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INTRODUCTION 

In the design of a pile struoture exposed to surface waves of a 
given height and period, some of the faotors involved in the problem and 
studied herein are the sise, 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 components — a drag foroe and an in- 
ertia foroe. The drag foroe is proportional to the fluid density, the 
projected area and the square of the fluid particle velocity. The in- 
ertia force, inoluding the virtual mass, is proportional to the fluid 
density, the volume of the object and the fluid particle acceleration. 
The virtual mass is the apparent increase of the displaced mass of fluid 
necessary to account for the increase in foroe resulting from the ac- 
celeration of the fluid relative to the object.  This factor is included 
in the coefficient of mass term in the foroe calculations. 

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. In order to calculate a theoretical moment it is necessary to 
obtain from the experimental results two empirioal coefficients — a 
drag coefficient and a mass coefficient (Morison, O'Brien, Johnson and 
Schaaf, 1950). The theoretical 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 coefficients and the theory, 
a comparison to experimental results is made by comparing the maximum 
moments, the phase relationships of maximum moments to the surface 
wave orest, and oomparing the calculated and measured total moment time 
histories. A comparison of the coefficients obtained by these experi- 
ments to other published coefficients obtained in different manners, 
some being steady-flow values, shows that the results herein are of 
the right order of magnitude but have considerable variability.'" 
Further investigation of the problems would clarify the reasons for 
the scatter of the ooeffioients. 

Using the experimentally determined ooeffioients, the moment 
distributions on uniform diameter and variable diameter round piles 
were computed and compared to the measured distributions.  The com- 
puted results are shown to predict the moment distribution with rea- 
sonable accuracy for design purposes. 
x  ' ' ' 
Errors occurred in Chapter 28, "Design of Piling" in the Proceedings, 
First Conference on Coastal Engineering and are oorreoted in the Ap- 
pendix of this Chapter. 
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EXPERIMENTAL STUDIES OF FORCES ON PILES 

The effects of site, shape and spacing of piles were obtained ex- 
perimentally* Sheltering and mutual interference effects were found for 
piles arranged in rows or oolumns. Results are presented in comparative 
form as moment ratios with respeot to a single cylindrical pile. Center 
piles in rows of piles aligned parallel to the wave crests showed maximum 
moments that were higher than those for a single isolated pile. Ihe mo- 
ment depended upon the relative clearances. Moments on piles arranged in 
oolumns parallel to the direction of the wave travel showed a sheltering 
effect on the oenter piles in the oolumns with moments less than those for 
a single isolated pile. 

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

THEORETICAL CONSIDERATIONS 

The dynamic force on an object in fluid moving with a steady- 
state velocity relative to the object is given by the expression 

Fri CD/3A u
2     ' (1) 

where 
Cp s coefficient of drag* 
p    • fluid density. 
A * projeoted area of object perpendicular to the velooity. 
u s undisturbed fluid velooity relative to the object. 

The coefficient of drag must be determined experimentally. It inoludes 
the dynamic effects of friotional drag and of form drag resulting from 
the disturbance of the fluid in the vioinity of the body. 

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

where 

Re -   i- (2) 

D    s characteristic length of the object* 
y   a kinematio viscosity of the fluid. 

Ifhen the fluid is in non-steady motion past an object,  the ac- 
celeration or deceleration of the fluid in the vicinity of the object 
produces a foree component.    Adding this foroe due to the fluid inertia 
to the friotional force,  the total force is  given by the expression 
(O'Brien and Morison,  1950), 

F»^CDyoAu2 +CM/oVm^ (3) 

where 
CM s coefficient of mass. 
Vm * volume of the displaced fluid• 

~ m  acceleration of the fluid relative to the object. 

The coefficient of mass must be determined experimentally.  This total 
force does not include any hydrostatic forces.  The system under con- 
sideration is essentially in a balanced hydrostatic field. 
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COASTAL ENGINEERING 

A pile, extending vertically in a fluid in motion due to os- 
oillatory waves, is in a non-uniform flow field with respeot to time and to 
the submerged pile length. Consider a pile at any instant of time. Equa- 
tion (3) must be written in the differential form and integrated over the 
pile length in order to obtain the total resultant foroe on the pile. In 
Equation (3) the area A is D dS and the displaced volume Vm is (wD^/i)  dS. 
Thus, the differential foroe on the pile is given by the expression 

dF^C^D^ + C^iSf  ^)ds (4) 

where 
D = pile diameter. 
S * distance above the bottom into fluid. 

Equation (4) may be integrated if CD, Cy, and u, and du/dt are 
known as funotions of time (t), or the phase angle, and of the position S. 
Taking S • (d + y +77) where d s depth of still water, y a depth below 
the mean water surface to the mean particle position (measured negatively 
downward), and 77* vertical particle displacement about the mean position, 
and assuming that the horizontal particle velooity is sero when 77 • 0, 
then the horizontal velooity and acceleration of the fluid in wave action 
are given by the expressions (Stokes, 1901), 

Cos 6 (5) 

and 

Sin 8 (6) 
ut   T-  Slnn -•,•,- 

L 
where 

H s wave height. 
T s wave period. 
L * wave length 
8 m Zirt/T,  angular position of partiole in its orbit measured 

counter-clockwise from the crest position at time t * 0. 

The coefficients CD and CM depend upon the state of the fluid 
motion with respect to the object motion* Little is known about either 
of the coefficients in aooelerated systems. As a first approximation 
they are considered as constant with respect to time and position to 
enable integration of Equation (4). Thus, CD and CJJ become overall co- 
efficients. 

