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SUMMARY

by

Werner E. Schmid
Assoclate Professor of Civil Engineering

April 1963

Dolphins assist the safe maneuvering, berthing and moor-
ing of ships on rivers and in harbors. Although often small
and Iinconspicuocus, they are nonetheless important waterfront
structures that present intriguing problems to the designing
engineer. A dolphin has two functions: to wlthstand the
continuous pull of a moored ship and to absord kinetic energy
from a ship that strikes it. The former requires high
strength, whereas the latter calls for a structure that is
sufficlently flexible and resilient at high load to provide
a large energy absorption capacity. To resolve this strength
vs, flexiblllity paradox is one of the problems that has to
be faced by the designer. It can best be done 1f the struc-
tural behavior of a dolphin is clearly understood.

A further difficulty confronting the designer 1is pre-
sented by the fact that often the information regarding the
soll conditions at the site is scarce or of questionable
rellabllity if it exists at all, yet soil conditions, of
course, most profoundly influence the behavior of a dolphin.

In the past it has been customary in the United States
to use mainly one type of dolphin, the creosoted timber
(Greenheart) pile cluster dolphin of various standard de-

signs such as the 7, 19, or 30-pile dolphin in a circular



arrangement or the l16-pile dolphin arranged in a square as
detailed in the "Mooring Guide" of the U.S. Bureau of Yards
and Docks. Recent developments abroad have led to the pro-
posal for or introduction of various new types of dolphins
that are claimed to be more economical and in some instances
have performed very satisfactorily.

It is the purpose of this report to assess these de-
velopments and present a balanced Jjudgment on their merit
to provide gulde lines for the future development of dolphin
design and construction.

This report has three parts. The maiﬁ body 1s a M.Sc.
Thesis, "Dolphin Design," by Messrs. Bruno Carioti, David
Elms and Robert Peace, which discusses in detail the prin-
ciples and considerations that enter into the problem of
designing dolphins. This Thesls 1s also a broad review of
the "state of the art." It discusses the various types of
dolphins and brings together the experience in their desilgn,
thelir construction, and in their service behavior that has
been reported but 1s widely scattered in the literature,.
The‘Thesis also demonstrates various methods of analysis for
dolphins and reports on the scant prototype test data that
are avallable. A second part of this report is a Paper,
"Me Structural Action of Timber Pile Cluster Dolphins," by
David Elms and Werner Schmid. This Paper presents a gener-
alized theory in matrix formulation for the structural

analysis of a pile cluster dolphin having n piles. The



theory is evaluated for dolphins in water depths of 20, 40
and 60 feet and for three timber pile cluster dolphins of
T, 19 and 30 piles that correspond to the standard dolphin
design suggested by the "Mooring Guide." This evaluation
was carried out using an IBM 650 computer and was so pro-
grammed that with a few minor changes the computer could
find the force distribution for a pile cluster of any num-
ber of piles. The results are shown in the dlagrams as a
function of the failure load (pull out value) of a single
plle in tension,

Finally, the results of the Thesis and Paper are eval-
uated and synthesized in this summary which, besides under-
scoring the lmportant findings, offers some suggestions

regarding new and promising designs.



General Consilderations

As mentioned previously, the two lmportant design
criteria for a dolphin are strength and energy absorption
capacity. The ideal dolphin not only will sustain the
statlc loads imposed but also will, when struck in a col-
lision, deflect sufficlently at high loads and temporarily
absorb the energy exchanged in the collision.

In our rapidly developing technologlcal soclety, new
englneering materials and processes are continuously made
avéilable and introduced, such as new metals, epoxies,
rubbers, etc., and it appeared advisable initlally to review
the possible use of all kinds of materials. However, cost
and environmental considerations (e.g. corrosion of aluminum
in a marine environment) soon reduced the materials to con-
crete, prestressed concrete, structural steel and the vari-
ous kinds of high strength steels. Since load is directly
related to stress, the static strength of a dolphin is
directly proportional to the allowable stress and, since
the energy absorption W =_/;dx where P 1s the load and x
the deflection of the dolphin (both of which are again
directly proportional to the allowable stress), the energy
absorption capacity will vary with the square of the allow-
able stress. On the basis of static load capacity in bend-
ing, high strength steel 1s naturally superior to structural
steel and in declining effectiveness follow Greenheart piles,

prestressed concrete and reinforced concrete. Because of



the low bending stresses allowable for concrete and even
prestressed concrete piles, the only effective way of using
them in dolphin structures is by subjecting them mostly to
normal stress. This leads to very rigid structures and if
any energy absorption is required it largely has to be
accomplished byla high energy absorbing fender system. This
requirement makes concrete dolphins rather impractical and
expensive, The materials thus remaining are the various
steels and Greenheart timber piles,

A dolphin may consist of a single structural element
such as a single steel tube of large diameter or a sheet
pile cell or, on the other hand, it may be composed of
several structural elements that are somehow connected, such
as a plle cluster or a bundle of steel pipes. Multi-member
dolphins may have their elements raked, in which case the
horizontal load is mostly carried by direct (axial) stresses.
If all piles in a dolphin are parallel and vertical, hori-
zontal loads are largely carried by bending stresses., The
latter arrangement is considerably more flexible than the
former and hence does offer more energy absorption capacity.

