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1. INTRODUCTION

Volumes I, II and IV have shown that no simple system currently exists for
determining driving system parameters. It is apparent from these reports that
the differences between the various types of pile driving hammer configura~
tions may require the measurement of different quantities. Therefore, it is

desirable to have a flexible system which may be easily configured for dif-

ferent applications.

There are five categories of driving systems that may require different

treatment. In the order of increasing complexity these systems are:

(a) Air/Steam/Hydraulic (ASH) hammers with exposed (visible) ram

on steel piles

(b) ASH hammers with fully enclosed (non-visible) ram on steel

piles
(¢) ASH hammers on non—-steel piles
(d) Diesel hammers on steel piles
(e) Diesel hammers on non-steel piles

For ASH hammers with a visible ram, a direct measurement of impact velo~
city is possible using radar technology. Although the capblock properties
would remain unverified, a major source of uncertainty about hammer perform—
ance would be removed. The radar device is a simple system, and is described
in Volume II. Its integration in the proposed performance monitoring system

will be discussed in Chapter 2.

The present study concludes that the radar device is the only feasible
direct method for the measurement of impact velocity; However, for other

hammer types (except ASH hammers with visible ram), the radar device does not



offer a simple solution, and in most cases cannot even be used. Thus,
indirect measurements are necessary. The more complex a system, (i.e. the
more unknowns that exist), the more measurements are needed for a unique
solution. For example, the presence of a pile cushion adds two unknowns, the
cushion stiffness and its coefficient of restitution; accelerometer measure-

ments taken on the helmet will allow these quantities to be determined.

As opposed to direct measurement methods, driving system parameters must
be computed from indirect measurements. After investigating closed form solu~
tions (Chapter 3), it was decided that the most promising method involved a
simple minimization of the differences between computed quantities énd corres~
ponding measured data points. The minimization, performed with an automated

matching technique, is also described in Chapter 3.

For completeness, Chapter 4 discusses alternate methods, including a
laboratory study on ram acceleration measurements. These alternatives are not
recommended solutions. Chapter 5 discusses test procedures for the improved
concepts, and gives recommendations for a stepwise implementation. Finally,

Chapter 6 contains recommendations and conclusions.

,,,,,,




2. THE RADAR DEVICE

2.1 Introduction

During the course of this project, Tera, Inc. and McClelland Engineers in
Houston, Texas and Pile Dynamics, Inc. of Cleveland, Ohio announced the devel-
opment of a device for fhe measurement of ram impact velocity using radar
technology. These devices, called the RW and HPA, wera described in Volume
II. They are currently used primarily for offshore construction control, that
is on large air/steam/hydraulic hammers (ASH) with visible rams driving steel

pllesu They have also tested SPT soil samples.

Radar is commonly used for enforcement of traffic speed regulations. The
technology is, therefore, readily available and only needs minor modifications
for pile~hammer applications. The following discussion deals with the pre—

ferred integration of this direct measurement tool into practice.

2.2 Possible Applications

For ASH hammers with visible rams, the RVM/HPA radar devices accurately
measure velocity of the ram as a function of time. For open end diesel (OED)
hammers, ram velocity as a time function may also be measured, although not on
a routine basis. If ram velocity were the only factor governing performance,
radar measurements would provide sufficient information for comstruction con-
trol. However, cushion and/or capblock materials, often unknown properties,
are present and additional indirect measurements must be taken. If these in-
direct measurements are taken, then the radar device provides redundant infor—
mation since impact velocity can also be determined from the indirect measure-
ments. Therefore, radar seems to be an ideal tool to calibrate or confirm

results from indirect measurements.

Since radar can determine the variation of ram velocity with time, this
device may be used very effectively to determine the cause of improper hammer

performance. For example, in the case of the OED, the energy losses above the



ports can be separated from losses during the compression phase and from
actual impact losses. Such detailed investigations should be supplemented by
indirect measurements since preignition of only as little as 3 ms can have a
major influence on energy transmission, yet is not distinguishable in the

radar results.
2.3 Installations

The radar unit must be positiomed such that the ram is within its beam

cone (approximately 100) for optimal results. For ASH hammers, the antenna -

should be installed near the pile and directed upward to the ram (Figure 2.1).
If a sufficiently large surface of the ram is not observed by the radar beam,
then a target may need to be attached to the ram. The target is a small block
of rigid styrofoam with aluminum foil reflective surfaces glued to the side of
the ram. The use of massive "targets"” is discouraged as they would be a
safety hazard. Naturally, the radar device and the target should not vibrate

before impact.

As with all devices which use their own position as a reference, it 1s
important that the radar is stable. With the device installed at grade, a
ground surface disturbance will probably always occur shortly after impact due
to the ground vibrations. An accelerometer installed in the radar device
could determine the potential error due to reference vibration. Since the
radar does not determine the sign of the velocity, an error cancellation would
be difficult, although not impossible for specific applications. An easier

solution is to simply shock mount the radar antenna.

For OED hammers, and all other hammers whose ram is only visible from the
top, the radar unit may be attached to the hammer leads with the radar beam
directed into the cylinder (Figure 2.2). In this case, the problem of
reference motion may pose an even more serious problem. In addition, mounting
the radar at such height creates a safety hazard, requiring backup safety

cables.
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For both ASH and OED applications, only the antenna unit should be
located near the hammer. Safety considerations require that the processing
unit be located at a safer, more remote distance. This remote processor must
include circuitry to convert the Doppler effect to a velocity-proportional

signal and must provide readilf interpretable output.

2.4 Electronics

Figure 2.3 shows a block diagram of the signal generation and condi-
tioning proéess. The radar beam contains microwaves of approximate frequency
of 10 to 24 GHz. Reflections of this beam from a moving surface are Doppler
shifted with the originally emitted signal; For speeds in the range of 1.0
(.3) to 200 ft/s (66 m/s), the shift between the emitted and reflected signal
is an audible frequency dependent on the speed of the target. This variable
frequency can be converted to a proportional voltage by a frequency to voltage
converter. The result is a voltage signal that is proportional to the velo-
city of the target (in our case, a ram). This signal can then be observed on
an oscilloscope, recorded on magnetic tape, written on strip chart or input to

a computer or other processor.

The electronic¢s could contain loglic to determine and print impact velo-
city. Optionally, the hammer efficiency could be automatically computed,
which would require a microprocessor with input keyboard (for entering the ram
weight and rated energy). However, since the applications of radar are
limited, these "beautifications” may add undue cost and complexity. ‘A simple

chart of the velocity would suffice for energy/efficiency computations.

2.5 Accuracy

The 5% accuracy on velocity quoted by Tera/McClelland engineers (2% by
Pile Dynamics) can be relatively easily met if the target reflects a sub-
stantial portion of the emitted microwave energy. Equipment calibfation
errors can be limited to l%Z. On-site calibration is easily checked using a

free-falling object or tuning forks of known frequency. Major errors will be
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caused only by an excessive angle between the direction of ram motion and the
\
direction of the radar beam and by the motion of the radar unit; with proper

care, such errors could be minimized.

2.6 Cost

The radar device is available from McClelland for specific piling appli-
cations, both as a service (including operator) and for lease. The HPA is
also available from Pile Dynamics for a purchase price of $9500. Both the
radar device and HPA are also available from their respective manufacturers on

a daily rental basis.



3. DRIVING SYSTEM PARAMETERS FROM INDIRECT MEASUREMENTS

3.1 Introduction

The evaluation of hammer and driving system performance from indirect
measurements 1is a relatively complicated procedure. Volumes I, II, and IV
have demonstrated currently available methods; they are generally based on the
measurement and analysis of certain pile top quantities. Measurements taken
on hammer or driving system components have not been attempted previously,
because of the unavailability of sufficiently rugged transducers, installation

difficulties, and the previously unrecognized need to make the measurements.

During the course of this project, virtually all feasible measurement
methods were investigated. The following section shows that accelerometers
are the most rugged and most simply installed transducers. Because of the
pile top force=velocity proportionality in wave propagation theory, they pro-
vide sufficient information to determine characteristic parameters for both

hammer and pile cushion, and the ram impact velocity, regardless of the hammer

type.

There are two different methods by which driving system parameters can be
calculated from acceleration measurements. In either case, the driving system
is modeled as in a wave equation analysis. This is both convenient and neces—
sary in order to derive the same values that need to be input into the wave
equation computer program. The first method is a closed form solution which
directly calculates ram impact velocity, cushion stiffnesses and coefficients
of restitution. Naturally, a closed form solution requires very little calcu-

lation effort.