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

u • 

„-_,.   27TS 
7T H    

Co8h -TT" 

T       Sinh^Jl- 

du . 
m    j>      Cosh^£ 
2 7TT[                L 

dt $2      Sinn 2,rd 

L 

Mi8/ 

Ss 
(S-Si) dP (7) 
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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 
contributed little to the total moment about the bottom; that is, 77 at 
the surface was small compared to d. Hence in Equation (7) the wave 
surface Sg is reduced to d and S « d + y. By making the neoessary substi- 
tutions into Equations (4) and (7) and integrating, we have 

Pi = -rrp  £JUi |±CD kl Cos
2 9   + Cjfc, S£ Sin 9\ 

Mi = P ^5^ { CD k3 Cos
20 + C^ 2JL Sin 9 

-£^[cDi|cos28+^H   Sin*]} (9) 

Hie line of aotion of the resultant total thrust, Fj, above the 
level, Si is given by the expression 

Mi 
7 * ~ (10) 

where j^d. _ 477^ + glnh 4jrd . Sinh 4^ 

ki " . 27Td \i 
16   \ Sinh -rj— ) 

Sinh 2TTd_ . siQh 2^Si 

2 o,   u      27rd Sinh   -r— 

(12) 

£(lZ±f- i(*mi+ 47rd Sinh   ±2_* - H£i Sinh fjrSi . Coshi^+Coshi^ 

(13) 

q&L Sinh JZ£L - Cosh 3p* 

2 Sinhifi 

Equation (9) for the total moment contains sine and cosine terms 
which are functions of the angular position, 9»    Thus, a phase angle is 
indicated which depends upon the relative magnitude of the sine and oosine 
terms, the wave equations (5) and (6) are referenced at a wave crest at 
time t s 0. The phase angle, /3 , of the maximum moment in relationship 
to the wave crest is determined by differentiating Equation (9) with 
respect to 9  and setting the results equal to seroj thus, 

,    27TSi  k2 v 

$. sin"1 { Zl3d±LZ±L2L) } (16) «• / 2TTS1      klv  J l16> 
8HCDUS--TT^   -r) 
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The phase angle of Equation (15) shows that the maximum moment 
usually does not occur when a wave crest passes a pile. When the pile 
is in water which is shallow compared to the wave length (d/L small), the 
phase angle approaches zero. When the pile diameter is small compared 
to the wave height (D/H small) the phase angle also approaches zero. 
The phase angle approaches 90° for piles in deep water (d/L large) or 
for large piles in small waves (D/n" large). 

Measured moment-time histories on the pile and wave surfaoe-time 
histories at the pile are used to determine CQ and Cg from Equation (9). 
Two variables are involved which necessitate seleotion of two times with 
the corresponding two moments. The solution is simplified if the se- 
lected times are zero (crest or trough at the pile) and the one-quarter 
or three-quarter wave length time (surfaoe profile at the mean water 
level). These times result in Sin 9 s 0, and Cos Q   s  0, respectively. 
Thus, the selected points reduoe Equation (9) to two equations, eaoh 
with but one unknown, C*. and Cj. , respectively. 

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

SinQ-   SL. 

(16) 

the elevation at whioh the total moment 

D< • Dj, Dg, - - - D5, diameter of pile of various sections 

klietc. • k;ij, kx - - kj_ » k2l, k2g - - k2n the elevation above the 
bottom is being summed. 

The conditions imposed upon Equation (16) in order to perform 
the summation resulting effeot on Equations (LI) to (14) are summarized 
for the conditions illustrated in Figure 1 as followst 

1. If i -  1    then i "  2,3 
J » 2 i • 4, 6 
3-3 i - 6, 7 
i  * 4 i * 8, 9 
j • 5 i • 10, 11 

2. For any n * 2, - - -, 11, the summation is carried out for succes- 
sive values of j and the corresponding values of i until i s n. 
(See Fig. 1) 
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5. The expressions for kij, k2i» *S±» 
k^ are the same as k^, kg* k3, £4 
(Equations 11 to 14) where d in the 
numerator is changed to Sj_i. For 
example, Equation (11) beoomes 

4*si-l - l!£i + ««nh2ryi " Sinh4Z!i 
L    L   L  L_ 

27Td /      & n u \ 
16 ( Sinh —£— ) 

The calculation of moments on piles in 
shallow water must include the effect of the 
variation of the lever arm between the orest 
and trough of the wave. The equation for the 
total moment about any level S^ is the same 
as Equation (9) where the expression of kj,, 
kg, kg, and k4 (Equations 11, 12, 13 and 14) 

have Ss in the numerator instead of d. For 
example Equation (11) beoomes 

±3 -ll^+SUh *3l - Sinh 47r?1 
L      L      .    I» 

*1 

16 ( Sinh ip ) 

where S8 is the elevation to the water surface 
above the bottom* 

The ealoulation of an explfeoit expression pig, 1 
for the phase angle, similar to Equation (15) 
when considering the ohange 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 a pile subjeoted to 
a known wave oondition, the ooeffioients Cjg and Cj£ must be known* Mea- 
surements of the moment time history of piles subject to known wave con- 
ditions enable evaluation of Cp and CM« The established coefficients 
then can be used to prediot moments on piling for any pile and imposed 
wave conditions subject to the limitations and approximations of the 
analysis which leads to Equations (8), (9) and (15). 

The drag coefficient, (?D, in Equations (8), (9) and (15) is 00m - 
parable in significance to the steady state drag coefficient of Equation 
(1). Thus, comparisons may be made between the drag coefficients which 
result from measurements on piling subjeet to the periodic motion of 
wave action and those reported in the literature for the same geometrical 
systems in a steady state fluid stream. The steady state drag coefficients 
are functions of the Reynolds number, Equation (2), in addition to the 
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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 
occurs near the surface in the regions of the highest velooity. Hence, 
the crest particle velocity is assumed to be most nearly representative 
of the velooity to be used in the Reynolds number* This results from 
Equation (5) with 3 » d and 0 » 0. 

