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ABSTRACT

Presented is the following Naval Facilities Engineering

Command (NAVFAC) publication, entitled:

“Design Standards for Structural Steel Dolphins in Cohesionless

Soils”.

The contents include:

1. 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 d i f ferent  stress levels ,

pile spacing and their embedment lengths are given .

This publication was prepared by the NAVFAC Engineering

Investigation (RI) program on 20 January 1974.
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FORE WORE

“DES IGN STANDARD S 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.

I
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INTRODUCTO RY 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 diainete.’ 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 num bers
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 . In 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 El 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. In

4
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special situations , the two-pile—dolphin with simple
connecting member , and fenderirig 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 frori this El 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 sc~ils,
however, consideration is being given to the preparation
of similar aids for other soil conditions in future.

Casimir J. Kray
Consultant,
Waterfront Structures

‘
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LI ST OF SYMBOL S
Units

AE • ..  A factor, dependent on pile diameter and pile wall thick - in2
ness, used to determine dol phin rated energy capacity

CE ... A factor, dependent on pile yield stress , and on ratio kips/in 2
Tmin /H~ used to determine dol phin rated energy capacity

CM ... Pile moment coefficient
C~ ... Coefficient in expression for maximum pile deflection
C6 ... Coefficient in expression for maximum pile slope change
D ... Pile (outside) diameter ft
E ... Modulus of elasticity kips/ft2

Fch •.. Desi gn force in cha in kip s
Design force in inter-pile struts kips

Fmax ... Max imum force on dol phin , for rated energy capac ity ki ps

FR ... Dol phin ra ted force capac ity kips

H ... Height of load po int , above se abed f t
I ... Momen t of iner ti a of pi le sec ti on ft4

Pass i ve p ressure coeff ic ient
M ... Pile maximum bending moment kip-ft

M causing yield stress In pile outer fibers kip-ft
N ... Number of piles In a dolphin cluster

Number of chain-connected pi les

Q ... Eccen tr ic i ty moment , about dolphin axis kip-ft
S ... Pile section modulus in3

I ... Pile characteristic length (= relative stiffness factor ft
in NAVFAC 011-7, 1971)

Tmjn ... 1, based on max imum so i l s ti ffness ft
Tmax 1, based on min imum so i l stiffness ft

Rated energy capacity of dolphin kip-ft

e •.. Eccentricity of applied dol ph in load , with respect to ft
dolph in ax i s

f ... Coeff ic ient of hor izon tal sub grade reaction kips/f~
3;

1bs/in~
Yiel d stress kips/1n2

r ... Radial distance from dolphin axi s to axis of a perImeter ft
p i le

S ... Spac ing , c.c., of piles In a chain-connected pair ft
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t ... Nominal thickness of pi le wall in
t~ ... Net pile wall thickness with O.l25~’ deduction for in

corrosion

Horizontal ang le defining direction of applied dol phin deçjrc~load
A ... Horizontal deflection of pile at top ft
Ainax ... Maximum deflection of pile at top ft

Density of submerged soil lbs/ft3

0 ... Pile-top slope change radians
0max • •~~ Maximum pile top slope change radians

So i l fr ict ion an gle , based on effective stress degrees
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-1- o F 4 ~
DESJ I;N SJAN UJ\R DS FOR STRUCTURAL STEEL DOLPHINS

1.0 IN  I ‘S)LUU~JON

hose st idard~ p r o v i  d~ dol phin de~ igns for six di ffe rerr t Ci5 dcI  —

t ies (~uori rig force and energy absurpti on ) in each of four w at ’ r dej~~hs

for seabeds of cel es ion less soi ls .  In addit ion methods are pri~;ent r d

for the design of dol phl .; of ot her capoci t ies , ot her water depths , usi rig
other pile si :~~~~ s and , or , other stee l streng th grades. These methsJ ;
l ikewise are 1 imi ted in their app i i Ca hi l l  ty to dolp hins em bedded in sea—
beds of cohesion less soil. Tables and grap hs , and numer ical design exam-
ples lllus t rdt ing 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 I to 7 piles . These designs provide the following
ranges of mooring force capaci ties and energy capacities .

Wa ter Moor ing Force Energy
Depth Capacities Capacities

40 ft. 27 to 191 ki ps 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-klps
70 ft. 32 to 221 kips 55 to 386 ft-klps

The design of fendering was not wi thin 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 requi red energy capacities are thus
developed at force magnitudes which can be distributed over the ship ’s
hul l by simp le timber fenderi ng. When special energy-absorbing fendering
Is use d , the total energy capacity is the sum of the fender energy capacity
plus the elastic energy capacity as given herein.

‘ -7 
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The dol~’h ns ‘.o~’ered by these stdndards are co~ipr i sed of one orp 
more St e~l piles func f oni nrj pi i i  ri ly as vert i  cal hr~i~~ canti -
1 ev e rcd from the s e d i e d  . 

~~~~~~ 
w e  e than one pi le is used thni r inter—

conn~’ . L on for e r r~L Live y r uup act on can be cost ly.  For this reason ,
a s ing le lar~e pile is more a tLr ~rc t  ive w henever p i les of the required
S~~ 10 , ar d  p i l e -d r i v i ng  equi s l o t  of the requi red cap cc i  ty, are readily
avai lable .  In accord wi th instruct ions fro~ri t ue  Naval Fac i l i t i es  Eng in—
eeri rig Co: n d , the pi le di mb Lers in the standard dolp h i n s  p r e sen t ed

herein are limi ted to 4 feet. However , the capaci t ies of single-pi le
dol phins of 5 -foot and 6-foot diameters are are tabulated in Fig. 13.
Further , methods of desi gn presented herein , and charts to facil i tate
their app lication , are suitable for a wide range of p~~e sizes , steel
strength grades , water depths , and dolphin capacitiec

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 unifo rm cohesionless soil throughout the
pile embedment length. For design purposes the soil characteristics of
interest are the coefficient of variation of soil rnodulus~of horizontal
subgrade reaction wi th depth , f, the coefficient of passive soil pres-
sure , ~~ and the subme rged unit weight of soil ,

3.2 NUMER ICAL VAL UES OF SOIL CHARA CTER STI CS
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 to 
~
‘dry~ 

to account for the effects of submergence in accord-
ance wi th recommendations presented by Terzaghl .~~ The detailed dolphin

desi gns presented in these standards are based upon a medium sand, for

which f varies from 8 to 24 lbs/inch 3 and k varies from 3.0 to 4.0.
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W hcr1 th e use of a low va lue of f is conservat ive , the ‘ ‘ i n  va lue , re-
du 1 by 75 percent fur the ef fed o f repeated loading, has been used;
i .e. , = O .2 5( 1~~) = 4.0 lb/ inch 3 ; whore the use of a hig h va lue of
f is f l , - r  v i t i v e , the r : J r x i b bi:r va l ue for the range , unredu ed for re —
pr- te l los I ~nj, h s l e ~ H a - ? ;  i.e. 

~max 
= 24 lbs/ inch 3. It a lways is

CO~ e r.~~ ive to use a low va lue of  k~ . and the lo.’;eut va lue for the
n, !, an ~- m1  r i ’~ , k~ = 3.0 , has been used in these sta ndards.  The sub-
merge d s o i l  dens i ty, y var ies only over a very narrow range , and t he

c o n s e r v r t i v e l y low VdlU C , -

~~~ 

= 50 lb/ft , 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 k~ should be determined. For dolphin design 

~min 
should be taken

equal to 25 percent of the lowest value at the site , and 
~max 

shoul d be
taken equal to the highest va l ue at the site . The minimum value of
for the site should be used in desi gn.

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” 0.0.) should be obtained from the mudline to the top of the sand stra-
tum. For dol phin 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. Wi thin the
sand stratum , samples shoul d be obtained at 5-ft. intervals to a depth
of 10 ft. below the bottom elevation of the proposed pi les.

Standard penetration tests should be conducted according to the pro-
cedures specifi ed in Table 4-2 of NAVRAC DM-7, which specifies that the
split-spoon sampler should be driven wi th a 140-pound hammer falling
freely through a distance of 30 inches , record i ng the num ber of blows for

— -S--- —~~~~ - --- ‘ - -- . • -~~~~~~~ -“%‘~~~~~~~ -.
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eac h s ix  inches of penetration whi le driving the spoon a total distance
of 18 inches , un less indicated otherwise on Table 4-2. The total nu:-
ber of blows required to drive the spoon throug h its finai 12 inches of

tra Li on is referred to as the blow count , N.

For - cohesio nless soi ls , t he required soi l  par ru ie ters  are a functior u
of relative densit y ,  which is related to the blow count , N , as shown on

Fi g. 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 k~
(l+sirr ~)/(l-sin li). Wi th k~ determined , the value of f can be det enrii , rd

from Fi g. 1 , herein.

4.0 SO URCES 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 wi th waves and
water currents. The dol phin may be used for moori ng purposes under storm
conditions , but it is unlikely to be used for docking operations , or to
assist in ship maneuvers , under severe storm conditi ons. The moori ng

• force for which the dolphin is to be designed must reflect madmum wind ,
wave , and water current forces on the ship as wel l as wave and water
current forces on the dolphin i tself. Wave and water current forces on
the dolphin may be converted to an equivalent force (I.e., the force at
water surface which 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 wi th (a) a maximum force to be resisted , (b) a maximum energy
to be absorbed , Cc) a max imum contact force which can be tolerated with—

?ut damage to the ship ’s hull. The latter force limi t 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 wi th di fferent
characteristics , there may be several loading conditions to be sat isfied .
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5.0 RAT E D CA PACI T iES AND FACTORS OF SAFETY

The pr inci pal structural elei rnt~ are pipe pi les of duc t i le ~L~’r . 1
u t i l i z e d  prinwri ly in the bend i rig mode. The bending ,o cot cor ~-qond —
ing to steel yield can be computed wi th co nsi dor ’ able confidence , a n d

pile e, hed ~:ii t lengths are more than adequate to precl ode “fail ur
prior to steel yield. Accordingly the pile top lateral force rr 1 s ir e d
to cause yielding of the pile 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 p ii e steel . Since the bending moment requi red to
cause actual pile failure is substantially greater than the bending mom-
ent to initiate yielding, the rated force capacity i ncorporates a factor
of safety somewhat greater than 2.0.

