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INTRODUCTION

Single-impact diesel hammers are currently used by the Navy for
driving piles. Newly developed techniques, such as Bodine’s sonic pile
driver, rapid-impacting pile hammers, and other vibratory pile drivers
may substantially improve upon current pile-driving metheds [1,2]. Claims
of greater efficiency have been made by commercial developers [3], and
test results outlined in this report indicate that some of these claims
are valid.

Diesel-powered single-impact hammers currently used by Seabees must
in effect wait for the dynamic response of a blow to subside before the
next blow can be made, while the rapid-impacting technique allows blows
in rapid succession. In addition, the single-impact diesel hammer does
not operate satisfactorily in very soft soils [4] because the hammer is
unable to rebound under soft-soll conditions, and continuous operation
ceases. It then must be hoisted and dropped by the crane for each indi-
vidual blow, with this slow hoist and drop procedure continuing until
sufficiently solid soil resistance is met. A study by the Michigan State
Highway Commission of diesel pile hammers predicts some improvements, but
these have not yet become fact [5]. The results of the Michigan study
indicate that loss of 1/3 to 2/3 of the rated energy of diesel pile
drivers occurs during impact, due to the cushioned drive cap mechanism
for transmitting the energy to the pile.

General Dynamics, and subsequently Hydroacoustics Incorporated,*
developed a prototype rapid-impacting pile driver that uses high-
frequency hydraulic oscillators that permit the development of large

amounts of impact energy from a comparatively small device [2]. It is
capable of operation at high frequencies and can penetrate rock layers
[6]. The hydroacoustic impact tool delivers compressive force pulses

to the pile, driving it in one direction only; a vibratory driver on the
other hand expends much of its energy by alternately inserting and with-
drawing the pile, leading to high energy dissipation along the sides of
the pile. It is expected that much less input power will be required for
a hydroacoustic driver compared to a vibratory driver, with a consequent
reduction in pile stresses [3]. The hydroacoustic pile driver is able to
drive piles made of concrete or wood materials in addition to steel. It
does not require a clamp to grip the pile, thus eliminating one of the
more complex parts of a vibratory driver. The hydroacoustic driver can
also operate in air or under water to drive and extract piles at a high
rate in vertical as well as batter (inclined to the horizontal) positions.

*Hydroacoustics Inc. purchased patent rights from General Dynamics for
the hydroacoustic driver.

J—



DESCRIPTION OF HYDROACOUSTIC PILE DRIVER

The hydroacoustic oscillator is an entirely new hydraulically driven
rapid-impacting pile driver. Figure 1 illustrates the principal features.
The device contains a hydraulic oscillator that delivers energy by impact-
ing an anvil. The energy rate is a function of the frequency and hammer
impact velocity. The valve-hammer impacting mass separates two liquid-
filled cavities, cavities 1 and 2 in Figure 1, and is freely supported in
the cylinder. Oscillation is maintained by alternating pressures in the
fluid cavities. As a result, the fluid-mass system forms a simple spring-
mass oscillator with the liquid-filled cavities reacting as springs.
Resonant frequency, f,, is given below [7].

Ay gOBF_ 1 1
fo = 7w\ g \¥; TV, (1

where AH hammer cross-sectional area
g, = conversion factor, 32.2 1bm-ft/1lbf-sec?
My = hammer mass
Bp = liquid bulk modulus (1bf/in.?)

Vi, Vo = volume of cavities 1 and 2, respectively

An equivalent system would be that of a‘rigid mass suspended between
two springs with spring constants equal to (AéBF/Vn), i.e.,

kq ko

m -—AVNA/\f‘E
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One can see that the resonant frequency, fo, may be altered by
changing the oscillator mass or spring constant (i.e., fluid bulk
modulus, hammer area, or cavity volume). One of the real advaritages
of a fluid oscillator is the high bulk modulus which enables a massive
hammer to oscillate at a high frequency. ,
The oscillation is sustained by flow of pressurized hydraulic fluid
through the device. Flow enters the top cavity, no. 1 in Figure 1, forcing
the hammer down until the top reaches the return orifice. At this position
the upper cavity pressure exhausts through the valve and the lower cavity
pressure forces the hammer up for the cycle to repeat. It should be pointed
out that the fluid must be compressible, otherwise it could not store the
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energy needed to push the hammer up. As the hammer oscillates between its
extreme positions, impact occurs on the anvil. By controlling the inlet
flow, lower cavity pressure, and anvil dimensions, the pulse duration and
force shape may be somewhat optimized. The word ‘somewhat’ is used here
to indicate that the force shape is not totally controllable and that a
well~defined optimum remains unknown. The pulse shape is examined in the
discussion. The pulse duration of the hydroacoustic driver is longer than
that of conventional percussion drills using impact [7]. This widening

of the pulse shape allows a higher energy flow for a constant force. A
duration of about 0.8 to 1.0 millisecond for the hydroacoustic oscillator
was typical for the data recorded at CEL. Table 1 illustrates the operating
characteristics extracted from the test data.