In general the effectiveness of a dolphin 1is best
established by its load-deflection diagram. This diagram
shows the static strength of a dolphin as well as its energy
absorption capacity. The latter being the integral W f/;dx
is given by the area under the P-x curve. The ideal dolphin

would have a load deflection curve as shown in Fig. 1 with a
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Ideal Load-Deflection Dia- Energy Absorption Capacity as
gram for Dolphins a Function of Maximum Deflec-
tion

very soft initial response and a gradual stiffening of the
reaction offered by the dolphin. With increasing deflection
the energy absorbed increases rapidly. Such grossly non-
linear behavior, however, is usually not achieved with ease.
Alsb, the determination of the P-x dlagram in such a case
would be more cumbersome because the principle of super-
position breaks down., Fig. 2 shows the more normal, linear
behavior of two dolphins of equal statlic strength. The
dilagram demonstrates that a dolphin with a load-deflection
diagram OB and a static strength Pmax has an energy absorp-
tica capacity given by the area OBB! which 1s several times
the energy capacity of the dolphins with equal strength Pmax
and with a load-deflection diagram OA and an energy absorp-

tion capacity proportional to the area OAA', Generally



then, if there are two dolphins of equal strength the one
with the higher flexibility would be preferable because of
its superior energy absorption capacity. A dilemma for the
designer often results because increasing the strength usual-
ly causes higher stiffness and hence a reduction in energy

absorption capacity and vice versa.

Types of Dolphins

(1) Timber Pile Cluster Dolphins

As mentioned earlier, the dolphins most frequently used
in the United States are the plle cluster dolphins. These
dolphins are usually built by driving Greenheart piles ver-
tically in the designed pattern and with distances that will
result in the proper inclination. The pile tops are then
pulled together and wrapped tight with wire rope.

The analysis of the structural action of these pile
trestles showed a number of very interesting results. If
one assumes a complete and perfect connection at the top
(1.e. no relative movement of one pile top with respect to
any other), the pile group becomes exceedingly stiff and the
energy absorption capacity very low. This is supported by
the empirical observation that the wrapping of the top of
these dolphins soon gets loose with a corresponding loss in
overall strength but, up to a certain point, with consider-

able 1ncrease in energy absorption capacity. Of course, if



excessive loosening of the wrapping occurs both strength as
well as energy absorption capacity decline. It is indeed
one of the most frequent tasks of maintalning these dolphins
that the blocking and wrapping has to be replaced. The
analysis also showed that by introducing a slight shear
flexibility at the plle top, the axial force and the moment
would be significantly reduced in the most heavily stressed
piles and P ., as well as E for a dolphin would be signifi-
cantly increased (see Figs. 3-24 to 3-27). Finally, the
structural analysis showed that the extreme piles 1in the
plane of the external force sustained the highest loads.
While this was predictable and expected, the degree of this
load concentration in the outer piles was a surprise. In
the example of the 19-plle dolphin shown in the Paper by
Elms and Schmid (Fig. 7), the outer piles (Nos. 1 & 5) carry
twice the axial load and three times the shear of the piles
with the next highest loads (Nos. 2 & 4). Note that all
these piles are in the plane of the load and all other piles
have, except for moments, negligible loads. Thus it appears
that when such a dolphin 1s loaded mainly thcse piles in or
almost in the plane of the load are working, while the others
are required only because the direction in which a ship may
strike or pull at a dolphiniis not known and, hence, the
plane of loading 1s indeterminate. As a consequence of this
unequal distribution, an individual pile is very easily
overloaded and may often yleld or fail. In addition, the
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geometric arrangement of the plle clusters makes 1t possible
that an individual pile alone 1s subjected to high impact
forces from a smaller craft before the dolphin as a whole
will deflect and therefore thls pile 1s overstressed and
falls, Besides these disadvantages, there is the suscepti-
bility to marine borer attack which requires special pro-
tectlon or frequent replacement. Greenheart plles also come
with limited length and thus for the larger water depths a
large number of pilles 1is required. There is a definite limit
up to which timber piles can be used and at the larger water
depths buckling of the most heavily.lcaded compression pile
may become critical rather than the pull-out of the pile
subjJect to the highest tension,

Besldes these considerations, there are however a num-
ber of factors that speak in favor of the timbef plle dol-
phin. The material is relatively cheap, abundant and easy
to obtain, It stands up well in the marine environment if

borers are absent, Timber piles are easily driven unless

firm lenses or layers of sand, gravel or rock are encountered.