Energy absorption is a function of both load and deflection . Assum-
ing maximum soil sti ffness 

~ max~’ 
the pile latera l load and deflection

corresponding to a maximum bending stress equal to 75 percent of the
yield stress are determined . The Rated Energy Capacit,~ is defined as
one-half the product of load and deflection , thus computed. If the soil
were linearly elastic , and of the assumed max imum st iffness , 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 st iffness must decrease
wi th increasing load. For both of these reasons the actual energy ab—
sorbed in loading a pile to the yield stress will exceed twi ce the rated
energy capacity ; that Is , the fac tor of safe ty wi th respect to energy i s
somewhat greater than 2.0. Of course in an accident condition of high

“-I
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overload the pile steel yields , and v e r y  much larger aii ,ounts of
energy w ill be absorbed in the plastic ran~c. The jnh ,sIifl t ductility
of steel p il e s thus provides assurance that acci dent all y hi gh levels
of vessel kinetic energy can be absorbed , thoug h these may result in
dolphin d aIb:g e that necessi tates rep l acement.

6.0 STRUCTURAL BEHAVIOR OF DOLPIII~~

6.1 SINGLE-PILE DOLPHINS

Within its service load range the single -pile dol phin is treated
as a vertical cantilever beam supported on an el astic foundation. The
foundation modulus is assumed to increase linearly wi th depth. Thus
the local soi l reaction (lbs. 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 (� 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 smal l compared to the w ate r depth . Accordingly, small changes
in this depth into the soil , which accompany changes in the coefficient f,
cause only smal l changes In the bend i ng moment. In thi s regard the
behav ior of a dol phi n pi le Is fundamentally different from the behav ior
of a pi le lateral ly loaded at, or near , this ground surface.

The horizontal deflection of a dolphin pile , atthe point where It
i s 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 si gnificantly Influenced by the magnitude of the soil coeffi-.
d en t, f. Since absorbed energy Is proportionate to deflection , the
rated energy capacity is conservatively based upon a hi gh value of f
(leading to a conservatively small value of deflection). 

- ...~--e----~~~~~~~ 
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“Failure ” of the p ile involves development of a “plastic hinge ,”
and the mobi l izat ion of soil pa ssive pressure on the port ion of the
pile above this hinge . The pass ive soil reaction (lbs . per foot of
pi le leng th) is assu~! d  to he three t imes the pro T uc t of soil depth ,
pile di awe t~r , suh~:erg’ d un it so i l  w e i ght , and the Cue 11 i cient of
pass ive soil pressure . Because of the substantial d is t an ce  of the point
of loading above the seab ed , the mayni Lude of app lied J~~e! corresponding
to an assumed pile h i n g e  ~o scnt is very insensi t ive to as - awed values of
submerged unit soil wei ght and coeff ic ient of pass iv~ soi l pressure . In
this regard the dol phin pile differs from piles subjected to lateral
load at , or near , the ground surfaces. In the preparation of these
standards ,y 5 

= 50 lbs/ft3 and k~ = 3.0 have been assumed. These are
conservativel y small val ues , but substantially different values would
have changed the results by only a few percent.

For the ductile steels appropriate for dol phin piles , the bending
moment at the plastic hinge can be expected to exceed the bending moment
associated wi th the initiation of yielding. However , the yield moment
has been , conservatively, taken as the hinge moment. The rated (mooring)
force capacity of the dol phin pile , assumed applied 10 feet above the
wa ter surfa ce , is defined as 50 percent of the load requi red to deve l op
the yield bending moment.

6.2 MULTIPLE-PILE DOLPHINS

The single-p ile dolphin is the best choice when a pile of the re-
qui red size , and equipment wi th the capacity to dri ve It are readily
available. However , there wil l be cases in which two or more steel piles
must be combined to form a dol phin of the required capacity. In contrast
to timber dolphins , which often are comprised of a very large number of
timber pi les , 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 minimi ze the possibility of damaging con-
tact wi th 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-p ile connections is to dist ribute the app lied

load as equ all y as possible among  all the piles , without inhibiting the
pile -top slope changes as~ oci atc d with pile bendin g . Underlying these
two objectives are U following considerations:

a ) The dol phin ca~ icity is limi ted by the bend in j stress in that
pile wh ich is subjected to the largest shear and bending moment.
The total dol phin force required to produce the allowable bend-
ing stress in the most heavily loaded pile is max imized if bend-
ing stresses in the other piles concurrentl y 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

~pan of the framing (i.e., close spac ing of the pi les) , these
bending moments are accompanied by very large , vertical , shear
forces in the frami ng. The frami ng 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 complexi ty of inter-pile connections required to achieve the
above descri bed 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 wi th respect to the dolphin axis. The contract under
wh i ch these standards were prepared speci fied dol ph ins 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 requi rement that loading be accepted at any point
on the perimeter lead to axi -symmetri c arrangements for all of the multiple-
pile dolphin designs herein presented. The necessity to provide for large
eccentrici ty of loading , wi th respect to the dolphin axis, requi red 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
dol phin torque through torsional moments in the piles min im izes  twis t -
i ng o f the entire pile group, wi th two i niportant consequences . First ,
and most important , bendin g stresses are esse nt ia lly equal in all of
the  piles , even when the do lphin is eccentr ical ly  loaded . Thus there
is negli gible deg rada tion of the dolphin capacity under eccentric
loading . Second , the essentially parallel and equal displacements of
the pile tops facilitates the connection of inter-pile struts , which
serve to maintain the distances between adjacen t piles . These struts
can be connected by pins oriented (horizontal ly) 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 lOillustrate , for a 3-pi le dolphin , the Increase in
dol phin capac ity that can be achieved when the torsional res i stance of
indivi dual piles is mobilized. In each case the dolphin load F Is
assumed to act with an eccentricity e with respect to the dol phin axis.
Thus the dol phin is subjected to a concen tric 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
pi les .

If the dolphin torque is resisted entirely by torsion in two of the
three piles , as shown in Fig.lO(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 term r
is the distance from dolphin axi s to pile axis. The following concl usions
should be noted:

— •— •• — ~~~~~~~~~~~~~~~~~~~~~ • ~-_.~~-s•~
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a) Potential in ip ro ver rnt in the dol phin capacity is d i rect l y
proportion ate to the ecc ent i  c i ty of dol phin loading.

b) I f the ira x i  morn pos s I bi e e cc ’ ’  t c i city is small i t may be un —
f lCut  )~a ry ,  or economic a l ly unattr acti ye , to provi (IC inter—
pile connections designed to mobilize the torsion al ru~ist-
ances of individual ~iles .

c) The maximum effective eccentricity of dolphin loading that

need be considered is e = r. For larger eccentricities the

additional torque , (Fe - Fr), is transmi tted directly to indi-
vidual piles by the fendering. Thus the capacity augnienta-
tion factor (1 + elr ) reaches a maximum val ue of 2.0. Clearly
it is advantageous to mobilize indi vidual pile torsional
resistances when large eccentricities of dol phin loading must
be accepted .

The dolphin capacity augmentation factor, (1 + e/r), wh ich has been
demonstrated for the 3-pile dolp hin , i s equally appl icable to all of the

dolphin designs presented herein except the 7-pile dol phin. For the
latter the factor can be shown to be (1 + 