A photograph of the pile driver used during the test is shown in
Figure 2. The hydroacoustic oscillator section of the tool consists of a
cylindrical pressure vessel approximately 6 inches in diameter and 4 feet
‘long, with its associated inlet and outlet plumbing. Above the oscillator
section is a load yoke designed to receive the surcharge load. A downward
force is applied on the axis of the oscillator section by a rod that
bears on the top center of the oscillator end cap. The two tension
cylinders at the sides of the yoke seen in Figure 2 are used for align-
ment when reloading a new pile. A split ring, shown in Figure 3, is
welded onto the pile cap diameter below the shoulder and thus provides
a means for the pulling yoke to apply an upward force against the pile
cap and pile. After the new pile is properly aligned, the tension
cylinders are loosened so that the total load is applied to the pile
through the driver assembly.

Attached to the lower end of the oscillator is an adapter section
approximately 10 inches in diameter and 1 foot long used for pipe piling.
A short length of pipe pile was converted into a special adapter for
driving the wood, concrete, and sheet piles. Impact is applied to the
top end of the pile adapter and is transmitted to the pile through a
shoulder which bears on top of the pile. The adapter section applies the
surcharge static load from the oscillator housing to the top of the pile
through the same shoulder. The static load used in the first test series
was 6,000 pounds, dead weight. The second series used a hydrostatic
winch which applied an average of 6,100 pounds.

TEST PROGRAM

The performance characteristics of the hydroacoustic rapid-impacting
pile-driving hammer were compared with the diesel single-impact pile
driving hammer of the type currently used by the Navy® Hammer .performance
was analyzed using the factors of blowcount (blows per unit time), pene-
tration rate, and energy delivered to the pile as comparison criteria.
Tests were conducted with the prototype 4=~inch pile-driving model to
determine if the rapid impacts are equivalent to single impact or if
significant favorable or unfavorable dynamic effects result,

% MKT Diesel Pile Hammer Models DE-20, DE=30 and DE-40.
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Table 1. Test Results

Pile Type
Concrete
Parameters . . e , Wood Wood Steel Sheet
Steel Pipe Steel Pipe (8" diam. x 12 ” " ” ",
o , A , (3-1/27 x 3-1/2 (5-1/2”" x 5-1/2 LBF — 1707
(4” diam. x 20’) | (4 diam. x 40’) . Tapered X 167 X 11" (18" x 12°)
t0 5-1/2" diam.) X
Surcharge, 1b 6,000 6,000 6,200 6,000 6,000 6,600
Force duration, sec 0.008-0.001 0.0008 0.001 0.0008 0.0008 a
Penctration velocity, ft/sec 0.5 0.15-0.9 0.026-0.14 0.35-0.9 0.14-0.45 0.41-0.5
Max force, Ib x 1073 15-25 11-16 26-35° 16-19% 18-28 a
Energy per blow, ft-lb 25-75 8-27 75-130% 30-50P 50-100% a
Upper cavity pressure, psi 3,000 2,950 2,500 3,000 3,000 2,300
Return pressure, psi 500 540 600 400 440 600
Lower cavity pressure, psi 1,700-2,300 2,400 1,700 1,600 1,600 1,700
Driver frequency, cps 125 125 122 125 125 a
Driver pressure drop, psi 2,500 2,410 1,900 1,600 1,560 1,700
Penetration per blow, in. 0.06-0.1 0.01-0.08 0.0602-0.01 0.03-0.08 0.01-0.04 0.04-0.05
Driver flow rate, épm 37-45 40 45 38 40 40-45

2Data not recorded.

bData recorded on pile attachment.
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Figure 3. Pile pulling collar.

The individual tests conducted by CEL are listed below.*

1. Closed-end steel pipe piles 20 feet long and 4 inches, nominally,
in diameter with a 5/16~inch wall thickness, were driven vertically to
approximately 15 feet below the surface.

2. Closed-end steel pipe piles 40 feet long and 4 inches, nominally,
in diameter with a 5/16-inch wall thickness, were driven vertically to
approximately 25 feet below the surface.

3. Douglas fir posts, 3.5 inches by 3.5 inches by 12 feet long, were
driven vertically to approximately 10 feet below the surface.

4. Douglas fir posts, 5.5 inches by 5.5 inches by 10 feet long, were
driven vertically to approximately 8 feet below the surface.

5. Closed-end steel pipe piles (same as item 1 above) were driven in
a batter position, inclined to the horizontal approximately 6 degrees, to
a penetration depth of 15 feet. These tests drives were divided into two
parts; half were driven into a bank of a dry excavation and half were
driven with the pile and pile driver submerged approximately 2 feet under
water in the excavation. '

* Photographs of some of the tests are included in the Appendix.
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6. Steel-reinforced concrete posts, 5 inches, nominally, in diameter
and 12 feet long, were driven vertically to 10 feet below the surface.

7. Closed~end steel pipe piles (same as item 1) except for varying
lengths, were driven vertically to depths of 8, 13, and 18 feet and tested
for maximum bearing load capacity.

8. Foster type LBF-1707 steel sheet piles 12 feet long were driven
vertically to 10 feet below the surface. .

The instrumentation used to record each set of data are listed below.

Instrumentation

Longitudinal Strain. The dynamic longitudinal deflections were
measured, using two strain gages mounted radially opposite each other
with lead wires directly attached to the strain-gage instrumentation.
Strain signals were observed continuously during driving. Figure 4 is a
schematic of the instrumentation used. Note that the data required are
high frequency in nature and that a common high pass filter arrangement
was used to stabilize the circuilt to obviate the need for a highly
sensitive Wheatstone bridge. The circuit was calibrated with a known
125=cps sine wave voltage amplitude input.

