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Design and Performance of an Electro-Pneumatic
Pile Hammer for Laboratory Applications
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sign and Performance of an Electro-Pneumatic Pile Hammer
for Laboratory Applications,” Geotechnical Testing Journal,
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ABSTRACT: Small piles used in research programs have gener-
ally been installed by pushing or driving using slow mechanical drop
hammers, because of the expense and technical difficulties associ-
ated with manufacture of realistic small-scale pile driving hammers.
However, pushing does not model inertial effects and slow driving
does not model diffusive effects in the soil. It remains to be demon-
strated whether these effects are important or not. To help clarify this
issue, an electronically controlled, single-acting air hammer, with a
rated energy of 211 J (156 ft - 1b), and an operating frequency of up
to 1.2 Hz, was designed and built. The hammer was used success-
fully to drive 90 mm (3.5 in.) diameter piles into dense sand under a
confining pressure of 138 kPa (20 psi). The behavior of the hammer
was documented using detailed measurements of time-dependent
ram movements, accelerations, and chamber pressures. This paper is
concerned with the design and performance of the hammer.

KEYWORDS: pile hammer, hammer, driving, installation, driv-
ability, pile, piling, deep foundation, calibration chamber, pressure
chamber, soil, sand

One of the major obstacles to an improved understanding of the
behavior of piles has been the scarcity of full-scale load test data on
instrumented piles. Load tests on instrumented full-sized piles may
cost millions of dollars (Murff 1992). These high costs have re-
sulted in design procedures that are primarily based on a small
number of mostly uninstrumented load tests on full-scale piles, and
a few laboratory tests with instrumented piles (Pelletier et al.
1993).

Most laboratory and small-scale field tests have involved bury-
ing the “pile” (Vesic 1969), or pushing closed-ended piles into
place (Lehane and Jardine 1994). Pushing protects instrumentation
and reduces costs significantly, but may not model the behavior of
open-ended pipe piles, which plug during static pushing, but re-
main largely unplugged during driving.

Dynamic and diffusive mechanisms influence pile behavior dur-
ing and after driving. Dynamic mechanisms involve inertial forces
that develop in the pile and soil. Diffusive mechanisms deal with
buildup and dissipation of pore water pressure during and after
driving. We believe that the installation process is important and,
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thus, that the design of a small-scale hammer is a prerequisite to
proper modeling of the system.

This paper is the first to present the design and performance of a
single-acting electro-pneumatic pile hammer, which was developed
to install model piles in a laboratory pressure (calibration) chamber.
The performance of the hammer was evaluated by monitoring the
developed pressures, displacements, forces, and velocities.

Existing Laboratory Hammers
Hammers in One-g Systems

The University of Houston pile hammer was one of the first au-
tomatic laboratory pile hammers. It uses a 210 kg (470 1b) ram
falling 0.76 m (30 in.) and operates at a rate of 0.33 Hz (Ugaz
1988). It is single acting, air operated, and has an efficiency of
50%.

There are also a number of slow mechanical laboratory drop
hammers such as the FHWA hammer. The FHWA hammer, which
is used outdoors, has three interchangeable rams ranging between
34 to 227 kg (75 to 500 Ib) and has an adjustable stroke of 0.3 to
1.2 m (1 to 4 ft). It operates at 0.08 Hz (Ealy 1999). Slow hammers
are capable of modeling dynamic effects during driving but proba-
bly cannot model diffusive effects, without changing the viscosity
of the pore fluid.

Centrifuge Hammers

Hammers designed for use in centrifuges include those at the
universities of Colorado (Mehle 1989), Florida (Gills 1988), Cal.
Tech. (Allard 1990), Manchester (Craig 1985), and Cambridge
(Nunez 1988). Centrifuge hammers are fast but have tiny rams and
strokes. For example, The University of Colorado pile hammer
operates at a 25 Hz frequency, but has a ram that weighs 0.17 kg
(0.37 1b) and has a stroke of only 12 mm (0.47 in.).

Objectives

The objective of this study was to build a pile hammer that meets
the following criteria:

* The hammer must be sufficiently fast so that dynamic and dif-
fusive effects can be studied in fine-grained sand.

* The hammer must be capable of delivering sufficient energy to
install piles with static capacities of up to 90 kN (20 000 Ib).
¢ The length of the hammer and its guide system must not ex-

ceed one meter (40 in.).
* Noise, pollution, and vibration effects must be limited to a
level consistent with indoor operation.

