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PREFACE

This report is intended to serve a number of functions. First,
it represents the final report on the most recent phase of the research
project ""Dynamic Studies on the Bearing Capacity of Piles'. This phase
was the fifth and last in a series which was sponsored at Case Western
Reserve University by the Ohio Department of Transportation and the
Federal Highway Administration. The new developments coming out of this

phase of the work are reported here.

The second function of the report is to serve as a means for
summarizing the results of a series of small projects sponsored by
a number of state highway departments. These projects had as their

goal the broadening of the data base.

The third and perhaps most important purpose of the report is to
summarize the results of the total project and to present a state-of-

the-art report on this approach to pile capacity determination.

PREFACE TO SECOND PRINTING

Additional data have frequently been requested by some readers.
Therefore, further information on the test piles has been included

in Table 2.71a, Page 45a.
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INTRODUCTION

The concept of using a Newton-based approach to the dynamic
determination of pile capacity was first studied by Nara and Eiber
(1)* at Case Institute of Technology. In 1964 the Ohilo Department
of Transportation began to sponsor research at Case to continue and
expand this concept. The resulting series of research studies has

already been extensively reported (2-11).

By 1970 it became apparent that the research results could be
implemented for design and construction centrol of pile driving.
However, there was a serious need for further data obtained on pile
types and soils which had not been seen in Ohio. To mecet this need,
research sponsorship was sought from other state highway departments
to provide data on piles which were being load tested statically to
failure. The states of Idaho, Minnesota, Pennsylvania, New York,
Georgia, and Florida responded to this reguest and piles were tested
at a total of ten sites in these states. Pille types consisted of
timber, prestressed concrete and steel pipes. Soil types ranged from
clay to coarse samnd. These projects have heen reported previously
{12-21) but summary results of these tests will be included in this
report. Test work was also conducted in the state of Nevada under
other arrangements with the Federal Highway Administration (the report

on these tests is currently in progress) and the results are contained

in this report.

In the past two years the authors have been called upon to perform
consulting services for private agencies around the country. These tests
have produced a substantial amount of data on piles which were statically
load tested and these results are also contained in this report.
Unfortunately, extensive soil data cannot be made avallable from these
tests but the correlation between dynamic and static measurements is

substantially expanded as a result of this data.

Project activities can be divided into four separate groups. First,

*Refers to references at end of text.



since the onset of the project there has been a continual development

of instrumentation, data acquisition and data processing equipment.

This work has continued through the current project and the current
state of this equipment is described in Chapter 2. A sccond activity
has been the continued development and refinement of the Case Method

of capacity prediction (referred to as the "Simplified Method" in some
previous reports). ‘The Case Method capacity prediction invoives

simple computations and the most rTecent developments are described in
Chapter 3. The third activity has been the development of the nccessary
analog electronic circuitry to make Case Method capacity predictions

in the field. The resulting device appears to now be commercially
viable, For the past two years development of this device has been
carried on privately and has not caused the expenditure of project funds.
However, as new field computers became available they have been used

in preject activities. The fourth activity has been the continued study
and development of a computational technique known as the Casc Pile

Wave Analysis Pregram (CAPWAP). This computatiocnal procedure involves
the determination of both static and dynamic resistances and their
distribution in the pile using as inputs the measurements of force and
acceleration made at the pile top. This requires a substantial amount
of computational time on a large digital computer; therefore, the
procedure cannot be performed in real time in the field. However, it
does provide considerable potential for future application both in pile
capacity prediction and in other types of activities. The CAPWAP
computational procedure is discussed and some sample results are presented

in Chapter 4,

The Case Method of pile capacity prediction has now progressed to

the stage of routine application in pile design and construction control.
At the present time {January, 1974} three state highway departments have
acquired the Pile Capacity Analyzer and transducers to perform tests

using their own personnel. In addition the Federal Highway Administration
is involved in a demonstration project of this equipment and is currently
using two Pile Capacity Analyzers in a demonstration proiect. Thus, it can
be stated that implemenfation has been achieved and further expanded

applications can be oxpoctoed.



Chapter 2

Data Acquisition and Processing

2.1 Data Acquisition Equipment

The prediction of pile bearing capacity, computation of transferred
energy and investigation of other dynamic quantities (i.e. maximum
stresses, etc.) require the accurate measurement of force and -acceleration
at the pile top. In this Chapter the state-of-the-art for the routine

measurement of these quantities will be described.