0.52 ufd
{
{
G . filter
v strain
s gage
strain scope
gage recorder
o B 1010 2
4 3 =
- =
s T3 “
uy 1
Poanell )
T —

Figure 4. Instrumentation schematic.



Driving Velocity. The driving velocity was recorded in the first
test series using a stop watch, by timing the penetration of known selected
lengths of pile. 1In the second test series an audio tape recorder was
used with a time base playback.

Hydraulic Flow Rate. This was measured with a venturi-type flowmeter
in the control panel and was also checked with the flowmeter in the
hydraulic power supply. Accuracy of the venturi meter was stated by the
manufacturer to be in the range of *57.

Pressure Drop Across Oscillator. All pressures recorded were
measured with standard Bourdon gages in the control panel, with gage
lines connected to the points of interest. Equal-length gage lines were
used for both input and output oscillator ports to eliminate the in-
equality of line pressure drops.

Energy Per Blow. The input energy per blow delivered to the pile
was determined from the longitudinal strain pulse measured near the top
of the pile. The relationship between the strain and energy may be
derived from the longitudinal compression wave equation given below [8].

BZU Ego 82u
2. [ 3)
t2 3x2

where u = displacement at the left face of the element dx (see Figure 5)
x = distance from reference fixed in space 7
dx = elemental length (see Figure 5)
p = density of rod material
t = time
g, = conversion factor, 32.1739 1lbm ft/sec2 1bf
E = modulus of elasticity

9 = partial derivative

A common solution, known as the characteristic solution, for u as a
function of time may be derived from the preceding equation [9].

’

u = f(x - Ct) + f'(x + Ct) (4)
. , 1/2
where C = speed of sound in the rod material = (E/p)
f, £' = characteristic curve functions
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Figure 5. Element displacement due to longitudinal vibration
in a uniform rod.

The velocity (V) of element dx, strain (¢), and stress (o) of a
point fixed in the element may then be obtained from the above function

of u-as follows:

ou

VT o5t
- du
€ 9x
o = Ee

From which the following relations are obtained.
v C
5 = 7 (5
and with C = (E/p)1/2,
Vo= —2 (6)
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As a result, the energy per blow (K) may be determined [10].
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The force (F) is the product of stress and cross-sectional area and t,

is the pulse duration.
If the force shape as a function of time is assumed to be a clipped

sine wave, the energy calculation is greatly simplified. The computation
is relatively accurate for the pulse shapes produced by the hydroacoustic
impact tool as may be seen in Figure 6. The resulting approximate energy
per blow is: )

2
(F )Tt
1 max o)
K= ﬁ[mApc ] , ®)

It is interesting to note that the power flow through element dx is
equal to the energy flow rate; i.e., number of blows per second times the
energy per blow,
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Figure 6. Oscillograph tracing of typical force pulse produced
by a hydroacoustic impact tool, recorded with a strain
gage mounted on a rotating drill steel.

Oscillator Frequency. Frequency was r:zadily determined from the time
intervals between pulses displayed on the oscilloscope.

Amplitude of Pile Vibratjon. Amplitude was measured with a direct
trace. In this method the recording medium was paper which was fastened
directly on the pile, and a trace was made on it by rapidly moving a
pencil horizontally. Figure 7 illustrates a typical trace.

Static Bearing Capacity. The basic test procedure involved measuring
pile settlement using equal load increments. Each increment was about
one-tenth of the estimated load needed for progressive settlement of the
pile. The time intervals were 2 minutes. A curve of load vs settlement
was plotted from which the corner was projected as the bearing load
capacity [11].

The interval between driving and bearing load capacity tests was two
weeks. The short duration is not considered significant due to the cohe-
sionless soil (beach sand) used in the test. Also, only one cycle was
undertaken for the test per pile primarily due to the bearing capacity
being the sole data point required.

11
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Test Results

Results achieved from the tests and examination of the hydroacoustic
pile driver are limited. Both test sites resembled that of a typical
shore area. Clays found to be detrimental to vibratory drivers were not
tested. Implications of the test results and conclusions drawn from them
are examined more completely in the discussion and conclusion.

Table 1 illustrates the type of data recorded for each pile drive,.
Figures 8 through 16 consist of typical data recorded for each specific
type of driving test and illustrate the energy, penetration velocity and
maximum force delivered to the pile as a function of penetration depth.
Below the plot graph are the average values of oscillatory frequency,
pressure drop across the driver, driver efficiency, flow rate, and surcharge.
Driver efficiency is the ratio of the mean energy rate recorded from the
pile or adapter divided by the driver input hydraulic power. Figures 17
through 24 are the results of the boring logs at each test site.

The static bearing-load capacity determined by experiment differed
appreciably from the value calculated from the Modified Engineering News
(MEN) Equation (5). A 20 foot closed-end pipe pile embedded 16 feet
vertically at the CEL compound was found by test to have a static bearing-
load capacity of 22,000 pounds. The energy transmitted per blow to this
pile was recorded as 65 ft«lb per blow with a net pile penetration
amplitude of 0.068 inch at 16 feet. If the pile soil resistance were
assumed constant and equal to the static bearing load, the pile would
absorb 135 ft-1b. This clearly indicates that some form of soil fluidation
occurs precluding any application of the MEN formula. Similar results
were also found with the other piles tested.