The second method applies a series of trial analyses with varied driving
system parameters to approximate these parameters. The calculated accelera-
tion (or velocity) values from the analysis are then compared with the corres—
ponding measuréd quantities. The set of driving system parameters which pro—

duce the best approximation of the measurements can be objectively chosen as

10
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the most reélistic parameters; 1in order to make an objective choice, mini-
mization techniques can be used on a specified error function which describes
the difference between measured and computed motion quantity. Numerous
methods for efficiently performing'the selection of the trial parameters have

been described in the literature, e.g. (Fox, 1).
3,2 Indirect Measurements

Indirect measurements determine the forces or motions at one or more
locations within the driving system or at the pile top. In general, strains
are measured and then converted to force using the modulus of elasticity and
cross sectiona; area of the material on which the strain was measured. Force
measurements require a force transducer which must actually transfer the

forces to be measured. These measurements must be made above the pile.

Motions of any driving system component may be obtained by either meas-
uring its displacement or its acceleratiom. Motion measurements, therefore,

do not interfere with the driving system.

3.2.1 Force Measurements

It has been attempted during the course of this project (see also Volume
II) to develop or find an easily portable, accurate and inexpensive force

transducer. The most important requirement was that this device would be

rugged.

Currently available strain gage based transducers, which are thin and
lightwelght, measure shear in a short beam. This necessitates. that the load
is transferred through a central "load button” which is small compared to the
outside dimensions of the transducer. Because forces are high and the total
available space under the ram is small, load button pressures may easily
exceed the strength of high strength steel. Furthermore, the transducer may

experlence loads which are not necessarily centered or axial, and may, there-

fore, give misleading results.

11



Among the designs investigated was the pilezoelectric force transducer,
i.e. a unit which transfers the full load through a quartz crystal and then
generates a force proportional voltage. The Schmertmann SPT testing device
consists of such a transducer. It is probably more rugged than strain gage
based devices, however; it would be expensive for the large forces 1t would
have to withstand. Since the forces generated depend on hammer, pile type and
helmet weight, and since allowance would have to be made for eccentric

loading, the development of this device would be both too complicated and too

costly.

In reviewing the available technology and the rugged demands on the force
transducer, it was found that the most serious problems were associated with
transducer size and installation difficulties. Most importantly, the use of
such a device in the system would be expensive, since a separate force trans-—
ducer must be dimensioned for each driving system. The necessary number of
models with different dimensions and load ranges would therefore be large.
The larger units would be exceedingly heavy and difficult to install in the

driving system.

Although the above concerns eliminate the force transducer on practical
terms as a feasible measurement device, a comﬁelling disadvantage is that any
item introduced into the driving system will affect the normal energy trans-—
fer. Since force transducers are not part of the driving system in production
piles, their inclusion as a measuring device would alter the system parame-
ters, (thus defeating their original purpose). Even though the unit may be
flat and lightweight, it will interfere with the hammer unless placed
underneath the helmet (air/steam hammer valve timing is sensitive to the
thickness of the capblock/striker plate assembly, . which would include the
force transducer). On the other hand, a transducer located at the pile top
may interfere with the helmet/pile adaptors (e.g. for an H-pile the adaptor is
usually a profile which matches the pile). In view of these severe limita-

tions, the use of force transducers is discouraged.

12
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3.2.2 Displacement

Displacement 1is most conveniently measured by electronic theodolite.
This measurement is particularly attractive, since it does mnot require the
attachment of any device to the driving system. Major disadvantages are the
high cost and the possibility of erroneous measurements due to ground vibra-
tion. The price dictates limitations as far as the number of measurements are

concerned. Where pile, helmet and hammer motion are to be measured simultane—

" ously, three independent devices are needed. Due to the high costs involved,

measurement on opposite hammer/helmet/pile sides would not be taken and non—

axial motion components could, therefore, not be excluded.
3.2.3 Acceleration

During the past years, acceleration measurements have become extremely
reliable and routine. Early problems with these transducers were primarily
due to an inappropriate mounting method which often caused resonance and
overloaded the accelerometers internal amplifier. With new technology in

mounting assembly, this difficulty has been eliminated.

Today, the accelerometers used in piling measurementslare almost exclu-
sively piezoelectric (quartz crystal) units. Although they are available with
ranges up to 100,000 g's, even a 5000 g range accelerometer has been used to
successfully measure the anvil acceleration of a diesel hammer (metal to metal

impact) and integrate it to velocity. Figure 3.1 shows the results.

Acceleration measurements on both the helmet and the top of a concrete
pile can be used to compute the pile top cushion compressioh as a function of
time. Because of the proportionality that exists between force and velocity
at the pile top, the force is known and the cushion's force—deformation rela-

tionship is thus directly obtained from the two acceleration measurements.

In general, 1t 1is desirable to integrate the acceleration to velocity,

since velocity has well defined ranges (typical ram impact velocities are

13
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between 10 [3] and 25 ft/s [7.5 m/s]). Integration of acceleration may pose a
problem over a long period of time. However, integration for only a few
milliseconds after impact is required, in order to obtain driving system

parameters making integration errors negligible.
3.2.4 Summary of Preferred Indirect Measurements

As a result of the writers' favorable experiences with piezoelectric
accelerometers, and since acceleration measurements are sufficient for hammer
and driving system performance evaluations, the measurement system depicted in

Figure 3.2 are proposed for various combinations of ASH and diesel hammers on

both steel and non-steel piles. The basis of these systems is outlined below:

a. For ASH hammers on steel piles, either pilé top or helmet acceler-—
ation should be measured. Several tests have shown that simultaneous
measurements of helmet and pile top motions are indistinguishable and

can therefore be considered interchangeable.

b. TFor diesel hammers on steel piles, both helmet and impact block
acceleration must be measured. The additional measurement is needed

since the presence of.the impact block introduces an additional ele—

ment into the driving system.

c. Whenever a pile top cushion is used (as for concrete piles), pile top
motion will be different from the helmet motiom. Both pile top and
helmet accelerations must be measured in such case.

3.3 Closed Form Solutions

3.3.1 Introduction

The objective of indirect measurements at points below the ram is.to cal-

culate the ram impact velocity and all driving system parameters. The term

15
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"closed form" is used to distinguish this method from iterative solution or

minimization analyses.

3.3.2 ASH Ram Velocity

The ASH system is most suitable for closed form solutions because of its

simplicity. Free body diagrams can be developed for ram, helmet and pile as

shown in Figure 3.3.

The primary force acting on the ram during impact is the capblock force.
Preadmitted air, steam or hydraulic pressure forces are normally negligible

relative to the -ram inertia or the capblock force. The capblock force, Fc’

may be computed from
Fc(t) = mhzh(t) + Fp(t) (3.1)

where m is the helmet mass, ay is the helmet acceleration and F is the pile
top force. At any time during the early impact (before the maximum plle top

velocity has been reached), the pile top force is
F (t) = BA/c v _(t) = Z v_(t) 3.2
p() p) p( | (3.2)
0f course, EA/c is the pile impedance and vp is the pile top velocity.

The capblock force reaches a maximum shortly after the time of maximum
helmet acceleration. Denoting this instant in time by the subscript "I" and

time of impact by the subscript "i", the impulse momentum relationship

_ i
myo. = LI + i/TFc(t)dt (3.3)

shows the difference between ram velocities, V. at impact and time "I" is

related to the capblock force impulse. Substituting 3.1 into 3.3 and re-

arranging terms leads to

17
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v = v+ Wm) o (Dde + 17 (D)at] (3.4)

Substiuting Eq. 3.2 leads to:

_ T T
Ve T Vet + (l/mr)[mhj ohI(t)dt + Z i{ I vp(t)dt] (3.5a)
The first integral in Equation 3.5a is the helmet velocity at time I, while
the second integral is the pile top displacement at the same time. Thus,

Equation 3.5a can alternatively be written

ey = Ver t (mp/m vy + (Z/m oo, (3.5b)

At the time when the maximum hammer cushion force has been reached, the
hammer cushion starts to expand. At this time, the displacement difference is

a maximum,.implying helmet and ram have identical velocities

Y1 T Vnr1 . (3.6)

Eq. 3.5b can now be rewritten to yield the ram impact velocity directly.

Vg = th(l + mh/mr) + ZupI/mr (3.7)

For steel piles, pile top and helmet veloclties are almost identical, and
rise times are very short. For concrete piles with soft cushions, the second
term on the righthand side of the above expression 1is usually very small.

This computation can be automated to produce results in real time.