The acceleration measurements have become quite routine due to
developments in electronics. Commercially available accelerometers
are mounted on small aluminum blocks which are then bolted to the pile
as shown in Figure 2.1. The mounting block must he as rigid as pessible
to avoid measuring accelerations arising from the response of the mounts.
The total device must also be lightweight and mounted as closc to the
pile wall as possible to prevent large inertia forces due to the high
accelerations in this mass. Pilezoelectric accelerometers were uscd
because of their high natural frequency and ruggedness. The particular
model currently used is the PCB Piezotronics Model 302M21 with ground
isolation. The model has a built-in amplifier to reduce problems of
electronic noise from the cable. The nominal range is 1000 g's with
a maximum shock limit of 5000 g's. The nominal sensitivity 1s &5 milli-
volts/g. This accelerometer has a frequency ranpge of 1 to 5000 Hz with
a resconant frequency greater than 30,000 Hz. Results have been satis-

factory.

The measurement of force has had more project involvement. Initinlly
the force was measured by attaching resistance strain gages directly to
the steel pile wall. The strain was converted to force using the known
material modulus and cross sectional area of the steel pile. Routinc
application of this technigue for a large number of piles under all
weather conditions is not a reasonable procedure. Reusable transducers
are desirable in that they reduce the time required for attachment and
nuntber of the strain gages used. Thus, the total cost and time lost to

the contractor for making a routine test is reduced. These transducers



are constructed and calibrated in the laboratory.

Two types of transducers were developed. One type introduces a
force measuring device between the pile and the hammer. The force
transducer is relatively lighweight compared with that used in other
studies (22) and thus avoids most of the difficulty experienced.

Results from this transducer have been compared with strain gages
mounted directly on the pile with very good agreement. This trans-
ducer attempts to match the cross section shape of the actual pile

with a small increase in wall thickness. If damage occurs near the

pile top, the transducer's increased wall thickness forces the damage

to be in the pile, therefore preventing costly damage to the trans-
ducer itself. For the common 12-inch pipe piles used in Ohio with a
wall thickness of 0.179 inches, a 12-inch diameter pipe with a 3%/8

inch wall thickness and 12-inch iength has performed satisfactorily.

A force transducer is shown in Figure 2.2. At the mid-length of this
pipe six dual element resistance strain gages are attached at 60 degree
intervals to minimize local bending and end effects and obtain the
average force in the pipe. One element is parallel and the other trans-
verse to the axis of the pipe. All gages have 120 ohms resistance and
are wired three elements in series in each leg of a full bridge. One
inch thick, l4-inch steel pilates were welded to the top and hottom of
this pipe. An 1l-inch diameter hole was cut in these plates to minimize
the transducer weight and the introduction of bending effects at the
ends. The upper end of the transducer is bolted to another section of
I2-inch pipe welded on one end to another heavy plate. This top

adapter then accepts the driving helmet in exactly the same manner as
would the actual pile. The bottom adapter is an undersized pipc which
is welded to another heavy plate which is then bolted to the transducer.
The bottom adapter then becomes a male adapter having a snug fit inside
the pile top. High frequency accelerations can be mechanically filtered
out by introducing plywood cushions between the transducer and top adapter.
The use of more than two inches of plywood is discouraged as it modifies

the actual event by an amount undesirable for use with the Case Method.

The linearity of this transducer is excellent and hysteresis is not
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noticeable during static calibration in a 200 kip universal testing
machine. Transducers of this type have also been constructed for
l4-inch and 10-inch pipes with equally satisfactory results. Trans-
ducers for steel H piles have been constructed with somewhat less
satisfactory results. Due to the less regular shape it appears that
the transducer length must be increased or the number of strain
gages 1ncreased to avoid serious problems of linearity. The bottom
adapter is also not as simple. Some type of fitting must be made

to guide the transducer to fit well over the pile top or the heavy
plate to which the transducer bolts must be tack welded directly to

the pile top for each pile tested.

Force transducers for concrete and timber piles have not been

satisfactorily designed.

The second type of force measuring device can more accurately he
described as a strain transducer. The current design is shown in
Figure 2.1. This diamond shaped frame is attached to the pile at two
points three inches apart along the pile axis. Four 350 ohm strain
gages are attached to the "hinge" locations and are again wired in a
full bridge arrangement. This frame then measures the average strain
between the two points. If the strain transducer is too stiff, large
forces are transmitted to the attachment points which can cause yield-
ing of the transducer or slippage with respect to the pile causing

apparent large residual forces in the pile. The current design is

very flexible (an axial static test of the transducer alone caused 3000 pr

from only six pounds). To avoid undesirable effects of inertia forces

it is also lightweight and attached close to the pile wall.