~
-
~~~

-). 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 theore tical value s ince 100 percent of the dol phin torque
will not be resisted by indivi dual pile torsion . The actual percentage
resisted depends upon the stiffness of this mode in comparison with the
stiffness of the mode wM ch resists dolphi n torque through pile bending
(Fi g.9 ). Fortunately the former mode typically is at least an order of
magnitude stiffer than the latter. Accordingly when Inter-pile connections
are des igned to mobilize individual pi le tors ional res istances , it is rca—
sonable to rate the dolphin capacity on the basis of concentric loading. In

contras t, dolphins whose inter-pile connections do not incl ude this feature
must be assigned a substantially lower capacity rating under eccentric load-
ing than under concentric loading. For cases of large eccentricity the

1
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capacities of such dolp hins will be only 50 percent of the concen-
tric load ratings.

6.3 MULTI-LEVII. DOLPHIN LOADING

At winy sites the tidal range wil l  be small e rrueg h to per-n i t fender
at t ac h’ :~nt at a sing le e lev d t ion oil the dolphin. At other s i tes the
tidal range m a y  require fender’ a t i - c h ent at two (or, more rarely, at

three) different elevations. If the dolp hin is comprised of a single
pile , the provision of fender attachirients at more than one elevation pre-
sents no particular desi gn problems . The desi gner should note , however ,
that the rated energy capacity decreases somewhat wi th decreases in ele-
vation of dolphin loading above the seabed. For the water depths of
interest the rated energy capacities , at lowest and hig hest probable
fender attachment elevations , rarely w ill di ffe r by more than 15 percen t;
in most cases the difference will be much less.

In a multi ple-pile dol phin 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 indivi dual pile torsional resistances to dol phin torque
associated with eccentri c loading) will be located at the upper bracket
eleva tion . If no lower level system is provided , one of the piles may
be subjected to the enti re dolphin capacity load , at a lower bracket ,
wi th 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 hi gher
bending stresses than the other piles will increase (a) with the total
ntinber of piles in the dolp hin , and (b) with the ratio of the di stance
between upper and lower fender brackets to the water depth.

In some instances (small number of piles and/or small rati o of fen-
der bracket spacing to water depth) the reduction in dolphin rated capac—
Ity assoc iated with load ing on the lower bracket may be acce ptably smal l

A 1
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(e.g., 10 percent , or less). Moreover , contact by the larger vessels
may he eith er i rpo ssible , or uni i kely, unde r the l c i  t i d~ condi tions
w hich lead to loading on the low er fender brackets.  In those cases
where reduction in do lphin rat ing , due to ove rst r ess in the loaded pile ,
is not acceptable , an add ition ti system of inter-p ile ceirr ’ ctions shoul d
be provided at the elevat ion of the lowest set of fender brackets. In
some cases th is system need only be compr ised of a systn;ri of inter-pi le
struts w hich maintain the c. to c. spacing of piles at that elevat ion.
In a few cases it also may be necessary to incorporate elements which
mobilize individual pile torsional resistances . An -examp le of the latter
is a 2-pile dolp hin subjected to loading in a direction essentially normal
to the vertical plane coninon to the two pile axes. Such a loading app lied
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 incl ude elements mobilizing individual pile torsional re-
sistances .

7.0 DOLPHIN DESI GN

7.1 NUMBER AND ARRANGEMENT OF PILES

All of the standard dolphin designs presented herein are comprised
of piles in axi -symmetri c arrangements. In each of these standard designs
the piles are either 36PP.75 or 48PP.75. The arrangements reflect the
speci fied requirement that these standard dol phins be able to accept load-
ing at any point on their perimeters. Two pi le s i zes were se lected in
the Interest of standardization .

When a particular dolphi n installation requires equal capability at
all points on the perimeter, a selection from the standard desi gns may be
appropriate . Al ternatively a single-pile dol phin , us ing a large s ize pi le,
may be preferred. Flg.l3 presents a tabulation of capacities for large
size single-pile dolphins

- In many cases the dolphi n will not be requi red to acce pt loa di ng at
all points on its perimeter. Indeed the primary purpose may be to assist

______  —-—- 
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in dockin g , to ass ist  a shi p in i ts pass ag e throug h a narrow channel ,
or to p rotect a fac i l i t y  from contact  by a sh ip .  In each of these
coi ron cases on ly a very l imited port ion of the dolp hin perimeter is
subject to loading, and the rang e of direci~ons of possible loading
is very narrow. Mr -hers and ar ra ryw cr i t s  of p i les suitable for these
cases may di f fer f rur r those presented in the standard dol phin desi gns.

7.1.1 SINGLE-PILE vs.  MULTIPLE-PILE DOLPHINS

Whenever a s ingle-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 wi thin the scope of the contract under which these stand-
ards were prepared . However , it may be noted that a large contact force
may only requi re a correspondingly large fender contact area. Where the
provisi on 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 requi red dolphin energy rating and the associated
contact force .

In some cases it may be desired to provide constraints to ships ’
latera l 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 wi th 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 provi ded at each pile , but fo rce applied to one pile is shared by the
pile and by one of its neighbori ng piles. In Fig. 11(c) a simply-suppo r—

_____ 
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ted fee ! - be.m (or truss) is mounte d on each suc cessive pair of
pi les , an fender~ a n at t ached at ni d—l ~njt  h of each fender b e r n

Thus load i nj ori ny f inde r  au t o nn ! t  i nil ly is tra nein i t ted to two pi les

In the a r r i r g e r  rn t of Fig. l ift ) the major function of in ter—
pile rimoren t ing ci en -nets is to tra no ni t. Iu)ri zontal s hear , and concurrent
mob i1i~~i1ion of line to r ’ :~iona l res is t rer’ ; of individual pi les is funda-
mental to 1 co ~ ~~ . In contrast , the arrangement of Fig. l l(c)  does
not r e j ire i m L i l i z a t ion of individual pile torsional resistances.  Pile
torsional streng th is not governed by torsional shear stress in the pile

steel , but by p ile-to-soil friction limits. These limi ts will restrict
the spacings of successive piles for which the arrangement of Fig. 11 (b)
can be used. There is no corresponding limi t on the arrangement of

Fig. 11(c).

7.1.2 PILE A RRANGEMENTS

Fig. 12 illustrates possible pile arrangements when a series of
individual dol phin contact points are required , and the applied loading
is narrowly limi ted 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 thi s line . The latter component will result mainly
from rubbing friction between ship ’s tjull and fenders. Fig. 12 illus-
trates pile arrangements which should be considered for this case.

Fig. 12 (a) illustrates a simp le arrangement of single-pile dolphins ,
grouped , where conven ient , along the contact line. Fig. l2 (b) shows an
arrangement of 2-pile dolphins , wi th compression strut interconnections
between front and rear pi les . End connections of strut to piles must be
detailed to provide articulation in both the horizontal and the vertical
pl anes. The (small) component of loading parallel to the protected facility
will be resisted by the foreward piles only, and w ill di sp lace these pi les
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( re lat ive to U r rea r pi le neigh im ) parallel to the con t i n t  1 i ire.

This rela t I ye Ii oct ion runs t in n ~ r - :ndi ted by the e r ’ !  connect i Oils
of tine s t  1 !s c en ec t i r ny  f r uit  ~ n rd  i -a r p i le;.  N~ I -r ~~ Ur is  rela—
t iv 1~ di~~ l-acrr ; ‘ u t  of f i u t  a n !  rear p u n ho’ e s s n r t i a l l ,’ s i ; ; ressed .
if d e s i r e - i , t y inter nnir ec l i i r j t in - ri net only w i th  str - I s Lu ! a~so w i t h
e lc ent ~ wh ir! r - nh i lj ze  their ind iv idu a l  torsional re , i , t ~~e 0 , .

I f  t h~ spa re l e t w u n  vesse l and protected faci l i ty is too narrow
to accu ~J t ~ tire front -and-rear-p ile dol phins i l lUs t rd ted in Fig .l2 (b),
an arrai gn : ent of 2-pile or 3—pi le  dolphins with the pi les parallel
w ith the protected fac i l i ty  may be indicated. Such a (3-p i le)  dolp hin
layout is she /n in Fig. i2(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 fac ility can be acco mm odated  by a single pile , tens ion—
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 desi gned to mobilize pile
torsi onal 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 lie enti rely outside the front face of the piles , as shown (sche-
matically, only) in Fi g. 12 (d). In app lication 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 w ith the (small) loading component paral-
lel to the protected facility . These connection details present no di ffI-
culty because the deflections perpendicular to the facility are essentially
identical for the two piles .

The appl i cations presented in this and the preceding section obvi-
ously do not exhaust the pile combinations and configurations which may
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t co n-~i der at ion in s peci f ic  s i tu a t ions .  Sta rt ing wi th the site
and ope ra t ion a l  condi tions (dol phin purpose , ve~~nil approan h angles ,
Vn ci s ion and ve l oc iii on , st r n , n r current v e loc i t i es  , vii rid vol eci ty
wa v e and tidal extr en nes , wa te r - w ry g ernetry , a nd any other geurnietri cal
con s U a l i t  s) the eng i ricer d e te i n r in e s

a) mag nitude of mooring forces , if any, to be res is ted ,
b) magnitude of vuese l kinetic energy to be ahe orb ed (as elast ic

st ra in energy ) by the dolp hin ,
c ) g e o m e t r i c a l l i m i t a t ions , if any , on dolphin size and shape.

Having the above basic input information , the eng ineer can use charts
contained herein for rapid determination of several alternat ive combina-
tions of numbers and sizes of pi l es wh i ch 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 dolp hin designs is appro-
priate for the specifi c site and dolp hin 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 described , he should next determi ne 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-
ti ves 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 desi gn aids , are applicable to a
wi de range of assumptions regarding the pile group configurations. It
will be noted that the charts permi t the determination of rated capaci-
ties of either a single pile or a total group of N piles . In s ome cases
N appears wi thin specifi c equations. In either event the capacity of a

single pile obviousl y can be found by taking N 1.
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Where N repm m wi ts the nui nbur of piles in a gr uj , it is a n  ‘ J r  1
t i n - n t  the i nu ring fort e (or e las t i c  energy ) is sh i re-I equally by a l l  N

pil e s in the gi nip ul n Iur consid era tion . This i r j l ies that t in’ in i w i l l ,
in f ’  t , h e  app l ied equally to t ine p i les (e.g. ,  by a fe ,nd r b i n  a s 0 n ,

scion i t icil l y , in Fig. 12(d), for ox en-p lc), or that th~ piles wi l l  I
inte r — con ne c t  c i  to fo rce  enn e mi i al ly equal shari rig of the load , rn -j r (I —
less of t he l oca t i on  of the point of app l ication and tin ~ d i rnet ion (r

th~ load on the dol phi n. As was desc ribed in Sec t io n  6.2 , the la t te r
can be an .c nen np l i s h e d  by inc luding ~n the inter-pile connections eli: e n d s
w h i c h  mob il i ze  i n d i v i d u a l pile torsional resistances to twist in g of the
dol phin about its vertical ax is .  Thus an early desi gn decision invo l r : ;
a choice among three approaches to min i m iza t ion  of possible inequalit ies
amon g the pile bending moments. The choices are

a) To use unconnected_i~~1Jyj duaJ_piles . (Suitable only when the
desireci 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 th at 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 i nequalities
of the pile deflections , and loads.)

b ) To use mu1tip1e~pj~ e d o ~phins w it~fenders so located as to p~e-
~Ti~de any significant eccentricity of loadinj . (This frequently
~TT1 be feasibTe when the vesseT contact point can be located ata sing le 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 des i rabl e, 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 wi th piles inter-connected in a iman-
mer to forc e equal sharing ofThe dolphin_lpad. (This is the only
~~Thtion if loading 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 poi nts on the dol phin.)

In terms of simplicity of fabrication and construction , approach (a)
is preferable to (b), and (b) is preferable to Cc). However, there will
be circumstances (e.g., limi tations on availability of piles of large size
and/or requi rements of location , magni tude , and direction of loadi ng) which
dicta te the choice of (b) over (a) or (c) over either (a) or (b).
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7.3 DESIGN ftr-~ R A t I O  n~~(~~ CAPACITY

As was d - ~c r ibed in Section 6.1 , the rated (mooring) force ca pa c—
i ty of a pi l e , FR. is def ined as 50 pe rc e nt  of t he force assoc i a t ed
wi th  a plast ic  h inge wi thin the e n r b r i J e d  po r t ion  of the pile and develop—
rent of passive so i l  p i ssure above the hing e. The hi rige m nn n n nnt is
c o n s e r v a t i v e l y def i ne ! as the bending momnierr t , My~ w hich would produce an
extren;~e f i be r  stress equal to the yield stress , wi th the pile nominal

wall thickness reduced 0.125” to allow for corrosion. The input varia-
bles (known or ass n .e ed) are

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

~~ steel yield stress , ksi
H, height of loading above seabed , feet

The computed quantities are

t~, pile wall thickness reduced for corrosion , inches

~~~~~
-, pile yield bendin g moment (kip-feet) divided by pile

nominal diameter (feet).