DISCUSSION

The technique of rapidly impacting a pile with a tuned hydroacoustic
hammer is presently being proposed as an aid in achieving high pile-
penetration rates in soils. The objective of this project is to investi-
gate the increased performance achievable utilizing rapid-impacting pile
hammers, to test and evaluate an existing model of a 4~inch rapid-impacting
pile driver to determine its potential for further development, and tec
develop a full-scale prototype if warranted by test results. In this paper
a general macroscopic analytical study of the soil-pile relationship is
made to compare the major pile-driving theories from which some basic
conclusions are drawn.

It has been proven that soil reacts nonlinearly with a rapid pile-
penetration rate using high frequency [12, 3]. Many theories have been
enumerated based on substantial experimentation over the past decade
[2, 3, 6, 12, 13, 14, 15, 16]. For this reason only the highlights of the
more generally accepted theories will be discussed here.

13
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12 feet at CEL.

16



2

fr/scex 1077

2

fr/sec x 10°

30

25

20

15

10

100

~3
w

w
o

25

Figure 15,

Penetration {ft)

Driver flow rate, gpm 38
Driver pressure drop, psi 2,600
Surcharge, Ib 6,000 —
| Efficiency, % 16
Driver frequency, cps 125
Pile type wood (Douglas fir)
Pile size 3-1/2in. x 3-1/2 in. x 16 f¢t
L 30l 30 Location NCEL Compound
*
I 2s5sL 25 L Penetration Velocity
b 0
o =
K I
L
— L]
~ 20 20| ¢
Energy per Blow
— 151 15
Maximum Force
- bk 10 l J L I | |
0 2 4 6 8 10 12 14
Penctration (ft)
Figure 14. Results of test of Douglas fir wooden pile, 3-1/2 by
3-1/2 inches by 16 feet at CEL.
Energy per Blow
L 100k 30k
Maximum Force
Driver flow rate, gpm 40
L 75 L sk Driver pressure drop, psi 2,560
“ Surcharge, b 6.000
o 'S Efficiency, % 30
E : Driver frequency, cps 125
™ Pile type wood (Douglas fir)
- Pile size 5-1/2in. x 5-1/2 in. x 11 ft
- 50+ 20} Location NCEL Compound
L 251 15t . Penetration Velocity
L ok 10 . I ! | ! |
o 2 4 6 8 10 12 14

Results of test of Douglas fir wooden pile, 5-1/2 by

5-1/2 inches by 11 feet at CEL,

17




2

ft/sec x 10~

- L L Energy per Blow

Maximum Force

100 | 100} 30 |-

= «'jo
751275 — | Driver flow rate, gpm 45
__: Driver pressure drop, psi 1,900
. Surcharge, b 6,200
Driver frequency, cps 122
Efficiency, % 45
S0 sof 204 Pile type concrete
Pile size 8 in. diam x 12 ft
tapered to 5-1/2 in.
diam
25 L as L | Location NCEL Compound
\<enetration Velocity
oL ok 10 1 1 i | [ | L l i { } | ! | !

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Penetration (ft)

Figure 16. Results of test at CEL of concrete pile, 12 feet long
and tapered from 8 inches to 5-1/2 inches in diameter.

18



‘€/61 Axenuep || ‘eoxae juswdinbe NOOJSAVN ‘80T Suraog °/| =2Ins1g

“Furanip 21050 wonoq opdues g e s yrdop apduieg ()
TOOTHINS PUNOLR 2 T00] ()7 PATUNSS st uotraarg (z)
SAyIUL ¢ Rutjjey muraey
punod-op | v ynm 100y [ aopdures (rur-g/e-| ‘CTO-ug ® aaup o1 ponnbaa SMo1q jo daquinu st (N, {]) sa10N

1 611z - e 8utioq jo pug
< X3 TW Tee s Apues auy £iap | gz f T \
dS Ly/¢ 01 [9aRIR [PUOISEID0) 091 ol
1 ¢ - purs
ds wupos 01 auty v o1 furpriay 0t L1 %
RERN G
011} 6~ wody Aoy jo fuaed
b 9z TN 997 atrog aps Apues Anuf 1g8y 0°6 ¢l
1} 9= SL10AD] 103P M
s Apures v sagorvoadde
11 159 TW 6'CC 13 ¢ -1 umoag uxm: SAWOIagY 0°¢ 61
IS AARp umosq yancl | pg L7
. : 00 s - 0 08 0 0c o
xopul Aapopsel ] probr 1 oS % MU0 torduosag I .. 01 08 09 0¥ 0c
poytuny AINISIOW ! fnon § Ny
smuadorg (1og For] Buriog RIRC] UOTIRAINUN

WS oF

19




0¢

Penctration Data

Boring Log

Soil Properties

- uN” N Note Description Moisture Unified Liguid Limi Plasticity Ind

ev 0 20 40 60 80100 3 P Content, % Soil Class. Aqune Lamit asherty Index
0

3 -

— 14 2.0 |Tan fine to medium sand

— 11 4.0 12.4 SP non-plastic
5 et

8 6.0 | Water at -6 ft

_ Grey silty very fine sand 27.7 SM non-plastic
0— & 23 10.0 § Becomes fine to mcdim‘n sand

B at -9 ft

= Caving forced abandoning the

_ holc at -14 ft
5
o=
5

Notes: (1) “N” is number of blows required to drive a 2-in.-OD, 1-3/8-in.-ID sampler 1 foot with a 140-pound
hammer falling 30 inches.
(2) Elevation is assumed 0.0 foot at ground surface.