EXPERIMENTAL INVESTIGATIONS ON MODEL PILES 

Experiments were designed to measure the moment history on piles 
of oonstant and variable diameter about hinge points in the piles when 
subjected 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 velocity and period as followsi 

L = C T (17) 

from the measurements of the variables, the coefficients OQ and CM 
were obtained from Equation (9). Onoe having determined the coefficient, 
then evaluation of the moments was possible for a given pile subjected 
to known wave action* 

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

Tests on single oiroular pilest 
Moments were measured on single 
piles hinged at the bottom as 
well as at various elevations, 
(Fig* 2). In one instance a 
1 inoh diameter pile was hinged 
only at the bottom and subjected 
to a large range of wave con- 
ditions. In another series of 
tests, piles of 1/2, 1 and 2 in- 
ches in diameter were subjected 
to three different wave condi- 
tions, and the moments were ob- 
tained at hinge points loca- 
ted at various elevations to ob- 
tain moment distributions. A 
summary of test conditions is 
presented in Table 1, and a sum- 
mary of the test results is 
given in Table 2. 

.W»E 
f-SPRING 

Lp-o-ptLE   ;- 
fr-ELEMENT NO. 

PlO-UP 

ELEMENT NO I 

N0.2 

—^TORSION BALANCE 
CONNECTION 

Pig. 2 
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Table 1. 

Summary of test conditions on oirculax piles 

Pile 
No. 

D 
inches 

d 
ft. 

Wave Characteristics 
Remarks T-seo. H-ft. L-ft. 

1 1 2 ( variable ) Moments measured only at the 
bottom 

2 * 1.96 0.98   0.184 4.91 Moments measured at 7 elevations 

3 1 1.96 0.98   0.179 4.98 Moments measured at 6 elevations 

4 2 1.95 0.98   0.186 4.96 Moments measured at 6 elevations 

Table 2. 

Summary of test results on ciroular piles 

Variable 
Pile No. (See liable 1) 

1 2 3 4 

E/L 
d/L 
d/fe 
D/fe 
D/L 
D/d 
Re 
cD 
CM 

0.009 to 0.114 
0.102 to 0.529 
4.81 to 18.15 
0.212 to 0.758 
0*009 to 0.042 
0.041 to 0.083 
2,000 to 11,100 
1.6  ± 0.4 
1.5  ± 0.2 

0.038 
0.400 
10.700 
0.226 
0*009 
0.021 
2,300 
2.7 
1.2 

0.036 
0.393 
10.900 
0.465 
0.017 
0.042 
4,500 
2.6 
1.8 

0.038 
0.395 
10.500 
0.898 
0.034 
0.085 
9,300 
4.4 ( ft s 80°) 
1.8 

Same results were obtained for a pile placed in breaking waves. 
The departure of actual conditions from the assumed conditions as stated 
in the development of Equation (9) was too great to justify use of this 
equation in the interpretation of results in breakers. The results showed 
maximum moments produoed by a breaker or incipient breaker greatly in ex- 
cess of the forces corresponding to the orbital motion described by 
Equation (9) 

The ooeffioients as determined for any one wave oondition were 
used with Equation (9) to compute the oomplete moment history over the 
oyole from one wave oreet to the next. A typioal comparison is shown 
in Fig. 5. 

Moment distribution comparisons were made for piles 2, 3, and 
4 (Table 1). Equation (9), with values of Op and Cy from the measured 
moment history at the bottom of the pile, was used to compute the mo- 
ment ratio as a funotion of depth for comparison with the experimental 
ratio. Results are shown in Fig. 4. 
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WAVE   CHARACTERISTICS 
T 

L 
H 
d 
D 
P 

=  1.68   SEC 
* 12-25 FT. 
* 0 244 FT 
= 2.03 FT. 
= 0.083 FT. 
=   1.94 ''"A/, FT 

M 

H/L 
d/H 
d/L 

Co 
CM 

Re 

MT2 

p D H* Lz 

0.0199 
8.32 
0.166 
1.32 
1.20 
4.85xlO3 

MEASURED   MOMENT 

COMPUTED   MOMENT 
MEASURED WAVE PROFILE 

0.2 

M       0 

0.2 

\ y^\ / 

X    ':_Z  __.    >_Z 

_ _• _  . 

0.4 0.8 1.2 1.6 1.8 

'/L 

Fig.  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 
Cu and Cj) were evaluated from the moment history at values of 0, 77"/2, 

IT  , (3/2) ir   of the angular partiole position with respect to the 
wave crest. Thus, the computed maximum moment may be different from 
the measured maximum moment for these conditions where the phase angle 
between the wave crest and maximum moment is different from zero. The 
oomputed curves, Pig. 3, show this difference.  That is, at y/d • 1.00 
(bottom), the maximum measured moment and the maximum oomputed moment do 
not coincide. However, the shape of the moment distribution as a func- 
tion of depth, using the average values of Cp and CJJ from the measured 
moment at the bottom to compute the moment at any depth, follows the 
trend of the measured moment distribution. 

A further comparison may be made of the effect of pile diameter 
on 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 oomputed moment ratio and the experimental mo- 
ment 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. 

/athin the accuracy of values of CD and CJJ, the resultant foroe 
as a function of time or wave position relative to the pile may be ob- 
tained from Equation (8).  The action line of the total resultant foroe 
is obtained from 

where S is the location of the action line above the bottom and Ud is 
the moment about a hinge point at the bottom.  The resultant foroe on 
a pile above a hinge point at any position in the pile may be obtained 
in a similar manner except for the seotion of the pile near the water 
surface. 

In these tests forces were not oomputed, since attention was 
concentrated on obtaining reliable values of CD and Cw from moment 
histories. 

