high bending moment regions
of dolphin piles required to function in an energy-absorbing mode. The
bending stresses suitable for this steel grade are the highest judged
advisable without introducing special measures, such as for example
sleeves, to 1imit soil stresses. For the standard dolphins presented
herein, A572 appears to be a satisfactory choice, but there are satis-
factory alternative steels. It must be noted that the steel, and the
welding procedures (including pre-heat, full-penetration flush ground
welds, and possibly post-weld heat treatment) must be selected to mini-
mize the possibility of brittle fracture.

In the energy-absorbing mode it is recommended that the pile be
designed for a maximum bending stress equal to 75 percent of the yield

47 (4
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stress. While this may scem to be a high design stress, it is justi-
fied by several factors. First, stress is computed on the basis of a
section modulus conservatively reduced for the effects of corrosion.
Second, the rated energy condition is computed on the basis of maximun
soil stiffness; at a (more probable) lower soil stiffness the rated
energy will be developed at a lower value of bending stress. Third,
maximum bending stress is unlikely to be experienced more than a few
thousand times during the service life of the dolphin. Fourth, the
regions of high bending stress are underwater; therefore the service
temperature cannot be below 30° F, which is not severe.

In those (upper and lower) portions of the pile where the bend-
ing moments are equal to, or less than, fifty percent of the maximum
bending moment, a structural grade carbon steel should be used. Minimum
thicknesses in these zones are not service stress dependent. At the
lower end resistance to damage during pile driving is the principal con-
sideration. At the top, corrosion is the controlling factor.

7.9.2 INTER-PILE CONNECTING ELEMENTS

Torque arms, fender brackets, struts, and their connecting de-
tails are in a severely corrosive environment. In some geographic regio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>