The pile cluster dolphins have accumulated quite a respect-
able record of performance through the years,

It 1s believed that the most useful improvement for
them would be to provide a controlled shear flexibility be-
tween the top of the piles by using vulcanized rubber
cushions bonded to metal plates which are in turn attached

to the tops of the timbers by screws or bolts.
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The second improvement would be to provide protection
from blows against individual piles by appropriate super-
structures., This is particularly necessary when the incli-
natlon of the plles or the tidal range is large because both
increase the probability of such a blow.

A final possibility is to drive timber piles all ver-
tically skin to skin and wrap them tightly together at var-
ious heights. The result will be a cantilever type dolphin
similar to the single tube steel dolphins discussed below
with a bundle of vertical elements that would work mainly
in bending. Because shear transfer between the individual
plles all along their length would be difficult to achieve,
the structural action of such a dolphin would be essenti-
ally like the action of a single cantilevered pile multiplied
by n, the number of piles. All piles would essentially carry
the same load and the likelihood of failure of a single pile

would be extremely small.

(2) The Single Tube Steel Cantilever

Recognltion of the fact that allowable load increases

2

directly with fall and energy capacity increases with fall ’

leads naturally to the consideration of steels and par-
ticularly of high strength steels as dolphin materials. The
simplest dolphin type in steel would be a cylindrical steel
tube embedded in the soll deep enough to act like a canti-

lever.
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Cantilever Pile Dolphin

The yleld load for such a dolphin Py, i.e. the load at
which yielding would just begin in the extreme fibers, is
given by:

where fy is the yield stress, S 1s the section modulus at the
point of maximum moment, and L 18 the distance from the point
of load application to the point of maximum moment. The de-

flection x at the yield load for such a dolphin will be:

2
x:r oS—IJ—-

Y 3E1
and the energy stored will be:

w-lpy.x-ryaé_S_
2 3E4



12

where E is Young's modulus, I is the moment of inertia, and
d 1s twice the distance from the neutral axis to the extreme
fiber. The resulting yleld load and energy absorbing capa-
clties for various possible dimensions of the steel pipe or

tube cantilever are shown in Table I.

Table I

Yield Load and Energy Absorption Capacity
of Single Tube Steel Dolphins

2 2 Energy
Dolphin £ S P £, x £, LS pApsorp-
Dimensions (ks{) fy/L (1n3) (to%s) 1%'6 _gg—_ tion &
in,tons
18"gx1/2"
pipe 33 .0688 117 4.0 1080 674 18.7
24H¢x5/ "
pipe 33 .0688 295 10.2 1080 1700 35.4
36"¢{x1/2"
pipe 33 .0688 463 16.0 1080 2670 37.1
18"gx1 /2"
high tens.st. 50 .,1040 117 6.0 2500 1560 43.3
24";1)(5/8"
high tens.st. 47 .0980 295 4.4 2200 3460 72.2
36"¢x1/2 n
high tens.st. 47 .0980 463 22.7 2200 5420 75.5
3o'l¢xl 1}
high tens.st. 47 ,0980 638 31.3 2200 7500 125.0
36!( xl 1]
higg tens.st. 47 .0980 926 k5.3 2200 10850 151.0
48"#x1 1/2"
high tens.st. 43 ,0895 2500 122.5 1850 24700 257.0

For the sake of simplicity, the table was computed for uni-
form sections and constant yleld stress all along the length
L which was assumed to be 4O feet. The influence of the
varlation of the length L 1s shown in Table II.
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Table II

Int'luence of Length on Load and Energy Capacity
of Steel Dolphins

Pile 18"gx1/2" 36"gx1/2"  36"#x1/2"(HTSt) 36"#x1"
Dimensions P W Py W P W Py W

(tX ("t) (¢) ("t) (¥) ("t) (t) (")

L =30ft. 5.3 14.0 =21.3 27.8 30.3 56.5 60.3 113
4o rft. 4.0 18.7 16.0 37.1 22.7 T75.5 45.3 151

50 ft. 3.2 23.4 12.8 46.5 18.2 94,5 36.2 189

70 ft. 2.3 32.6 9.1 65.0 13.0 131.5 25.9 264

It will be most interesting to compare these values with
the corresponding values for the pile cluster dolphins, If
we assume a pull-out load of 15 kips, we find from Figs. 1l
and 12 of the Paper by Elms and Schmid the ultimate hori-

zontal load and the energy absorbed in 40 ft. of water as:

1 =

1 2
wult Z-x 0.48 x 157 = 27.0 t £t. = 324,0 inch tons

for the 19-pile dolphin and

Pult = %-x 4,75 x 15 = 35,6 tons

2
wult = i»x 2.25 x 157 = 126 t £t. = 1520 inch tons

The comparable steel dolphins for example would be the L =

50', 36" & x 1/2" High Tension Steel dolphin with Py = 18.2

tons and wy = 94,5, and the 36" ¢ x 1" pile with Py = 36.2
tons and Wy = 189 inch tons.
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Even though the values for the timber dolphins were
computed on the basis of complete fallure whereas the values
Py and wy refer only to the beginning of ylelding and there- ﬁ
fore are not strictly comparable, one nevertheless can see
that for roughly equal statlc strength the timber cluster
dolphins have a significantly higher energy absorptlion capa-
city. To have an energy absorption capacity equivalent to

that of the timber pile cluster dolphins, the deflection x

of the steel monotubes would have to be at least tripled.
To achieve this two alternate designs are proposed: the