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

Three conditions of the stepped pile were investigated with 
respeot to the coefficients CD and CM as determined in the discussions 
above for single cylindrical piles.  %e moment contributed for each 
seotion of the pile was oomputed from Equation (16) using CD s 1.63, 
Cj| • 1.51, and the experimentally measured phase angle, pj, 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 
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above any seleoted point to the maximum moment about the hinge point at 
the bottom is shown in Fig. 7. 

Testa on piles of various oross-seotional shapes* The moment history of 
piles with various cross-seotional shapes was determined in the lab- 
oratory with the equipment shown in Fig. 1.  The pile oross-seotions 
were oiroular, flat plates and H - seotions with one-inoh 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 maximum moment 
for the oiroular shape (Table 4). The H - section was oriented in three 
different directions as shown in the table. All piles were subjected to 
the same wave conditions as indicated in Table 3. 

Table 3 

Wave conditions in tests on oiroular piles, 
flat plates and H - seotions. 

Parameter Wave 1 Wave 2 #ave 3 

H, ft. 0.681 0.342 0.454 
L, ft. 7.54 3.87 5.39 
T,  sec. 1.27 0.88 1.09 
d, ft. 1.55 1.50 0.83 

H/L 0.0903 0.0884 0.0843 
d/L 0.206 0.388 0.154 

Table 4 

Effect of pile shape on maximum moment. 

Pile type 
and size Orientation Ratio Majcimum Monteat for given pile type 

Maximum moment for oiroular pile 

1 inoh 
round 

1 inch 
H-seotion 

1 inoh 
H-seotion 

1 inoh 
H-seotion 

1 inoh 
flat plate 

-o 
-H 
as 0 

-X 
a= 90° 

a* 45° 

1.00 
<£• 5°) 

1.52 
<£= 14°) 

1.42 
(£• 100) 

2*44 
(£• 17°) 

1.28 
<j8- 4°) 

1.00 
(£- 20°) 

2.46 
($z  35°) 

2.08 
(£* 430) 

3.50 
(/3 s 56°) 

1.17 
(y3s 370) 

1.00 (Breaker) 
(£ = 260) 

2.19 
(£• 16°) 

2.58 

(/3= 41°) 

2.22 
(£« 15°) 

1.37 
(£ = 9°) 

352 



EXPERIMENTAL STUDIES OF FORCES ON PILES 

rc 

L= 
'/I6- 

1/16" 

1/16" 

_j_ k-,--J 
DIMENSIONS  OF  MODEL   PILES 

WAVE m I 
DIRECTION v 

\ 

I 

-r 
- ( 

\ 

\ 

EQUIVALENT  CYLINDER 

SHOWN  BY DASHED CIRCLE 

Fig. 8. Cross sections of piles. 

2 5 

2.0 

I S 

0.8 

0.6 

04 

LEGEND 

o   Re = 43l28 
A   Re= 30288 

projected  width of  l" 

Fa » FORCE AT ANGLE a 
Fq,0 'FORCE AT ANGLE a EQUAL TO   0 

60 75 } IB 30 45 
ORIENTATION ANGLE, a, DEGREES 

Fig.   9.    Measured H-section drag foroe  in steady, 
uniform flow as a function of orientation. 

90 

353 



COASTAL ENGINEERING 

The force on the H - section was determined in a wind tunnel 
under steady-state oondition as a function of orientation of the see- 
tion. '1'he maximum foroe resulted at approximately the 45° orientation 
as is shown in Fig. 9.  Thus the pile results for that orientation 
were considered as giving the maximum moment (primarily beoause this 
orientation gave the greatest projected area)} consequently, under 
wave action the orientation of the H-seotion was not varied over angles 
other than the 45° with respect to the direction of wave travel* 

One comparison oan be made using the H-section results of the 
steady-state foroe ratio and the maximum moment ratio in the wave 
aotion. Ratios of the maximum moment of the H-seotion oriented with 
values of oc other than zero to the maximum moment with a s 0 may 
be compared to the corresponding steady-state foroe ratios. (Note that 
the moment 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 5. 

Table 5 

Effect of orientation on foroes on H-seotion 
in steady flow and in oscillatory .flow. 

Wave 
Steepness 

Orientation of pile 

-H 
as 0 O" 90° a« 46' 

Ratio t Foroa (or Moment) at orientation shown 
Foroe (or Moment) at a * 0 

0.0903 

0.0884 

0.0843 
(Breaker) 

Steady 
Flow 

1.00 

1.00 

1.00 

1.00 

0.93 

0.85 

1.17 

1.00 

1.61 

1.42 

1.02 

1.26 

Differences between force ratios in steady state and in osoillatory flow 
are noted in some oases which are greater than any experimental error. 
Thus, the steady-state drag foroes (hence steady-state drag coefficients) 
are not the complete criteria by whioh to evaluate moments of seotions 
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 Bible 4. 
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The plots shown in Fig. 10 are computed, and measured moment- 
time histories of a oiroular, an H-seotion and a flat plate pile in shal- 
low water where the effeet of the variable lever arm has been considered 
by using Ss instead of d in Equations 11, 12, 13 and 14* The coeffi- 
cients of drag and mass computed from the measured curve are given in 
Table 6 along with the wave characteristics. 