The equations for tn and M~/D are

tn = t — 0.125 (1)

~~~~~
= ~~~ t~ CD - 

~~
-) (2)

Entering Fig. 2 wi th M~/D. the value of CR/ND is read from the
curve corresponding to the H of interest. Then , for the N of interest
(for a single pile , N = 1),

FRFR = ND(~~-) (3)

The derivation nf Eq. (2) and the basis of the curves of Fig. 2 are
presented In an appendix.
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i~ ~~~ : J~~; i: i i ! 1 1  c~ j I c !  hj ~~~n 1 I .  s: ’ ‘ ;  ~a c.e a j [ ‘Li- f 60 ~e n t a l - u ’
- - 

‘ n ! :  !j’

tn t — 0.125 = t~ = 1 .12 5”

3~i(42)(l.l25)(3 - 0.28) = 1212 ki p-feet/ foot

From Fi g. 2, for M~/D = 1212 kip-feet/foot and H = 60 feet,
read

F
= 9.4 kips/foot

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

EXAMPLE 2

G~veit -tha t a doe p h~n nv~~ p ’tov~de a ~zvted moo~tZng ~o ’tce eap acLtij
o~ 220 ~~~~~ app Ved 80 ~çee~t above ~the ~ectbed . How man~y p~te4 ait e ke-
qaiited ~~ each pLt~ ~L.6 S ~ee~t £n cUame.teit, ha4 a tk~ekize~s4s o~ 2 ~~~~~
and 1u~ a y~€2d ~~~&€~~~ o~ 50

t~~= t — .l 2 5 = t ~~= l.875”

M
~~~ 3’rr (50)(1.875)(5 - 0.47) = 4004 kip-feet/foot

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

~~~~~

. 22.6 kips/foot

~~~~~~~~~~~~~ 
——
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F
-

~~~~ 

= 2 2 .6 D = 22.6(5)  = 113 k i p s

220 rN = -

~~~

--

~~

- =  N = l.9j ; U’ u N = 2  pi les

V r l u - i s  of yield stress in exce ; - , of GO kips / inch 2 are not recoin-
ice , - i . Values of gross w~l1 th ic krn r ’ns , t , less than 0.37 5 ” , or less
than 1/60 oF the pile di ar n ieter , in i nches , are not recon n:e nde d.

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
diamet er , D, and the net pile wall thickness , tn l (nominal wall thickness ,
t , minus 0.125” corrosion allowance).

Within the embedded portion of the pile , relationships amo ng 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 wi th depth , f. Since absorbed energy
is proportionate to pile deflection , and pile deflection decreases wi th
Increasing soil sti ffness, rated energy capacity , WR, is determined for
the maximum value of f at the dolphin site .

The inpu t  variables (known or assumed) are

9, nominal pile diameter , feet
-t , nominal pile wall thickness , inches
f~. steel yield stress , ksi
Ii, height of loading above seabed , feet

f , maximum val ue of coefficient of variation of soi l modulusmax of horizontal subgrade reaction wi th depth , lbs/ inch3

~L C~
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Enter Fi g. 3 w ith the pile nominal diameter , D , and read Tm i n  frc; -n

t i n T . curve for tim e pipe wall no mnii nal th ickness , t, of i ntere- . t.
No ’ e t !e~t the T~1~ curves of Fig. 3 are based on 24 lbs/ioU 3,
which is appropr iate for a medium sand seabed . If soil data at the

specific site indic a fa a different value of 
~niax ’ compute a c o r i c e L ’~’ 1

value ~~~ Tmin

corrected T .0 = 
(_~~ç~i~ii) ~ ~~~ 

from Fig. 3) (4)

Compute Tmin
-if

Enter Fig. 4 wi th Tmjn/H and read the coefficient CE from the curve
for the yield stress , ~~ of interest.

Enter Fig. 5 with the pile nominal diameter , D, and read the coefficient ,
AE, from the curve for the pile nomi nal wall thickness , t, of i nterest.
These curves incorpora te the ef fect of a 0.125” corrosion allowance.

The rated energy capacity , WR, (kip-feet) is given by

WR~~~
N C E AE H (5)

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

EXAM PLE 3

Fok a do4h2n c2u4.tex o~ ~Lz p.Lte4 , each pUt htw~ng a d~ mettL o~
4.5 ~eeL and ~th.Lckne~~ 1 .5 A.j nc.he.a , and y~Le2d ~~‘te~~ 50 kJp4/JJwit2 ,
wha~.t £~ .the .‘uvted ene.~gq cap ac~.ty ~o’t !oad~ng 70 t~ee.t above the 4eabed ?

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

Tmj n 13.6 feet

Tmjn 13.6
~~~ 

z —, ~~~ * 0.194

.-~~ 0 

—~~--= — ----— -
-
-

~~~~~~~ -- ---•-
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From Fig. 4, for Tnm i n /il = 0.194 and f~ = 50 ki p/ inch 2,

CE = 0.068 ki p/inch 2

From Fig. 5, for D = 4.5 feet and t 1.5 inches ,
AE 24.6 inch2

WR N CE H

= 6(.068)(24.6)(JO) = WR 7O3 kjp_feet

EXAMPLE 4

G~Lven tha~t a dot p f rLn mu~ t pkov~de 180 k.-~p-~ce~t eneA9 y cap aci..tyund e~ ecacung app Ve.d 60 ~ee~t above .tltt 6eabed . How ma~’ty p ile4 cvt c
~~ each pile £.~ 3.5 ~eet £n dLamete ’~, ha4 a lth.Zckne4 ,~ o~1 .0 ~nch , and ha.6 a q~eid .~tke&.~s o~ 60 k.t1p 6/ Znch2 ?

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

T i 10.5 fee t

T 1 10.5—Ic-- - —

~~~~~

---- - 0.175

From Fig. 4, for TmIn /H = 0.175 and f~ = 60 ki p/ lnch2,

CE 0.091 kip/j~ ch 2

From Fi g. 5, for D = 3.5 feet and t = 1.0 inch ,
A E 11.8 inch2

.
.
. a N(.091 ) (JJ.8)(60) = 64 .4N

.
.
. N = ~~~~~= N a 2 8 .  usa N a 3 p j l e s  

— ~~~~~~~~~~~~~~~~~ 
--. • 

~~~~~~
-. —— , - —

- - s__——----- •. —
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7.5 MAX IMUM FORCE ON DOLPHIN

The rated force capacity of the dol phin (Section 7.3) represents
the ( m oor ing)  fur~e ~:hich may be sustained , at or near its ful l value ,
over a cons lieruble period of time . In the energy-al eorb ing rn - IC

(Section 7.4)  the maximum force is of brief duration , and this force
is permitted to reac h higher values than the rated force capacity .
Thus the maxi mu l force on the dol phin is the force producing a niaxi mumn
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
determ ination of maximum forces resisted by inter-p ile connecting ele-
ments . The maximum force on the dolphin is used in the design of fen-
dering (not 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 pi les , of smaller diameters)’
providing the required energy capacity at smaller maximum force. Alter-
natively, energy-absorbing fendering may be used , thus reduc ing the
requi red rated energy capacity (and the concurrent maximum force) to
be- provided by the dol phin piles .

The input variables (known or assumed ) are

D, nominal outs ide di ameter of pi le , feet
t , nomi nal pipe wall thickness , inches

steel y ie ld  stress, ksi

H, height of loadi ng above seabed, feet.

Compute t~ by Equation (1).

Compute ~ f~, o
2 t~ o - 

~~~~~
-) (6)

Enter Fig. 3 wi th pile nominal diameter D, and read Tm in from the
Tmln curve for the pipe wall thickness , t , of Interest. If soi l data
for the specifi c site indicate a value of different from 

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

- .  
• • 

- 
- i::~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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Tmi nCompute -

Enter fi g. 6 w i t h I~~~/H and re-i d t he value of the co ef f i c i e n t  CM.

The mna x i~ n c n do lp hin force , Fmax~ 
is given by

0.75 H N
F (7)
max CM H

EX A’~I PL[ S

Fok the. da1 p h~n c!w~teit o~ EXAM P LE 3 , whal ~ -the ma~~murn ~an~ce ,

~~~~ coMe2 pok1d~ng -to -the nttted ene~ g tj  capacLty ~o’t LoacUng 10 ~ee-t
above -the ~eahe d?

t~ = 1.5 = 0.125 = 1.375”

From Eq. (6), M~ = 3i~(50)(4.5 ) 2 (1.375)[l - 4(4 5)]~ 
= 12,120 kip-feet

From Fi g. 6, for T~~ /H = 0.194 , read CM = 1.065

From Eq. (7), the max imum dol phi n force i s

F — 0.75 (12 ,120) (6) — F — 732 kimax - 1 .065 (70) - max 
—

EXAMPLE 6

Foit. the dolph.ôt ~~ ste.’L o~ EXAMPLE 4, wha-t ~Lo -the max.~mum ~~~~
Fm~~ 

cn’tite4po ncUng .t.o the n.a-ted eneitgy ca.p aeJly ~o’t toadZng 60 ~ee.t
above the 4€a bed ?

- 
t,~ 1.0 0.125 • 0.875M

From Eq. (6), M~ 3w (60)(3.5) 2(.875) [1 - 4(3 5] 5685 kip-feet

From FIg. 6, for TmIn/H 0.175, read CM = 1.056

From Eq. (7) the maximum force is

—-—.—~~ ~~---~~~~~~~
—— - • •‘ - — ---—-----------—— -

~~-r--
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O 75( (( \(- ~�r = ~~~:~~‘) I ~ = r = 202 kiP rima x 1.05~(bU) ‘ max

~X - ’e t ’ I t ~ 7

Fo~i -the d - ~’1!~i;~ c I?u~ tc~’t o~ exam~oee4 4 amid 6, ~~ f - o ! / ; j a:~~f~
( ’ ( 1

60 ~cet above . tim e 4~abc !, the ‘utted e~k~y c.ap ae_-U’j  an ! ma~Jrnarn ~onee
a ’~e , n ec ~ect ~v cf y ,  3 x 64.4 193 Iii p-~ ce-t , amid 202 kip~s .  Whtt t a-’te
-t ( :~ c - ’ m ’r e~pond~ng noted e.nengtj capac nL-ttj  and ma~-inirun ~on.ee. when -the
.tO(t ( 1 (ng -Ls 50 6ee,t above the -~,extbed ?