Because of thelr weight and size, the strain transducers are
easily transported to different job sites. They can be attached to
any pile type, shape or size. Clearance holes for 1/4 - 20 bolts are
driiled in thin wall steel sections and the transducers mounted with
belts and nuts. In thick wall steel sections the holes can be drilled
and tapped. Concrete piles are instrumented by drilling a 1/2-inch
diameter, 1 inch deep hole and setting anchors for the 1/4 - 20 bolts.

A 1/8-inch pilot hole is drilled in timber pileé and the transducer is



then attached with lag bolts. The recorded strain is then converted
to force using the pile area and material modulus. For stecl piles
these values are well known. However, for concrete and timber piles

the dyramic modulus must be computed from the wave speed, c, by

2
E = pc (2.1
where p is the mass density. The density of concrete can be assumed
to be 150 pounds per cubic foot. The density of creosoted timber
varies widely from 40 to 70 lb/ft3 and, if an accurate modulus is to
be determined, must be measured. The wave speed determination is a

simple process and has been described elsewhere (13, 16, 17).

To cancel any bending effects in the pile, two accelerometers
and two strain transducers are attached diametrically opposite as
shown in Figures 2.1 and 2.3. The cables from each transducer are
connected to a connection box as in Figure 2.3. A single connection
cable carrying all signals then goes to a power supply for the acceler-
ometers and a signal conditioning and balancing unit for the strain.
The output can then be observed on an oscilloscope or recorded on a
high speed oscillograph or analog EM tape recorder for later analysis.
The tape recorder gives the advantage of being able to recreate the
electronic signal recorded. Thus, processing can be more efficient

and accurate.

2.2 Data Processing Equipment

Upon returning from the field, the analog magnetic tape data are
analyzed using the Case Project processing system. The data are
automatically converted to digital form using an analog-to-digital
converter controllied by a small digital computer. Those portions of
the record containing the hammer blow are then stored on digital
magnetic tape for further analysis. The acceleration record is inte-
grated to obtain displacement. The final displacement can be compared
with the driving record and if necessary the acceleration zero can be
adjusted to give the correct final set. It should be emphasized that

all of the above processing steps are performed automatically. Tt is



important that as many checks as possible be performed on the data

to assure its correctness, For instance, it is known that force and
velocity are proportional at impact. Since these two quantities are
obtained by two quite different measurement systems their comparison

represents a particularly effective check.

The records of force and velocity are then used to predict the
pile's static capacity. 1If the data was taken at the end of driving,
the Case Method capacity gives the static capacity at this time.

The last blows are the most important. If data was taken during a
restrike, the service conditions of the pile including any set-up
or relaxation effects are given. During restrike, the loss of these
time dependent effects can occur and, therefore, the first blows arc

the most critical.

Maximum pile top accelerations, velocities, displacements, forces,
stresses, and Case Method capacities are also printed for each blow
analyzed. Hammer energy transferred to the pile can be calculated
from the expression

£
E(t') = F(t) v(t) dt {(2.2)

where the energy, E(t), force, F(t), and velocity, v(t), are all functions
of time. This is the energy available to the pile to do work and it
eliminates the uncertainty regarding the magnitude of impact losses

due to heat, friction, sound, combustion efficiencies or ram impact
velocity, and in elastic collisions in the drive cap assembly. The
maximum and final energies (after pile rebound occurs) are also printed.
In addition, plots of acceleration, velocity, displacement, force and
energy may be plotted on a CALCOMP drum plotter as functions of time.

An example of these plots is shown in Figure 2.4,

Sample hlows are then punched on punch paper tape and transferred

to a large digital computer for wave equation analysis.



2.3 Field Measurements

Since the ultimate goal of this project has been to develop an
easy-to-use method of accurately predicting a pile's static bearing
capacity, the dynamic testing of piles which were also statically tested
was emphasized. Only in this way could the techniques and prediction

reliability be tested and improved.