Table 6 

Coefficients of drag and mass for shallow water waves 

Variable 

Pile type 

1 inch 1 inch 1 inoh 
oiroular H-seotion flat plate 

- H -   1 
H, feet 0.613 0.600 0.705 

L, feet 7.76 7.36 8.00 

T,  sec. 1.25 1.27 1.27 

d, feet 1.50 1.46 1.45 

B/L 0.079 0.082 0.088 

d/L 0.193 0.198 0.181 

/3, degrees 6 14 0 

Re 15,000 15,000 15,000 

°D 1.78 2.44 1.20 

CM 0.44 1.92 0.42 

One feature of the interpretation of the equations from whioh 
the coefficients of mass and drag were computed is evident in the re- 
sults shown in Table 6. When the phase angle is small, the mass ooef- 
fioient is evaluated from moments whioh are near the point of zero mo- 
ment* Small experimental errors become significant and reduoe the re- 
liability of the value of the mass coefficient. The mass coefficients 
for the oiroular pile and the flat plate pile are small as compared to 
those reported in Table 2. These low ooeffioients are not representative* 
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Effeot of mutual interference of pilest The one-inoh oiroular and flat 
plate piles were arranged in rows parallel to the wave direction and in 
columns perpendioular to the wave direction (see Fig. 11). Three piles 
were used in eaoh case with moment measurements made on the center pile 
(Fig. 12). Spaoings between the piles were ^D, D and ijD, where D is 
the pile diameter. Results are shown in Table 7.  %e ratio of the max- 
imum moment on the oenter pile of the oolumn or row to the maximum mo- 
ment on a single pile shows the results of interference effects* The 
wave conditions used were the same as listed in Table 3. 

Table 7 

Effect of mutual interference 
of piling 

Wave 
Steepness, H/L 
(See Table 3) 

Ratios 
Moment on oenter pile 
Moment on single pile 

TF 
Pile Gap*' 

ML 
Row of circular pile perpendicular to wave travel 

0.0903 
0.0884 
0.0845 (Breaker) 

2.43 
1.69 

1.42 
0.90 
1.14 

1.04 
0.94 
1.23 

Row of flute plates perpendioular to wave travel 

0.0903 
0.0884 
0.0843 (Breaker) 

1.49 
1.93 
2.22 

1.46 
1.40 
1.72 

1.64 
1.17 
1.31 

Column of oiroular pile parallel to wave travel 

0.0903 
0.0884 
0.0843 (Breaker) 

0.39 
0.60 
0.96 

0.71 
0.71 
0.76 

0.72 
0.74 
0.87 

* D s 1 inch for all piles. 

The results show that, at spaoings of less than l£ D in the row 
arrangement, interference effeots are noticeable. Higher moments are ex- 
perienced by the oenter pile as contrasted to a single pile.  The block- 
ing effeot of adjacent piles increases the foroe and resulting moment on 
an individual pile. The blocking effect deoreases as the spacing between 
piles increases. For the limited range of the tests, the blocking effeot 
is oonoluded to be negligible for spaoings of l£ D or greater. 

Results from the piling arranged in columns show a sheltering 
effeot,(Table 7^ in that moments were less than those represented by a 
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single pile*  The maximum spacing at which the sheltering effect is 
negligible was not reached in these tests. 

Forces on orose members; The measurement of the horizontal force on 
oross-menbers was madeon a foroe balance apparatus. The cross-member 
was mounted on a rod which was pivoted near its center and restrained 
by calibrated springs at one end (Fig. 13). The submerged part of the 
rod was shielded from the wave action so that a tare test, without the 
oross-member attached)showed only about one-peroent deflection.  The 
foroe and the wave characteristics were recorded in the same manner as 
in the case of the single piles.  Three lengths (2-£, 5 and 10 inches) 
of cross-members were used so that the end effects could be determined. 

The measurement of the vertical foroe on cross-members was made 
directly by a oalibrated 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 deflection. The wave 
characteristics were measured ij- feet in front and l£ feet behind the 
oross-member with a reference measurement of the wave orest being made 
directly above the cross-member* The foroe and wave characteristics 
were recorded simultaneously on the same oscillograph reoord. The same 
wave conditions were reproduoed as those used for the measurement of 
the horizontal forces on the cross-members. In both the tests of the 
horizontal and of the vertical foroes, the same wave conditions were 
used for the horizontal and inclined members at the 1/3 and 2/8 posi- 
tions of water depth. 

The horizontal foroe per unit length on a cross-member (Tables 
8 and 9) indicated that the orientation of the oross-member is not 
critical for model studies. The test showed also that the end effects are 
not appreciable. The vertical foroe per unit length on a cross-member 
(Table 10) indicated some effeots due to orientation. The magnitudes 
of the forces were about half those for the horizontal direction. 

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 conditions and depths of immersion.  The limited 
size of the model system introduces a possible soale effect in the 
direct application of the model results to predict prototype behavior. 
Thus, prototype tests were made in an attempt to correlate model and 
prototype behavior to substantiate the analysis and results from the 
model tests (Snodgrass, Rice, and Hall, 1951). 

The field tests were conducted near shore at Monterey, Califor- 
nia, with a cylindrical 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 records yielded the force-time history 
of the pile under the action of the incident waves. Calibrations of the 
strain recording equipment were made both in the laboratory and in the 
field. 
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The wave height history was obtained from a recording pressure 
actuated diaphragm type wave meter which was located approximately two 
feet above the sand bottom and adjacent to the pile*  Two auxiliary gra- 
duated piles were placed seaward of the measuring pile,  3he measuring 
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 
clock was suspended in the field of view of the camera to provide timing 
intervals between successive frames of the film, The wave velooity at 
the pile was obtained from the distance between the seaward auxiliary 
pile and the measuring pile (19.8 feet), and the time interval of the 
wave crest travel between these points. The motion pictures also re- 
oorded 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 heights and periods* 

Analysis of data*  Die analysis as presented previously in this paper 
includes the two resistance terms that contain Cp and CJJ, and also 
the phase angle relationship, /3, between the two resistance terms. In 
the analysis of the field pile results, the timing accuracy was not pre- 
cise enough to determine the time comparison between the water surface 
profile and the moment history. 

