CHAPTER 23
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by

Jo Ro Morison, J.W. Johnson and M.P. OtBrien
Department of Engineering, University of Californie
Berkeley, Calif.

INTRODUCTION

In the design of a plle struoture exposed to surfaoce waves of &
glven height and period, some of the factors involved in the problem and
studied herein are the size, shape and spacing of the piles and the mo-
ment distribution on uniform and non-=uniform piles. Theoretical and ex«
perimental investigations have shown that the force exerted by surface
waves on a pile consists of two ocomponents == a drag foroe and an in-
ertia foroce. The drag foroe 1s proportional to the fluid density, the
projected area and the sguare of the fluid particle velooity. The in-
ertia force, including the virtual mass, is proportional to the fluid
density, the volume of the objeot and the fluid particle acceleration.
The virtual mass is the apparent inorease of the displaced mass of fluid
necessary to acocount for the inorease in foroe resulting from the aoc«
oeleration of the fluid relative to the objeot. This factor is included
in the coeffioient of mass term in the foroe ocalculations.

The experimental and analytical approaches to the pile problem
presented in this paper have been based on the total moment about the
bottom of the pile and the moment distribution over the length of the
pile. 1In order to calculate a theoretical moment it is necessary to
obtain from the experimental results two empiriocal coefficilents =-- &
drag coefficient and a mass coefficient (Morison, O'Brien, Johnson and
Scheaf, 1950). The theoretiocal equations of total moment corresponding
to the orest, trough, and still-water level positions along the surface
wave are used to compute these coefficients from the measured total
moments at the same positions. Using these coefficlents and the theory,
a comparison to experimental results is made by ocomparing the maximum
moments, the phase relationships of maximum moments %0 the surface
wave orest, and ocomparing the oaloulated and measured total moment time
histories. A comparison of the coefficients obtained by these experi-
ments to other published coefficlents obtained in different manners,
some being steady~flow values, shows that the results herein are of
the right order of magnitude but have considerabls variability.”*

Further investigation of the problems would clarify the reasons for
the scatter of the coefficients.

Using the experimentally determined coeffioients, the moment
distributions on uniform diameter and variable diameter round piles
wers ocomputed and ocompared to the measured distributions. The oom~
puted results are shown to predioct the moment distribution with rea-
sonable accuracy for design purposes.

¥ Errors ocourred in Chapter 28, "Design of Piling™ in the Proceedings,
First Conference on Coastal Engineering and are correoted in the Ap-
pendix of this Chapter.
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EXPERIMENTAL STUDIES OF FORCES ON PILES

The effects of size, shape and spsoing of piles were obtained ox-
perimentally. Sheltering and mutual interference effects were found for
piles arrenged in rows or oolumns. Results are presented in comparative
form as moment ratios with respeot to a single cylindrioal pile. Center
piles in rows of piles aligned parellel to the wave orests showed maximum
moments that were higher than those for a single isolated pile. The mo=-
ment depended upon the relative clearsnoes. Moments on piles arranged in
columns parallel to the direotion of the wave travel showed 2 sheltering
effect on the oenter piles in the columns with moments less than those for
& single isolated pile.

Moments on piles such as an H - section and & flat plate section
were larger than those for cylindrical piles of the same projected area.

THEORE TICAL CONSIDERA TIONS

The dynemic force on an objest in fluid moving with a steady-
state veloclty relative to the objeot is given by the expression

F=4%Cpph v? 1 (1)
where
Cp = coeffioient of drag-
p = fluid density.
A = projected aree of objeot perpendiculer to the velocity.
u = undisturbed fluid velocity relative to the object.

The ooefficient of drag must be determined experimentally. It inoludes
the dynemio effects of frictional drag and of form drag resulting from
the disturbance of the fluid in the vicinity of the body.

In steady state fluid flow the drag coefficient is related to the
flow by the Reynolds number given by the expression

Du
Re B e (2)
Y
oharacteristic length of the object.

kinematic viscosity of the fluid.

where

D

Y

When the fluid is in non-steady motion past an object, the ac-
oeleration or deceleration of the fluid in the vicinity of the objeot
produces a force component. Adding this faroe due to the fluid inertia

to the friotional foroe, the total force is given by the expression
(O'Brien and Morison, 1950),

F'%GDpAu2+Cume%‘% (3)
where
cu = coefficient of mass.

Vp ® volume of the displaced fluid,

g% = acceleration of the fluid relative to the object.

The coefficient of mass must be determined experimentally. This total
foroe does not include any hydrostatioc foroes. The system uncer con-
sideration is essentially in a balanoed hydrostatic field.
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COASTAL ENGINEERING

A pile, extending vertioally in a fluid in motion due to os-
oillatory waves, is in & non-uniform flow field with respect to time and to
the sutmerged pile lemgth. Consider a pile at any imstant of time., Bqua-
tion (3) must be written in the differential form and integrated over the
plle length in order to obtain the total resultant force on the pile. 1In
Equation (3) the area A is D dS and the displaced volume Vy, is (7 D¢/4) ds.
Thus, the differential foroe on the pile is given by the expression

=1 2
ars(z Cppo ¥+ o p T 2 ) as (4)

where
D = pile dismeter.
8 ® distance above the bottom into fluid.

Equation (4) may be integrated if Cp, Cy, and u, and du/dt are
known as funotions of time (t), or the phase angle, and of the position S.
Teking 8 = (d + y +7) where 4 = depth of still water, y = depth below
the meen water surfece to the mean partiole position (measured negatively
downward), and M= vertioal partiole displacement about the mean position,
and assuming thet the horizontal partiole velooity is zero when 7 = O,
then the horizontal velooity and aooceleration of the fluid in wave aotion
are given by the expressions (Stokes, 1901),

Cosh
7E 27T e d (5)

Sin 8 6
dt %  Sinh 3.%’.‘1 (€)

where

wave height.

wave period.

weve length

27t/T, angular position of partiole in its orbit measured
counter-cloockwise from the orest position at time ¢ 3 O.

DOr 3 |

The ooeffioients Cp and Cy depend upon the state of the fluid
motion with respect to the objeot motion. Little is known about either
of the coefficients in acoelerated systems. As a first approximation
they are considered as oonstant with respect to time and position to
ensble integration of Equation (4). Thus, Cp and Cy become overall co-
effioients.