Tmin - 10.5 -- ~~~~~— - 0.21

From Fi g. 4 , for Tmjn/H = 0.21 and f~ = 60 kip/inch 2,

CE 0.100

.
.
. WR

_ N C
E AE H

3(0.100)Ol.8)(50) = WR = 177 kip-feet

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

From Eq. (7), Fmax = 
o~7g4 ~(3) = Fmax = 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 accomo-
date the p ile-top slopes and defl ections . These increase with decreas-
ing soil sti ffness. Thus we compute slope and deflection based on a
maximum possible value of I denoted by Tmax~ 

For determini ng Tmax we
use for the mean value from FIg. 1 (16 lbs/ inch3) reduced by

U
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75 pc i - remi t  for the pns~ible effect of repeated loadings; i .e.,
4.0 lbs/ i nch 3. For conservat ism we determ ine the slope and

de f lec t ion  corre s pondi ng to the developme nt of the yield bending
muo: nt , M~.

The i n p u t  varia bles are

D, nomi nal pile outside diameter , feet
t , nominal pile wall thickness , inches

~min 
= 0.25 times mean f for specifi c site , if soil data

indicate this mean val ue is different from l6.Olbs/inch
steel yield stress , ksi

H, hei ght of pi le top above seabed , feet.

Enter Fig. 3 with D and read Tmax from the Tmax curve corresponding
to the thi ckness , t, of interest. If soil data indicate a value of f
differing from 4.0 lbs/inch , compute a corrected Tmax

correc ted Tma.x = X (Imax from Fig. 3) (8)

Compute the pile flexural rigidity El (kip-feet2) from

El = 45,000uD3t (1 - 4~
) (9)

Compute t~ by Eq. (1).

Compute M~ by Eq. (6).

Enter Fig. 7 wi th TmaX/H and read values of the deflec tion coeffic ient
C4, and the s lope coeff i c ient,

Compute maximum deflection , 
~max’ (feet) and maximum pile-top slope ,

0max’ (radians) from

& = C  
~~~~~~~ 

(10)

I °max *C ~~~~~~~~ (11)

_ _ _ _  - - - . . --
~~~~~~~~~~~~~~~~~~~~ 

,- 
~~~~~~~~~~~~~~~~~~~~~~~ ~~~~

-
~~~~~~~

-
~~~~~~

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

EXAMPLE 8

Fc& tii ~‘ dc ~‘~~il £kl  c-~ u~ te~ o~ EXA M PLE 3 and 5, R’!mO t ( i i  -t~ max ~inrJ ~
de~~ c e-tiomi amid ~w tot~eo a-t -th e tup,  70 ~ce-t above tIme 5e ab ed?

From EXAMPLE 5, M~ = 12 ,120 kip - feet

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

T = 19.3 feet

Tmax - 19.3 - -,

H - — O. L76

From Eq. (9)

El = 4500~~(4.5)~(l.5 ) [i - 4(4 5)~ 
= 17.7 x 106 kip-feet 2

From Fig. 7, for Tmax ”~ 
= 0.276

C~ = 1.01 and C0 = 1.00

From Eq. (10), Amax = ~~~~~~~~~~ 70)
2 

= 3.4 feet
17.7 x 10

From Eq. (11), 0 = 1.oo(12 ,l2o)(7o) = 0.048 radiansmax 17.7 x 10

EXAMPLE 9

I n  The do~ ph~n c~ w~-t eJi o~ EXAMPLES 3, 5 , and 8 , z-vt~ o~ pile4

a&~ -~~ wJ d o d  ~~itii hn ni zomttaf . ~tirnque aJL m~ wh~eh a/r ~e d-ia. in-commnec.-ted
-to mob~4J ~~ze ~~~ ~on~~ona2 tixnee4. 1~tJ h en -the. p~Lee-top de~~ec.-
t~ion and t, top e (de-te.nm~ned ~n EXAMPLE 8)  oecu~’t tn The commo n p &tne o~
.~sucJt a pile pa ut , wha-t -L~ The &e&tt~ve veir2~ea1 de6~ ee-t~on o~ The

______________— 

~~~~~~~~~~~~~~~~~~~~~~~ 
‘-

~~~~~ ~~~
‘-. - -
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t( ~ ~ L LC LVUn d iaLs ? -~~~ ~~wme eoc ( i  t~- ~ c 1 LtC  a~tm e ~ te r~~ 6. 5 ~e- - t ç -
~ i~

rc~:r ~~~~~~

From EXAMPLE 8 , 0max 
= 0.048 radians.

Ver t ica l displacement of each torque ann end (up eo rd on one arem and down-

wa re on the other )

= 6.5(0.048) = 0.31 feet = 3 .7”

Relat ive vertical disp lacement =2(3 .7)  = 7.4’

The chains must be instal led w i th an in i tial sa g suff i cien t to acco mmo-
date this relat ive vert ica l disp lacement. An init ia l (niid length) sag
equa l to one-half the ant ic ipated maximum re lat ive vert ical  displacement
of the torque arm ends wi ll suff ice.

7.7 CHAIN FORCES

As described in Sect ion 6.2 , the ca pacity of a mult iple -pi le dolphin
under eccentric loading can be substant ia l ly  increased if inter -p ile con -
nect ions mobi l ize individua l pile torsional resistances . In these stand-
ards it is recommended that this be achieved by providing pa i rs of piles
with mating torque a r-in s , and chain connecting them to limit 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 dolp hin force , Fmax~ 

acting
throug h the axis of the pile which is farthest from the dolphin axis , and
in a direction perpendicular to 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 a ppli ed loa d wi th

respect to the dolp hin axis , and denoting by Q (kip-feet) the tota l ecc~n-
trici t y mompnt ~~~~ hp rc’sisted by all the torque-arm-connected piles , we

write

Q = e Fmax (12)
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When there a, -
~ more than one pair of cha in-co nnccte d pile pairs ,

the tot il dol phin t nrmpw imay not be distr ibuted e 1 m - i l ly a imi ng  the
pai r~ . Un2~uIl di st~- i t i ut ion may result from s m all di ffcrc-m ec in the
initial ch a in s ays .  There is no danger of overs tm -c~~ing individu i l
pi les , in t.om -~ i n , he iuse tors lona l shear stres~~’~- al-i iy~ are very
much snol icr than the pile bending stresses . Ilo -;ever , to avoid over —
stress of t he chdi ns , and their connections to t he torque anus , the
fo ll o w i n g  d istr ibut ions are reco mmm nended . In each c~ce denotes the
numbe r of chain-connected piles , Fch denotes the cha in force , and s

denotes the spacing of pi les in each chain-connected pair .

For N
~~

= 2 , Fch =
~~
—
~~~~

=
~~
. (13)

For N
~~
= 4 , 

~~~~~~~~~~~~~~~ 
(14)

For N
~~

= 6 , ~~~~~~~~~~~~~~~ (15)

EXAMPLE 10

The dc lphiii o~ EXAMPLFS 3 and 5 £4 com~mJo e.d o~ 4-ix pileA ~Ln a
ke~~ tL&Vr. he.xagona a~vtang enien-t . Th ’tee 4 epaxa-te pile p a~Ot4 a.’te p -/ tov-~ded
wLth cha~n-co nnec-t ed okque a.’un-6 . The pile ~p ac~ n~ , £vt each paf x,
£4 13.5  ~ee~t. Ml p i Je~s aM a-t -the 4am e ) tacL&i2 cUA-ti~nc.e ~kom The
do-tphiii ~~~~ 13.5 ~ee~t, and -the Une o~ ai~.2~on o~ -the appVed -toad
can ~aU out~~de -the peitiine-te/t pile6. I n EXAMPLE 5 £~t wads £ound tha,t
Fmcu - 732 ~~~~ Fok wha~t mathiwn ~on.ce, Fth, 4houLd -the chtthv~ be
d e.oZ~ned?

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.

From Eq. (15), Fch = 
~~

- (?)
~~~ 

= 366 ki2~ 

— -
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I \-~‘~1’t F 11

lime t i e - i  it I ~~- Y - m , I (~ 4 a m : !  6 i C~~ - ~ ! ‘~~ 11m m e” T m  ~~~~~~~~ I-

c~ n : m c ’P o~: c cP a i u  e( msm ~ cte ! . T ii~ ~e
;1’

~~ ~~- ‘ e i - 1 in t!m i~ j - -m i ’  -i~ 1 0 . 5

~ c I . U 1: m~ b :;: d e t ; ’ s m i m m c ’ m! I L ,  I 1Ii ~ ~j 7  ~mY ~~m ? (‘~~‘ - 1m t ’ m i - i / t
j  

(~~ 1 ’! ’

£ : 1 - - , i -i -s 4 .6  ~ - : t . I n  t~( tMI ’L U 6 i i  m m - S  ~o u- : - I L - m i  F =

F c m  .‘: : t  mm’ x i - - i - i  ~ - : c ’, Fe;, 41m i -m- f - -! l ime c_ L~ i;:~ 1 - .. ‘Ic -S 1
~P’ 

-

e = 4.6 feet

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

From Eq. (13), Fch = =

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 dolp hin force , Fmax~ 

for dol phins 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 eccentricit ies
may be substantia lly smaller than were assumed in the preparation of
Tab le I. It will be noted that Fch /Fmax does not change g rea t ly  as

the number of pi les is changed .

TABLE I

RATIO OF CHAIN F0R~E_T0 MAXIMUM
DOLPHIN FORCE IN STANDARD_DOLPHINS

Cluster Pattern FCh/FmaX
2-pile cluste r 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)
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7.8 STRu T ~Y ’ T [

A-~ c m- - des cm - - - t in Secti n 6.3 , i f  f e m I P - r - brnU- r m t s are rt-

at t’io m c -  t h i n  0 1 m m  ci e— ~c lion , two sy: Inns of in t e r—pi le str u t  S are r e : r !- - ! .
Each of thP~P 5 5 5 1 - m  N-: pr i S m m S  a h m m r i z o n t a l  t ru ss.  S t ru t—to - p i le  con-
nect ions c u  m i s t  of loose—f i t  h i riz,n; ‘ ml pin jo ints which ac re - : r m d i t e
ang le J -a n - , (pi le av k  to strut  ~x is ) assoc ia ted with deflect ion ar id
slope of the f le \ed  p i les.  These pin joints are not or the pile axes.
How ev~-r , the strut  mm x es do intersect on the pile axes , and for anal ys is

of a stru t-sy~ tem m ‘ truss ” the truss joints can be assumed to be located
on pile axes.