As early as December 1964 project personnel were given the oppoertunity
to make dynamic measurements on piles which were also statically tested
by the Ohio Department of Transportation. Data at that time was taken
by strain gages mounted directly on the pile wall and recorded on a high
speed oscillograph. During the next few years transducer development
produced the reuseable force and strain transducers which were checked
for accuracy by comparison of the record with strain gages mounted on the
same pile. Accelerometers which were more rugged and had less electronic
noise were also obtained. Through 1970 because of the limitations of the
oscillograph, only a few blows per pile were recorded. They had to be
manually. converted to digital form for further analysis. The results
from several of these early piles have since been determined to be of
questionable accuracy. Many of the piles seem to have errors in their
calibration of force or acceleration which are irretrievabie. In some
cases the oscillograph records were not converted to digital form with
sufficient accuracy. For these reasons these piles arec no longer being

used for corretation with capacity.

During the summer of 1970 the portable tape recorder became avallable
due to a special grant from the Prestressed Concrete Institute and it was
then used to record the data. In replacing the oscillograph, calibration
errors were virtually eliminated and digital conversion, controlled by a
small computer, made it possible to analyze a large volume of data faster
and with greater accuracy. This made pile testing more accurate and
routine. As the reliability of the results improved more opportunities
became available to make the tield measurements and compare predicted und

measured capacity. This also provided ample opportunity te further improve



the transducers. During this time analog computer for field determination
of static capacity had reached the stage where it could be routinely used
as the pile was being driven. Results were good and the computer has

since been further modified and improved and is now in routine use by
several organizations. On many jobs this testing procedure has replaced

or reduced static testing with large cost savings. Usc of the technique
has also been applied to the quality control of production piling to insure
uniformity over the job site by random testing. Additionally, since
results are obtained for every blow, capacity as a function of penetration
can be easily investigated to reveal the most suitable bearing stratum

and make more efficient use of static load tests.

The current list of piles where static and dynamic test results are
available is given in Table 2.1. This data set provides the basis ftor
correlation of Case Method capacity prediction with actual static load
tests run to failure. Piles where load tests were not run to failure
or where no static test was made are not reported in this list. The
majority of the piles tested for the Ohio Department of Transportation
were 12 inch cast-in-place closed-end steel pipes. In Ohio these piles

are typically 40 to 80 feet in length.

Cooperative projects were also begun in 1971 with various other
state highway departments to expand the measurements to pile types which
are not commonly used in Ohio. As a result of this activity, fourteen
statically load tested piles were added to the data basc, and the capahi ity
and reliability to test timber and prestressed concrete piles was proven.
Also at about the same time a demand appeared from private agencics for
this service on a consﬁlting basis. The result has again been an increise
of dynamically measured static load test piles. These 19 piles have heen
inciuded in Table 2,1 as Consulting Piles (CPl, CP2, ..., CP19) and arc

numbered in chronological order.

The 74 piles reported here are of several types. A total of 46 of the
piles were either closed end cast-in-place (CIP) steel pipe piles or mono-
tube. In fact, the first 27 load tested piles measured by project personncl

were of this type since they represent the standard Ohio Department of
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Transportation pile where it is not driven to rock., Ten of the piles
were timber piles and only three were steel H-pile sections. The
remaining 15 piles were prestressed concrete piles of various cross
section. The most common sections were s0lid, ranging from 10 to 18
inches square, Two of these piles were solid octagonal sections with

a 14 inch "diameter'.

The hammers used to test the piles were of several types; 5 were
double acting air steam hammers, 9 were single acting air steam, 20 were
‘double acting diesel, and 40 were single acting diesel. These were the
hammers being used on the job sites and were not selected for any other
reasons. In general the diesel hammers are those which are most commonly
seen in the midwest. The air steam hammers were used in states which
have restrictions on hammer types. No noticeable difference in the
reliability of the Case Method capacity prediction has been obscrved for

any hammer type.

The pile lengths have varied from about 25 feet to 140 feet for the
load test piles reported here., Longer piles have been tested but were
not statically loaded or had no soil boring available., Shorter piles
have been tested but it should be noted that the time required for the
force increase at impact becomes longer when compared to the time required
for the Case Method. Conceivably this can adversely affect the prediction

reliability and for this reason short piles have been discouraged.

Also included in Table 2.1 is a general soil description for the
piles. The soil at the pile tip is most important for the Case Method
capacity predictions. The prevailing soil type along the pile is also
given in cases where the side soil is greatly different from that at the

pite tip. A wide variety of soil types can be observed.

In addition to the load tested piles reported here, measurements of
many additional piles have been made. On most construction sites where
static tests were performed, in addition to the test pile several other
job piles were randomly tested to insure uniformity over the job sitc.