© 2000 by the American Society for Testing and Materials
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* The hammer must be robust.

* It must be possible to handle the hammer using light hoisting
equipment.

* The ram velocity must range between 2 to 3 m/s (7 to 10 ft/s)
to satisfy the requirements of impact driving and minimize the
likelihood of damage to the pile instrumentation.

Selection of Hammer Type

Initial consideration was given to use of a high-speed electro-
magnetic hammer (Gills 1988), but such systems cannot handle the
needed ram weight, and the high electric fields associated with
large electromagnets would make the use of electronic data record-
ing systems difficult. Internal combustion (diesel) hammers were
eliminated due to air pollution problems. Double-acting and differ-
ential air hammers were considered, but analyses showed that they
would be too heavy to be handled conveniently in the laboratory. A
single-acting air-operated system was selected. The penalty was
the inability to achieve high frequencies, but the advantages in-
cluded a robust system of reasonable height and weight, and the
needed driving energy.

Bushing

Rails)

Plate

875 mm

SIDE VIEW

FIG. 2—Schematic of hammer and leads.
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Most external combustion (steam or air-operated) hammers
have a double-length design, while internal combustion (diesel)
hammers have a single-length design (Fig. 1). The ram of a dou-
ble-length hammer is lifted using a piston in an upper chamber.
Pressure control valves are located at the base of the pressure
chamber. The advantage of a double-length design is that the
length of the pressure chamber can be made slightly longer than
the stroke of the ram to prevent the piston from impacting the bot-
tom of the chamber and damaging the control valves. In a single-
length design, the hammer consists of a single chamber in which
the ram is lifted by direct pressure and then dropped to impact an
anvil at the bottom of the chamber. The limited laboratory head
clearance forced the use of a single-length design and thus re-
quired that the control valves be mounted separately from the
hammer.

Reduction of cushioning during impact, due to the development
of a backpressure ahead of the ram, is achieved in commercial
hammers by minimizing the ram’s cross-sectional area. The typical
length-to-diameter ratio of most production hammers is around
10:1. Limited head clearance in the laboratory required the use of a
large-diameter ram in order to maximize the available stroke, thus
resulting in a hammer with a 4:1 length-to-diameter ratio.

Airflow in commercial hammers is typically controlled using
mechanical trip valves. An electrical control system was chosen for
our laboratory hammer because it provides a more versatile control
of the hammer’s energy and operating frequency.

Layout of the Driving System

The driving system consists of three components: the hammer
(Figs. 2 and 3), a set of leads (Figs. 2 and 3), and an external con-
trol unit which also provides the compressed air (Fig. 4).

FIG. 3—Photograph of hammer sliding on its leads during driving.

id W Y 2. §
FIG. 4—Photograph of the control unit.

The Hammer

The hammer (Fig. 5) consists of a stainless steel ram which
slides in an aluminum pressure chamber to impact an anvil at the
base of the chamber. The pressure chamber consists of a cylinder,
top plate, and the anvil, which are held together using four stainless
steel tie rods. The radial clearance between the ram and the cylin-
der is 0.6 mm (0.025 in.). The ram contains a central ball bushing,
which slides on a hardened steel rod, to prevent it from wobbling.
The hardened rod is fixed in the top plate and in the anvil.

In an upstroke, air is introduced at the base of the chamber
through the air ports in the anvil. The air supply is shut off before
the ram reaches its maximum stroke. In a downstroke, the ram falls
freely under gravity. During upstrokes, air is exhausted ahead of
the ram through six exhaust ports in the top plate and twelve more
ports located at two levels in the sides of the cylinder. During
downstrokes, air is exhausted ahead of the ram through the pneu-
matic control system and by blow-by between the ram and the wall
of the cylinder.

The Hammer Leads (Guide System)

The hammer leads hold the pile and hammer in proper alignment
to prevent eccentric hammer blows. The leads consist of two alu-
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FIG. 5—Cross section through the hammer.

minum guide rails connected to a high-density polyethylene
(HDPE) guide block (Fig. 2). The block is secured to the pressure
chamber’s loading frame using an aluminum channel (Fig. 6). As
the pile penetrates into the soil, the hammer slides on the guide rails
through two low friction HDPE bushings and follows the pile.