(3) Sample depth is at the sampler bottom before driving.

Figure 18,

Boring log, CEL compound behind Building 557, 10 January 1973.
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# L Penetration Data Boring Soil Properties Ultimare Pile Capacity - Static Analysis j
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-20 \ sand 60 84
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70 | ‘ developing full friction and end BUENA ENGINEERS, INC.
~ clay 26 bearing acting simultaneously
- SF.=20 MK-76  LAND BASED DATE Mar. 1972
TEST SIMULATOR File No. B2 5740 V2

Figure 24. Copy of test of Mk 76 land-based test simulator, March 1972. -




In general, considering only high frequency driving above 10 cps
(rapid-impacting and vibratory), there are two schools of thought as to
what the optimum frequency should be for a particular soil-pile combina-
tion., First, in the opinion of many soils experts, the most efficient
frequency for rapid pile driving is the frequency tuned to the natural
frequency of the soil [12,14,17,18]. The second theory predicts optimum
performance at the natural frequency of the pile; i.e., the ‘‘sonic
frequency®’ [19,20]. The sonic pile driver theory held by Bodine con-~-
cludes that a tuned pile enhances pile radial vibrations as well as
longitudinal because of the Poisson effect [3]. This added variation of
the pile radius might cause partial separation of the soil, thereby
reducing side friction along the buried portion of pile. The theory is
most interesting and could be quite valid; however, in the opinion of
some soils experts, the side friction at most absorbs only 10 to 20% of
the energy supplied to the pile [12]. 1In fact, Schmid has considerable
experimental data indicating that the side friction is negligible com-
pared to the point resistance. Additionally, Poisson’s ratio varies
from one pile material to another which could limit the applicability of
such a technique. Schmid also proclaims that much of the friction found
in soil is viscous rather than coulomb type (independent of velocity)
which would be quite detrimental to high frequency driving [12].

It is in the modeling of the soil where most analytical complications
are found. The pile may be accurately modeled with the wave equation
[8,9] or a finite element technique [3], but when either method is applied
to a soil-pile system the solution tends to be inadequate. Soil charac-
teristics vary greatly between coarse sand and clay. Variations of
water content in any particular soil sample could change the soil
properties considerably {21].

The schematic diagram, Figure 25, is one model of the point
resistance; i.e., that resistance found at the penetrating tip of the
pile [13]. The variables Q, C,, and k, are dependent on the soil and
depth beneath the ground surface. Q, ground quake, is defined as that
pile-penetration amplitude which the driver must exceed per impact or
the soil spring will return the pile to the original position, for a
net penetration of zero. The side effects, or resisting forces along
the pile, although usually assumed negligible, may be approximated by
a combination of coulomb and viscous friction [12,13]. Additional soil
‘‘springs’? would be required for the sonic frequency range because the
pile does not behave as a single unit. This problem lends itself to a
finite element solution. The “‘socil fluidation’’ caused by partial
separation of the soil and pile due to the enhanced radial vibration
has not been modeled to date. If this effect indeed occurs significantly,
the side friction could be changed to a dependent variable. It should
be pointed out here, however, that there is obviously a trade off
between model accuracy and its practical application. ‘

The sonic frequencies range from a low of about 100 cps and upwards
for 100-foot steel pile, whereas natural frequencies for soil are
between 20 and 25 cps [21]. The ideal solution, if possible, could be
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Figure 25. Gharahamani’s schematic diagram of nonlinear
pile point resistance.

a pile and pile driver with a tuned frequency equal to the sonic and soil
frequencies. But the problem with such a solution is three~-fold: (1) the
soil properties change with depth due to soil variation and pressure;
(2) part of the pile side friction is viscous; and (3) the point resis-
tance increases with velocity. A minimum pile amplitude must also be
exceeded for ground quake if the model, Figure 25, is correct.

Another possibility for increasing energy efficiency could be a
wave shaping of either the forcing function or pile acceleration. For
example, if ground quake could be reached with a minimum damping loss
and then impacted, possibly a high energy efficiency could be achieved.
One way of attaining this would be to have the surcharge equal to the
static ground quake force and the variable force acting somewhat like
a dither. Such a technique is theoretically used as a measure of
efficiency by Bernhard as shown below., In actuality, however, such a
high surcharge would buckle most piles.

’

F, V
P "av /p
1o —— (%) (9
where I = efficiency factor
Fp = gtatic bearing load capacity

V,y = average penetration velocity
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P = driver power input
p = length of pile penetration
L = length of pile

The widely varying soil properties and the equally varying theoretical
interpretations are not the only confusing clouds covering the horizon of
pile-driving phenomena.

Energy and Power Relationships

Energy, in foot-pounds, is the most common unit used for comparing
the single-impacting drivers; and power, in foot-pounds per second, is
used to compare the high-frequency and rapid-impacting devices. The
interesting aspect of both is that neither energy nor power adequately
describes the driver capability or driving rate. To best explain why
these properties do not give the whole picture, an example will be given.