The data and results were obtained for waves in various condi- 
tions depending on the stage of the tide, some data were obtained with 
the pile in a foam line shoreward of the breaker. Other data were obtain- 
ed with the pile in the smooth unbroken swell seaward of the breaker.  The 
data have been segregated with respect to the wave oondition at the pile 
into the following groupst (1) foam line} (2) foam line immediately 
shoreward of the breaker point} (3) breaker} (4) sharp peaked swell at 
incipient breaks (5) sharp peaked swell immediately seaward of the 
breaker point; and (6) swell some distance seaward of the breaker point. 
The data are summarized in Table 11. 

The wave force, which is actually a distributed force extending 
from the ocean bottom to the water surface, was reoorded as an equivalent 
force at the calibration point. By multiplying the reoorded force by the 
calibration-point lever-arm (9 feet 8 inches) the total moment of the wave 
force about the bottom hinge was determined. nhen 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 considering the 
horizontal oomponent of the partiole motion as observed in model studies. 
By computing the wave foroe at the mean wave height, as defined above, 
the data were found to be reasonably consistent. The values obtained 
from the computation indicate that waves of a given site and hhape will 
exert the same force at the oentroid independent of water-level changes 
over the range encountered in the tests, although the moment about the 
hinge point varied considerably due to variation of the effeotive lever 
arm as the water depth changed. 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 HAVE HA E LLiVAlICh ELbVATItr bTILL u&rSkjtiED TOTAL COEFFICIENT 
HO. TtTf HEIGHT PERIOD VELOCITY 

UEASUKED) 
OF 

CREST ON 
OF 

TPCUGh ON 
WATER 
LEVEL 

FORCE lOVKt.'T OF 
DRAG CB 

FILE FILE 

Ft. 

E 
Ft. 

I 
See. Ft ./Sec. 

So 
Ft. 

St 
Ft. Lbs. Ft-Lbs. 

1 FL 4.6 10.7 —— 8.0 3.4 5.20 67 662 „ 

2 PL 4.6 12.1 18.8 8.0 3.5 5.00 67 662 1.06 
3 FL 4.2 11.7 17.6 6.0 3.8 4.93 84 626 1.71 
4 FL 4.2 9.3 17.6 7.6 3.4 4.CO 64 629 1.34 
5 FL 4,0 8.3 IS.6 7.4 3.4 4.73 34 330 0.63 
6 FL 3.6 12.0 17.6 7.0 3.4 4.93 51 4961 1.69 
7 FL S.6 7.7 16.8 6.8 2.2 3.40 53 516 1.52 
e FL 3.6 10.3 15.7 6.9 3.4 4.67 33 320 1.46 
5 FL-B 4.1 12.1 lb .7 7.4 3.3 4.67 46 475 1.91 

10 B-FL 4.6 t.J 20.1 6.5 3.7 5.10 51 496 1 .59 
11 B 6.0 10.1 21 .U 6.2 3.2 4.87 56 536 0.49 
12 B 4.6 12.2 23.5 8.3 3.5 4.60 67 662 0.63 
13 B 3.9 11.2 14.9 6.7 2.8 4.20 32 310 1,06 
14 B 3.9 10.6 16.7 7.0 3.1 4.40 27 266 0.73 
16 B 3.6 8.4 17.9 6.4 2.8 4.00 34 330 0.91 
16 B 3.3 11.0 14.4 5.2 1.9 3.00 28 279 1.31 
17 B 3.3 10.3 14.2 6.7 3.4 4.50 23 226 1,28 
18 B 3.0 «— —— 6.5 3.5 4.60 23 226 - 
IS SP-B 3.4 11.0 14.b 5.6 2.4 S.SS 17 165 0.85 
20 SP-B 3.3 10.6 16.6 7.0 3.7 4.80 IS 186 0.86 
21 SP-B 3.3 9.0 14.4 6.0 2.7 3.80 13 124 0.64 
22 SP-B 2.3 13.1 14.3 6.0 2.7 3.47 3 33 0.39 
23 SP-B 2.0 8.6 16.9 4.8 2.8 3.47 4 43 0.67 

24 SP 4.5 „_ 7.6 3.3 4.60 6 46 . 
23 SP 3.7 — -— 6.2 2.6 3.73 12 113 .. 
26 SP 3.6 12.1 18.8 7.4 3.8 4.80 17 165 0.44 
27 SP 3.6 12.1 20.1 6.9 3.4 4.67 11 109 0.26 
28 SP 3.3 10.8 14.8 6.0 2.7 3.70 14 134 0.64 
29 SP 3.3 9.1 14.8 5.9 3.3 3.70 6 62 0,26 
SO SP 3.1 13.0 17.7 6.3 S.7 4.73 IB 176 0.78 
31 SP 3.1 10.0 14.2 6.9 2.6 3.63 10 93 0.49 
32 SP 3.0 11.0 16.6 6.5 3.6 4.67 9 88 0.46 
33 SP 2.9 10.9 13.0 6.4 2.5 3.47 8 76 0.60 
34 SP 2.6 11.7 14.8 6.1 3.3 4.23 9 93 0.69 
36 SP 2.7 _ — 6.0 3.3 4.20 5 53 - 
36 SP 2.6 —_ — 5.9 3.3 4.50 6 51 - 
37 8 3.4 9.3 16.7 6.7 3.3 4.43 9 85 0.32 
38 s 3.3 9.4 12.6 6.2 2.9 4.00 16 156 0.98 
39 s 3.0 8.4 16.6 6.4 3.4 4.40 12 130 0.69 
40 8 2.9 4.6 16.7 6.5 3.6 4.57 6 56 0.27 
41 s 2.7 9.3 14.1 6.4 3.7 6.00 6 57 0.55 
42 s 2.7 7.5 16.1 6.9 3.2 4.10 7 70 0.54 
43 8 2.6 9.4 13.6 6.9 3.3 4.17 7 72 0.80 
44 8 2.6 — ••> 6.9 3.4 4.23 7 70 - 
43 s 2.4 11.8 16.6 6.7 3.3 4.10 3 33 0.29 
46 s 2.4 10.7 16.8 6.0 2.6 3.40 8 76 0.67 
47 s 2.4 9.6 18.6 6.0 3.6 4.40 6 62 0.67 