The Control Unit

The control unit (Fig. 4) contains the electronic and pneumatic
controls. Compressed air used to lift the ram is provided from
a solenoid valve, located in the control unit. A function generator
controls the solenoid valve and thus controls the operating
frequency and stroke of the hammer.

Design of the Hammer

The following is a summary of the hammer design philosophy.
Detailed analyses, shop drawings, and component model numbers
can be found in Iskander (1995).

Mechanical Design

Wave equation analysis was used to determine the weights, ma-
terials, and dimensions of the ram, anvil, and cushions. A separate
analysis was performed to study the force-time signal and deter-
mine the dwell time of contact between the ram and the anvil.
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Wave Equation Analyses—Conventional soil properties used in
wave equation analyses are generally obtained from back analyses
of field case histories. Conditions in a test tank differ from those in
the field, so properties obtained from field measurements may not
necessarily apply as well in the test tank.

A two-step procedure was used in selecting the proper
design parameters. First, wave equation analyses were performed
for the driving conditions of the pile tested by Ugaz (1988) at the
University of Houston using the computer program WEAPS7,
and the values of quakes and damping factors that are recom-
mended for full-scale piles (GRL 1987). The capacity measured
by Ugaz averaged twice the capacity from wave equation
analyses for the same pile set. Next, we assumed that wave equa-
tion analyses could be applied for piles in our test tank, using
the same wave equation parameters as used above, but with the
wave equation capacity equal to half of the anticipated static ca-
pacity. Multiple wave equation analyses were then performed to
obtain the optimum dimensions and weights of the mechanical
components of the pile hammer being designed. These analyses
resulted in the selection of the hammer specifications shown in
Table 1.

The ram weight is relatively large, compared with the pile
weight, because the sand in the test chamber is subjected to a large
confining pressure. The usual rule of thumb is that the ram weight
should be approximately equal to the weight of the pile being
driven (Fleming et al. 1985). However, wave equation analysis of
the driving conditions in a test chamber indicates that a ram weigh-
ing two to six times the weight of the pile is required.
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FIG. 6—Hammer mounted on leads and test frame.



TABLE 1—Hammer specifications.
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Item ST English
General
Rated energy 02117 156 ft-1b
Normal operating 1 Hz 60 BPM
frequency
Maximum operating 1.2 Hz 72 BPM
frequency
Total weight 645 N 145 1b
Efficiency 57-66% 57-66%
Ram (Stainless steel)
Weight 38 kg 851b
Young’s Modulus 196 500 MPa 28 500 ksi
oD 208 mm 8.21n.
D 20-32 mm 0.8-1.25 in.
Height 152 mm 6 in.
Normal Stroke 560 mm 22 in.
Maximum Stroke 610 mm 24 in.
Anvil (Aluminum)
Weight 13 kg 30 Ib.
Young’s modulus 69 000 MPa 10 000 ksi
Dimensions 229 X 229 X 9 X 9 X 3in.
76 mm
Hammer Cushion (Nylon)
Young’s modulus 2413 MPa 350 ksi
Thickness 1.6 mm 0.0625 in.
Diameter 114 mm 4.51n.
Pile Cushion (Nylon)
Young’s modulus 2413 MPa 350 ksi
Thickness 1.6 mm 0.0625 in.
oD 102 4.0 in.
D 63.5 mm 2.5

Dwell Time—In field applications, the main part of the hammer
energy is delivered to the pile in a time less than the time of wave
propagation to the pile tip and back, t*. Piles driven in our test
chamber have lengths of 0.81 to 0.91 m (32 to 36 in.). For a wave
speed, ¢, of 5000 m/s (16 400 ft/s) in stainless steel, the corre-
sponding wave travel times, ¢*, are 0.33 to 0.37 ms. The goal was
then to ensure that the time of contact between the ram and anvil
(dwell time) is less than 0.33 ms.

The dwell time, t,, can be approximated as half of the natural pe-
riod of a system consisting of a mass impacting a spring resting on
arigid base (Warrington 1987):

tg=m |7 ey
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where m is the mass of the ram and k., is the equivalent stiffness of
the ram cushion, anvil, and pile cushion. Stiffnesses are defined as:

_EA

k
where E is Young’s modulus, A is area, and L is length of the ele-
ment. The equivalent stiffness, k., is given by:

kpkgka

ke = kpkg + keks + kpka 3

where kp is the stiffness of the pile cushion, k4 is the stiffness of the
anvil, and k is the stiffness of the ram cushion. Using the proper-

ties shown in Table 1, the calculated dwell time, ¢;, was 0.3 ms,
which is shorter than the time for the wave to travel to the tip and
return and is thus considered acceptable.