Elbow Dolphin and the Cushion Dolphin,

(3) The Elbow Dolphin

The elbow dolphin is shown in Fig. 4. It is in prin-
ciple a single tube cantilever dolphin except that the part
embedded in the soil and the part projecting above water are
offset by two elbows and a connecting link of length Lg.
This has the effect of greatly increasing the deflectlons,

The member CD may or may not have the same section as
that in AB or BC. The main feature required is that at C
there must be a connection capable of carrying a moment as
well as a torque of magnitude PL. The element CD could then
also be formed by a group of pipe plles, H piles, or even
timber piles as long as they can sustain the loads in bend-

ing and in torque.
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Fig. 4
Elbow Dolphin

A quick comparison of the deflections will show the con-
slderable increase in deflections. Let us for the sake of
simplicity assume the cross section to be constant in all
three members AB, BC and CD and let Lg = L. The deflection

of point A due to the load PI then would be, using the prin-
ciple of virtual work:

A - MPMQdX

EI

Evaluatlon of the integral for both members AB and BC ylelds:

= 42.1_'.31
3EI
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Since the deflection of the cantilever without elbow 1s
PL3/3EI, the deflection has been quadrupled.

Let us assume the 1oadiis applied in the direction of
Pry (Fig. 4). 1In this case<the member BC is not only sub-
Jected to bending but also to torque. In this case the de-
flection of point A 1s made up of several components:

3
bending of AB: Al = PLZ
3EI

3
bending of BC: A2 - PL°
3EI

Lx e

twisting of BC: zﬂ3
Since © = MtL/GIp and M, = PL, G = 0.4 E, Ip = 2I, we get
A . 5P
3 4 EI
and the total deflectlon Z\ becomes:

A- 23 B
12 3EI

an almost six-fold increase over the cantilever deflection.
Thus it can be seen that by adjusting the length of the
elbow the deflection and hence the energy absorption capacity
of the elbow dolphin can be chosen at will by the designer.
In order to increase the torque resistance of the part em-
bedded in the soil, two or four vanes may be welded to 1t as
shown in Fig. 3.11, Section 13-13 of the Thesis (p. 110).
The depth to maximum moment and the depth of embedment d may
be calculated after Blum (pp. 53-59 of Thesis).
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The erection of the dolphin may be accomplished by
driving the section CD and attaching the elbow ABC by dlver
under water through a connection capable of sustaining moment
and torque. If a tubular section 1s chosen for section CD,
driving of such a large dlameter pile may be somewhat of a
problem, particularly since jetting is not advisable here
because the pile has to get its support from the lateral soil
reaction along 1its length and jetting would seriously decrease
lts effectiveness., However, with the development of modern
hydraulic and vibratory pile drivers the driving should not
be a major problem, There are, for example, now vibro-pile
drivers in existence in the USSR which have driven tubular
concrete piles up to 8-10 ft. diameters. Vibro-pile drivers
are also now available in the United States and it is certain
that the near future will bring bigger and more powerful
vibrators. And, as mentioned earlier, section CD need not

necessarily be of single tube construction.

(4) The Cushion Dolphin

The cushion dolphin (Fig. 5) 1s a single tube steel
cantilever that has a vulcanized rubber cushion bonded to
metal plates. This cushion is just above the mudline and
provides the additional flexibility to give the extra energy
absorption required. By a proper dimensioning of the rubber
cushlon, the energy absorption capacity of the dolphin can
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Fig. 5
Cushion Dolphin

be chosen at will. As in the case of the elbow dolphin, the
part of the dolphin embedded in the soil can be driven first
and need not necessarily be a steel tube. It could, as shown
in Flg. 5, be a frame with a tubular stub to connect with the

top part of the dolphin while the frame 1is anchored into the
soil by spud piles.

(5) The Multiple Steel Tube Dolphin

While many designers recognized the simplicity and ad-
vantage of the single steel tube dolphin, its rigidity and
the difficulty of driving them in the past led to the design

of dolphins using several connected steel tubes. Several
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examples are discussed in the Thesis. To assure integral
action of the individual elements, some kind of framing or
connection is necessary. This makes the dolphin more compli-
cated and usually more expensive than a single tube structure.
Also, i1t must be remembered that in driving plles from a
barge more time is usually spent in setting the plles in the
precise location called for by the design than in actually
driving them to the required depth. Dolphins with connec-
tions which distribute the loads more or less evenly also
under eccentric loads are called torsion resistant dolphins
and were found to have a markedly higher energy absorption
capacity. The problem with these dolphins is that, in order
to make the framing or connection possible after driving,
they have to be set very carefully in the right place, which
is a difficult task. If, on the other hand, they are con-
nected before they are driven, one of the main reasons for
going to a multi-member dolphin is eliminated because driv-
ing such a group of steel pilles simultaneously is at least

as difficult as a large single tube. The developments in

the future therefore clearly will favor the single tube steel
dolphin.