7.8. 1 UPPER L E V I L  STRUT FORCES

The uppei~-lc~el truss sys tem mus t  hold in equilibrium the followi ng
system of for:rs , app lied at the t ru ss “jo i nts ” ; i.e., on pile axes.

(a) At one joint the full dolp hin load , Fmax~
(b) At e-e r y joist a load Fmax/N~ 

where N is the total number
of p iles , acting in a direction opposite to the direction of
load F .

(c) At each joint from which a torque arm emanates , the chain force
trans posed 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-
libri um is straightforward. Typically all struts will be designed for
the maximum force developed in any of the struts . Depending upon the
clus ter 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 investi gation of max strut forces for each of several choices
of the loaded joint.

For any joint to which the dolphin force is appl i ed it is apparent

that the maximum dol phin 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

~~ 
I)
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the 1 t I r - J C :~ I s t m  at forces . For c-x~m ei ;ml e, in a two—pile ci us Icr ma xi r :m j mml

s t ru fo r  cc occurs when the app i i-sd load acts a1on~ the radial line
fro m do~ phi n ax is  to pile ax is .  Thus , immure generally , for eac h pile
to eL i  h IL- - dol phin load is a;-p i led , one must vary the direct ion of
lo edi n y to cL _- t nt w ino the mcmx j r ! l U m i  po-; -1 i b l e  strut force.

Table II l ists the ratios of strut forces , Fat ,  to maximum dolp h i n

force , Fti ax~ 
for dol ph ins similar to the standard dolp hins presented in

Figs. 14 an d 15. These ratios app ly only to (regular polygonal) con-
figuration of the standard dol phin with loading possible at any point

on the per i o ter.

TA BLE II

RATIO OF UPPER-LEVEL MAXIM ’JM STRUT FORCE TO
MAXIMUM DOLPHIN FO RCE IN STANDARD DOLPHINS

Cluster_Pattern F t/F

2-pile 0.50
3—pi le (triangle) 0.67
4-p ile (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 l ower strut system differs from that applied to the upper-level
system. The difference arises (a) from the fact that the dolphin force ,
Fmax~ 

is larger forload -i ng appl ied at the lower l evel , and (b) from the
fact that the piles are not chain-connected at the lower level .

The lower-level strut system must hold in equilibri um the follow-
ing system of forces, appl ied at the truss “joints ” ; i.e., on pile axes.

(a) At one joint the full dolphi n load , Fm~~

I I I  “I
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(b) At every jo int , a load F
ma /N~ 

whore N is the total number
P of p iles , ac t i i t -j  in a direction opposite to ti- - d irect ion

of load F .

(c) At every joint , a loud pe rpend i cular to Ihe radial line f !-o ;1
dol phin axis to p ile ax is. These loads tu L- miher produce a
urn - :nt about the dolphin axis which is ecp -~i l  and oppos i te to
t he eccentr ic ity momi ;en t of the dolp h i n  load Fniax~ 

The magni-
tude of eac h load is proportionate to the radial distance
from dolphin axis to pile axis. Thus i-f 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 III lists the ratios of strut forces , F5t~ 
to maximum dolphin

force, Fmax~ 
for dol phins similar to the standard dol phins presented in

Figs. 14 and 15. These ratios apply only to the (regular polygonal ) con-
figuration of the standard dolphin wi th loading possib ’e at any point on
the perim eter.

TABLE III

RATIO OF t OWER-LEVEL MAXIMUM STRUT FORCE TO
MAX IMUM DOLPHIN FORCE IN STANDARD DOLPHINS

- Cl uster Pattern F t/F

2-pile 0.50
3—pile (triangle) 0.~~
4-pile (square ) 0.69
5—pile (pentagon) 0.77
6-pile (hexagon) 0.92

,_
- 

~1 f
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7.8.3 CHAIN FO LCES AND STRUT FORCES IN DOL FHI~ UI I hP [IPJLAR CONFI~URA- 
— -_ - ~~~~~~— - —~~~~— -  

This S r- ct i o n i l lus t ra t es steps in the do t - - r i l i ,  t ion of forces in
th inter—p ile com rm-mc t i ons for a niul t i —p i le  dol -Liii v;h i cii is not one of
the standard con fi L um -a t ions .  There is , of course , an infinite number of
possible conf igurat ions , and only the tim ethod of anal y s i s  can be illus-
tra ted. Since dolphins compr ised of a small num ber of large piles are to
be preferred , a three-p ile dol phin will be treated in the examples.

EXAM PLE 12 —/2 — ~4
C0 n4 i.idVt a 3-p-Ue do~p hJ.n w-~th axe.6 b

o~ .the ~~~~~ a , b, and ~ £oca~-ted a-is ~shown. 
—

A-t -the uppeJt -eeveL, the marJ.mum dolp hiit ~onmc.e,
ha4 been sound mto be 300 ktp6 . F ende&~

a-’te moun—ted on p-~Le a onLy .  U ho~o been de-

~te~’un-~ned tha~t~theL~ne o~ ae~t~on o~ ishe dol p k-Ln —

~oiu~e, de~-ined by a , ci~n L~e an~~hQJte wLth~n
-the ~zng e c& 0 mto a = 90 ° . The u.ppe .-’m. LeveL
iitteit-pAle necbotu aite cornp ’ ed o~ ~ALLt6 cz.1 ]~3’
ab , b~ , and cd , and choJit-LLnf ~ed -tonmqae a) un6 — .r
be,~ween a and b. Ve.te~~~ne -the max~,nwii chLtht

~o-tce , F~~, and maxiinwn -~s~t&u.t ~o-’tce , F~~ .

The dolp hin 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-
clockw i se) Is g iven by

Q 3(300 cos - 4(300 sin ~3
= 900 cos ~~. 

- 1200 sin ~ kip-feet

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

Fch ~ 
‘

~~~~~ 
t900 CC’S ~ - 1200 s In  ~J

~~75 cos~~~— l 00 sin~~’ ki ps.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - -
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Clearl y, wi th in the given range of u, F h reaches maxima of 75 k i ps

(for co uim tercloc kw i dol phi ii torqur- ) and — 100 k i ps (for c lockwi so
torque) . While two di ffereiit chain sizes could be used , i t  prob ab ly
is more pract ic a l  to desi gn both cL - i ins , their connections , and the

torque arms , -for Fch = 100 k ips in curL of the two d i rec t io ns.

Since Fmax (=300 ki ps) is shared equally by the three piles , t russ
joint a exp eriences a net force (app lied force minus pile resisting
shear) equal to 2/3 Fmax~ 

in the direct - ion of app lied loading. Piles b
and c eac h experience a force 1/3 Fmax (the pile shear) opposite in
direction to the app lied 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 , ~-(3OO cos a) = 200 cos a

at a, directed toward c, ~-(3OO sin a) + (75 cos a - 100 sin c m )

= 100 sin a + 75 cos a

at b, directed toward a , ~(3OO cos a) = 100 cos ~

at b , di rected parallel to a c , ~.(30O sin a) + (75 cos a - 100 sin c i )

= 75 cosoc

at c, directed parallel to a b , ~.(30O Cos ci) = 100 cos~~

at c, directed toward a, ~-(3OO Sin a) = 100 sin a.

Ana lysis of the simp le truss comprised of the three struts is straight—
forward. It leads to the following strut forces

Fab 
= — 200 cos a klps

Fac = - 75 cos ci - 100 sin c~, kips

Fbc = + 125 cos ci kips

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

Conclusion , design struts  for FS~ 
200

~~

--
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1 \ - \ l  1
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a~s -w ~ -t Ie u l’; em ~
‘ - c ’ :  1 dv4!w n ~ - m c e  . Fo’t ~lut t ma ~ ~t - n i  £o-~ce -~ ho u-ed

t hu  £ euc ~~-- evu e ~ t~ r r t ~ be de-~ i~ n n1 ?

Maximum dol phin torque Q (counterclockwise) is g iven by

Q = 3(350 cos a) -4(350 sin ci)
= 1050 cos a - 1400 sin a kip feet

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

FORCE TORQUE
For p i l e  a , 1-~ - Q = .037 Q; 5(.033Q ) = .l7Q

For pi le b, = .057 Q; 8.6(.057Q) =.48Q -

For pi le C , .048 Q; 7.2(.048Q) .35
1.00 -

It is convenient to resolve the above joint forces into components ,
parallel to a b and a c , and to combine them wi th the di rect (non—torque-
related ) force components . The final joint force components thus are,

at a, directed toward b,

- 

~{.033)(lo5O cosci - 1400 sinc*)+ ~(35o cosci) = 212 cosci + 28 sinci

at a , directed toward c ,

~C033)(1050 COSa ~~l400 sina)+ ~.(35O sina) = 28 cosci + 196 sina

- — 
- -

- - - — - -—-— —-_- - .- ——- 
~ —~T ’-~ 

- -  -
~~ 
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at h , directed toward a ,

~~ ( .0 5 1) ( 10 5 0  cos~ - 1400 sinu)+ ~(35O cos~) 138 COS (-~ - 28 Sifl~

at b , r- :- ra l l e l to a C ,

~~
-
~~~~

- (.057)(l050 cos t - 1400 sin~)+ ~-(350 sinc t ) 56 cos -L + 42 s in m

at C , directed toward a ,

— 

~~ 
(.048) (1050 cosct - 1400 sincL)+ ~-(35O sincm ) = -28 cosa -f 154 sina

at c , parallel to a b ,

- T2 (.048)(l050 cosa 
- 1400 sirtct)+ ~{35Q coscm) 

= 74 COScm + 56 SInci

For the above set of joint forces the strut forces are readily obtained~
they are

Fab = (138 cosa - 28 sinci) + ~-(56 cosa + 42 sina)

= 212 cosa + 28 sina kips , compression

Fac = (-28 cosa + 154 s incz) + ~-{74 COSa + 56 sinci)

= 28 cosa + 196 sinci kips , compression

Fbc 
= ~(56 cosa + 42 sincm )