48 8 tA 9.2 16.9 5.6 3.2 4.00 6 46 0.43 
48 8 2.3 11.9 19.4 6.7 4.4 5.07 11 109 0.86 
60 3 2.3 6.9 —r 6.7 3.4 4.17 3 29 . 
61 8 2.2 9.4 -» 5.9 3.7 4.43 4 41 m 
62 8 2.2 8.5 13.7 5.2 3.0 3.73 5 60 0.74 
63 8 2.1 13.1 — 5.6 3.4 4.10 1 36 m 
64 8 2.1 7.7 13.6 4.9 2.8 3.6C 2 16 0.26 
66 S 2.1 7.6 14.1 6.2 4.1 4.67 4 35 0.63 
66 S 2.1 7.0 21.4 5.3 3.2 3.90 4 39 C.29 
67 s 2.1 —•- —- 6.5 4.4 6.10 6 74 - 
68 8 2.0 11.4 12.6 4.8 2.8 3.53 3 29 0.68 
69 8 2.0 7.6 19.1 6.2 3.2 3.87 6 64 0.66 
60 S 2.0 6.0 14.4 5.6 3.5 4.17 £ 47 0.86 
61 8 2.0 4.4 16 .6 6.2 4.2 4.87 fc 62 0.69 
G2 8 2.0 — _— 6.2 3.2 3.87 4 35 - 
63 8 1.9 10.0 14.8 5.8 3.9 4.43 2 21 0.45 
64 S i.9 — — 6.4 4.6 6.13 + 41 - 
66 S 1.6 12.4 21.4 5.2 3.4 4.00 ,, 23 0.24 
66 s 1.8 10.0 11.0 4.5 i.l 3.30 6 26 0.94 
67 s 1.6 9.6 21.7 6.0 4.2 4.80 C 79 0.88 
68 s 1.8 9.1 20.2 6.7 8.9 4.60 4 35 C.43 
69 s 1.7 11.6 22.4 6.2 4.5 6.07 7 68 0.89 
70 s 1.7 10.3 — 6.4 4.7 6.27 5 47 * 
71 8 1.7 — «__ 4.4 2.7 3.27 2 17 « 
72 8 1.7 — — 6.4 3.7 4.27 * 33 .. 
73 6 1.6 11.1 —— 4.2 2.6 3.13 T 4 . 
74 8 1.6 10.9 14.4 4.S 3.2 3.73 2 17 0,54 

FL (Foam line); B (Breaker); SP-B (Sharp peak swell start- 
ing to break): FL-B (Breaker with some foam)« SP (Sharp 
peak swell); S (Swell) . 
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Table 11 cont'd. 

Test data on field pile 

HAVE WAVE HAVE HAVE HAVE S.LEVATI01I ELEVATIOr ST;LL >JEAS ,ED TOTAL CCEFFICBJT 
NO. TYPE HEIGHT PERIOD VELOCITY 

(LIAISED) 
OF 

CHEST ull TRCLCT OH 
H  .IT 
LEVEL 

FORCE C»«T OF 
DRAG CD 

PILE PILE 

H T H S0 Sr 

d      3 
Fr 11 

Ft. S«o. Pt./Seo. Ft. Ft. Lbs. Ft-Lba. 
Ft. 

76 S 1.6 6.6 _„. 6.2 3.6 4.13 3 30 
76 S 1.6 7.8 14.9 E.3 3.7 ..23 3 33 0.96 77 S 1.6 4.2 —— 6.6 3.9 •4.13 3 27 
78 8 1.6 - "• — f.4 3.6 4.33 3 33 .-— 
79 8 1.6 10.6 16.7 S.3 3.8 4.30 2 19 0.52 
80 a 1.6 9.0 .... 6.0 3.5 4.00 1 5 
81 3 1.6 8.3 17 J 4.4 2.9 3.40 1 14 0.37 
82 s 1.6 .... .._ 5.1 3.6 4.10 3 33 
83 s 1.4 12.2 19.2 4.2 2.8 3.27 3 29 C.63 
84 8 1.4 10.0 _.. s.e 4.4 4.60 2 21 
86 8 1.4 —- .... C.4 *.o 4.47 4 37 —. 
86 s 1.4 —__ .... E.9 4.5 4.97 6 34   
87 s 1.3 10.2 _ 4.7 3.4 3.83 29 .... 
88 s 1.3 6.8 __* 6.5 4.2 4.63 Z 17 
89 s 1.3 —. ._ 6.0 4.7 5.13 3 29 —. 
90 s 1.3 _... .... 6.0 4.7 6.13 b 48 .— 
91 s 1.3 .... .... E.6 4.3 4.73 4 37 ._. 
92 8 1.3 —. .... 6.0 3.7 4.13 ', 29 
96 8 1.2 13.3 .._ 4.6 3.4 3.80 2 21 .... 
94 3 1.2 12.4 12.3 5.3 4.6 5.CO 1 29 2.72 
96 8 1.2 11.4 16.1 4.9 3.7 4.10 2 19 1.14 96 3 1.2 10.6 10.4 6.0 4.8 6.17 3 34 
97 S 1.2 _.. —.- 4.7 3.5 3.96 2 22 .«- 
98 3 1.1 11.8 12.6 3.9 2.8 3.17 1 12 1.06 
99 8 1.0 12.7 .... 4.7 3.7 4.03 1 10 