(6) The Ring Pontoon Steel Dolphin

A unique and rather interesting variation of the single

tube steel dolphin 1s the ring pontoon dolphin invented by
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Pavry (p. 173). This dolphin would have an ideal load de-
flection curve starting very softly and becoming rather
steep for large deflections. The dolphin, hence, would re-
spond well to big as well as small vessels. It gets 1ts
reaction from the buoyancy of a floating pontoon ring that
is increasingly immersed as the deflectlon increases. The
blg disadvantage appears to be the continuous wear and tear
on the shaft and the bottom anchors that must come from the
pontoon being tossed around by the waves of an ever restless
sea. The experience with the floating fenders on the Texas
towers shows that systems which permit such action are
hazardous and wear out quickly. Also, the cost of such a
relatively complicated system appears to put it at a disad-
vantage 1n competition with other types.

(7) The Steel H-Pile, Box or Wall Dolphin

A very useful and adaptable type of dolphin 1s the one
made up of Peine H-pille sections driven side by side (with
interlocks) to form a box or a wall (see p. 118, Fig. 3.13).
While this type of dolphin most certainly requires more
steel, the driving of the piles will be easier and possibly
quicker. The wall type may present difficulties in the main-
tenance of corrosion protection since some exposed surfaces
are not easily accessible., The dolphin also is rather stiff

and Inflexible and hence has a low energy sbsorption capacity.
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A number of special types of dolphins have been proposed
or used in particular locations, such as the Baker Bell, the
screw pile dolphin, or the sheet plle cell. However, they
always serve for quite specific conditions and purposes and
under such conditions there is usually little cholce for
alternatives. Thus a comparative analysis for them makes
little sense.

There are many factors that must be considered when a
designer chooses a dolphin. Besldes the basic criteria of
strength and energy absorption capaclty, such ltems as
initial cost, expected service life, maintenance cost, soil
conditions, exposure, reliability, performance experience,
etc. require the attention of the designing engineer. It
may be difficult to state with certainty that this or that
type of dolphin is clearly superior to another one at any one
particular location when an analysis of all the factors stated
above shows that several types are in competition and probably
would perform well., At the same time, in view of the large
variety of locations, conditions and functions for which a
dolphin may have to be designed, it would be quite unreason-
able to expect that one type of dolphin (say the timber pile
cluster dolphin) would best serve for all needs in every in-
stance.,

To explore all possible dolphin types, discuss their
analysls and design, review their performance and suggest
some modifications in their design and construction has been

the purpose of this report.
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It i1s hoped that with thls comparative analysis we have
pointed out the wide variety of cholces that are available
to the designer. If, on the basis of this extended range of
possibilities, a wiser choice will be made in the selection
and design of dolphins because alternatives were considered
and carefully weighed against each other, this report will
amply accomplish its purpose.
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PREFACE

Dolphins are of vital importance to the maritime in-
dustry. Properly designed they assist the safe maneuver-
ing, berthing, and mooring of ships on rivers and in
harbors. Improperly designed they present a hazard to
shippiiag and a source of continual problems to the port
authority.

While dolphins are small and inconspicuous in compar-
ison with other 1important waterfront structures, they pre-
sent to the englneer a design problem of no less difficulty.
Because of the formidable number of widely variable, often
indefinite, parameters which affect dolphin design, the
results of even the most rigorous analysis of a particular
dolphin problem cannot approach the degree of accuracy
attainable in the design of most civil engineering struc-
tures. 1In spite of the difficulty of the dolphin problem,
experience has shown that satisfactory design can be
achieved through the application of engineering principles
coupled with sound judgment and the knowledge obtainable
in recorde¢ Zxperience,.

This theslis is the culmination of the efforts of the
authors to analyze and solve in the light afforded by the
avallable literature the several engineering problems en-
countered 1n dolphin design. The literature available in
published form has been supplemented by correspondence of

the authors with various port operators and design agencies.
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The several uses of dolphins are discussed, followed
by a general discussion of the problems which must be
addressed by the designer. A discussion of the loads which
must be considered in design and the means of evaluating
them 1is succeeded by a comparison of the pertinent proper-
ties of various applicable construction materials. Analy-
ses of several types of dolphins are presented to gulde the
engineer both in selecting a suitable dolphin for a particu-
lar application and in performing the actual design. Because
of the impertant role of soil mechanics in every dolphin
design, a special chapter 1is devoted to that subject. Since
the difficulty of maintaining the integrity of a dolphin
stiucture in a seawater environment can be simplified dur-
ing the design phase, deterioration problems together with
some solutlons to them are presented. That chapter is not
intended as a complete discussion of such an extensive sub-
Ject, but as a reminder of the omnipresent forces of nature.