This study is based on the total moment about the bottem of
the pile, or the total moment contributed by the wave motion above any
level, S;, above the bottom. This moment is given by the expression

s
My =4 © (s-81) 4F (1)
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EXPERIMENTAL STUDIES OF FORCES ON PILES

In order to simplify the calculations of the first few experiments made,
it was assumed that the wave elevation above or below mean water level
oontributed little to the totel moment about the bottom; that is, 7) at
the surface was small compared to d. Hence in Equation (7) the wave
surface S, is reduced to d and § & d + y. By making the neocessary substi-
tutione into Equations (4) and (7) and integrating, we have

Fo=7p DHL{ichl Cos? 8 +cukz.7’TH.sm 9} (8)
ui=p-D—E—2-I-‘-{c kg Cos?8 + Cyk, = s b
- 278y Ky .2 ky 7D
- [cD — cos? 0+ 2 T2 sme]} (9)

The line of aotion of the resultant total thrust, F;, above the
level, 54 is glven by the expression

My
Tn -F-{ (10)
where 4md _ 4TS 47d _ gynp 4TS
- - _ri+ Sinh 24— _i_i (11)
l -
16 ( sion Z22)°
21rd 21r81
Sinh S = Sinh
¥
Sinh __I_._S
%(—-—% %(—-E—Q +ardsion 474 47131 sih 4754 - CosntZS 47’d+Coshf?i
3 =
2mrd e
64 (simn =)
(13)
27d zwa 27TS
= Sinh —-r-t Sinh —rl Cosh 29 4 Cosh 2755
kg = L (14)
2 Sinh -217:’-9

Equation (9) for the total moment contains sine and cosine terms
which are functions of the angular position, 8. Thus, a phase angle is
indiceted which depends upon the relative magnitude of the sine and cosine
terms. The wave equations (§) and (6) are referenced at & wave crest at
time t % 0. The phase angle, 5, of the maximum moment in relationship
to the wave crest is determined by differentiating Equation (9) with
respect to 6 and setting the results equal to sero; thus,

B,sm‘l{ "ch(kat'ﬂr%" 32'2') }

278
sncylis -+ )

(18)
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COASTAL ENGINEERING

The phase angle of Equation (15) shows that the msximum moment
usually does not occur when & wave orest passes a pile. When the plle
is in water whioh is shallow compared to the wave length (d/L small), the
phase angle approaches gero. When the pile diameter is small compared
to the wave height (D/H small) the phase angle also approaches zero.
The phase angle approaches 900 for piles in deep water (d/L large) or
for large piles in small waves (D/H large).

Measured moment~-time histories on the pile and wave surfaoce-time
histories at the pile are used to determine Cp and Cy from Equation (9).
Two variables are involved which necessitate selection of two times with
the oorresponding two moments. The solution is simplified if the seé-
lected times are gzero (orest or trough at the pile) and the one-quarter
or thres~quarter wave length time (surface profile at the mean water
level), These times result in Sin 8 = 0, and Cos § = 0, respeotively.
Thus, the seleoted points reduce Equation (9) to two equations, each
with but one unknown, cD and cu s respeotively.

The moment distribution on a non-uniform pile, that is a pile
which oconsists of various lengths of different diameters (Fig. 1) re-
sults from a summation of the moments contributed by each section. The
solution of Equation (9) for this system is given by the expression,

D E%L2 7D
N = J%p JTz {cD k3; Cos?8 + —Z-;- Cy kg, s1n§-2L5n

k 7D k,
[cD _].2. Cos? B + ] Cy 1 s 9] } (18)
2 4H 2

where
Sp = S5, 83, 84y === 817, the elevation at which the total moment

is caloulated.
DJ ® Dy, Dg, = = = Dg, diameter of pile of various seotions
kliet"' - 111, 1!1%,- - kln' kzl, kzz - - kzn the elevation above the
bottom is being summed.
The conditions imposed upon Equation (16) in order to perform

the summation resulting effect on Equations (1) to (14) are summarized
for the oonditions illustrated in Figure 1 as followss

l. I£ §=1 then i = 2,8
je2 124,86
=3 a6, 7
js ¢ 1=8,9
je b i=10, 11

2. Foreanyn®2, « - -, 11, the summation is carried cut for succes-
sive values of jJ and the ocorresponding values of i until i = n.
(See Fig. 1)
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3. The expressions for kj;, k2;, k3
k4i are the same as k]_, k2, k3, é
(Equations 11 to 14) where 4 in the
numerator is changed to Si.;. For
example, Equation (11) becomes

4783 _, _ 4784 284 478,y !
-1 - + 84 - Sinh L — ) «
- L TSy L !
kli- 133

2
16 ( simn 2T a2

The calculation of moments on piles in ‘
shallow water must include the effect of the '
variation of the lever arm between the crest u—
and trough of the wave. The equation for the
total moment about any level S; is the same "
as Bquation (9) where the expression of ki, Vet
Xy, k3, and k, (Equations 11, 12, 13 and 14) [
have 84 in the numerator instead of d. For
example Equation (11) becomes

47S; 478 ATSs _ 478

2 Sl Siele i

-

kl' .
16 ( Sinh -2-1’:’.2 )

where 84 is the elevation to the water surface ¥ posiTion e
ebove the bottom. Bottom

The oaloulation of an explicit expression Fig, 1
for the phase angle, similer to Equation (15)
when oconsidering the change in surface elevation is impossible so that
it beoomes necessary to plot a graph of equations or use approximate
methods to obtain the phase angle of the total moment with respect to
the wave orest (See Fig. 10).

In order to evaluate the total moment exerted on & pile subjeoted to
& known wave condition, the ooeffioients(y and Cy must be known. Mea-
surements of the moment time history of piles subjeot to known wave oon-
ditions enable evaluation of Cp and Cye The established ooefficients
then can be used to predict moments on piling for any pile and imposed
wave conditions subjJect to the limitations and epproximations of the
analysis which leads to Equations (8), (9) and (15).

The drag coefficient, Cp, in Equations (8), (9) and (15) is oom -
parable in eignificanoe to the steady stats drag ocoefficient of Equation
(1)s Thus, comparisons may be made between the drag coefficients which
result from measursments on piling subjeot to the periodie motion of
weve action end those reported in the literature for the ssme geometrical
systems in a steady state fluid stream. The steady state drag coeffioients
are funotions of the Reynolds number, Equation (2), in addition to the
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COASTAL ENGINEERING

geometrical shape. In periodic motion the Reynolds No. varies from zero to
a maximum. The maximum influence of the motion of a wave past a pile
ooours near the surface in the regions of the highest velocity. Henoce,
the orest particle velooity is assumed to be most nearly representative

of the velooity to be used in the Reynolds number. This results from
Equation (5) with 8 3 d and § O.