100 3 1.0 12.2 13.7 3.7 2.7 3.03 2 17 1.60 101 8 1.0 —-— .... 4.6 3.5 3.63 1 10 

102 S 0.9 9.6 12.6 3.6 2.7 3.00 1 8 1.23 
103 s 0.8 S4 i 5.2 4.4 4.63 1 13 —. 
104 s 0.8 — -«• 5.4 4.6 4.67 1 12 ..« 
106 s 0.7 _ ._ 4.9 4.2 4.43 1 10 .... 
106 1 0.7 —» .... 4.6 3.9 4.13 1 8 .... 
107 s 0.6 7.1 19.6 5.0 4.4 4.60 2 16 2.66 

* S (Swell). 
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OU0 feature becomes apparent in reviewing the data that permits 
a comparison between the model results and the field test results.  xhe 
majority of the field test conditions 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 Equation (9) occurs when the time angle, 8 ,  is zero. 

Equation (9) for a pile hinged at the bottom then reduces to 
2 2 

^3* is introduoed as a refinement of kjj to include an approximation of 
velocity distributions in a wave of finite height in shallow waterj 
that is, 

itAafrf+iffttBlnhlffft-    0o«h   Jffil + 1     (19) 

k"    " 64    (Sinn ill)2 

where    d = St + Vs H (assumed still-water level) 
S0 s wave crest elevation above the bottom 
S-fc = wave trough elevation above the bottom 
H • wave height 

For small values of d/L,  Sinh 47TS0L is approximated by 47rS0/L, 
and Sinh 27Td/L is approximated by 2Td/L.    These approximations result 
in 

°D   -  T    75H
2

L
2

S0 (») 
As the wave velocity is related to the length and period by C • L/T, 
we find that 

CD- 2!  *W ° d (22) 
5  pD H2 S0 

All variables on the right side of Equation (22) were measured 
and OD then oomputed. CQ is a 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 velooity 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 henoe CD, are 
functions of this ratio, H/d. Ihe results are shown in Fig. 16 on 
this basis, with segregation of the results aooording to wave type* The 
field pile results were obtained for wave conditions of d/L less than 
0.06, with the majority of the waves characterized by d/L less than 0.03. 
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The soatter of the results reflects the accuracy of the data and 
the aoouraoy of the assumptions of Equation (22), CD ia computed from 
Equation (22) which contains the square of the wave velocity and the 
square of the wave height. Small discrepancies of these variables may 
produoe appreciable differences in CD. The maximum moment was obtained 
from the foroe, whioh was measured to within one pound. Many of the 
measured forces were from one to fi-ro pounds. Some soatter of results 
is necessarily expected. 

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

1) Foam lines and breakers produoe higher values of CD than 
unbroken swells. 

2) For values of H/d greater than 0*4, an average value of CD 
equal to 0.50 best represents the results. 

S) For values of H/d  less than 0.4, CD becomes larger than 0.50, 
The assumptions of Equation (22) become 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, particularly the ranges of d/L 
and H/d. In Fig. 16 drag coefficients of 1.0 to 2.5 are shown for values 
H/d between 0.4 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/L of the field tests were not the same as the model 
tests. As mentioned in the model test summary, complete correlations 
including all defining parameters have not yet been attained. No at- 
tempts have been made to oarry the field results beyond Fig. 16. 

CONCLUSIONS 

The analysis of foroes and moments on piles as summarized herein 
contains two coefficients whioh must be determined experimentally» the 
coefficient of mass and the coefficient of drag. The results so far ob- 
tained indicate that the theoretical value of 2.0 for the coefficient of 
mass is adequate for computing the foroes on circular 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 coefficients obtained from moments about a 
bottom hinge point agree with measured moment distributions. 

Measured moments on piles of cross-sectional shape other than 
circular show coefficients whioh are a function of the shape of the pile* 
Steady-state drag coefficients can not be used as drag ooeffioients in 
the analysis of periodic motion* 
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Results of tiie interference effects of rows of oiroular piling, 
while limited in soope, indicated that for clearances greater than li 
pile diameters the interference effects are negligible. Moments on 
oenter piles of a row are inoreased as compared to moments on an iso- 
lated pile for spaoings less than 1JS pile diameters* 

Moments on oiroular piles arranged in columns are decreased as 
compared to moments on an isolated pile* Ho limits were determined at 
which the moment became independent of the spacing. 

RECOMMENDATIONS 

The following experiments on model piles are reoommended for 
comparison purposes with theoretical work and prototype tests. 

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

2. Experiments with a greater number of wave conditions on oir- 
oular piles, H-sections, flat plates and various other objects 
are needed in order to establish the relationship of the co- 
efficients of drag and mass to the wave characteristics. 

3. Investigation should be made of the mathematical theories per- 
taining to piles and other objects subject to wave action with 
respect to foroe, wave reflection, wave diffraction and flow 
conditions in the vicinity of the object* 

4. Investigation should be made of breaking waves on model 
structures inoluding the development of foroe reoording equipment. 
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APPEHDIX 

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

Page 257, line 13 

CM * 2*°    (use theoretical value of 2.0) 

Page 257,    line 24 

Mz s  P    S~^£   I  ± CD K2 Cos2 6 + J-j   Ki CM Sin 6 J 
.    (2.0)  (10)2 ^g)2    {M) ^ (0<0887)(0,9848)2 

+ 5     -JO^ (0.395)  (2.0)  (0.1737)} 

s    612,000 | 0.1294 + 0.0162} «      89,000 ft.  lbs. 

Page 268,  line 16j 

.    (2.0)   (10)M«»)' W fa   ^    «,.„„ (2.0)} 

z    916.000 ft.  lbs. 
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