First, assume that a pile is embedded a known displacement in the
ground. Also, assume that the static bearing load is known and is
defined as the static force required to further displace the pile in the
ground. To simplify, assume that the static and dynamic bearing load
capacities are equal and that soil fluidation does not occur. If the
impact by the.driver occurs over a short period of time (ty), and the
pile plus clinging soil (pile-soil mass equivalent) is large compared
to the hammer, then

to
‘}(.F(t) dt = MV (1 + e) (10)
o
where F(t) = force as a function of time applied to the pile
M = mass of the hammer
V = velocity of hammer just prior to impact
e = coefficient of restitution-

Now if F(t) is assumed to be a one-half sine function (first 180 degrees),
the integral may be integrated as shown below, .

o

2t F,
/F(t) dt = - ' (11)

(¢}
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where F, is the maximum force applied to the pile. From the well-known
expression for kinetic energy, E = (1/2)MV2, the velocity as a function
of energy and mass may be written:

2E
v = i (12)
By combining Equatioms 10, 11, and 12, F, may be found:
. n(1 +e) ME
Fo = — - 7 (13)

As a result, F, is found to be a function of the impacting mass, impact
duration, input energy, and coefficient of restitution. One may deduce
that if F, is less than the bearing load, further penetration is not
possible. 1In fact, if the energy is doubled and the time duration is
increased by two, without changing the mass, no change in Fy would
occur. Also, if the impacting rate (number of blows per second) were
increased it would not alter the answer since this parameter does not
appear in the formula. In conclusion, one may deduce that even though
the above example is not totally accurate due to the assumptions made,
the important revelation that Fj is not a direct function of power or
energy is not altered.

One may ask then: if neither power nor energy can be used as a
direct indication of driver capability, what should be used? The answer
is not elementary, but if one has to make a valid comparison with
limited analytical data, the best comparison would have to be the force,
F(t), applied to the pile and its time duration, t,. Obviously, if a
force larger than the bearing load is applied to the pile for a suffi-
ciently long period, penetration should occur.

Below is a simplifed derivation of the minimum value of force and
time duration. A, Q, M, ?p and Fo are pile acceleration, ground quake,
mass of impacted body (pile, anvil, and clinging soil), mean dynamic
pile soil resistance and mean applied force from the pile driver,
respectively.

to to

“/ﬂ.}{.A dt dt )
(o) (o] |
tO t0.. -
[
(o] (o}

L
]
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Q = “"‘—‘ZM t o ' (»1 4 )

F. > F, > %(2%>+ F, (15)

where F, is the pile yield force or force required to buckle the pile in
to seconds If the forces are approximated by a clipped sine function,
then it can be assumed that the maximum forces F, and F, are equal to
m/2 times the mean force, respectively. For a rough estimate the peak
force F, is about 1.5 to 3 times the static bearing capacity FP’ and t,
is usually small enough to allow F. to be equal to the pile yield force
for present single impact hammers. Results of the hydroacoustic hammer
on the 20-foot pile embedded 16 feet, cited above, produced a maximum
force of 31,000 pounds F, for a static bearing-load capacity F, of
22,000 pounds. From the formula of Equation 15 one can determine with-
out extensive testing a rough estimate of the capacity (in pounds)

of a pile driver. The formula is conservative and does not include soil
fluidation.

Dynamic Pile Formula

The static bearing load capacity of the pile after it has been
driven must be estimated by soil testing [5,21], dynamic pile formulas
[22] or pile static bearing-load tests [23]. The dynamic pile formula
is the least time consuming and will be discussed next.

Figure 26 is a schematic of a single impact driver with Wy equiva-
lent to the ram weight and k is the equivalent spring constant of the
drive cap and pile stub (length of pile sticking out of the ground).
The product of Wy and h is the maximum energy per blow assuming that
the past blow deflection and displacements are small compared to h. If
it is assumed that (a) maximum force occurs with maximum deflection of
the spring, (b) simultaneously, the maximum force occurs when the pile
has been moved one-half of S (net displacement per blow), and (c) half
the input energy of the blow at S/2 has been consumed by storage of
energy in the ‘‘spring’’ (pipe cap) and in work of penetration to dis-
tance S$/2. The remaining 1/2 of the energy goes to work of penetratlon
to dlstance S. The following formulas evolve from this:

12hW,
2

12 8
= 3 kx + 5 F

p (16)
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where X is the maximum spring compression and h is multiplied by 12 to
convert all terms to lb-in. The above equation would be representative
of impact if there were no impact losses or rebound; however, this is

not the case. Energy losses must be considered; a commonly used equation
for impact is:

2 (1= e?) (M) v2

B2 = My + M an

where M, = impacting mass
M = impacted mass
V = velocity of impacting mass

e = coefficient of restitution

It is assumed that the impacted mass velocity before and after impact
and the associated kinetic energies are negligible. Equation 17 is
subtracted from the input energy 12hW, of Equation 16 and if masses M
and My are converted to weights W and W, by g, gravity, the following
equation would evolve:

12W,h <wr + We

2
= 1,.=2 S
2 wr+w>‘2kX T2 (18)

Note that W, the impacted weight, in most cases should include a portion
of the pile driver weight. Figure 27 (also found in Reference 5, page
135) is a plot of calculated energy transmitted to the pile versus energy
measured. In this figure an inaccuracy exists because W consists only of
the pile and anvil. More accurate results, marked with a +, include
the weight of the driver. W for the hydroacoustic driver would consist
of the pile weight and anvil only and would not include the weight of
the driver housing because there is no damper interconnection between
the anvil and the housing of the hydroacoustic driver [4,7,24,25]. As
a result, the energy loss during impact is slightly less fqr the hydro-
acoustic driver for the same coefficient of restitution.