EXPERIMENTAL INVESTIGATIONS ON MODEL PILES

Experiments were designed to measure the moment history on piles
of constant and variable diameter about hinge points in the piles when
subjeocted to wave action. The wave shape was measured simultaneously
to determine the height, velooity, and period of the wave at the pile.
The wave length is related to the veloocity and period as follows;

L=CT (17)

From the measurements of the veriables, the coefficients C

were obtained from Equation (9). Once having determined tBo occeffioient,
then evaluation of the moments waz possible for a given pile subjeoted
to known wave action.

Experiments were oonducted in the wave channel at the University
of California (Morison, 1950a, 1950b, 1950c.

Tests on single oiroular piless PRING
Noments were measured on single Ve ?—%u S—ELEMENT NO |
piles hinged at the bottom as ELEMENT NQ. 2
l(vell u)ut various elevations, PICR-UP
Fige 2)¢ In one instance a —y’ TORSION BALANCE
1 inch diameter pile was hinged | coecTion
only at the bottom and subjected WAVE
to a large range of wave oon- /—_\\ - MWL
ditions. In ancther series of 7 ‘\—
tosts, piles of 1/2, 1 and 2 in~
ches in diameter were subjected
to three different wave condi- PiLE
_ tions, and the moments were ob~
tained at hinge points looa- z
ted at verious elevations to ob- d
tain moment distributions. A
summary of test oonditions is '_ﬂ;g;"m

presented in Table 1, and & sum-

mary of the test results is ™
given in Table 2. L N

Flg. 2
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EXPERIMENTAL STUDIES OF FORCES ON PILES

Table 1.
Sunmnary of test conditions on oircular piles
Pile| D d Wave Charsoteristios
No. [inohes|ft. [ T-seo. H=fTt. L-ft. Remarks
1 1 2 ( variable ) Moments measured only at the
bottom

4 11.96| 0,98  0.184 4.91 | Moments messured at 7 elevations
1l 1.96| 0.98 0.179 4.98 Moments measured at 8 elevations
2 }1.96]| 0.98 0.186 4.96 Moments measured at 6 elevations

Table 2.

Summary of test results on oiroular piles

Pile No. (See Table 1)
Variable 1 2 3 4
d/L 0,102 to 0,629 | 0.400 0.393 0.396
da/8 4,81 to 18,16 | 10,700 | 10,800 10,500
D/R 0.212 to 0.768 | 0,226 0.465 0.898
D/L 0.009 to 0.042 | 0,009 0.017 0.034
D/a 0.041 to 0,083 0.02% 0.042 0.086
Re 2,000 to 11,100 | 2,300 4,500 9,300
Cp 1.6 % 0.4 2,7 2.6 4.4 ( B = 80°)
Cu 1.5 i 0.2 1.2 1.8 1.8

Some results were obtained for a pile placed in breaking weves.
The departure of sotual oonditions from the assumed oonditions as stated
in the development of Equation (8) was too great to justify use of this
equation in the interpretation of results in breskers. The results showed
maximum moments produced by & breaker or inoipient bresker greatly in ex-
cess of the forces oorresponding to the orbital motion desoribed by
Equation (9)

The coeffiolents as determined for any one wave oondition were
used with Bquation (9) to oompute the oomplete moment history over the
oyole from one wave orest to the next. A typiosl oomparison is shown
in Fiz- S.

Moment distribution oomparisons were made for piles 2, 3, and
4 (Teble 1), Equation (9), with values of Cp and Cy from the measured
moment history at the bottom of the pile, was used to ocompute the mo-
ment ratio as a funotion of depth for oomparison with the experimental
ratio. Results are shown in Fig. 4.
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Fige 3. Total moment about the bottom

of a single circular pile.
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In Fig. 4 certain features should be noted. The coefficients
Cy and Cp were evaluated from the moment history et values of 0, 7 /2,
T , (3/2) m of the angular particle position with respect to the
wave orests Thus, the computed maximum moment mey be different from
the measured maximuwn moment for these conditions where the phase angle
between the wave orest and maximum moment is different from zero. The
computed curves, Fig, 3, show this difference. That is, at y/d ® 1.00
(bottom), the maximum measured moment and the maximum computed moment do
not coincide, However, the shape of the moment distribution as & func~-
tion of depth, using the average values of Cp and Cy from the measured
moment at the bottom to compute the moment ag any depth, follows the
trend of the measured moment distribution.

A further comparison may be made of the effect of plle diameter
en the moment distribution by reducing the moment distribution to a
ratio in terms of the maximum moments, Results are shown in Fig. 5 for
one wave condition. The computed moment ratio and the experimental mo-
mont ratio are in agreement within the limits of experimental error.
The pile diameter does not have any influence on the moment distribution.
Hence, attention can be concentrated on obtaining moments about one hinge
point to establish the necessary criteria to enable prediction of the
moments on a pile due to wave action.

#ithin the accuracy of values of Cp and Gy, the resultant force
as & function of time or wave position relative to the pile may be ob-
tained from Equation (8). The action line of the total resultant force
is obtained from

T= %;1
where S is the location of the action line above the bottom and M4 is
the moment about @& hinge point at the bottom. The resultant force on
& pile above a hinge point at any position in the pile may be obtained

in & similar manner except for the seotion of the pile near the water
surface.

In these tests forces were not computed, since attention was
concentrated on obtaining reliable values of Cp and cu from moment
histories.

Tests on a variable diameter piles The total moments exerted by waves
on a pile which had varied steps of ciameters was determined by a model
study. The dimensions of the model are shown in Fig. 6. No attempt
was made to determine the coefficients, Cp and Cy from the results on
the stepped pile.