For plotted records, approximate results may be obtained using the following

manual procedure (Figure 3.4):

(a) Passing a straight line through the rising edge of the helmet
velocity, the time tI is defined where the measured curve shows
a deviation to the right.
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(b) The velocity at time t. is multiplied by the quantity

I
(1 + mh/mr)o

(¢) The area underneath the pile top velocity until time tr is
multiplied by Z/mr and added to the result from (b).

In an automated procedure where the accelerations are available in
digital form, Equation 3.7 can produce accurate results provided the digitiz-
ing frequency (the number of digital samples per unit time) is sufficiently

high or adequate interpolation routines are used.
3.3.3 ASH Capblock Properties

Referring to Figure 3.3 and the free body diagrams of the ASH system, the

following solutions can be immediately obtained. The ram acceleration is
a.(t) =F (t)/m _ (3.8)

Using Eq. 3.1 and the pile top force-velocity proportionality, one

obtains
a (t) = [ma (t) + va(t)]/mr ©(3.9)

Since all quantities on the right hand side of Eq. 3.9 are known, the ram
displacement can be obtained by double integration. The capblock compression
can be computed from the ram and helmet displacement difference. By computing
both capblock force and compression as a function of time, a plot of the cap-
block's force-deformation behavior is obtained. An example is given in Figure
3.3. Note, however, that the results are limited to the time where pile top
force and velocity are proportional. This means that for long rise times

(soft capblocks) only a loading stiffness may be calculated.
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Figure 3.5:

Hammer Cushion Force Deformation Curve Obtained in Closed Form
from Pile Top Velocity. The Solid Line is the Plot of Minimi-
zation Technique Results (Section 3.5.1)

(1 ft = 0.305 m, 1 kip = 4.5 kN)
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3.3.4 Pile Cushion Properties

With both helmet and pile top velocity available, the pile cushion com-
pression is known at any time. The early part of the pile velocity curve, at
least up to the first major maximum in the pile velocity, may be transformed
to force using the pile impedance. Thus, cushion force and cushion compres—
sion (the difference between the helmet and pile top displacement) are both
known, and as in the case of the capblock, may be plotted against each other,

and the.loading stiffness of the cushion obtained.

The pile cushion's coefficient of restitution requires analysis over a
long period of time after the first maximum compression. During that time,
the pile top force usually differs from the pile top velocity due to reflec-—
tions. Thus, for a complete loading-unloading curve, the pile toﬁ forces must
also be measured. It is questionable, however, whether curves obtained in

that manner produce accurate coefficient of restitution values.

Consider the load deformation curve of a plywood cushion in Figure 3.6.
This curve was obtained from measurements of pile top force and velocity and
helmet velocity. The unloading behavior does not clearly show defined loading
and unloading slopés. Thus successful calculation of the coefficient of
restitution, as the square root of the ratio of unloading to loading stiff-
ness, 1is not possible. However, the coefficient of restitution can be com—
puted from the area under the load deformation curve which provides a measure

of total energy dissipation.

In summary, the acceleration measurements alone allow for a determination
of an average cushion loading stiffness, but not for the calculation of energy
losses in the cushion. Energy losses in the cushion may be determined from
combined force and acceleration measurements. It should be noted that the
cushion's coefficient of restitution is not needed for the computation of

hammer efficiency.
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3.3.5 Diesel Ram Impact Velocity

The measurement system for a diesel hammer must include acceleration of
the impact block, Figure 3.7 shows the free body diagram of this system.
Figure 3.1 shows both typical impact block and helmet (pile top) velocity
curves, During the rise of the iImpact block velocity, the helmet velocity is
still small. This phase shift between impact block and helmet velocity is

caused by the slow response of capblock materials.

The absence of any force except the ram—impact block force, allows for a
closed form solution for the ram impact velocity. However, the problem is
complicated by the length of the diesel ram. It 1s therefore convenient to
consider the ram as a long elastic rod of length, Lr’ and the impact block a
rigid body. Then, with the St Venant solution (Timoshenko and Goodier, 2),
one can express the velocity of the impact block as

-T(mr/m

v (0 = v (1= e 1b] (3.10)

rlL

where T 1s the nondimensionalized time. Equation 3.10 is wvalid for the first

ZLr/c of the ram. The ram impact velocity may be calculated by measuring the

impact block wvelocity.

To obtain accurate results, such calculations impose stringent demands on
the quality of the measurements, in particular, on the frequency response of
the sighal conditioning equipment. Furthermore, the relatively long impact
block of some hammers makes the assumption of a rigid impact block incorrect
and the alternative use of minimization techniques may be more reasonable in

these cases.

The ram impact velocity 1s not necessarily the most important parameter
to be obtained from a diesel hammer performance test. Often the goal is to
obtain a wave equation efficiency value. In the WEAP program, the hammer

efficiency, e is used to calculate the ram velocity at the ports, Vrp’ from

h!
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1/2

y_ = [2g(h~hc)eh] (3.11)

rp
where g is the acceleration due to gravity, h is the stroke length, and hc is
the compressive stroke. In WEAP no losses other than gas compression losses
are considered during the compression phase, because of the relatively short
length of the compression stroke. Thus, with Ek being the ram energy at

impact, Etc the energy transferred before impact through the capblock, and Eg

the gas compression energy, the ram energy at the ports is

E =E +E +E ~Wh (3.12)
P k te g rc

and the WEAP hammer efficiency is
e = Ep/[(hwhc)wr] (3.13)
The gas compression energy may be computed from

= —(1-ry<exp-1) o (exp=1)

¢ = ParaVin[(17(17B) )/((exp=1)(1-B) ] (3.14)
where patm is the atmospheric pregsure, Vin is the compression chamber volume
at the time of port closure, exp is the adiabatic gas expansion coefficient

(estimated to be 1.35) and
B = hCAC/Vin (3.15)
where Ac is the internal cross sectional area of the hammer cylinder.
The WEAP hammer efficiency can be calculated from Eq. 3.12 and 3.13 since
all the energy terms can be determined either directly from the acceleration
measurements or by computation. It should be cautioned, however, that this

efficiency would not be accurate i1f the theoretical and actual combustion

pressure at impact differ substantially due, to preignitionm.
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3.3.6 Derivation Of Other Driving System Parameters For Diesel Hammers

Capblock stiffness may be determined directly since both helmet and
impact block velocity are measured, and the capblock force may be found as in

Section 3.l. For non-steel piles, cushion properties are obtained as for ASH

hammers.
3.4 Minimization Techniques

3.4.1 Introduction

There are baslc differences between the -analytical treatment of ASH and
diesel hammers. Furthermore, separate considerations are necessary for sys-
tems with and without pile cushions. However, the method of determination of

driving system parameters for wave equation analysis by minimization is always

as follows:

(a) From the measured quantities, select a set of significant
values (forces or velocities of specified locations at defined
times).

(b) Set up a wave equation model.

(c) Assume a set of driving system parameters (impact velocity,
cushion stiffness, etc.).

(d) Analyze the model.

(e) Compare the equivalent computed and measured values and compute
the different values for an error or "objective” function.

(£) Repeat steps 3, 4 and 5 in a systematic fashion for all

reasonable combinations of driving system parameters.
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(g) Select the solution (driving system parameters) for which the

objective function 1s minimized (lowest error).
3.4.2 Selection of Data Points

After integrating the acceleration record to obtain velocity, at least
three quantities should be selected from the resulting velocity curves to
solve for the three unknowns, ram impact velocity, capblock stiffness and
coefficient of restitution. It has been found that the following values
provide the most important information regarding the driving system

performance.

(a) From the Helmet Velocity

”

(al) First major maximum after impact, Vim

.(This value 1is related to the ram impact velocity).

(a2) Time from onset to maximum (rise time), tp

(The rise time varies primarily with the capblock stiffness).

(a3) Velocity - at a time tpr (but not more than 2 milliseconds)

after the impact, vhz

(This velocity value varies with the coefficient of

restitution).
(b) From the Impact Block Velocity

(bl) The value immediately preceding impact, Yibo

(Since diesel hammers produce a velocity before impact due to

compression, this initial value must be Rnown).

(b2) Maximum impact block velocity, V. bm

(This value is closely related to the ram impact velocity).
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(b3) Second impact block peak velocity, V.52

(Because of the vibration of the ram, the impact block
velocity displays a characteristic sawtooth shape after the

first maximum (Figure 3.1). The value of the second maximum

is related to the capblock properties).

A diesel hammer's compression phase (time between port closure and
impact) is often responsible for poor hammer energy transfer. The absolute
velocity values are not sufficient to determine the compression phase forces;
either the pile strains (forces) or the hammer pressure must also be known.
In order to avoid this problem, the velocity values taken from the measured
curveé are referenced to the velocities immediately preceding impact. Thus,
changes of velocity rather than actual magnitudes are used to calculate the
ram impact velocity. The resulting ram impact velocity is then added to the

velocity value preceding impact.