= 93 cos~ + 7U Sina kips , tens ion

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

F5t ~v
f
~
212) 2 + (28)2 = 214 kips , compress ion

All lower-level struts may be designed for 214 ki ps compression force.

~~~~~~ because its force is much smaller , and in tension, i t  may be
reasonabl e to design strut bc for

... ‘~j~3)2 + (~g) 2 
• 116 kips, tension

L

—a----— - — - - - - ~~~~~~~~~~~ — .  —- - —_y..~s_ Mtan ..__- S—— 
-
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7.9 ST I l L GL~ D I ~ A~J I ) S1l~LSS LEVELS

7 .9 .1 PIPE PILES

If the function of a dol phin is solel y to provide a mooring
point , the emphasis is on strength. For such an app lication large
dianr eter p iles , 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 ben ding moment , and the
thickness can be reduced , in steps , toward the top and bottom of the
piles .

If the functions of the dolp hin includ~ absorption of energy ,
there is a very strong incentive to use hi gher 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 dol phins 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 recomended that steel hav ing a yield
strength of the order of 60 ksi be used in hi gh bending moment regions
0f 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 exampl e
sleeves , to limit 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
weld ing procedures (including pre—heat , full-penetration flush ground
welds , and possibly post-weld heat treatment) must be selected to mi ni—
mi ze the possibility of bri ttle fracture.

In the energy-absorbing mode It Is recomended that the pile be
desi gned for a maximum bending stress equal to 75 percent of the yield

L 17

~_.~~.1 
—,.~,. .- . - :- . __~~_ . ~- — —- - —- -
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st-r-or s. While th i s may scorn to be a hi gh desi gn stress , i t  is justi-
fied by several f uctor s . First , stress is c o -pu te d  on the basi s of a
section r- o d rl u - ; (urY- ’Lrv ative ly reduced for the e f fec ts  of corrosion.
Seco nd , the rat ud ener gy condition is cor pu t~d on the basis of maxi flu-
soil stiffness; at a (n-ore probable) lower soil stiffness the rated
energy will b~ developed at a lower value of bending stress. Third ,
maxirrr uur ben ding stress is unlikely to be experienced more than a few
thousand ti n es during the service life of the dolphin. Fourth , the
reg ions of high bending stress are underwater; therefore the serv ice
temperature cannot be below 30° F , wh i ch i s not seve re.

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
l ower end resistance to damage during pil e driving is the principal con-
sideration . At the top, cor ros ion i s the controll i ng factor.

7.9.2 INTER-PiLE CONNECTING ELEMENTS

Tor que arms , fender brackets, struts , and their connecting de-
tails are in a severely corrosive environment . In some geographic regions
these components also may experience low service temperatures . Structural
grade steels are recommended and desi gn stress level s should provide a
factor of safety of at least 2.0 wi th respect to yield.

7.9. 3 CHAINS

When chain-linked , torque arms are used to mobilize individual
pi le tors ional res i stances , the use 0-? the highest strength grade is ad-
vantageous. Stud-link , forged steel anchor chain (ABS or Lloyd’d class),
designed for maximum service stress equal to fifty percent of the proof
stress , is recon.nended.

_ _ _ _ _  - . •
~~~~
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7.10 PILE SPACING AND I MhI MI NT DLPT IIS

Ce n t e r — t o — c e n t e r  pile spacings should not be less than th~ ni

pile di wnete,-s . Enio d r unt leng tins below tine top of the sand S tr r tOr i !

are equal to 4 ~~~~ bu t not less t inurn 3 Tnnax~ 
V a l u .- o f Trnin and

I given in Fi g. 3 are bused upon the c on - e ~- v a t i v e  va lues f =

24 lbs/ inch and 
~m i n  = 0.25(16) 4.0 lb/inch . The value of

represents the r oan f for the range of soil considered , reduced 75 per-
cent for the effect of repeated loading. These values of 

~max and 
~min

should be used unless soil data for a spec if ic s i te d ic tate more con-
s e r v a t i v e  (i.e. , lower) values .

8.0 STANDARD_DOLP H INS

The contract under wh i ch these standards were prepared required
six standard dol phins , desi gned to accept loading at any point on their
perimeters , providing a range of capacities in water depths of 40, 50,
60, and 70 feet. In the course of devel op i ng the dolp hins presented
herein , it became apparent that single -pile dolpHns would satisfy the
specified conditions of loading over a wi de range of capacities . Such
single-pile dolphins would have utilized piles rang ing in diameter from
3 to 6 feet. In a few cases , requiring very large capacity , two or
three of the large piles would be connected in a single dolphin. The
sing le-pile dolphin is , of course , the ultimate in simplicity , mini rn iz _

ing both fabrication and maintenance costs .

In accordance with a decision of the Naval Facilities Engineering
Convn a nd, the standard dolphins presented herein are comprised either of
36” diameter piles or 48” diameter piles . See Figs. 14 and 15. At the
request of the Navy , these standard designs have been supplemented by a
tabl e of capacities of large single piles (Fig. 13) in the water depths
of interest.

In the standard dolphins the pile wall thicknesses are held constant
at 0.75 ”. This thickness i s adequate from the viewpoint of corros i on,
In the sal t spray zone where pile stresses are low , and Is adequate to

prevent damage during driving . Steels of two strength grades (60 ksi and

- .

- ~~~~~~~~. ~r-~~~~
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and 36 kui ) are used in each pi le. Because of t i n constant , un iforn ,
wal l  t hi J r - ss , there will be no stru~.s concentr at ions due to s Vp

ch tn-j~ - in thi c~ ness. However , the gir th scan s should In full peno t m —
t ion i t t  we lds , flush ground to nni ni mi ze stress co nc e nt ra t ion.  W i t h i
th e reg ion of hi gh bend i rig moments , cnnis i dera t ion sh ould he gi von to

p m c r l - - - t t  and post —weld len t treatn r-n t appropriate to tine speci f ic  stee ls
selc- Lted .

Because the standard dolp hins are required to accept loading at all
points on the perimeter , brackets are provided which serve as fender sup-
po r ts as well as torque arms and , in addition , incorporate the ter m inals
for the inter—pile struts . These brackets are designed as weidments , to
be fabricated on shore . Typically, plate thicknesses and weld sizes are
not governed by service load stresses , but by corrosion considerations.

Pairs of piles are chain linked , through the to rque arms , at the
upper level only. Inter—pile struts form horizontal trusses at both
upper and lower fender bracket elevations . At some sites the tidal range
may be small enough to permi t fender mounting at a sing le elev ati on. In
such cases the brackets , struts , and chains shown for the upper level
shouldbe used at the single level of fender mounting. Where the tidal
range is very large it may be necessary to provide fender supports at
three elevations . In such cases brackets with struts should be installed
at the lowest of the three elevations . No inter-pile struts need be pro-
vided at the intermediate -level fender brackets .

The syiruiietrical pile clusters used in the standard dolphins are suit-
able for underwater geometries unconstrained by adjacent structures or
by limitations in the performance of ships In channels , maneuver ing areas ,
moori ngs , berths , or by the ships ’ characteristics . When any of these
cons tra i nts are present, it may be necessary to alter the dolphin con-
figuration . The capacities of a dolphin of speci al confi guration will be
i dentical with the capacities tabulated on Fig. 14, provided that the
number of piles and pile sizes are the same as those specified for th..~
standard dolphin. However, I-? the confi guration differs si gni ficantly
from the standard symetri cal form shown, the inter-pile forces should
be analyzed , and the chain and strut designs modified accordingly.

- - - — — - — . - - -
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T he pin-c cd strut s for t h e  s tan- - lard doi phi no are tubular d o —

mo n t  ~ . Other structur al sh i~ - -s  
, o f c-~ ir l l  capac i ty , may be substi t n  Lcd .

11 o : - -ve r , the t u b u l a r  for~ fan I lit - n Leo adj e; Lab ility of strut length ,

S in rp l I ~y i n~ inst a l la t i on , p resents the m inin nu on Su!-1!O (~ a m -n-i
to co rn -as i on .

I f  shi ps wi l l  co ntac t  the dolp hin only on a 1 i nn  ted port i on of th°
pem - imo t e r , the brac kets shown can he simpl i f ied according ly. Modif ic a -
tion of the shape of the brackets may be indicated by results of a forth-
conning El project ent itled , “Fendoring for Structural Steel Dolp hins. ”
The scope of the contract under which the present standards were prepared
did not include fendering.

9.0 b~~J1P~
For the cohesionless soil to which these dolphins are applicable ,

it is not anticipated that there normally will be any difficulty in driv-
ing the piles to the required embedment depths . If necessary , internal
jetting may be used , but external jetting is not recommended.

To facilitate installation of the interp ile framing , care must be
taken that the individual piles are as nearly pl umb as possible. Spe-
cifically, pairs of pi les which are to be chain connected should lie as
nearly as possible in a coninon plane. Slight tilt of that conuiion plane
from vertical , or slig ht departure of the two pile axes from parallelism
within the coninon plane , are less serious .

The second pile of any chain-connected pair should be dri ven with
the aid of templates to assure its proper center-to-center spacing from
the fi rst pile of the pair. However , If this spaci ng is achieved to a
tolerance of + 6 ”  from nominal there will be no diffi culty in subsequent
steps. Control of the spaci ng is necessary to assure that the upper-level ,
mating torque arms will be properly spaced from each other Each lower-
level strut connecting a pair of piles which Is subsequently to be chain—
connected is of a fixed length. The two piles may be either pulled to-
gether, or jacked apart , by forces applied at the upper level , to adjust

the spacing so that the fixed-length lower-level strut can be pinned in 

— - . -—
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place. This j ruce bu a a s - u r n s  proper spud rig, at t i-me upper level , for
la f - r in- .talla t ion of chains.

For the “s t i  f lest case (12” d ian ; n~ Ler - pi les in m r n l m n i n l I n j I  ~
.
~i tr ~r ch.~ Lh)

ja r i r~j or pull i nj to co~ r u nt  tV pi le s p i c ing  by, up to , 6” w i 11 not

p m U J - ~- CA ie,s ive m i t  i~ l bend ing s t r ess in the piles.  At greater water
do; tins , for which gm -en L~m - rum-cc- ct inn s of s pacing m y  he rHA i  red , 1 arjer
correct io ns are p o - -silil e w i t hout overs l re- - s . T he 36” diam et er pi les are
suscep t ib le to even larger spacing corrections without overs t re ss .

After lower-level struts are in pl ac e , chains connecting the upper—
level torque arms are instal led . Eac h chain length must be adjusted to
provide a mid—length sag to acconu~ro date time mrnaxi mnum anticipated relative
ver t ical d i s p lacement of the connected torque arm ends. A 3” to 6” sag
will be satisfactory for all of the standard dolphins presented on Figs .
14 and 15. It is less important what sag is introduced (from 3” to 6”)
than t hat all chains in a dolphin be adjusted as closely as possible to
the same sag.

After installation of the chains the adjustaole-length upper-level
strut can be installed , and its mating tubes welded to eliminate the
length adjustability .

Each pair of piles which are to be chain-connected should be driven
and connected by both upper and lower struts before ei ther pile is con-
nected to other piles in the cluster. When all such pile pairs have been
installed and connected , the non-chain-connected piles should be driven
and the remaining upper and lower struts installed.

Cover plates , wi th bollards or other special mooring elements , are
welded to the pile tops ; and a fendering system as required (not wi thir ,
the contract under which these standards were prepared ) bolted to the
brackets , completing the dolphin installation .
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APP [ND 1 :~ - A

0; 1 AFInL. ~ OF 1- fl!e\j1 2 P21

A. 1 YIELD IF ,

For a t o e  of out side i udius , r0 (inches), and ir~s ide rud iu s , r1(m idas ), tin- ‘~or-~nt of inertia , I (inch~ ), is g iven by

I = 
~~~ (r~ - r~) (Al)