The dwell time calculated using Eqgs 1 to 3 neglects the pile stiff-
ness and is only valid for a hammer resting on a rigid system. Deeks
and Randolph (1993) developed an alternative analytical model
that uses springs and dash pots to represent the pile and cushions
and lumped masses to represent the ram and anvil. The model was
mathematically unstable for the masses and stiffnesses of our sys-
tem, which are 2 to 4 orders of magnitude different from those of
commercial hammers.

Design of the Electro-Pneumatic Control System

American suppliers of pneumatic components utilize experi-
mentally derived capacity coefficients, cy, to describe the flow
properties of their products (Miller 1984). Capacity coefficients are
usually reported in the literature as an index, without units, but ac-
tually have units of flow measured in gallons per minute of water
at 60°F under a pressure drop of 1 psi (Considine 1957). Equiva-
lent coefficients in metric and SI units were presented by Zappe
(1987). We will follow convention in the field and report values of
¢y without units. However, the values of ¢, must then be calculated
using the units specified in the equations, and embedded constants
are understood to have units that cause the equations to be dimen-
sionally correct.

In current American industry, gas volumes are specified at a
standard temperature of 16°C (60°F) and a standard pressure of 1
atm. Tables from U.S. suppliers use the English system of units.
Standard volume is expressed in English units as standard cubic
feet (SCF) and flow is standard cubic feet per minute (SCFM). In
this paper, standard volume is also reported in standard cubic me-
ters (SCM) and flow in standard cubic meters per second (SCMS).

Required Capacity Coefficient—For computations involving ex-
hausting a pneumatic chamber, like the hammer chamber, capacity
coefficients are usually expressed as (Parker 1991):

aSAC
T 29 @)

oy =
where

a = area of the chamber (sq. in.),

S = stroke (in.),

A = constant for pressure drop (from manufacturer’s tables,
e.g., Parker 1991),

C = compression factor (from manufacturer’s tables, e.g.,
Parker 1991), and

T = stroke time (seconds).

To select any component of a pneumatic system, first the re-
quired capacity coefficient, cy, is determined using Eq 4. Next, a
component is selected from the pool of commercial components,
such that the capacity coefficient of the selected component is
larger than that required.

In a downstroke, cushioning of the ram due to the formation of a
backpressure is minimized by ensuring that air is capable of ex-
hausting in less time than is needed for the hammer to fall freely
under gravitational pull. The time, ¢, required by the ram to travel
the distance, s, from the bottom of the exhaust ports to the anvil, un-
der uniform gravitational acceleration, g, is given by:

2s

t= rl &)



For a stroke of 550 mm (22 in.), the travel time of the ram dur-
ing the downstroke is 0.34 s. A corresponding capacity coefficient,
¢y, of 29.6 is obtained by substituting the stroke time, hammer di-
mensions, and assuming an inlet pressure of 69 kPa (10 psi), and a
pressure drop of 14 kPa (2 psi) across the system in Eq 4. Accord-
ingly, all pneumatic components should have a minimum exhaust
¢y of 30 to minimize cushioning.

The Electro-Pneumatic Circuit—The hammer is powered by
compressed air from a 75 mm (3 in.) diameter main at a peak pres-
sure of about 690 kPa (100 psi). The air is supplied to the control
unit through two 12.5 mm (0.5 in.) lines, each with a 0.04 SCMS
(80 SCFM) flow capacity (Fig. 7). At the control unit, compressed
air is stored in a 0.23 m® (60 gal) tank, which functions as a buffer
to maintain a constant supply pressure during driving.

At the control unit, compressed air flowing to the hammer passes
through a 40 pm filter followed by a high-flow pressure regulator
and a solenoid valve. The pressure drop across the filter was about
14 kPa (2 psi) at the range of operating flows.

Flow of air in and out of the hammer chamber is controlled us-
ing an externally piloted three-way solenoid valve with an exhaust
cy of 26.9 and a fill ¢, of 23.3. The solenoid valve is one of the
fastest high-capacity valves commercially available. The solenoid
valve is controlled by a solid-state relay, which is controlled by a
function generator. Adjusting the frequency and symmetry of the
control signal generated by the function generator thus controls the
fill and exhaust times of the hammer chamber.