The solution for diesel hammers on concrete piles represents the most
complex situation. However, pile cushion properties can be obtained directly
if helmet and pile top velocity are known. The problem of finding capblock

properties and impact velocities proceeds as for the case of a steel pile.

3.4.3 Analytical Model of Driving System

After the characteristic measured values have been selected, trial
analyses are performed for an assumed set of driving system parameters.

Comparisons of measured and computed velocities and times are then made.

Figure 3.8 contains an ASH hammer model with all necessary parameters
defined. A similar diesel hammer model is shown in Figure 3.9. For diesel
hammers, a thermodynamic model of the hammer with compression, combustion and

expansion phases must also be included. The calculations follow the usual
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Determination by Minimization

31



RAM, n SEGMENTS,

MASSES m,/n,
‘STIFFNESSES k/n

e

NIMPACT BLOGK, mg
F—THAMMER CUSHION kg,

. HELMET, my

i

CUSHION, kow Soys b

ﬁgc*u\\é

PILE, EA/c

Figure 3.9: The Diesel Hammer Model for Driving System
Parameter Determination by Minimization

32

[



]

—

-

wave equation algorithms and, for that reason, no further mathematical details

are given here (see Volume I).

In summary, the computational models used in the simulation and data
matching process are very similar to those of the Smith wave equation
approach. This ensures that the results from this hammer performance eval-

uation is directly applicable to wave equation analysis.

3.4.4 Objective Function

An objective function 1is a summation of terms, each of which should
become small during the minimization process. In the current apﬁlication,
each of these terms would be the difference between corresponding and measured

computed quantities.

For ASH hammers, only helmet motions need to be considered; pile cushion
properties will not enter the computations. The objective function is defined

as

G =¢,_+<+e + e

a t hm (3'16)

h2

where the e-values are absolute differences between the hammer velocity
parameters defined in 3.4.2, multiplied by weighting values for proper
scaling. The terms represent the weighted difference between measured and

computed rise time e the maximum helmet velocity e and the helmet

hm’

velocity — one rise time or at most two milliseconds after maximum 0"

For the diesel hammer, the equation also must include impact block

observations.

G, =e_ <+ e

d £ hm + e + e, + e

h2 ibm (3.17)

ib2

where the differences ®. bm and €2 pertain to maximum and second peak impact

block velocities, respectively.
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The minimization process is complete after searching through all reason-
able combinations of driving system parameters. ‘The set of parameters pro-
ducing the smallest value of the objective function is assumed to be the best
solution. The searching process can be made efficient by employing modern
minimization techniques or by applying knowledge about the interaction of
differences with physical parameters. Furthermore, it is probably unnecessary
to calculate the various parameters to an accuracy greater than 2%. Using a
microcomputer such as an IBM PC, the complete minimization search can be
completed in a few seconds for ASH hammers and in less than one minute for

diesel hammers.
3.5 Examples
3.5.]1 Alr Hammer on Steel Pile

Measurements were obtained on a 147 foot (44.8 m) steel pipe pile driven
by a Vulcan 010 hammer. This hammer has a 10 kip (45 kN) ram weight, a 3.25
ft (.99 m) stroke and a rated emergy of 32.5 kip-ft (44.6 kN-m). The pile's

cross sectional area was 16.4 inz (106 cmz).

The driving system consisted of 7 inches (175 mm) of Force 10 material
(Ec = 440 ksi or 3040 MN/mz, c, = o7, Ac = 220 inch2 or 1419 cmz). Using this
data, the capblock had a theoretical stiffness of 13830 kips/inch (2475
kN/mm). This capblock material consists of compressiﬁle knitted metal and in
practice may have a higher elastic modulus and a lower thickness than pub-

lished data suggests. The cap weight was 1.58 kips (7.1 kN).

The measured pile top force and velocity records are shown in Figure
3.10. Since there was no pile cushion present, helmet and pile top Qelocity
can be assumed to be identical. The force record is not needed in the context
of this work, but it shows (dashed line) that the data points selected for
minimization were taken at times when proportionality between pile top force

and velocity were still wvalid.
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The manual, closed form solution yielded a ram impact velocity of 11.9
ft/s or 3.63 m/s, (note: this example was used in Figure 3.4). However, the
determination of the point of maximum compression is usually rather inaccu-—
rate. In fact, the time tI could have easily been shifted slightly in either
direction which would have caused relatively large variations in the computed
impact velocities. This example demonstrates the need for very accurate
measurements for a closed form solution. The closed form approach may also be
utilized to obtain point by point the capblock force—deformation relationship.

The resulting curve was shown in Figure 3.5.

Using the minimization method, an impact velocity of 12.6 ft/s (3.84 m/s)
w;th capblock properties of kc = 13,776 kips/inch (2465 kN/mm) and c, = 0.5
for stiffness and coefficient of restitution, respectively, were obtained.
The corresponding loading and unloading stiffnesses are indicated in Figure
3.5, Obviousiy, the minimization technique approximates as well as possible

the actual capblock behavior over the range analyzed.
In summary the following efficiencies were determined:
Closed form: e, = 0.68

Minimization: ey = 0,76

Measured transfer efficiency: e, = 0.54 (note that this efficiency

includes driving system losses)

In performing this work, it became obvious that the closed form solution
can only give reasonably accurate results if high speed digital processing
techniques are utilized. For the minimization technique, the accuracy will
also be affected by the digitization frequency, and should also be better in
an automated mode. For manual analyses, the data is analyzed only after tape

recording —~ a process that usually involves filtering at relatively low
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frequencies - and results of the computations should, therefore, only be used

as a guilde.
3.5.2 Air Hammer on Concrete Pile

The data set was obtained on a 20x20 inch square prestressed concrete
pile being driven by a Vulcan 020 hammer having a 20 kip (91 kN) ram weight, a
stroke of 3 ft (0.91 m) and a 60 kip—ft (82.8 kN-m) rated energy. The pile
was 52 feet (15.8 m) long and had an elastic modulus of 5050 ksi (35,600
MN/mz)o The helmet had a weight of 5.5 kips (25 kN) and the capblock con-
sisted of three 20x20 inch (508x508mm) sheets of 2 inch (50 mm) thick blue
polymer. The propertieés of this material were estimated to be Ec = 300 ksi
(2113 MN/mZ), ¢, = 0.8, capblock stiffness kc of 20,000 kips/inch (3680
kN/mm) .

Figure 3.1l shows the measured helmet and pile top velocitles together
with the pile top force. These curves were used to directly determine the
force deformation relationshlp of the pile top cushion previously shown . in
Figure 3.6. This cushion consisted of 7.5 inches (190 mm) of plywood.

.

In Figure 3.12 the loading stiffness of Figure 3.6 has been approximated
by two linear portions of 20% and 100% stiffness, kcu° The transition from
low to high stiffness took place at a deformation of .27 inches (6.9 mm). The
high stiffness was kcu = 3,000 kips/inch (540 kN/mm). The pile top was cham-
fered 3 inches and it is therefore reasomable to assume an effective cushion
cross sectional area Acu = 289 inch2 (1864 cmz)e Based on an Ecu = 50 ksi
(352 MN/mz), a cushion stiffness kcu = 2,000 kips/inch (3,600 kN/cm) would
have been expected. However, the cushion was already partially compressed at

the time of testing.
The data points for the minimization were indicated in Figure 3.1l. They

included also two points from the pile top veloeity curve. The minimization

results yielded an impact velocity of 11.4 ft/s (3.47 m/s), a capblock
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gtiffness of 9,800 kips/inch (17,500 kN/cm) and a coefficient of restitution
of 0.8.

The following efficiencies were obtained:

From minimization: e = .68
From closed form solution: ey = .77 (Note that the second term of Eq. 3.7
did not need to be considered, since the force under the helmet was prac—

tically zero at the time of maximum compressiom).

Transfer éfficiency: e, = .40

3.5.3 Diesel Hammer on Steel Pile

Impact block and pile top veloeity were measured under a Delmag D-80-12
hammer on a 30 x 1 (762 x 25 mm) inch sﬁeel pile of at least 250 feet (76 m)
length. The capblock congisted of two 1 inch (25 mm) thick, 23 inch (584 mm)
diameter conbest sheets, with an elastic modulus of 560 ksi (3945 MN/mZ) , and
a 116,000 kips/inch (20.8 MN/mm) capblock stiffness.