Three conditions of the stepped pile were investigated with
respect to the coefficients Cp and Cy as determined in the discussions
above for single cylindrical piles. ‘he moment contributed for each
section of the pile was computed from Equation (16) using Cp = 1.63,
Cy ® 151, and the experimentally measured phase angle, /Sy, of the
total moment about the bottom. Comparison of the moment distribution
in the form of the ratio of the moment resulting from the wave action

349



ﬁ.l.‘

al

COASTAL ENGINEERING

L
AVERAGE VALUES FOR 3 PILES
s R e st L}
f y " H+0103FT
P L=498 FT
-y T:0 98 SEC
s 4196 FT
00 80T oM H/L s 0 0370
o/L+ 0 356
o0 B4 * PHASE ANGLE FOR TOTAL MOMENT AT DEPTH d
020 ———— COMPUTED VALUE FOR VARIOUS PILES AT y/d®10
030 & MEASURED VALUES FOR Y% PILE Cy*!15 Cp=2 69
‘\ N ° . . 1w w183 w2 84
(o o M " “ 2 0w ws 179 s 4.4]

A

x \p N
010 EL \ \<—acou9u1'zo CURVE:E::::'GS o aw?. Fhou MEASURED
::: Tﬁ,-u \ﬁ‘-co \ﬁd‘"
1 00 bt \ \° \".

00 0.08 o0 oIrs 0 20 028 030
Mpd (FT-LBS)

Fig. 4. Moment distribution on uniform pile -
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Fige 5. Dimensionless moment distribution of uniform
pile.
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COASTAL ENGINEERING

above any selected point to the maximum moment about the hinge point at
the bottom is shown in Fig. 7.

Tests on piles of various oross-sectional shapes:s The moment history of
piles with various oross-sectional shapes was determined in the lab-
oratory with the equipment shown in Fig. 1. The pile oross=sections
were circular, flat plates end H - sections with one-inch projected width
in the normal dimension as detailed in Fig, 8. Results were interpreted
as ratios of the maximum moment for any given shape to the meximum moment
The H - section was oriented in three

for the circular shape (Table 4).
different directions as shown in the table.

the same wave conditions as indiocated in Table 3,

Table 3

Wave conditions in tests on circular piles,

flat plates and H - sections.

All piles were subjected to

Paremeter Wave 1 Viave 2 Wave 3
H, ft. 0.681 0.342 0.454
L, ft. 7.54 3.87 5.39
T, 86C. 1.27 0,88 1,09
d, fte 1,65 1.50 0.83
H/L 0.0903 0.0884 0.0843
/L 0. 206 0.388 0.154
Teble 4
Effect of pile shape on maximum moment.
Pile type
Maximum moment for given pile )
and sigze Orientation Ratlos Torloom monsnt Tor w Touler plile
1 inch 1.00 1.00 1.00 (Breaker)
round “O (B= 8°) (B = 200) (B= 26°)
1l inch — H
H-seotion =0 1.62 2.46 2.19 o
= (8= 14°) (8= 36°) | (B= 16°)
1 inch ~-L 1.42 2,08 2.68
H-seotion | ¢z 90° (8= 100) (B= 43°) | (B= 41°)
1 inch - 2,44 5,50 2,22
H-seotion a = 45° (B= 11°) (B= 55°) (B= 18°)
1 inch - | 1.28 1.17 1.37
flat plate (B' 4°) (B= 37°) (B: 9°)
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DIMENSIONS OF MODEL PILES
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Fig. 8. Cross sections of piles.
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Fig. 9. Measured H-section drag force in stesdy,
uniform flow as a function of orientation.
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The force on the H - section was determined in a wind tunnel
under steady-state ocondition as a funstion of orientation of the sec-
tion., The maximum force resulted at approximately the 45° orientation
as is shown in Mig. 9. Thus the pile results for that orientation
were considered as giving the maximum moment (primarily because this
orientation gave the greatest projected area); consequently, under
wave action the orientation of the H-section was not varied over angles
other than the 45° with respect to the direction of wave travel.

One comparison ocan be made using the H-section results of the
steady-state force ratio and the maximum moment ratio in the wave
aotion. Ratios of the maximum moment of the H-section oriented with
values of « other than gzero to the maximum moment with « = O may
be compared to the corresponding steady-state force ratios. (Note that
the mament arm is constant in the comparison, hence moments should be
in the same ratio as foroes assuming the foroe distribution is similar
and not a function of orientation.)

This comparison is shown in Table 6.

Table §

Effect of orientation on forces on H~section
in steady flow and in oscillatory flow.

Wave Orientation of pile
Steepness
a=0 a= 90° a= 45°

Ratio; [Foroe (or Moment) at orientation shown
Force (or Moment) at a « 0O

0.0903 1,00 0.93 1.61

0,0884 1.00 0.85 1.42

0.0843 1.00 1.17 1.02
(Breaker)

Steady 1,00 1.00 1.26
Flow

Differences between force ratios in steady state and in oscillatory flow
are noted in some cases which are greater than any experimental error.
Thus, the steady-state drag forces (hence steady-state drag coeffiocients)
are not the complete criteria by whioh to evaluate moments of sections
which differ from the circular section. This comparison would indicate
the presence of the inertia force component, a fact which is confirmed
by the differences in phase angles listed in Table 4.
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EXPERIMENTAL STUDIES OF FORCES ON PILES

The plots shown in Fig, 10 are computed, and measured moment=-
time histories of a ecircular, an H-section and a flat plate pile in shal~
low water where the effect of the variable lever arm has been oonsidered

by using Sg instead of d in Equations 11, 12, 13 end 14.

The coeffi~

cients of drag and mass computed from the measured curve are given in
Table 6 along with the wave characteristiocs.

Table 6

Coefficients of drag and mass for shallow water waves

Pile type
Variable 1 inch 1 inch 1 inch
oircular H-section Flat plate

~H ~ |
H, feet 0.613 0,600 0.7086
L, feet 7.76 7.36 8.00
T, seoc. 1.25 1.27 1.27
d, feet 1.50 1.46 1.45
B/L 0.079 0.082 0.088
a/L 0.193 0.198 0.181
B, degrees 6 14 0
Re 15,000 15,000 15,000
Cp 1.78 2.44 1.20
Cy 0,44 1.92 0.42

One feature of the interpretation of the equations from which
the coeffiocients of mass and drag were computed is evident in the re-
When the phase angle is small, the mass ooef=-
fioient is evaluated from moments which are near the point of gero mo-
ment. Small experimental errors become significant and reduce the re-
liability of the value of the mass coeffioient.
for the cirocular pile and the flat plate pile are small as ocompared to

sults shown in Table 6.

those reported in Table 2.