If Equation 18 is divided by F, and if the value 0.1 is substituted
for k¥2/F, and a ‘‘factor of safetyE’ of 6 is used on F,, the following
equation, Modified Engineering News (MEN) formula [5], results:

2W. h W+ We2 !
r r

Fp = 07+ W F W (19)
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W, +s2W

i

W W

Impact Loss Factor

Wy
K l *
s
2
- S o N ., T - o - . W, = Ram weight
L, N » . P X = Spring compression
. i ‘e ’ . . A4
LA - » .. PR k = Spring constant
. . 4 . 1
“ . . . -« s = Pile penetration
. .
. . ro ’ ’ h = Drop height
. 1 r
N . . F = Retarding force
e ' p
F

Figure 26.

Equivalent model of single-impact driver.
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Figure 27.

Max. Manufacturer’s Rating, E|

Comparison of impact loss factors from Michigan

highway study [5].
© Used by permission of Michigan Department
of State Highways and Transportation.
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The value of 0.1 was empirically derived from field-test data due to k
and X being difficult to measure on site. The MEN formula is not the
only dynamic formula {5,22], but it is one of the simpler equations to
work with and appears to have some relevance to the theoretical dynamics
involved.

To adapt the MEN formula to the hydroacoustic pile driver, the 0,1
constant and coefficient of restitution should be modified from accumu-
lation of field data for each soil or driving condition in order to pre-:
dict the static bearing~load capacity. The uncertainty in the dynamic
pile formula could not be determined from the CEL test results because of
the apparent fluidation of the socil. The static bearing-load capacity
Fp is significantly greater than the dynamic shear and frictional soil
resistance when fluidation occurs which nullifies the assumption made
in the derivation that the work consumed per blow for pile penetration
is equal to SFp. ‘

Vibratory Pile Drivers

The vibratory pile driver does not use impact as do the single-
impacting hammers or hydroacoustic driver, but applies a sinusoidal
force on the top of the pile in combination with a surcharge. Note in
Figure 28 that the two eccentrics are phased so that the force generated
is zero in all directions except in the vertical. The force F(t) applied
to the pile is given below [26]:

2

F(t) = Wy + (wdr)ﬂé—sin wt (20)

where W, = surcharge
Wgr = eccentric moment
W = rotating velocity

t = time

For the tandem model 2-60, 240-horsepower motor, the maximum force
applied to the pile would be:

. 2 !
62,000 6,940 (900
Fo = 2000 T 7000 x32\ 60 27 (1.0 ’
= 104 tons
and tg = 0.033 sec
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where t, is the time required for the rotating weights to make half a
revolution. The equivalent energy per cycle applied to the pile may
readily be derived assuming that the applied energy is derived from the
momentum exchange of the suspended weight of the driver (Figure 28); i.e.

to

/F(t) dt = MV 21

(o]

M and V are mass of suspended weight and velocity. From Equations 11,
12, and 21,

2
Fot
- L2 = 2(° °>
E =W M <

2(32.2) <104 x 2,000 x 0.033>2
38,000 T

8,000 ft-1b

Considering the power available, the low energy output and force F, are
not impressive. However, soil resistance might decrease with high fre-
quency vibration; or high impact forces could occur at the pile pene-
trating tip rather than the pile top. One characteristic of vibratory
drivers is that the entire pile must oscillate longitudinally, breaking
contact with the soil at the tip and reimpacting which, along with the
Poisson effect, works to significantly reduce pile resistance. Of course
one may ask, ‘‘If the resistance does decrease, regardless of the cause,
how much is the reduction?’’ What analytical formula, or what experiment
can be used in the field to determine vibratory pile resistance? Many
theories and test results are available as stated above, but at present
there is not enough available information to predict resistance success-
fully in a virgin soil with vibratory drivers. Static bearing load of

an installed pile with a vibratory driver is not predictable. No
empirical or theoretical dynamic pile formula capable of predicting the
static bearing-load capacity of a pile driver with a vibrating driver

was found by CEL.

-

Other Driving Techniques

Not included in this study is the Mark I hydraulic pile driver
invented and designed by Moog of New York and developed by Raymond
International [14]. The Mark I uses a three~stage hydraulic servo
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Figure 28. Schematic of eccentric weight vibratory‘ driver,
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valve with a pressure drop and flow rate capable of up to 5,000 psi at
150 gpm. The device is still in the testing stage, and the design and
test results are held confidential. One may assume, however, that if a
servo valve is used, frequency, force wave shape, amplitude, surcharge
and suspended weight could be designed as variables and subject to being
easily optimized. The drawbacks are susceptibility to failures from

0il contamination in the servo and the requirement for sophisticated
electrical hardware and operator experience. The results should be made
public soon and much should be learned there from.

Another interesting pile driving method could be to drive the pile
in with a single impact. An analogy to such a technique is a bow and
arrow. A strong bow can easily drive a wooden arrow through a linear
yard of sand. In another example, straw has been observed embedded
several inches into hardwood trees after a tornado. The principle is
simply that of energy transfer; i.e., kinetic energy of the pile utilized
for work in penetration. The problems with such a method would be
immense due to high viscous friction, safety risks, and trying to esti-
mate pile-penetration depth and bearing capacity.