Figure 3.1 shows impact block and pile top velocities plotted together
and pile top force (which was not used in these computations). The data
points selected fof minimization are indicated by circles. 'Closed form
solutions were not attempted, since the tape recorder’s filtering frequency

was below the impact block's natural frequency.
The minimization technique resulted in the following Vélues:

The ram impact velocity, relative to the impact block velocity, was 19.6
ft/s (6 m/s). Adding the impact block velocity prior to impact of 0.4 ft/s
(0.12 m/s), the ram had a total velocity at impact of 20.0 ft/s (6.1 m/s).
The ram kinetic energy at impact was, therefore, 124 k-ft (172 kJ). Adding

the gas compression energy and subtracting the compressive stroke energy, the
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ram's kinetic energy at the ports was found to be 144,9 kip-£ft (201 kJ).

The actual ram stroke was 10.8 ft (3.29m), yielding a theoretical ram
energy at the ports of 177 kip-ft (245 kJ). Thus, the WEAP wave equation

efficiency was e_ = 0.82. The actual energy transfer efficiency into the pile

h
was 37%.

The same hammer at its lowest fuel setting had only an 8 ft (2. 44m)
stroke. A similar analysis gave a hammer efficiency of e, = 0.71. The
capblock stiffness was 63,000 (11.3) and 56,000 kips/inch (10.0 MN/mm) for
hammer setting 4 and 1, respectively. The difference between these two values
is reasonable considering the different stress levels in the capblock. The
relatively low stiffness values, compared to that determined from the elastic
modulus, confirms sim;lar experiences with wave equation analyses and

comparison measurements.

The coefficient of restitution values were .38 and .51 for the higher and
ljower hammer setting, respectively. Apparently there was a trade—off in the
minimization analysis between coefficient of restitution and efficiency val-
ues, i.e. if one value was high then the other was low. Both coefficients
are, however, rather low. In addition to energy dissipation in the capblock,
they probably also account for losses at the ramimpact block, impact block-
striker plate and helmet-pile top interfaces. Considering the surprisingly
high ram kinetic energy (compared with the energy transferred to the pile),

such a low coefficient of restitution is reasonable.

3.6 Proposed Embodiment

Schematic diagrams of the proposed system are shown in Figures 3.13(a)
and (b)., In the most complex case, three pairs of accelerometers are needed.‘
They have to be attached on opposite sides of the impact block, helmet and/or
pile top. To déte, accelerometers were directly bolted to the helmet and/or
impact block; which required the drilling of a 1/4 inch (6mm) hole. Some

contractors may be hesitant to allow drilling into this eqﬁipment, particu-
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larly if it is rented. As an alternative, a small steel strip with tapped
hole, could be welded to the helmet or impact block. This strip would then

receive the accelerometer.

The accelerometers can be powered by a simple battery supply. Corresponding
signals are averaged. They are then qonditioned by a low pass filter of
approximately 5,000 Hz cut-off frequency. Further analog signal conditioning
consists of a high pass filter (approximately 1 Hz) and an integrator. Such
technology is readily available (e.g. in a Pile Driving Analyzer).

Using a microbrocessor the three signals are simultaneously converted to
digital form. A digitizing freqﬁency of at least 10,000 Hz is recommended.
There are advantages to using three individual aﬁalog—towdigital (A/D) con~
verters rather than multiplexing the three signals and converting them in one
A/D unit. This ensures that commonly available A/D chips are adequate, and
that the data can be easily stored in three dedicated RAMs (Random Access
Memories). The microprocessor must be programmed to capture approximately 500
values per channel at the leading edge of the trace. This corresponds to 25
milliseconds, and 1s mnecessary to retain the complete diesel compression
phase. However, only 100 data points per channel need to be stored after

impact.

Using the same microprocessor, the driving system parameters can then be
computed. Closed form solutions can easily be obtained between blows. An
alternate mode of operation would be to use the microcomputer to accept the

digital data and store it on diskette or other storage device for later use.
3.7 Discussion of the Preferred Method

The method of accelerometer measurement on impact block, helmet and/or
pile top 1s simple in concept. The electronics for signal conditioning,

digitiiing and analysis is available. The results would include both driving

system and hammer performance parameters.
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A disadvantage of the proposed system is that cable connections to
hammer, and in the case of concrete piles, to the pile top are required.
Howevef, the problem 1s not seriocus since all hammers already have operating
lines. The hammer could easily be moved from pile to pile without discon—
necting the cable. However, the cable connection to the pile-top acceler-
ometer complicates the operatidn to some degree,r Since the accuracy of the
system 1s currently unknown, it would be beneficial to initially correlate the

system against a radar monitor.
3.8 Configuration and Cost of the Measurement System

The system must include several accelerometers types. Piezoelectric
accelerometers with 20,000 g range would be preferred to measure impact block
and helmet accelerations. They could also be used for steel pile top velocity
measurements. Six units should be adequate and would include backup. For the
measurement of concrete pile top velocity, 2000 g accelerometers are recom—
mended; three units would allow for sufficient backup. Up to six channels of

signal conditioning integration would be necessary. Analog to digital con-

.version for up to 3 channels and'computational capability with printed output

would complete the requirements. The microprocessor could be a general pur-
pose minicomputer, such as the IBM PC. The advantagésrof such a micropro-—
cessor would include off the shelf availability (although the A/D would
probably have to be a custom—~designed unit due to conversion rate require-
ments) and flexibility in programming. Alternatively, a special purpose
device similar to a Pile Driving Analyzer (although much less complicated)
could be considered. Advantages of the special purpose device would be size,
portability, ruggedness, and probably speed of operation, since all features
would be contained within a single unit. Either system ﬁust be capable of

printing output.

The estimated cost of either system would be approximately $20,000 to
$§25,000. Options should be 1ncluded at a later time so that the testing of
the basic system can be expedited. The pressure data processing would require

an additional channel of power supply and analog/digital conversion at a cost
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of approximately $2500. The real time determination of the hammer speed would
cost an additional $1000, and plotting capability would add approximately

$2000 to the cost.
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4, ALTERNATIVE METHODS
4,1 Introduction

A number of alternative methods for hammer and/or driving system perfor-
mance evaluations were investigated. They included both direct and indirect
measurement techniques. This chapter contalns a summary of the findings from

these investigations.

The greatest effort in alternative system investigations was devoted to a
study of accelerometers mounted on a falling weight and computations of the
change of velocity from the resulting signal. This method is comparable to
inertial guidance systems used in aerospace technology. Section 4.2 sum-

marizes laboratory studies and related conclusions.

Sections 4.3, 4.4 and 4.5 deal with direct, indirect and indicator
measuréments, respectively. In Section 4.6, the proposed measurement system
outlined in Sections 3.6 and 3.7 is compared with the alternative methods; and

justified as the most feasible solution on this basis.
4,2 Ram Acceleration

4,2.1 General Remarks

Accelerometers have become increasingly sensitive and rugged. Their
signal conditioning is simple and they are light in weight. Furthermore, they
are successfully used for the guidance of satellites where integration over
long time periods is necessary. It therefore appeared apﬁropriate to inves—
tigate ﬁhe use of direct measurements of acceleration. The following labora-

tory efforts were undertaken to investigate the technical feasibility of this

concept.
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4.,2.2 Measurements on a Falling Mass

The objective of this study was to determine the velocity of a falling
weight using an accelerometer mounted on the weight. This device could be

employed with satisfactory accuracy as a direct measurement tool for eval-

uating hammer performance.
4.2.2.1 General Description of the Test Set-Up

The test apparatus consisted of a cylindrical solid weight that could
move freely inside a slightly larger diameter circular tube. The accel-
erometer was mounted firmly on the weight near the center of the top surface.
The accelerometer leads exited the tube through a vertical slot. Two pairs of
light emitting diodes (LED) and photoreceptors were mounted near the base of
the tube, spaced vertically. This system measured the time of passage of the

weight through the lower part of the tube. The output from the test apparatus

was recorded on a strip chart.

The accelerometer used was manufactured by Entran Devices, Inc.,
Fairfield, New Jersey. It was the EGAX-10 model with a useable range of +10
gravities (g) and an overrange of +10,000 g without sustaining damage. This
measurement capability is achieved with a semiconductor strain gage on a can~
tilever beam. The overrange protection was achieved by displacement stops.

The unit was viscously dampened at 0.7 of the critical value. The response

was linear to about 700 hz.