The mass coefficients

These low coefficients are not representative.
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Figs 10. Computed and measured time history

of total moment on circular, H-section, and
flat plate piling.
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EXPERIMENTAL STUDIES OF FORCES ON PILES

Effeot of mutual interference of piles; The one-inch circular and flat
plate plles were arranged in rows parallel to the wave direotion and in
columns perpendicular to the wave direotion (see Fig.11). Three piles
were used in each oase with moment measurements made on the center plle
(Fig. 12), Spaoings between the piles were %D, D and 1%D, where D is
the pile diameter. Results are shown in Table 7. The ratio of the max-
imum moment on the oenter pile of the ocolumn or row to the maximum mo-
ment on a single pile shows the results of interferenoce effeots. The
wave oonditions used were the ssme as listed in Table 3.

Table 7

Effeot of mutual interference
of piling

Rati Moment on Genter pile
Wave atios Moment on single pile

Steepness, H/L
(See Thble 3)

Pile Gap™
%D T D [ %D

Row of ocircular pile perpendicular to wave travel

0.0903 bkl 1.42 1.04
0.0884 2443 0.90 0.94
0.0843 (Breaker) 1.69 1.14 1,23

Row of flubt plates perpendioular to wave travel

0.,0903 1.49 1.46 1.54
0.0884 1.93 1.40 1.17
0.0843 (Breaker) 2.22 1.72 1.31

Column of ciroular pile parallel to wave travel

0.0903 0.39 0.71 0.72
0.0884 0.60 0.71 0.74
0,0843 (Breaker) 0. 96 0.76 0.87

* D=1 inch for all piles.

The results show that, at spaoings of less than 1% D in the row
arrangement, interference effeots are noticeable, Higher moments are ex-
perienoced by the oenter pile as contrasted tc & single pile. The blook-
ing effeot of adjaoent piles increases the foroe and resulting moment on
an individual pile. The blooking effeot deocreases as the spacing between
piles increases. For the limited range of the tests, the blooking effeot
is ooncluded to be negligible for spacings of 1% D or greater.

Results from the piling arranged in columns show & sheltering
effeot, (Table 7) in that moments were less than those represented by &
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single pile. The maximum spaoing at whioh the sheltering eifect is
negligivle was not reaohed in these tests.

Foroes on oross members: The measurement of the horizontal force on
oross-menbers was made on a foroce balance apparatus. The oross-member
was mounted on & rod whioh was pivoted near its oenter and restrained
by calibrated springs at one end (Fig. 13). The submerged part of the
rod was shielded from the wave aotion so that a tare test, without the
oross-member attached,showed only about one-percent defleotion. The
foroe and the wave ocharaoteristics were recorded in the same manner as
in the oase of the single piles. Three lengths (2#, 6 and 10 inches)
of oross-members were used so that the end effeots ocould be determined.

The messurement of the verticel force on cross-members was made
directly by & ocalibrated spring system. The oross-member was placed at
the end of a vertical rod that was attached to springs (Fig. 14). The
submerged part of the rod was shielded and held in guides near the oross-
member. A tare test showed less than one-peroent defleotion. The wave
oharacteristios were measured 1% feet in front and 1% feet behind the
oross-member with a reference measurement of the wave orest being made
direotly above the cross-member. The foroe and wave charaoteristios
were recorded simultaneously on the same ogeillograph reocords The same
weave conditions were reproduced as those used for the measurement of
the horizontal foroes on the cross-members. In both the tests of the
horizontal and of the vertical foroes, the same wave oonditions were
used for the horizontal and inolined members at the 1/3 and 2/3 posi-
tions of water depth.

The horizontal foroe per umit length on & cross-member (Tables
8 and 9) indioated that the orientation of the cross-member is not
oritioal for model studies, The test showed also that the end effeots are
not appreciable, The vertioal foroe per unit length on & oross-member
(Table 10) indioated some effeots due to orientetion. The megnitudes
of the foroces were about half those for the horizontal direotion.

FIELD PILE TESTS

The model tests, as desoribed above, yielded a considerable
amount of information on the moments and foroes on piles subjected to
a wide range of wave oonditions and depths of immersion. The limited
size of the model system introduces a possible scale effect in the
direot application of the model results to prediot prototype behavior.
Thua, prototype tests were made in an attempt to oorrelate model and
prototype behavior to substantiate the analysis and results from the
model tests (Snodgrass, Rice, and Hall, 1961).

The field tests were oonduoted near shore at Monterey, Califor-
nia, with a oylindrical pile of 3& inoh outside diameter. The pile was
hinged at the bottom at approximately sand level. Restraining bars at
the top of the pile were arranged with strain gage elements oonneoted to
recording equipment. The strain reoords yielded the force-time history
of the plle under the action of the inoident waves. Calibrations of the
s:r;in reoording equipment were made both in the laboratory and in the
field.
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Table 8

Horizontal force on cross members.
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EXPERIMENTAL STUDIES OF FORCES ON PILES

The wave height history was obtained from a resording pressure
actuated diaphragm type wave meter which was located approximetely two
feet above the sand bottom and adjacent to the pile. Two auxiliary gra-
duated piles were placec seaward of the measuring pile, The meesuring
pile and bracing structure also were painted with alternate black and
white bands, each one foot high. Motion pictures taken from the beach
reoorded the surface profile of the waves as they passed the pile. A
olook was suspended in the field of view of the cemera to provide timing
intervals between sucoessive frames of the film. The wave velooity at
the pille was obtained from the distance between the seaward auxilisry
pile and the measuring pile (19.8 feet), and the time interval of the
wave orest travel between these points. The motion piotures also re-
corded wave heights at the measuring pile. Trough and orest elevations
of each wave were obtained from the intersection of the water profile
with the graduated vertioal piles. The record from the wave meter also
gave wave helghts and periods.

Analysis of detas The analysis as presented previously in this paper
Inoludes the two resistance terms that oontain Cp and Oy, and also

the phase angle relationship, ,3, between the two resistanoce terms. 1In
the analysis of the field pile results, the timing aoouraocy was not pre-
oise enough to determine the time oomparison betwsen the water surface
profile and the moment history.