Compressed Air Main
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DC Control
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FIG. 7—Flow chart of the control unit.
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Compressed air that passes through the solenoid valve is divided
into two lines going to the hammer chamber. The first line is a 32
mm (1% in.) diameter hose, which connects directly to the anvil. A
smaller 19 mm (% in.) diameter line connects to the anvil through a
quick exhaust valve, which is opened to the atmosphere during the
downstroke. The quick exhaust is the largest commercially avail-
able valve in the United States and has a fill ¢, of 8.5, and an exhaust
cy of 11.1 (Ellenger 1993). The quick exhaust valve is considered
too small. It is also not possible to synchronize multiple quick ex-
haust valves in parallel. Accordingly, only one quick exhaust was
used to provide secondary exhaust capacity in addition to the main
exhaust capacity through the solenoid valve. The total system ex-
haust capacity is equal to the sum of the capacity coefficients, c, of
the solenoid and quick exhaust valves and is equal to 38.

Air exhausts to the atmosphere through two mufflers that reduce
noise from 115 dB to 92 dB and have a flow capacity of 0.22 SCMS
(470 SCFM) each (Ellenger 1993).

Air Consumption—The pressure required to accelerate the ram
to the top of its stroke in the required time interval is generally two
to five times and pressure needed just to support the ram." About
11 kPa (1.6 psi) is required to support the ram so the required op-
erating pressure is 21 to 55 kPa (3 to 8 psi).

The air consumption of the hammer, in the range of possible op-
erating pressures, is shown in Table 2. The hammer’s air con-
sumption per blow (V,) and maximum air flow (Q,.) are computed
from the operating pressure as follows:

V_Asm 6

c < Pa ) ()
Ve
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where

A = cross-sectional area of the cylinder,
S = stroke,
Pr = operating gage pressure,
= atmospheric pressure, and
time for the ram to travel a distance S.

~
)
|

~
Il

The preceding estimates depend to a large extent on the amount
of blow-by between the ram and its housing, and assume that the
ram moves in an upstroke under a uniform acceleration. However,
the calculations proved sufficiently accurate for our purposes.

Performance of the Hammer

Two sets of experiments were performed to study the hammer’s
performance. First, calibration experiments were performed to
study the hammer’s efficiency, frequency, repeatability, and valve
timing under uniform conditions. Next, the performance of the
hammer-pile-soil system was studied during driving.

Performance of the Hammer in Calibration Experiments

In the first series of tests, the hammer was placed on a 25 mm (1
in.) thick neoprene pad in order to allow repetitive testing under
uniform conditions. Ram movements were monitored using a 760

! Personal communication, D. Warrington, Chairman, Vulcan Iron Works,
Inc., PO Box 5402, Chattanooga, TN.
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TABLE 2—Air usage of hammer.

Air Consumption

Average Operating Maximum
Pressure Per Blow Per Minute Air Flow
kPa psi SCM SCM SCMS SCFM SCMS SCFM
35 5 0.025 0.88 0.031 66 0.076 160
69 10 0.031 1.11 0.039 83 0.095 202
103 15 0.038 1.33 0.047 100 0.114 242
138 20 0.044 1.55 0.055 116 0.133 282
172 25 0.050 1.78 0.063 134 0.153 324
mm (30 in.) long LVDT, which was threaded into the ram and - 8 v T e
. o 4
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velocity increased to 2.5 m/s (8.2 ft/s) resulting in an efficiency of
57% at a frequency of 1.2 Hz. The measured efficiency of the
laboratory pile hammer compares favorably with the efficiency of
production pile hammers which were found to range between 25 to
60% (Chen et al. 1979 and Vines and Amar 1979).

A continuous, electronic signal is sent to the solenoid valve as
shown in Fig. 8a. A positive signal commands the valve to open
and let air into the lower hammer chamber. A negative signal tells
the valve to change into the exhaust position. At Point A, the valve
is told to open at a time when the ram is still moving downwards
from the previous cycle. There is a delay in response, so the valve
commands show up at a later time in hammer behavior.