The accelerometer was mounted on the steel weight using high grade rubber
cement. Initifally, strain gage cement was used, but appérently formed too
rigid a bond and was easily broken at the high accelerations produced when the
weight impacted the bottom of the tube. The rubber cement formed a small
"cushion” which only affected the accelerdmeter measurements during the high
accelerations at impact. This was not of concern since only the velocity

{mmediately before impact was to be measured.
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The lead wires from the accelerometer were first attached to the flat top
of the weight, run up the center post and then through the slot in the tube.
Great care was taken to ensure that the leads were not damaged and that they

did not affect the free fall of the weight during the test.

The second veloclty measurement was accomplished by using a timer in
combination with the two vertically spaced LED-photoreceptor pairs. The LEDs
and photoreceptors were on opposite sides of the tube. The LED emitted a
light which activated the photoreceptor until blocked by the falling weight.
At that time, the output from the photoreceptor would change. Knowing the
distance between the two LED-photoreceptor pairs and the time between the
voltage change of these pairs, the average velocity of the weight was calcu-

lated.

A full bridge signal conditioner powered the accelerometer and amplified
the output signal. A bridge excitation of 15 volts was used with a 100 Hz
filter and a gain of 150. The output from the amplifier was then taken

directly to the strip chart recorder (visicorder).

The strip chart recorder used eight inch wide strip paper, and produced
three traces: one from each LED-photoreceptor pair, and one from the accel=-
erometer. The recorder was run at rates of 20 or 40 inches per second (508 or
1016 mm/s). The entire experimental setup is shown in Figures 4.1, 4.2 and

4.3,
4.2.2.2 Methods

A check was first made on the accuracy of the timer éystem and the cal-
ibration of the accelerometer. This was accomplished by supporting the weight
at an accurately measured height in the tube using a string and hook above.
The height was measured from the midline between the two LED-photoreceptor
pairs. The strip chart recorder was started and the string cut. Knowing the
height and thé theoretical acceleration of gravity, the velocity of the weight
at the midpoint of the timer was calculéted° The velocity according to the
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Figure 4.3:

Mounted Accelerometer
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timer was also calculated, and the two compared. A sample strip chart output

is shown in Figure 4.4.

The accelerometer was calibrated using a simple test. The strip chart
speed was changed to two inches per second (50.8 mm/s). The weight (with
accelerometer mounted) was placed on a flat table for about four seconds, then
picked up and put flat against the bottom of the table, upside down. About
four seconds later the weight was replaced in its original position for
another four seconds. The variation in the output on the strip chart from the
upright to the inverted position represented two gravities. This variation
was then used to calibrate the output of the accelerometer. A sample of the
gignal from the accelerometer caliration test is shown in Figure 4.5.

The actual tests were performed to ascertain whgther the velocity of the
weight could be accurately determined from the accelerometer. The tests were
performed as follows. The strip chart speed was set to either 20 or 40 inches
per second (508 or 1016 mm/s). The integrating amplifier and power supply for
the accelerometer were turned on well in advance of the tests to ensure sta-
bility of results. The weight was rigged by running a connected string out of
the top of the tube, over a ring, and down to the operator. The operator
pulled the string sharply and then released it immediately. The weight would
rise about twenty inches (508 mm) and then free~fall to impact with the base
of the tube. The accelerometer output was continuously recorded. The test
was performed several times to 6btain a good samﬁle of data points. A sample

measurement is shown in Figure 4.6.

Each entire acceleration curve was manually integra;ed until dimpact to
obtain the velocity of the weight immediately before impact. The data from
the two photoreceptor pairs allowed calculation of the average velocity of the

weight between LEDs. These two independent determinations were then compared.
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Test
No.

A W N

Chart
Speed

20
20
20
40
40
40

Table 4.1:

Two~g Accelerometer Calibration

(v

Difference

timavthr
(%)
20.9
23.8
33.0

21.4
30.4

Test Number Sensitivity
nv/g
1 7.67
2 7.67
3 7.68
4 7.75
Mean 7.69
Standard Deviation ' .038
Coefficient of Variation 0. 5%
Manufacturer's Calibration 7.90
Table 4.2: Free Fall Calibration
(1 ft/s = 3048 m/s; 1 in = 25.4 mm)
Time Fall Velocity Theoretical
Incre- Height from Timer Velocity
mernit vtim Vthr
(x lOw3 sec) (in) (ft/sec) (ft/sec)
4,7 22.5 13.3 11.0
5.0 19.0 12.5 10.1
4.6 19.3 13.6 10.2
4.6 23.4 13.6 11.2
5.2 15.9 12.0 9.2
5.4 21.1 11.7 10.7

Mean Difference

Standard Deviation
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24,0
8.4

/vt

thr



Test Accelerometer

No. Measurement

\
acc

(fr/sec)

10.67
8,51
8.51
9.07
8.64

10.20
9.01
8.92

O ~N O U B W

*
(0.76 Vtim)

Table 4.3:

Timer

Measurement

vt:im

(ft/sec)

12.26
9.19
10.40
11.40
11.36
12.50
12.50
10. 42

Velocity Test
(1 ft/s = 3048 m/s)
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- Corrected
Timer

Measurement®

Vtime
(ft/sec)

9.32
6.98
7.90
8.66
8.63
9.50
9.50
7.92

Mean

Difference

(Yacczztime

v

(%)

+14.5
+21.9
+7.7
+4,7
+0.1
+7 .4
=5.2
+12.5

+8.0

time

e
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4.2.2.3 Results

The results of the two—g accelerometer calibration tests are given in
Table 4.1. Remarkable repeatability was achieved with a coefficient of var-
iation of only 0.5%. The manufacturer's calibration was 7.90 mv/g. Thus, the

difference between the two calibrations was 2.66%, an acceptable performance.

The results of the calibration of the light beam timer system are given
in Table 4.2. 1In the six tests there was a mean difference of 24% with a
standard deviation of 8.4%Z. The measured value was consistently larger than
the theoretical wvalue. The difference was probably due to the effective

distance measurement between the LED-photoreceptor pairs.

A total of eight final tests were pefformed. The results are given in
Table 4.3. Using the correction obtained in the calibration tests, an average
difference of 8.0% was obtained, with the accelerometer giving higher results
than the corrected timer measurement. As the timer measured the velocity a
short distance above the impact, a correction should be applied to the timer-
derived velocity. Assuming free fall in the remaining distance, the differ-
ence between the velocity measurements is reduced to 6.67%. The standard

deviation was less than 8.07.

These tests indicate that an instrument could probably be developed that
would give satisfactory results (say +5%). The system could be used on all
hammers except those that have a completely enclosed ram.

4.2.3 Rating of Ram Acceleration Measurements

The laboratory study suggests that continuous integration of ram accel-

eration could lead to an impact velocity value with an accuracy better than

10%. The advantage of this direct measurement would be its low cost.

Unfortunately, however, there are also disadvantages. First, since

telemetry does not yet seem feasible, a physical connection is required
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between the moving ram and signal conditioner. Enclosed rams could not be
evaluated using this method. Installation would often be difficult since the
accelerometer must be fastened to the ram; for diesel hammers, this means at

the ram top.

Finally and most importantly, although single blows would produce reli-
able data, it woﬁld be difficult to obtain accurate velocity values over con-
secutive blows. Since the ram 1is continuously moving, it is difficult to
determine a reference zero velocity. The same accelerometer capable of the
sensitivity necessary to track the rise and fall of the ram cannot be used to
continue the velocity computation during impact, where very high accelerations
are present. The sensitive accelerometer could be used to obtain the velocity
difference, but since the initial rebound velocity is not known, the iﬁpact

velocity could not be determined.
4,3 Other Alternative Direct Methods
Chapter 2 recommended the radar device as the simplest and most ecomno-

mical method of direct ram velocity measurement. Since radar technology is

readily available, proven accurate, and reliable for hammer performance

measurements, similar systems using sound waves or infrared need not be

investigated.

Alternate solutions are (a) an accelerometer mounted on the ram (as dis-
cussed above), (b) an optical theodolite, (c¢) a digital device which counts
each movement of known magnitude, (d) the use of an LVDT and (e) the measure-

ment of a force in a spring being compressed by the ram motion.
4,3.1 The Optical Theodolite (OT)

Volume II discussed this device in considerable detail. Its primary
advantage is that monitoring can be achieved without physical connection to

the ram. Also, the output would include the maximum stroke, a distinct

advantage for dilesels.
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Errors due to ground motion would be of similar magnitude for both the
radar device and the OT. The determination of velocity at impact may not be
as accurate as the device itself, because of the need for a displacement range
that is greater than the hammer stroke. Also, visibility is a problem in low
light and due to obstructions present on all sites (pile crew members, crane,
leads, other piles etc.). A clear target must be painted or mounted on the
ram and should be kept relatively clean. It would not be possible to monitor

enclosed rams.