CONCLUSIONS

To make a clear-cut breakdown of all the known pile drivers and
make a single selection of an ideal driver most applicable for Navy
utilization is not simple. There exists a large number of techniques
available to drive piles. The approach taken in this paper was to group
all the various techniques into three basic categories: vibratory (sonic
and non-sonic), rapid-impacting, and single-impacting. Obviously there
is an arbitrary distinction between rapid- and single-impacting. Rapid-
impacting is assumed here to have an impacting rate above 20 cps, a range
which includes the natural frequencies of soil.

Of all the known drivers only the diesel and Bodine’s engine-mounted
sonic vibratory driver are self-contained. The remaining pile drivers
require a power supply; i.e., electric, steam, pneumatic, or hydraulic,
The Bodine driver essentially has its power supply mounted on the driver
and weighs considerably more than a diesel. Making a comparison using a
dimensionless ratio of the maximum pile-driving bearing-load capability
F, to the weight of driver plus auxiliary equipment, the diesel would
fare well; however, shipping weight is only one factor.

Another factor is the driving rate, or more practically, the total
time to drive the pile, which includes set-up time. The problem with
comparing driving rates is that they are closely dependent upon the soil
composition, most noticeably with vibratory drivers. Soil fluidation
can greatly enhance penetration rate. Unfortunately, it is difficult to
predict. In fact, viscous forces sometimes attenuate penetration of
high-vibratory-frequency drivers but do not affect single-impacting
drivers. The rapid-impacting hydroacoustic hammer has not experienced
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viscous effects strong enough to stop penetration, but tests with the ,
driver are few. Results from this test program were impressive, never-
theless, with the hydroacoustic driver averaging 30 ft/min penetration
rate for wood and steel, and 12 ft/min for concrete. Diesel driving in
similar soil by CEL averaged 2.5 ft/min for wood and 1.6 ft/min for
concrete [4]. During CEL tests, set-up time took as long as driving
time.

The rapid-impacting hydroacoustic pile driver produced a high force

on the pile which was rudimentarily derived in Equation 15 in the dis-
cussion as the primary parameter for predicting capacity. Also, no
special adapter is required on the pile with the impact drivers, single
or rapid. The pile static bearing load is roughly predictable with
single-impact drivers using dynamic pile formulas. The hydroacoustic
driver is a tuned single-frequency driver, and experimentation by alter-
ing frequency and impact amplitude is not possible without significantly
changing driver hardware. This does not necessarily detract from the
device, because one principle advantage is its simplicity of having only
one moving part.

The final comparison factor and probably most important is cost
effectiveness. This is, as one may expect, the most difficult to cal-
culate. The hydroacoustic driver tested is an experimental model and
not an operational full-scale driver. Many problems that may be
encountered in the field are unknown. Consequently, a detailed analysis
[26] is not given here. If it is assumed that maintenance, down time,
‘and required number of operators are roughly the same for hydroacoustic
and diesel hammers, a general comparison can be made. Actually, this

assumption is reasonably accurate due to the similar mechanical complexity

of each and the manner in which the drivers are used., The set=up time
is also about the same, between 10 and 20 minutes per pile. The hydro-
acoustic driver, averaging 25 to 30 ft/min, could decrease total time
per pile by 507% for penetration depths of 25 feet. With three operating
personnel, two riggers and one crane operator, the cost saving per pile
(at $10 per man-hour) would be between $10 and $15. Cost savings would
rise even more with increased penetration depths.

It appears to this observer that considerable information is still
needed before a complete analysis can be made to select a single optimum
pile driver. However, from all the literature and experimentation to
date, the rapid-impacting technique of driving piles appears most prom-
mising.

RECOMMENDATIONS

It is highly recommended that the Navy finance a continued investi-
gation of new pile-driving approaches to stay abreast with the latest
developments. It is also recommended that an in-house research program
be financed to determine which pile-driving parameters are important and
how to verify a pile~driver capacity without extensive field tests. The
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program need not be expensive and should rely heavily‘an test data
resulting with empirical formulas capable of determining the following,
specific information:

1. Relationship between pile cross-sectional area, driving rate
and ground quake.

2. Dynamic pile formula validity with respect to vibratory and
rapid-impacting drivers.

3. Effects of soil fluidation on rapid-impacting hammer.

4. Longitudinal power flow attenuation as a function of penetration
depth.

5. Rapid-impacting pile velocity versus dynamic soil resistance.

It is urged that the program produce techniques or test procedures
to adequately determine the minimum capabilities of a pile driver. A
detailed analytical study should be left for academic institutions.

It will not be necessary to expend Navy funds to finance development
of a full-scale prototype hydroacoustic driver since this will be done
by Raymond International. Raymond is also doing extensive research with
the Mark I high-frequency servo driver. A combination of these two R&D
projects plus continual improvements of the diesel should adequately
produce or finalize proper selection of the best driver or group of pile
drivers suitable for Navy needs. This, however, does not mean that the
Navy should discontinue research in this important area.
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Appendix

PHOTOGRAPHS OF PILE DRIVING TESTS
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Figure 29. Sheet pile driving test, " Figure 30. Concrete pile driving test,
just prior to drive. just prior to drive.
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Figure 31. Test drive of concrete lamp Figure 32. Test drive of concrete lamp
post without metal cap. post with metal cap.
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Figure 33. Underwater test site, empty.

Figure 34. Underwater test site, filled.
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