In Appendix A are included summaries of both full-
scale and model tests on dolphins and piles subjected to
lateral loauing. The results of these tests have corrobo-
rated some of the engineering theory used in the design and
analysis of dolphins. On the other hand, they have also
indicated the need for additional experimental work to
clarify the areas of doubt especially with regard to the

reslistance of solls under dynamic and repetitious loading.
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CHAPTER I
DOLFHINS IN GENERAL

A. Applications of Dolphins

The structure usually visualized when the word "dolphin"
is mentloned 1s one consisting of a group of piles driven
into the sea bed with their heads connected together in
scme manner above water level, Although, as will be seen
later, there are exceptions to this concept, visualization
of such a structure by the reader will be sufficient for
the purpose of discussing dolphin applications. The use of
dolphins can be, in general, divided into the following
five categories:

(1) Berthing -- Dolphins for this purpose are located
alongside or at the ends of piers or quays. Their function
is to absorb the kinetic energy of berthing ships and the
direct contact forces of berthed vessels under the effect
of wind, waves, and currents. Berthing dolphins may inde-
pendently satisfy this function or they may act in conjunc-
tion with fender systems attached to the pier.

(2) Mooring -- Mcoring dolphins serve as a place of
attachment for a ship's lines, and must resist lateral
forces 1mposed by the lines of a moored ship under the in-
fluence of wind, waves, and currents. In some instances

mooring dolphins are used as a means of anchoring one end




of a vessel while the other end is swung into final berth-
ing position.

(3) Protection -- Protection dolphins provide protection
to both ships and marine structures against the eventualil-
ties of collision. They may perform this function located
at the exposed corners of plers, wharves, and other struc-
tures, or they may be located strategically along the sides
of dangerous channels solely as protection for shipping.

(4) Guiding -- Guiding dolphins serve to guide approach-
ing vessels into a narrow slip. Examples of their use are
at ferry slips and drydock entrances.

(5) Beacon -- Beacon dolphins have the sole purpose of
suppopting navigation aids. In some locations beacon dol-
phins are designed with a high kinetic energy absorption
capacity to insure permanence of the navigation aid in the
event of collisions.

As can be seen from the above discussion, many dolphins
will serve two or more of the functions listed. Further,
it will be observed that in spite of thelr several purposes
most dolphins must be designed and constructed to resist

mooring forces and/or to absorb kinetic energy.

B. Problems

The 1ideal dolphin would permanently provide complete

protection to shipping and to waterfront structures without




requiring repairs. Unfortunately, as 1is the case with most
marine structures, it is impossible to construct such a dol-
phin within economic reason, if at all. Even when all
structural needs of a dolphin can be satisfied, the deteri-
oration of materials in a marine environment provides the
designer with an interesting challenge. The structural
problem of a dolphin which must absorb kinetic energy 1s
unlike that encountered in most civil engineering struc-
tures. 1In order to provide complete protection to shipping
and to marine structures, a dolphin must be:

(1) sufficiently flexible to absorb the kinetic energy
of a moving ship wilthout developing lateral pressures large
enough to overstress the hull plates of the ship; and

(2) sufficiently strong to resist the lateral thrusts
developed by repetitive ship-dolphin collisions without
danger of structural failure.

This flexibility vs. strength paradox is, then, of pri-
mary importance in the design of all energy-absorbing dol-
phins. Since the lateral thrust developed in a dolphin
must be absorbed by its foundacion, the correct evaluation
of soll resistance 13 of major importance to the success of
a dolphin designed within economic reason. Quantitatively,
there exists no precise knowledge on soil reaction to
laterally loaded piles. Design methods which have empir-

lcally been proven effective are presented in Chapter II of
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this thesis, Because the design of a dolphin is based upon
lateral loads and energy absorption requirements, their
reallstic evaluation prior to the initiation of the struc-
tural design phase is the most important step in dolphin

design,

C. Evaluation of Energy Absorption Requirement

The kinetic energy which must be dissipated in a ship-
dolphin collision is usually computed by the formula

ft. tons

in which Eg = kinetlc energy in a direction normal to the

dolphin

v displacement of vessel in tons

Vn veloclty of apprecach normal to dolphin in

feet per second
g = acceleration due to gravity (32.2 fpse).
Callet (Ref. 10) has suggested that W be increased tc¢ in-
clude the weight of water which must be decelerated as a
part‘of the collision. He computes the weight as that of a
volume of water having an area equal to the submerged area
in a vertical plane through the longitudinal axis of the
ship and a thickness equal to the deflection of the dolphin.
The total kinetic energy is usually considered to be ab-
sorbed through:




(1) elastic and plastic deformation of the ship,

(2) deflection of the shock absorbing structure,

(3) displacement of water,

(4) swinging in a horizontal plane of the ship's mass

about the contact point,
(5) rotation in a vertical plane of the mass of the
shlp about the contact point.