The cost of the OT including special purpose electronics (to allow dif-
ferentiation) would be much higher than a mass produced radar device. It is
primarily for reasons of cost and accuracy that the OT is not preferred to the

radar device.
4,3.2 Digital Counters

Remarkable progress has been made in digital displacement transducers.
Several hammer monitoring devices, such as Fugro's or Menck's, take advantage

of this technology.

Fugro's device measures displacement only at a single ram position, and
its resolution is relatively poor. Menck installs a grooved bar which emits
pulses at certain displacement intervals in a few of its hammer models. In

elther case, installation in different hammer models is always difficult.

There are a number of general purpose devices available. They would
require data transmission by cable and the mounting of two items to ram and
assembly (cylinder). The best such system has a grooved bar which may be very
thin and flexible and provides for resolutions better than a fraction of an
inch. This would be attached to the ram. A sensor would then be attached to
the cylinder and connected to the signal conditionmer with cable. Although it-
18 conceivable that this technology will be utilized in the future, it is only
recommended if‘it is factory installed during manufacture. The operator would

simply attach a cable to a standard plug on the hammer and then obtain results

61



from an inexpensive read out device.

4.3.3 LVDT

LVDTs convert the relative position of a core to a coil, similar to the
digital displacement device. Although the LVDT is less expensive, it suffers
from a lack of accuracy for large range motions. Since digital devices are

more accurate and more rugged, the LVDT is not a feasible solution.

4,3.4 Spring

The measurement of force in a spring as it undergoes compression has been

used for many years to measure displacement or velocity.

Two design configurations are possible. First, the spring could be long
and rigidly attached to both ram and reference (assembly or cylinder). In
this case the relatively soft spring would have to undergo rather large defor—
mations. This softness would be a disadvantage since it would give rise to
low natural spring frequencies which would need to dampened. The spring would
. have to be installed in a long pipe containing the dampening medium (similar
to a shock absorber). Other obvious technical problems exist with this sys-
tem; different spring types would be required depending on the hammer gtroke.

Accuracy would be questiomable.

A second type of spring would be short and therefore activated ounly
during the last few inches of ram descent. The advantage of this relatively
sturdy spring would be a much simpler design. Its accuracy would be good.
The major disadvantages would again be installation probleﬁs and the dampening
of shock waves. The system could only be recommended for factory instal-

lation. Installation of a digital displacement transducer would be

preferable.
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4.4 Alternate Indirect Measurements

Chapter 3 already treated the subject of indirect measurements in detail.
It was found that acceleration measurements have the best chance for success
because of the simplicity and ruggedness of the accelerometers used, and the
relatively small numberl of models required to «cope with all piling

configurations.

Force transducer installation is much more complicated than accelerometer
attachment. Force transducers are not available in the required configuration
and would, therefore, need to be custom made for a specific driving system.
It was furthermore determined that any device inserted in the driving system
could cause a change in hammer performance thus completely eliminating the use

of any device of this type.

Fortunately, impact force values can be determined from acceleration
measurements. . For a given stroke the most importanﬁ contribution to the force
on the hammer is the inertia of the helmet. However, it 1s doubtful if a
force level is indicative of the quality of hammer'performance. The evalua-
tion methods discussed in Chapter 3 would be superior. The study of the
Ruemmel Method (Volume I) may be cited as proof. .

In summary, measurement of acceleration provides the most economical and
complete simple solution. As discussed in Chapter 3, acceleration measure-
ments provide for sufficient information to evaluate hammer and driving system
performance. No other single system can offer such a complete solution.

4.5 Indicator Measurements
4,5.1 Pressure
Among the indicator measurements, only pressure is of any value .to the

evaluation of hammer performance. However, pressure alone cannot be used to

determine energy output or transfer to the pile.
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4,5.1.1 ASH hammers

For ASH hammers, pressure of the power medium at the intake would be a

valuable parameter. Unfortunately, measurement 1s not simple for the fol-

lowing reasons:

(a) This measurement is static in nature, i.e. there is mno recurring
reference value (such as a zero or atmospheric pressure) between
blows. Thus, any drift of the transducer or the signal conditioning
equipment could lead to significant errors. This also eliminates
the use of simple quartz crystal transducers, because of their
relatively short time constant. On the other hand, the use of
strain gage -~ based pressure transducers is complicated by the need
for temperature compensation,. since hammer temperatures change

significantly during operation.

(b) Installation of such transducers would be difficult. In general,
there are no sultable fittings on the hammer and it would be
necessary to drill into the hammer's casting. It is recommended

that such transducer installation should be made by the hammer

manufacturer.

The value of these measurements is marginal except to verify the adequacy

.of the power supply. This measurement would not be sufficient to indicate a

hammer's performance.
4,5.1.2 Diesel Combustion Pressure

For diesel hammers, combustion chamber pressure measurements are gen-
erally taken using piezoelectric pressure transducers. This pfessure measure-
ment is of value when indirect accelerometer measurements are taken since it
eliminates the necessity to model the hammer's thermodynamic model, and there-
by increases the precision of the calculations. A disadvantage is that not

all hammers have readily accessible combustion chambers. It is therefore
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again recommended that the manufacturer provide a transducer-compatible tapped

hole to avoid conflict with the manufacturer's warranty.

Diesel combustion pressure by itself may be a misleadiﬁg quéntity unless
the observer is intimately familiar with the particular hammer type. For
example, preignition may be normal for one hammer type, but represent a mal-
function in another. This measurement can therefore only be recommended in
conjunction with detailed calculations and/or data banks and would therefore
require a microprocessor based analysis system as proposed for the accelera-

tion measurements.
4.5.2 Blows per Minute

This measurement is relatively easy to take, and should be automatically
monitored for any pile driving project. For ASH hammers it may serve as an
indicator of the reasons for poor performance, for open—end diesel hammers,
it allows for a calculation of potential energy. Even for closed-end

diesels, .blows per minute is related to the effective hammer stroke. .

It is dangerous to rely solely on blows per minute as a performance indi-
cator for diesel hammers. As explained in the Volume I, undesirable preig-
nition may actually cause high strokes (thus low blows per minute), which is
also an indication of good pile capacity. The high strokes caused by predg-
nition are characterized by correspondingly low energy transfer and may
therefore result in higher than expected blow counts, even for dangerously low
capacity. There is a danger, therefore, when using blow rate as an indication
of energy transfer, that both energy transfer and pilg capacity will be

overestimated.

To be sufficiently accurate, either the blows must be counted for a whole
minute, a stopwatch must be used for at least 10 strokes, or an electronic
device which can time consecutive impacts with excellent precision must be
employed. Thé techniques to obtain this information are very simple, and the

cost is always acceptably low.
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4,6 Conclusions

The various methods discussed in this chapter have some merits, but their
disadvantages comﬁared with the radar-based direct or accelerometer—based
indirect systems make them less attractive. Of the other systems, only
the optical theodelite and the digital displacement transducer have real
merit. Because of the low cost, blows per minute is recommended as the best

indicator measurement.

Among the indirect measurement systems, only the method discussed in
Chapter 3 is sufficiently simple for routine operation. Since direct methods
are not applicable to all hammer types, the indirect accelerometer based

system is favored. In an initial phase, 1t should be combined with the RVM

system.
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5. SUMMARY OF THE PREFERRED MEASUREMENT SYSTEM

5.1 General Remarks

The preceding chapters have justified the development of a systenm which
includes both a direct measurement device (the radar device), and an indirect
system, based on plezoelectric accelerometers. The latter system will be
referred to as AMS for Acceleration Monitoring System. In this chapter, the
implementation of both the radar device and AMS will be discussed.

Because of different hammer and/or pile configurations, there is no single
standard method for hammer and driving system investigations. Furthermore,
the quantities to be measured in any investigation may vary, e.g. hammer
impact velocity only, cushion properties, or the energy transfer through the

driving system.

The radar device can only be used for ASH hammers with a visible ram. For
all other systems, the AMS is required. However, during a tramsition period,

the radar device may also be used on open-end diesels.
5.2 Test Procedure

5,2.1 Radar Measurements

The system will consist of the antenna or wave emitter and receiver (both
in onme unit), - a cable and a processing unit. The processing unit may provide
either a digital ram impact velocity or a continuous analog output for strip

charts, oscilloscopes or tape recorders.

The antenna is placed near the toe of the pile and directed toward the
ram. If the ram does not expose a sufficiently large area, then a target must
be mounted on the ram. Care must be taken that this target is well fastened,

and does not move relative to the ram.
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During ram motion, the ram impact velocity is read from the strip chart or
from the digital output of the radar device. Simple calculations give the ram
kinetic energy. Efficiency can then be computed from the rated energy. Al-
though these calculations are easy, the operator could also have a chart

relating hammer efficiency to impact velocity for each hammer.