The ram impacts the anvil at Point B (displacement is zero
followed by an immediate drop in velocity). At essentially that
time, the air has passed through the valve and reached the chamber.
The pressure rises suddenly in the small chamber below the ram
and reaches a peak at Point C. During that rapid rise in pressure, the

FIG. 8—Hammer performance during calibration tests: (a) control sig-
nal, (b) chamber pressure below ram, (c) ram displacement, (d) ram ve-

locity.
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FIG. 9—Ram impact velocity during 20 successive blows.



signal is given to shut off the air supply. As the ram accelerates
upwards, the pressure drops rapidly. The ram reaches its peak
upward velocity at Point D. The ram coasts upwards, now deve-
loping a small suction in the lower chamber, and reaches its
highest elevation at E. The ram then accelerates downwards to
impact the anvil again at Point F.

The energy lost (E.), due to buildup of backpressure below the
ram, was calculated using:

Stroke
E.= f paSds )
0
where

S = distance traveled by the ram,
p = backpressure, and
a = ram’s cross-sectional area.

Integration using Eq 9 and measured values of p indicated that
approximately 43% of the potential energy of the ram was lost due
to backpressure, so the calculated efficiency of 57% resulted
almost entirely from backpressure. Frictional losses are believed to
be negligible.

Performance of the Electro-Pneumatic Control System—The
function generator, relay, and solenoid valve provided excellent
control of the air into the hammer chamber. It was possible to con-
trol the air flow such that the ram was energized right after it re-
bounded from the anvil (Fig. 8, Point B). The airflow was termi-
nated before the hammer reached full stroke (Fig. 8, Point C),
thereby reducing the air consumption and the volume of exhaust air.

For the downstroke, the backpressures were larger than calcu-
lated, based on flow coefficients provided by the manufacturer.
The flow coefficients may be lower during intermittent use in the
hammer than for continuous flow as used by the manufacturers for
their design tables.

Repeatability—Data from multiple blows were recorded to
check the hammer’s repeatability. In one typical set of 20 blows
with the hammer on the neoprene cushion (Fig. 9), the mean impact
velocity was 2.50 m/s (8.2 ft/s) with a coefficient of variation of
only 2%. Larger variations in behavior occurred during actual pile
driving because the response of the pile changed during driving.

Accelerations and Velocities—Measured peak ram accelerations
at impact were approximately 2000 g. Integration of the accelera-
tion trace led to a calculated ram velocity at impact of 2.6 m/s (8.5
ft/s).

Hammer Performance During Pile Driving

The hammer was used to drive a closed-ended steel pipe pile into
dense dry sand in a test chamber under a 138 kPa (20 psi) confin-
ing pressure. The pile was 0.9 m (3.5 in.) in outer diameter, 0.84 m
(33in.) long, and had a 3 mm (0.12 in.) wall thickness. The pile was
provided with an accelerometer, an LVDT, and strain gages,
mounted on its side near its top. The accelerations were integrated
to obtain pile head velocities (V) and then converted to equivalent
forces (F) using (Goble et al. 1980):

F=0cA=—7V (10)

where A and FE are the pile’s cross-sectional area and Young’s mod-
ulus, respectively; c is the wave speed taken as 5000 m/s (16 400
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FIG. 10—Pile head force and velocity measurements during driving (av-
erage 200 blows).

ft/s); and o is the stress. Forces and velocities can thus be plotted
to the same scale.

Force-Time Curve—The goal was to have a driving system that
would generate enough force to penetrate the piles in a reasonable
number of blows. The measured pile head forces (from strain gages
on the pile) and velocities (integrated accelerations converted to
equivalent forces using Eq 10) are compared in Fig. 10, where the
data are the average of 200 blows.?

The return time of the stress wave from the pile tip (2L/c)
should have been about 0.35 ms. The sudden separation of the ve-
locity and force traces at a time of about 0.35 ms indicates that a
tension wave was reflected from the pile tip. When the reflected
tension wave reached the pile top, the heavy ram provided relative
fixity so the tension wave was reflected from the top as a tension
wave. The tension wave cancels much of the compression from
the incident wave (force trace drops) and increases the downwards
velocity (velocity trace rises). The resulting tension wave reflects
off the tip as a compression wave and reaches the pile top where
it is reflected as a compression wave. The reflected compression
wave combines with the incident compression wave, resulting in a
large increase in the compression force and a corresponding in-
crease in the downwards velocity.