The data and results were obtained for waves in various oondie
tions depending on the stage of the tide. Some date were obtained with
the pile in a foam line shoreward of the breaker. Other date were obtain-
ed with the pile in the smooth unbroken swell seawerd of the breeker. The
data have been segregated with respect to the wave oondition at the pile
into the following groupss (1) foem line; (2) foem line immediately
shoreward of the breaker point; (3) breaker; (4) sharp peaked swell at
inoipient breaks (6) sharp peaked swell immediately seaward of the
breaker point; and (8) swell some distance seaward of the bresker point.
The data are summarized in Table 11.

The wave force, which is actually a distributed force extending
from the ooean bottom to the water surface, was reoorded as an equivalent
foroe at the calibration point. By multiplying the reocorded force by the
oalibration~point lever-arm (9 feet 8 inohes) the total moment of the wave
foroe about the bottom hinge was determined. When the maximum foroe exists
(approximately at the time the wave orest passes the pile), the oentroid
of the wave foroe was assumed to be looated near the mean height of the
wave. This location of the oentroid was estimated by oonsidering the
horizonkal oomponent of the partiole motion as observed in model studies.
By oamputing the wave force at the mean wave height, as defined above,
the data were found to be reasonsbly oonsistent. The values obtained
from the oomputation indiocate that waves of & given size and mhape will
exert the same foroe at the oentroid independent of water-level changes
over the range enoountered in the tests, although the moment about the
hinge point varied comsiderably due to veriation of the effeotive lever
arm a8 the water depth ohangeds A graph of the wave foroe at mean wave
height is shown in Fig. 15.
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Table 11
Test data on field pile
WAVE [WAVE | WAVE| wave v B ELi VALICN | BIAVATICY | oTILL L&rSUKED | TGTAL | COEFFICIENT
NO. | TYPB* | EBIGET) PERICD | VELOCITY oF CF WATER FORCE LOMENT OF
(MEASURED)] CREST CN | TPCUGh ON | LEVEL DRAG Cp
[37 PILE 5
H T c, 8, 8 4 8oy | Fy N
Pt. Sec. Ft.?Sco. Ft. Ft. A Lbse FteLbs,
Ft.
1 |m 4.6 10,7 - 8.0 8.4 87 562 -
2 [P 4.5 12,1 18.8 8.0 3.6 57 652 1,06
s [ 4.2 11,7 17.8 8.0 3.8 84 826 1,71
4 |FL 4.2 9.3 17.5 748 3.4 64 629 1.34
5 | 40 8.3 15.6 T 3.4 34 530 0463
s |rL 3.8 12,0 17.6 70 3.4 51 496 59
7 |F 5.6 7.7 15.8 6.8 2.2 53 516 1.62
8 |r o 10, 15.7 K o 33 320 1,46
% |PLB |3, 1z, T6.T . . 48 476 1,01
10 J8-FL | 4. Se Z0.1 . . [ 51 496 (259
11 |8 0 10. ZI8 . B 55 535 0,49
12 |8 48 12,2 23.5 8.3 3.5 57 652 0.63
15 s 3.9 1.2 1449 5.7 248 32 310 1.06
14 |8 3.8 1045 18,7 7.0 3.1 27 286 0,73
15 |B 3.8 8. 17.9 6ot 2.8 34 330 0.91
15 |8 3.3 11.0 14,4 62 1.9 28 279 o31
17 |8 3.3 10.3 14,2 647 34 2% 225 1.28
18 |8 3.0 ————— - 55 3.5 28 226 -
13 P8 | 3.4 11,0 2.8 B 7a 17 155 0.85
20 |8p8 |3.3 10.8 16,5 740 3.7 1y 185 0.88
21 |sp-8 |8.3 9.0 1.4 8.0 2.7 13 124 0,64
22 [3pP8 |2.3 13.1 1408 5.0 2.7 3 33 0.39
23 |6pP-B |2.0 8.5 16.9 48 2.8 4 43 0.57
24 |sp 4.5 —— - 7.8 3.5 4,80 5 48 -
26 |sp 3.7 —— — 642 2.5 a3 |12 118 -
25 8P 3.8 I12.1 18.8 7.4 3.8 4.80 j&4 166 Ood4
27 {8p 3.5 12,1 20.1 5.9 3.4 457 | 109 0u28
28 |sp 5.3 10.8 14.8 8.0 2.7 .70 |14 134 0.64
29 lgp 3.5 941 148 5.8 3.3 8.70 8 62 0426
30 | sp 5.1 13,0 17.7 6.8 87 4,75 |18 176 0478
31 |8p 5.1 10,0 14.2 5.8 2.8 3.83 |10 93 0449
32 |ep 3.0 11,0 1645 6.5 5.6 4.87 9 88 0446
33 | sp 2.9 10.8 13.0 5.4 2.5 3.47 8 75 0,60
34 |sp 248 11,7 14,8 8.1 5.3 4,23 8 83 0468
35 | 8p 2.7 — -— 6.0 3.3 4,20 5 §3 -
35 ]sp 26 — m— 5.9 3.8 4,50 [ 51 -
57 | 8 Tt 9.3 16,7 67 3.3 4,43 9 85 0e32
% |8 3.3 9.4 12.5 6.2 2.9 4.00 |15 156 0.98
39 |6 3.0 8.4 18.8 6t 3.4 440 J12 130 0,59
10 |8 2.9 4.5 16.7 5.5 3.8 4.67 5 58 0.27
4 |8 2.7 9.3 14,1 [ 3.7 5.00 8 §7 0,63
42 |8 2.7 7.6 15,1 6.9 3.2 4.10 7 70 0.54
43 |8 2.5 9.4 13.5 5.9 3.3 417 7 72 0.80
“ |8 2.5 o —— 6.9 3.4 4,23 7 70 -
46 |8 2.4 11.8 16.68 5.7 3.3 4,10 3 33 0429
45 |8 244 1047 188 5.0 2.8 3.40 8 75 0457
47 |8 244 8.5 16.6 6.0 3.6 4,40 8 52 0457
@ ls 24 8.2 15,8 546 8.2 4,00 5 45 043
48 | 8 2.3 |18 18.4 6.7 4.4 6407 11 108 0486
50 | 8 2.3 6.8 — 5.7 3.4 4,17 3 28 -
5118 2.2 8.4 —— 649 5.7 448 4 9 -
52 |8 2.2 8.8 18.7 5.2 8.0 3.78 6 50 0.74
53 | & 2.1 |13 —— [ 3.4 4.10 s 56 -
5 |8 241 7.7 13.8 4.9 2.8 3.5C 2 16 0.2b
56 | 8 2,1 7.6 14,1 6.2 4.1 4.67 4 35 0.63
55 |8 2.1 7.0 21.4 5.3 3.2 3.90 4 38 Ce29
57 |8 2,1 fawe — 6.5 4.4 5,10 [ 74 -
58 |8 2.0 {11.4 12,6 4.8 2.8 3,56 3 28 0.68
59 |8 2.0 7.6 16.1 5.2 3.2 3.87 s 54 0,58
80 |8 2.0 6.0 M4 6.5 3.6 4,17 B 47 0.86
51 |8 2.0 4.4 18.8 [X] 4.2 4.87 ¢ 62 0,88
62 | 8 2,0 fome — 6.2 3.2 8.87 4 35 -
63 |8 1.8 [10.0 148 5.8 3.9 4,43 2 21 0,45
6 |8 FYS I P —— 6.4 4.5 5,13 3 41 -
65 |8 1.8 (1244 21.4 5.2 3.4 4.00 “ 23 0.24
65 |8 18  [10.0 11.0 4.5 2.7 3.30 $ 25 0.94
87 |8 1.8 8.8 21,7 8.0 4.2 4.80 c 79 0.88
e |8 18 941 2042 6.7 3.9 4,50 4 35 Cut3
88 |8 1.7 |11.6 2244 8.2 4.5 6,07 7 68 0.88
70 |8 1.7 1043 — 64 4.7 5.27 5 47 -
7 |s TS SN P ——— 4.4 2.7 3.27 2 17 -
72 (8 167 [ — 5ed 3.7 4.27 = 33 -
73 |8 1.8 |11 — 4.2 2.8 3.18 1 4 -
7% |8 1.6 [10.8 144 4.8 3.2 3.78 2 17 Qa4