A continuous analog output of ram velocity may be used to detect specific
hammer malfunctions. For example, a long slow change of velocity may indicate
excessive friction, while a fast change just before impact is caused by pre-

admission (improper hammer cushion thickness).
5.2.2 AMS Measurements for ASH Hammers on Steel Piles

The contractor is required to weld two small steel plates, containing
tapped holes and a cable attachment hook, on opposite sides of the helmet.
One accelerometer is then bolted to each plate and connected to a single cable
supported ‘by the hook. The contractor then proceeds normally with the pile

driving operation.

The signal cable is connected to a signal conditioning unit which is
precalibrated for the helmet accelerometers and includes an A/D unit (analog
to digital comverter). The digital data is input to a microprocessor. The
microprocessor is initialized by specifying the hammer type to be tested, the
pile area and the helmet weight. Such simplicity is possible since all rel-
evant hammer data can be already stored in a read-only-memory (ROM) section of

the microprocessor.

As pile driving proceeds, closed form solutions would be made for each
blow. The microprocessor stores selected records (actually only very short
record portions of at most 10 ms duration) in RAM (Egndom‘gccess E@mory) or,

optionally, on digital disk or other mass-storage device.

After the test, the microprocessor can analyze any digital record by

either closed form or minimization methods and display the ram impact
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velocity, capblock stiffness and coefficient of restitution. An optional
plotter may plot the capblock force deformation curve or a histogram of
results, e.g. the number of blows having wave equation efficiencies occurring

within a certain percentage band.
5.2.3 AMS Measurements for Diesel Hammers on Steel Piles

The contractor welds two small steel plates containing tapped holes to
both the impact block and helmet. Four identical accelerometers, two marked
"IB" and two marked "H", are attached. The remaining system is the same as
for the ASH hammers. Outputs include the capblock stiffness or, optionally,
its force deformation curve, the capblock coefficient of restitution, the ram

impact velocity, and the WEAP wave equation efficiency.
5,2.4 AMS Measurements for ASH Hammers on Concrete Piles

In addition to all the measurements on steel piles, two accelerometers
must also be attached to the pile. These accelerometers are of higher sensi-
tivity and will be marked "P". A separate signal cable will extend from the
pile to the operator's work station. The cable and accelerometers are pro-—
tected by covers while the pile is set in the leads. Alternatively, this test
may start when the pile has been driven until the pile top can be easily

accessed (i.e., near the end of driving).

Initialization of signal conditioning and microprocessor are also similar
to the AMS measurements on steel piles. A pile top cushion option will also
require that a pile elastic modulus is enterad, or may be automatically com-
puted from wavespeed in easy to moderate driving conditions. The cushion
force is directly dependent on the pile's elastic modulus. However, cushion
force errors hardly affect the hammer performance results, since the cushion

force is low compared to the capblock force during the time period considered.

g

The results of the '‘ASH test also provide ram velocity énd capblock pro-

perties. Cushion stiffness or an optional cushion force deformation curve may
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be obtained.' Although pile cushion properties are very important to energy
transfer to the pile, they are not required for hammer /capblock analysis and

therefore the pile acceleration measurements could be eliminated.
5.2.5 AMS Measurements for Diesel Hammers on Concrete Piles

A total of three sets of two accelerometers each are attached to the
impact block, helmet and pile top. Again, as in the case of ASH hammers on
concrete piles, it 1s necessary to use a separate signal cable for the pile
accelerometers and to protect these units; As above, pile acceleration mea-

surements are optional, but highly recommended.

Results will include the ram impact velocity, WEAP efficiency, and

capblock or cushion properties.
5.3 Extensions
5.3.1 Pressure Measurements for Diesels

A pressure transducer attached to the diesel hammer, together with the
standard AMS instrumentation, will allow direct evaluation of preignition
problems. Since the microprocessor will have the hammer's thermodynamic data

stored, a comparison of theoretical and actual performance i1s possible.

The pressure-volume relationship can be computed and plotted for the cru-
cial time period shortly before and after impact. This option requires one

additional channel of signal processing and A/D. The remaining work is soft-

ware controlled.

5.3.2 Blows per Minute

Naturally, the measurements allow for the accurate determination of the

hammer speed for each blow. This feature would require that the micro-
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processor detect the occurrence of a blow, and determine the time between

blows. This time could be converted to an equivalent blows per minute value.

The blows per minute result would aid in the diagnosis of hammer troubles
for any type of hammer. In addition, it may be used for stroke calculations
for open-end diesels. The AMS method would compute WEAP hammer efficilency

based on this stroke value.

5.4 Personnel

Either the radar device or AMS may be operated by a single technician. 1In
both cases, cooperation from the contractor is required, and permanent records
may be obtained (e.g. cassette tape, floppy disk, strip chart etc.). An

experienced engineer should review these records in the laboratory.
5.5 Calibration/Verification Testing

The radar may be calibrated by dropping an object falling a known distance
in the direction of the radar antenna or by means of standard tuning forks.
With proper targets for ASH and diesel hammers, this calibration should be
sufficient. Of course, a controlled test which includes complete Case Méthod

measurements and the Pile Driving Analyzer should also be conducted.

The accelerometers used by AMS are factory calibrated. In fact, they may
be chosen such that their calibration factors are extremely close making them

interchangeable.

The computational method of the AMS system must be verified under a number
of conditions. At first, the simplest case, being that of ASH hammers omn
steel piles, should be tested both by the radar device and AMS. Furthermore,
force measurements in the pile should be taken simultaneously for a complete

Case Method evaluation.

71



The second system to be verified should be the case of diesel hammers on
steel piles. This 1s the most important application for AMS, since diesel
hammers are very common and the radar device is not applicable on a routine
basis. For verification, however, an open—end hammer should be'chosen, and
the radar device used as an independent check. Pile top force records and

combustion pressure should also be measured.

Finally, AMS measurements should be made on driving systems which include
a pile cushion. This should be done first under ASH hammers with the radar
device, and later on the diesel hammers. Because the fuel injection system of
diesel hammers can make a large difference to performance, pressure measure-

ments are recommended whenever an unknown hammer type is tested.
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6. CONCLUSIONS AND RECOMMENDATIONS

The investigations performed and described in this report have shown that
a. simple measurement system may be built for the performance investigation of
all types of impact hammers and cushioning. All components (accelerometers)
attached to the driving system are already in routine use for pile testing.
The only questionable attachment will be the "térget" on rams for radar moni-
toring. It is hoped that the AMS will eventually replace the radar device,
since AMS provides more information. The proposed AMS takes advantage of state
of the art digital and microprocessor technology. This means that high flex~-
ibility is assured, since most further dévelopments can simply be done with
software. AMS has many'advantages over all existing technology. The best
overall driving system monitor is the Case Method of pile top measurements,
however, it is intended for only a sample (typically 5%) of all piles on a
site. Exlsting hammer monitoring devices measure only ram velocity at impact
(or in some cases before impact, which is less than ideal) and thus ignore

other very important driving system parameters.

The simple AMS system will provide not only ram velocity but also capblock
and cushion properties. These parameters are the primary unknowns affecting
wave equation analysis accuracy. AMS woﬁld output the values directly in the
form required by wave analyses. The AMS system could be used to monitor every

pile and would not interfere with the normal pile driving operation.

The cost of a complete system including accelerometers, signal condi-
tioning and microprocessor is rather modest. The benefit to cost ratio should

be high.

It is not possible to eliminate cable connections to driving system com~
ponents and piles. With the current state of electronics, telemetry may cause
more problems than cables. Since other lines are already attached to every

hammer to control operation, the additional cable should not be a problem.
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It is recommended that prototype counstruction begin by purchasing radar
antenna with associated electronics as soon as possible. In a first step of
the AMS development, results using accelerometers, existing signal condi-
tioning, and a tape recorder should be obtained and compared with radar
measurements on construction sites. A standard microcomputer would then suf-
fice to evaluate the data in the preferred automated manner in the laboratory.
The necessary programs are already available (see Chapter 3). In this way, it

will be possible to work in parallel on the refinement of both hardware and

software.

The data collection efforts will result in a large number of hammer and
cushion material parameters. These parameters may aid in wave equation pre-
dictions if they are collected and continuously updated in an organized, sta-
tistical manner. TFor example, hammer efficlency values could be averaged for

certain hammer types and driving conditions. It 1s therefore suggested to

start as soon as possible with the design of a data bank for both hammers and.

capblock cushion material.
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