For various conditions of ship approach, it has been esti-
mated that the shock absorbing structure, a dolphin in this
case, must abscrb from 0.20 to 1.00 of the total kinetic
energy. Figures of 0.40 and 0.50 are commonly used in the
design of fender systems. 1In the case of flexible dolphins,
Eggink (Ref. 17) has shown that the elasticity of the ship
has little effect in decreasing the total lateral force
ultimately transferred to a flexible dolphin. It follows
that item (1), above, has little effect in reducing the
energy which must be absorbed by a flexible dolphin., It
seems loglcal that little energy would be absorbed by the
displacement of water if the dolphin were relatively iso-
lated, and no water was trapped between the berthing ship
and a solid structure such as a quay wall., If the point of
contact between dolphin and ship happened to be in the same
horizontal plane as the center of mass of the ship, as is
very likely, no energy would be absorbed by rotation of the
ship in a vertlcal plane. It is, then, apparent that in




the case of a dolphin nearly all of the kinetic energy of
the approaching mass must be dissipated through swinging of
the ship and deflection of the dolphin., Pages (Ref. 53)
suggests that the energy absorption requirement of a struc-
ture be computed by the formula

. W Ve 1
E = - where = ——————5—
/ 2g / d

l + —
re

is a reduction factor which accounts for energy absorbed in

swinging the ship, and in which

d = distance between the center of gravity of the ship and
the point of contact measured tangent to the point of
contact (see Fig. 1.1)

r = radius of gyration of the ship's mass about 1ts longi-

tudinal axis.
Assuming that the mass of the ship 1is distributed evenly
over 1ts horizontal area, the radius of gyration of that
area about the fore and aft central axis of a typical ship

of length L 1s approximately L2/16. The formula for‘)éj

)CQ - 1

2
d
l+16£§

then become.

If the shlp approach 1s such as to strike the dolphin at
the bow or stern, distance d is approximately equal to L/2
and about 0,20 of the total kinetic energy must be absorbed
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by the dolphin. For a value of d = L/4, about 0.50 of the
total kinetic energy must be absorbed by the dolphin. 1In
the extreme case when d = O, the dolphin would be subjected
to 1.0 of the total kinetic energy. By this method the de-
signer can, with knowledge of the geometry of probable ap-
proach sltuations, approximate the portion of total kinetic
energy which must be absorbed by direct deflection of the
dolphin structure. It is to be noted that the preceding
discussion has been limited to the evaluation of kinetic
energy absorption requirements in a direction normal to a
dolphin through its central axis. As will be seen under
the discussions of dolphin types and characteristics, Chap-
terr IT, some dolphins are designed to absorb energy in tor-
sion when subjected to eccentric impacts,

Because E varies directly as V2, the proper evaluation
of design approach velocitles 1s the most important single
step in estimating energy absorption requirements. Unfor-
tunately, the approach velocity is dependent upon a formid-
able list of parameters. Some of them are:

(1) size of ship

(2) Ship's steering gear and power

(3) Wind

(4) Current

(5) Waves

(6) Skill of pilot

(7) Tug operation




(8) Geometry of approach situation

(9) Appearance of dolphin
Obviously, the determination of approach velocity does not
lend itself to theoretical analysilis. A limited number of
observations of berthing speeds at various locations under
various conditions has revealed velocities of from almost
zero to about 4 feet per second. Since most berthing is
accomplished by essentially lateral movement of the ship,
recorded velocities are generally indicative of the approach
speed normal to a berth. A distinct trend toward a decrease
in berthing speed with increase in ship displacement 1is evi-
dent in most observations, and in spite of the wide range
oi velocities observed, there is fairly general agreement
with the curves shown in Figure 1.2 which were published by
Professor A. L. L. Baker (Ref. 5). Visioli, in the general
report whilch summarized several important papers presented
at the 18th International Congress of Navigation (Ref. 82),
observes that based upon experience the assumption of an
impact speed of 1.0 fps seems to provide reasonable safety.
From the toregoing it can be seen that the selection of a
realistic value for berthing speed is dependent upon the
Judgment of the designer with due regard to recorded ex-
perience., For the design of energy absorbing dolphins not
specifically intended for berthing, the selection of design

approach velocities must be based entirely upon the judgment
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of the designer. 1In such instances consultation with local
navigational interests and actual fileld measurements will

be of great assistance.