* FL (Foam line); B (Breaker); SP-B (Sharp peak swell start-
ing to breek): FL~B (Breaker with some fosm)s; SP (Sharp
peak swell); S (Swell) .
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Table 1l cont'd.
Test date on rield pile

WAVE| WAVE | WAVE | WAVE WAVE |LLEVATION | BLEVATTOr | STiIZ  |'®as .ED | TOTAL CCEFFICIE.T
NO.| TYPE |HEIGHT |PERIOD VELOCITY] OF oF x? FORCE CLENT OF
(LE.SURED) [cREST uif TROUGH ON | LEVEL DRAG Cpy
PILE PILE
i T [N 8, s, a sl r ¥
Fte  |8ec. Ft./Bec | Pt. Ft. a Lok, Pt-Lbs,
Fto
76 s 1.6 848 — 542 3.6 4,13 ] 30 ———
76 8 1.6 748 1449 Eq 3.7 ~e28 3 33 0.96
77 8 1.8 4.2 ——— 545 3.9 4yt3 3 27 ——-
8 8 1.6 ——— — £33 3.8 4433 3 33 ————
79 8 16 |10.6 1647 5.3 5.8 4,50 2 19 0.62
80 s 1.6 940 ——— 540 3.5 4400 1 6 —
81 8 1.6 8.3 178 4.4 2.9 3,40 1 14 37
82 s 16 |awe= — (Y 3.6 4,10 3 33 o———
83 8 14 |12.2 10.2 4.2 2.8 3.27 3 23 c.63
84 8 14 10,0 — 5.8 4.4 4.60 2 21 ———-
86 s RO P ———— €. %40 4,47 4 37 ————
86 8 144 fomee — £,9 4.5 4497 $ 34 ——
87 8 1,3 |10.2 ——— 4.7 3.4 3,03 29
88 8 1.3 548 —— 55 4.2 4.63 2 17
8e s 13 |om=e e 6.0 4.7 5013 3 29
90 s 168 fomem - 640 4e7 6.13 Y 48 .-
ol s 13 |o=m- —— £e8 4.3 o783 a 57 o—-
92 8 1.3 ———— we—— 540 3.7 4,13 4 29 a———
93 8 1.2 13,8 o 4o 3.4 3,80 2 1 ——
o 8 1.2 1244 12.3 548 4.8 500 4 29 2472
93 8 1.2 11.4 15.1 4.9 5.7 4.10 z 19 1.14
96 8 1.2 [10.3 10.4 6.0 4.8 6417 3 34 ——
o7 s 162 === ——— 4.7 3.5 8.93 2 22 ———
9 s 1.l 11.8 12.5 3.9 2.8 5,17 1 12 1.08
9 s 1.0 12,7 - 4.7 3.7 4.08 1 10 —
100 8 1.0 12.2 135.7 5.7 2.7 5.03 2 17 1.60
101 8 10 [oeem - 4.3 3.6 3.83 1 10 ———
oz | & 0.9 948 1846 3.8 2.7 3,00 1 8 1,23
hos | s 0.8 68 — 3.2 44 4,53 1 13 -
o4 | 8 0.8 — —— [ X} 4.8 4,87 1 12 -
03| 8 0.7 —— ——— 4.9 4.2 4443 1 10 e
loe | 8 0.7 — —— 4.8 3.9 4,13 1 8 -
o7 | 8 0.8 Ted 19.8 6.0 4o4 4.60 2 18 2,38
* 8 (Swell).
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One feature becomes apparent in reviewing the data that permits
e comparison between the model results and the field test results. lhe
majority of the field test oconditions were obtained with samll ratios of
the pile diameter to the wave height, and with small ratios of the water
depth at the pile to the wave length., Under these conditions, the phase
angle as given by Equation (15) approaches zero and the maximum moment
of Bquation (9) oocurs when the time angle, 8§, is zero.