Hammer Efficiency During Driving—The energy transferred
into a rod in an axial impact, E;, is given by Timoshenko and Good-
ier (1970):

E = f - F(OV(t)dt (1)
0

Where F (f) and V (¢) are the force and velocity, measured at a point
near the edge of the rod. Butler et al. (1998) and Farrar (1998) ap-
plied this technique to calculate the efficiency of SPT hammers. A
variation of the same method has also been employed in ASTM
Standard Test Method for Stress Wave Energy Measurement for
Dynamic Penetrometer Testing Systems, D 4633-86. The inte-
grated energy input to the pile is calculated in Fig. 11 and found to
be 140 J (103 kip-ft). This energy corresponds to a hammer effi-
ciency of 66%.

2 A closed-ended pile was used such that the pile reached refusal and little
movement occurred per blow.
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FIG. 11—Energy delivered to the pile: (a) measured force, (b) velocity (integrated from acceleration),
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FIG. 12—Measured tip penetration at various depths in the sand.

Pile Set—Measured peak settlements generally exceeded 1.25
mm (0.05 in.) per blow, whereas the final net settlement (the “set”)
was of the order of 0.5 mm (0.02 in.) per blow (Fig. 12). These are
essentially the values assumed in the design of the hammer. The
elastic deformation in Fig. 12 exceeds the elastic compression of
the pile by several orders of magnitude and is primarily caused by
the elastic deformation of the soil in end bearing.

(c) force* velocity, and (d) energy (integrated
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FIG. 13—Dynamic pile-soil stiffness during impact.

Ram Dwell Time—The measured dwell time, in Fig. 114,
was approximately 4 ms, which is one order of magnitude larger
than that calculated using Eqs 1 to 3 for the ram impacting
the anvil. The system response was dominated by the soft re-
sponse of the soil-pile system. The dynamic stiffness of the soil-
pile system varies within three orders of magnitude during impact
(Fig. 13). An approximate dynamic stiffness, K;, can be calcu-



lated as follows:

Finax (1) _ 80KkN (18 kips)
Smax(t) 2 mm (008 ln) (12)

= 40 MN/m (225 kips/in.)

Kd:

where F .« (?) is the maximum pile head force measured in Fig. 10,
and Sp.x (1) is the average maximum pile head deformation per
blow (not final set) measured in Fig. 12. The equivalent stiffness of
the hammer/cushions is two orders of magnitude larger than that of
the pile/soil system, and can thus be neglected when calculating the
soil/pile/cushions/hammer stiffness.

A dwell time of 4.0 ms can be calculated by substituting the mass
of the hammer, not the ram, (645 N, 145 1b) and the dynamic stift-
ness of the soil/pile/cushions/hammer system in Eq 1. Therefore,
it is evident that when the ram impacts the anvil, they move in
phase while applying their combined weight to the pile. The length
of the dwell time depends totally on the stiffness of the soil-pile
system.

Wave Equation Analyses—As expected in the preliminary anal-
ysis, WEAP underestimated capacity by about 40%. Piles were
driven to a resistance of about 1970 bpm (600 bpf) and the corre-
sponding wave equation capacity was approximately 45 kN (10
kips). Static loading tests yielded a capacity of about 63 kN (14
kips).

The properties used in the initial analyses did not lead to a
good match between measured and calculated stresses and pile
head velocities. The pile driving process led to shock waves
that emanated out to reflect off the sides of the metal pressure
chamber. The assumption of a pile in a half space was invalidated
at an early stage and consideration was concentrated on the first
2L /c time period (about 0.4 ms). The best fit was achieved using
side and tip quakes of 0.02 in. (the same as the set), side and tip
damping factors of 0.4 s/ft, and reducing the cushions’ stiffness
by half.

Conclusions

An electro-pneumatic pile driving hammer was developed for
laboratory use. It was successful in driving 90 mm (3.5 in.) di-
ameter piles with capacities reaching up to 68 kN (15 kips) into
dense sands. The hammer performance was validated using de-
tailed measurements. The hammer delivered a repeatable rated
energy of 211 J (156 ft - 1b) with a 66% efficiency. The maximum
impact velocity and operating frequency are 2.5 m/s (8.2 ft/s) and
1.2 Hz, respectively. The electro-pneumatic components provided
excellent control of the hammer frequency, velocity, stroke, and
energy. The dwell time was dominated by the low stiffness of the
soil, and could not be controlled.
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