D. Evaluation of Lateral Loads

The maximum lateral load that must be resisted by a dol-

phin during a collislion is a function of the kinetic energy
absorption requirement and the load/deflection characteris-
tics of the dolphin. For example, for a flexible dolphin
having a linear relationshlp between load and deflection,

the maximum lateral load is determined

2E
Pn(max) B A

for the given energy absorption requirement, E. It is ob-
served that this lateral load 1s inversely proportional to
the deflection, thus emphasizing the desirability of struc-
tural flexlbility of the dolphin. The preceding discussion
has been limited to the evaluation of lateral loads normal
to a dolphir stiucture., It 1s also necessary to evaluate
and determine the capability of dolphin structures to re-
sist eccentric loads. 1In nearly all collision situations
the ship will have a component of velocity tangent to the
dolphin, and an eccentric lateral load, P¢, will be applied
to the dolphin at the point of ship contact. The magnitude

-of P, at any stage of deflection normal to the dolphin can

!
’
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be determined by
Py ‘/%Z Pn
in whicﬁ//z; = coefficient of kinetic friction between ship
and dolphin
P, = normal force between ship and dolphin at any
stage of deflection normal to the dolphin.
If the tangential motion of the vessel has not been stopped

before the dolphin has developeu Pn(max)’ the maximum nor-

mal force, a not unlikely situation, then

Py = P
t //éb D (max) "

The effect of Py depends upon the type of dolphin and its
structural details. In a flexible dolphin constructed of a
single large diameter caisson, a significant torsional mo-
ment, P{r, may be created, in which r is the radius of the
calsson., In dolphins consisting of a group of pilles, the
effect of Py depends on the fixity of the piles at the dol-
phin top. If the piles are hinged at the dolphin top, Py
must be absnvrbod primarily in lending of the individual
piles, and if the piles are fixed at the top, ©y will be
absorbed in bending and torsion of the piles. Further dis-
cusslion of the reaction of dolphins to eccentric loads is
included in Chapter III under "Torsion Resisting Dolphin."
Because the energy absorption characteristics of dolphins

vary with the state of the tide, and therefore the point of
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load application, the tidal range must be taken into con-
sideration when determining maximum lateral loads due to
collisions.

Berthing and mooring dolphins must resist lateral loads
imposed by moored ships under the influence of wind, cur-
rent, and wave action. The effect of wind and current on

moored shilps was the subject of model tests conducted by

the U. S. Navy and reported by Ayers and Stokes (Ref. 4). |
Flgure 1.3 indicates prototype wind and current forces and
yawing moments for a destroyer as obtained from the model
tests. Yawing moments afé defined as moments which tend to
cause a ship to rotate in the horizontal about a point lo-
cated approximately at its center of gravity. Table 1.1
summarizes the test results for prototype wind and current
forces and moments for three classes of naval vessels. In
general it was noted during the tests that forces due to
wind varied uniformly with the square of the wind velocity
over the range of test velocities, 75, 100, and 125 knots,
Measurements indicated conclusively that the resultant wind
force was not a single force but a force and a couple.
Similar results were obtained in current tests. In the
current tests it was further observed that maximum forces
and yawing moments were roughly proportional to the square
of current velocity. Significant variations occurred in

lateral forces due to current with changes in water depth,
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the lateral force varying approximately in inverse ratio to
water depth. A complete summary of the model test results
together with examples of theilr application 1s presented in
Reference (77). Even though these data do not furnish
exact information for other classes of vessels, they are
probably the best available gulde for estimating the value
of wind and current mooring forces. Mooring forces due to
waves 1n sheltered harbors are probably small in comparison
to those imposed by wind and current forces, however in ex-
posed locations and in harbors subject to long period stand-
ing waves, the forces induced by surge and sway of moored
ships can be of significant magnitude. If a dolphin 1s to
be subjected to forces under the latter conditions, the de-
signer 1is advised to examine References (7), (26), (27),
(49), (50), (51), (52), (87) and (89). A review and analy-
sis of the theory and tests presented in those references
is beyond the scope of thils thesis.

Lateral forces due to the direct action of waves, wind,
and current on a dolphin are insignificant when compared to
those imposed by a collision or by a moored ship. Floating
ice may be prevalent in some locations., While ice loads
cou;d conceivably be of structural significance under cer-
tain conditicns, the greatest possibility of harmful effect

due to floating ice is of local damage to piling and fenders.
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E. Summary of Design Parameters

Based on the foregoing discussion of problems, energy
absorption requirements, and lateral loads, Figure 1.4 has
been prepared to demonstrate schematically the many dolphin

design parameters.

P. Design Alds

Figures 1.5, 1.6, 1.7a, and 1.7b have been prepared to

ald in making kinetic energy calculations.

G. Energy and Static Load Resistance of Materials in

Dolphin Structures

Finding the best answer to the problem of determining
the most suitable material for a structure is by no means a
simple matter, for there are many factors to be considered
in 1ts selection. Frequently, there 1s no single answer,
for several materials, each with its particular advantages
and disadvantages, may be almost equally suitable. The
engineer mu . then use his bert Judgment based on his ex-
perience and study, as well as on that of other engineers,
in making the final selection of the material to be used.

In general the material which is best adapted for use
in a dolphin structure, or in any other structure for that
matter, will be the one which most nearly supplies the

necessary functional characteristics at the lowest possible
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cost. In the evaluation of cost should be included the cost
of material, installation, maintenance and r