For a wall thickness , t (inches),

r. = r 0 - t  (A2)

I = 
~~~ [r~ - (r

~ 
- t)4] (A 3)

For r much larger than t , we can drop the last two terms in the ex-
pansion (r0 

- t) . Then

I = 
~~
- [r~ - (r~ - 4r~t + 6r~t

2 )]

= 
~~~ (4r~t - 6r~t

2) (A4)

The section modulus is given by

S r~t (1 - 1.5 L) (A 5)

The outside radius of a pile is so little reduced by corrosion that ,
for a nomi nal pipe outside diameter D (feet) we may write

= 
~~
. (120) = 6D inches (A6)

The net wall thickness t~ (inches), after 0. 125 ” corros i on all owance
is 

= t - 0.125” (A7)

-

~-~~~~~ --
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Sub sti toLd; Ii (A6 ) into (i1~~) , an -i taking tn in p1- inc of t , the
s uc t i o n )  m od- n i ins , (inc h 3), is gd- -u Lj

1 .5t
= (6D)~ t~ (1 - 

n)

t
= 3Ce D2t (1 - 4 -) iri c~

3 (A8)

M~ (ki p- feet ) T~ 
M~ (kip-i r ich)

T2 [Sn(inch 3) x f~ (ks i) ]

T [3 6 D 2 t~ (1

= 3mi f~ D
2t~ (1 - ~~-) (Ag)

Eq. (2) is obtained directly from Eq. (A9), and Eq. (6) is identical
with Eq. (A9).

A .2 PILE RATED FORCE, FR

As suggested by Broms ,(2) assume a hinge in the pile at a depth z0
( feet) ,  and passive soil pressure above the hinge . The soil pressure
(ki ps per foot of pile length) is assumed to be

-r
p = 3DK~ ~~~~ 

z kips/ ft (A l O)

where , 0 = pile diameter , feet
= soil passive pressure coefficient
= submerged weight of soi l , lbs/ft

z = depth , feet

Let F~ (kips ) be the force , at a distance H (feet) above the seabed , wh i ch
develops the hinge condition . Since th~ pile shear is zero at the hi nge ,
horizontal force equilibrium requires that

I
f -•-:

~

_

~

. —•--——--- - -r ~~~~~‘ - —
~~~~- - - ~~~~~~~~~~~~~~~~--- -
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zo YJ pdn = ~~

- (3Hk~ -~~~-)z~ (All)

T b- - so i l  ~i -  • - -ure var ies  1 in anrl y wi th de p th , e r r - !  t he resultant soil
for -ce (equal an n  oppo- . It o  to r~) is at a d is b r i ne 2/3 z0 below the ~ i- - r b -  -! .

M~~~~t e i ;u i l i b r iur r  r~- I ; n J n r e s  that

= F~ (H + ~~
- z )  (A l2)

Div i d i n-j  Eq. (Al l )  by 0, and solving for z0,

= \ i~~4~j i-o-~y~
_ (Al 3)

Dividing Eq. (Al2) by 0, and substituting from (A13) into (Al2)

= ~~ + 
~Vl 5K~~ / l0O0 ] 

(Al4)

The pile rated force, FR, is defined as 0.5 F~. K1, is taken , conserva-
tively, as 3.0, and is taken as 50 lbs/ft3. Substitution into Eq.
(A14) gives

= ~) [H + 

~ 

(A15)

Eq. (A15) is the basis for the curves given in Fi g. 2.

A.3 PILE CHARACTERISTIC LENGTH , T

Note that the pile characteristic length is termed the “relati ve
stiffness factor” in NAVFAC DM7, March , 1971. T has the units length
(feet , as used in this report.)

- 1 (feet) = ~~ /~~ b5/iflCh2)jkjflch~~ (Al 6)
f( lbs / lnch )

- - - —-__ -- - -
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Sub stitutin g fr iri Eq. (A6) in 1 o [q. (1- -i )

I =1r r~t (1 — 1.5

= 216 D3t (1 - 

~~
) ,  inch 4 ( A l l )

7Thc curves of f ig.  3 are based on Eq. ( A l 6 )  with E 3 x 10 psi , and
I as given by Eq. (A l7 ) .  Note that the th ic kn -; s , t , is not reduced
by a corrosion allow ance . The curves for Tmin are based on f = 

~max24 lbs/inch 3. The cu rv e -s for Tmax are bused on f = 

~mjn 
= 

~ lbs/ inch 3.

~min is the mean f (fronn Fig. 1) reduced 75 percent for the effect of
repeated loading.

A.4 PILE-TOP SLOPE AND DEFLECTION

From Figs. 13—4 and 13-5 of NAVFAC DM7, March , 1971 , we obtain coef-
ficients of pile deflection and pile slope at the seabe~i. Using these
coefficients , and assuming a constant pile El (kip-ft 2) the deflection
and slope of the pile at a point of loading H(feet) above the seabed ,
due to a force F (kips), are

- 2.44 FT3 
+ 3.25 FT2H + 1./5 FTH2 FH 3

- 

El t1 El ~~3EI

‘

= ~~ [2.44 (~ )3 + 3.25 (T )2 + 1.75 (~~~
-) +.333]

1.62 FT2 1.75 FTH FH2

= ~ 2[ (~)2 :1.75 (~)+0.50O] (Al9)

Pile bending moment coefficients , for the separate effects of pile shear
and seabed pile moment , are given on Fig. 13—4 of NAVFAC DM7, March 1971.
Using these curves , one obtains , for each ratio 1/ H , a coefficien t of

pile bending moment , as a function of dimensionless depth ratio (depth

r
D 

- -
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divided by 1). The naximuni value of this coefficient , denoted by CM,
is charted vs.  1/H on Fig.  6. The maximum bending moment , M , i s given
by

M = C M F H  (A20)

To express pi le- top slope and deflection as functions of M , subst i tute

Eq. (A20) into Eqs. (A18) and (A l9) .

= 

~~:-1- L2.44 (~ ) 3 + 3.25 (T)2 + 1.75 (
~

) + .333] (A21)

= C~
H

EI [1.62 (~ )2 
+ 1.75 (~~~

-) + 0.500] (A22)

The coeff i c i ents CA and C0, used in Eqs (10) and ( 11), and plotted on

Fig. 7 , are given by

CA = i:~
1-• [2.44 (~)3 + 3 .2 E (T ) 2 + 1.75 (~~~

-) + .333]

= ~ [1.62 (~ ) 2 + 1.75 (
~

-) + .500] (A24)

In app lying Eqs . (10) and (11),  El is required in units of ki p-feet2.

Using E = 30 ,000 ks i , and 1 (inch 4 ) from Eq. (A l7) ,

El (k ip-f t 2 ) = 

~

-

~~

-

~~

- (3O~00O )[2 l6 1~t (1 -

j = 45 ,000 ~~
3t (1 - 

~
-
~

-) (A25)

Eq. (9) is identical wi th Eq. (A25) .  Note that t is the pile wal l  thick-
ness , unreduced by a corrosion allowance. When it is desir ed to know

the maximum values of pile-top slope and deflection , M is (conservatively)

assumed equal to My~ Further , Fig. 7 is entered with Tmax~
’lL

A.5 PILE RATED ELASTIC ENERGY , WR

The elastic energy absorbed by a pile ~s equa l to the work dori by
the applied load. For deflection proportionate to load , the energy thu s

Is 0.5 times load times deflection .

~T7
— -~~~~~. . --- -~~~~~~ -
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~~M H C,,_ FA — F , I— - El , ~A26

Subs i l b ut  i rij  Iq. (ACO) in ! o F - j .  ( A 2 6 )

2
MU C,\

~~~~~~~~~~~~ 
~~~~

- (A27)

The Rated Energy , as defi ned in these standards , is the energy correspond-
ing to N = O.75M~~where M~(ki~—feet) is given by Eq. (A9). I (inch4) is
given by Eq. (Al7), and E = 30,000 (ksi). Substituting into Eq. (A27),
and converting E and I into foot units , the Rated Energy , WR (kip-ft), is

~~
- 

~~ H [0•75 fy1r3 D2 tn
(1_ ~~~)]

2

WR [l44(3o ooo)J[..2i~ TtD3t (1.. t)]

{ ~~~~~~~~ c~

} 
{ 1.51TDt~ (l_ t~/4D) } H (A28)

= CE AE H (A29)

Note that CE has the dimensions ksi , and AE has the dimensions inch2,
although D is used in foot units .

Since the dolphin piles typically are constrained~ to share the load
equally, an N-pile dolphin will absorb an amount of energy N times that

• given by Eq. (A29).

= NCE AE H kip-feet (A30)

which is identical with Eq. (5).

Since the minimum defl ection , and mi n imum energy, corres pon ds to I Tmln’
the factor CE was evaluated wi th C~ and CM determi ned for TmIn /H

~ 
which Is

conse rvati ve. Curves of CE and AE are provided on Figs. 4 and 5 respectIvely.

/ . L
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