Equation (9) for a pile hinged at the bottom then reduces to

2
umax'PD:zLCDks' (18)

kz' is introduced as a refinement of k3 to include an approximation of
velooity distributions in a wave of finite height in shallow water;
that is,

2
B(2L8a) 4130 §inh 420 - cosh 2R5a41

64 ( sinh 31’17‘1

(19)

f -
ks -

S +1/3 H (assumed still-water level)
wave orest elevation above the bottom
wave trough elevation above the bottom
wave height

(2]
Q
. s nn

For small values of d/L, 8inh 47 S,L is approximated by 475,/L,
and Sinh 27 d/L is approximated by 2md/L. These approximations result
in

k' = '8% f% (20)
and 52 Mpax 72 4
Cp * ¥ ,rprlt?s, (21)

As the wave velocity is related to the length and period by C = L/T,
we find that

2
¢p = %E .‘Snx.z.E__d. (22)
pD E® S4

All variables on the right side of Equation (22) were measured
and Dp then oomputed. Cp is & drag coefficient whioh depends upon the
state of the disturbance of the wave motion due to the movement of the
wave past the pile. For shallow-water waves, the veloolty distribution
from the orest of the wave to the bottom is a function of the ratio of
wave height to water depth, and is essentially independent of the wave
length or period. The resulting moment on the pile, and henoce Cp, are
functions of this ratio, H/d. The results are shown in Fig. 16 on
this basis, with segregation of the results aocording to wave type. The
field pile results were obtained for wave oonditions of d/L less than
0.06, with the majority of the waves oharaoteriszed by d/L less than 0.03,
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The scatter of the results refleots the aoccuracy of the data and
the acouracy of the assumptions of Equation (22), Cp is computed from
Equation (22) which oomtains the square of the wave velooity and the
square of the wave height. Small disorepancies of these variables may
produce appreciable differences in Cp. The maximum moment was obtained
from the force, whioh was measured to within one pound. Many of the
measurad forces were from one to five pounds. Some scatter of results
is necessarily expeoted.

Enough date were taken to permit the following general obser-
vations.

1) Foem lines and breakers produce higher walues of Cp than
unbroken swells.

2) For values of H/d greater than 0.4, an average value of Cp
equal to 0.50 best represents the results.

3) For values of H/d 1less than 0.4, Cp becomes larger than 0,50,
The ;ssumptions of Equation (22) beocome invalid in this range
of H/d.

A direct comparison of the model test results with the field test
results cannot be made., The same range of the governing parameters was
not covered in the two series of tests, partiocularly the renges of d/L
and H/d. In Fig. 16 drag coefficients of 1.0 to 2.5 are shown for values
H/d betwsen O.4 and 0.1, These magnitudes of the drag coefficients are
in the same range as those obtained from the model studies. However,
the values of d/1, of the field tests were not the ssme as the model
tests, As mentioned in the model test summary, complete correlations
inocluding all defining parameters have not yet been attained. No at~
tempts have been made to carry the field results beyond Fig. 16.

CONCLUSIONS

The analysis of forces and moments on piles as summarized herein
ocontains two coefficients whioh must be determined experimentally: the
coefficient of mass and the coefficient of drag. The results so far ob-
tained indiocate that the theoretical value of 2.0 for the coefficient of
mass is adequate for computing the forces on cirocular piling. For the
coefficient of drag, however, additional results are needed with a large
range of the variables of pile diameter, wave height, wave length, and
water depth.

The results show that moments measured about a single hinge point
will suffice in establishing the magnitudes of the coefficients. The
moment distribution from coesfficients obtained from moments about a
bottam hinge point agree with measured moment distributions.

Measured moments on piles of oross-sectional shape other than
circular show coefficients which are a function of the shape of the pile.
Steady-state drag coefficients can not be used as drag coefficients in
the analysis of periodic motion.
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Results of the interfersnoe effects of rows of oiroulear piling,
while limited in scope, indioated that for clearances greater than I&
pile diameters the interference effeots are negligible. Moments on
oenter piles of a row are inoreased as oompared to maments on an iso-
lated pile for spacings less than 1% pile diameters,

Moments on oiroular piles arranged in columns are decoreased as
compared to moments on an isolated pile., No limits were determined at
whioh the moment beceme independent of the spaoing.

RECOMMENDA TIONS

The following experiments on model piles are recommended for
coamparison purposes with theoretioal work and prototype tests.

l. Measurement of wave foroe distribution on single piles of
various diamsters are needed in order to compare with Equations
(4) and (8).

2. Experiments with s greater number of wave conditions on oir-
oular piles, H-seoctions, flat plates and various other objeots
are needed in order to establish the relationship of the oo~
offiolents of drag and mass to the wave oharaoteristios.

3, Investigation should be made of the mathematical theories per=-
taining to piles and other objeots subjeot to wave action with
respeot to force, wave refleotion, wave diffraction and flow
oonditions in the vicinity of the object,

4. Investigation should be made of bresking waves on model
struotures including the development of foroe recording equipment.

ACKNOWLEDGMENTS
The above investigations were sponsored by the Office of Naval
Research, Bureau of Yards and Docks, The California Company, and
International Marine Platforms, Inc.

REFERENCES

Morison, J.R. (1960a) Moment distribution on stepped omisson; Series
38, 1Issue 1, IER,University of Calif,, Berkeley, Calif.

Morison, J.R. (1950b) Moment distribution exerted by waves on piling;
Series 36, Issue 2, IER, University of Calif., Berkeley, Calif.

Morison, J.R., (1950¢) The forces exerted by waves on marine struoturesj
Series 35, Issue 3, IER, University of Calif.,, Berkeley, Calif,

Morison, J.R., O'Brien, M.P., Johnson, J.W. and Schaaf, S.A. (1950)

The foroes exerted by surface waves on piles; Petroleum Trans., AIME,
vol., 189, pp. 149~164.

369



COASTAL ENGINEERING
O'Brien, M.P., and Morison, J.R. (1960) The forces exerted by waves on
objects; Series 3, Issue 310, IER, University of Calif, Berkeley,
Calif,
Snodgrass, F.E., Rice, E.R., and Hall, M. {1961) Wave foroes on piling
(Monterey field test); Series 35, Issue 4, IER, University of
Celif., Berkeley, Calif,

8tokes, Sir G.G. (1901) On the theory of oscillatory waves; Math. and
Physical Papers, vol. V, Cambridge University Press

APPENDIX

Corrections to "Design of Piling". Chapter 28, Proceedings of the
First Conference on Coastal Engineerings

Page 267, line 13
Cy ® 2.0 (use theorstical value of 2.0)
Page 257, line 24

2,2
2 { : J
w, = p L& tcnxzcos29+{1 K1 Cy Sin 4

2
. {2:0) (10)" (462)2 ){+1.6 (0.0837)(0.9848)2

(10)2
+T 2L (0.395) (2.0) (0.1737)}

= 812,000 {0.1294 + o.omz} = 89,000 ft. lbs.

Page 2568, line 163
2
= p "2—;79- (I2 o)

2 2
(2.0) (mioz(wz) (e) {‘71" g% (0.398) (z.o)}

= 916,000 ft. 1bs.
L ——— 4
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