It is not uncommon to test three to five additional piles in this manncr.
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As the reliability of the method has improved it has become increasingly
common that dynamic measurements have completely replaced static
testing on many sites. As a reuslt several hundred dynamically measured

piles have also been tested in addition to the 74 niles in Table 2.1.



Chapter 3

Case Method

3.1 Introduction

The Case Method of pile capacity determination has been used with
increasing frequency during the past two years for both design and
construction control of impact driven piles. As an increasing amount
of static load test data became available for correlation the compu-

tation methods were modified, improved and refined.

The previous derivation of the fundamental Case Method equation
has generally been preceeded by the assumption that the pile be trcated
as a rigid body. The expression resulting from the application ot
Newton's Second Law has then been modified without a complete derivation
being presented with only a general reference to wave equation analysis.
This type of presentation has caused the method to be criticized unjust-
ly as being based on a rigid body assumption. The relationship was
first derived and presented in Reference 4. It will be developed here
in a brief way that will, perhaps, be more readable. Also the various
modifications which are necessary to account for different soil and

pile types are discussed.

In order to illustrate many of the characteristics of pile mcchanics
a typical force and velocity record for an impact driven pile is shown
in Figure 3.1, where the velocity was obtained by integrating the
measured acceleration over time. Also, for ease of plotting the velocity
was multiplied by a constant, EA/c (Young's modulus times cross sectional
area divided by the wave speed; all pile quantities). The time scale is
given in milliseconds and in L/c units, i.e. in units of that time which

a stress wave needs to travel along a pile of length L.

This record was obtained from a 25 ft. long concrete pile driven by
a Delmag D-30 Diesel hammer. The static resistance as determined by a
load test was 550 kips which is low compared to the force at impact.

As a result the pile top force decreases at time 2L/c after impact, i.e.

i
~J
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when the impact wave returns after a (tension) reflection at the pile
bottonm.

3.2 Wave Mechanics

In the subsequent discussion it is assumed that the bar or pile
is of uniform cross section. The derivation and solution of the one

dimensional wave equation, a linear, second order differential el -

tion, is available from other sources (23) and will not be presentcd here.

Figure 3.1 shows one important phenomenon of wave mechanics,
namely the fact that force and velocity at a point on a bar are pro-
portional as long as stress waves at this point travel in only one
direction. A wave in a rod which is free at top and bottom always
has the same direction of velocity (while the sign of stress changes
upon each reflection). The proportionality between the two curves is
destroyed as soon as waves caused by soil resistance forces reach
the pile top. However, for a completely free pile the top velocity

due to a pile top force, Ft(t), can be written

F, (1)

S|
.
—

e (8 = R

for 0 < t < 2£
b C

Attimes later than 2L/c the effect of waves reflected from the pile
bottom is felt at the top. Since a free top is assumed, the velcoity

will be doubled under reflection and will always be positive (4}.
Therefote

2¢ 1 2L AL
tF('c) Ty {Zt(t)+F(t-E——)+Ft(t—c)+ ..... b3,

Resistance forces create a somewhat more complex wave behavior in

a pile, since they, in general, act at intermediatc locations along the

pile. A suddenly applied force at such an intermediate location produces
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two waves. If the force, as in the case of soil resistance at a location
X, Rx(t), is directed upwards then the upwards traveling wave will be

in compression and the downwards traveling one in tension. For recasons
of continuity and equilibrium, together with the proportionality
requirement between force and velocity, the forces in each wave must

have a magnitude that is one half of the applied force. The velocities

in both waves at the point of force application, Xy, are:

1
vt,Fi(t) = E-F:I\“Rxl(t) 3.3

Dealing again with a free pile on which this resistance force acts,
the velocities will always be directed upwards. The pile top
velocity when either of the two waves arrives and reflects will be
twice the magnitude of that in Equation 3.3. The only difference
between the two waves is in the arrival time. The upwards traveling
wave arrives earlier than the other wave which is first reflected

from the bottom.

Assuming that the distributed soil resistance is concentrated
at n locations, X5 =1, ..., 1N {Xi measured from the top) whose
magnitudes are Ri’ i=1, ..., n and which are of the ideal plastic

type such that

X.
- _x
in[t) = Ry H(t - =) 3.4

where H(t - a) is the Heavyside step function which is 0 for t < a
(negative arguments) and 1 for t > a. With t = 0 being the time of
impact this soil resistance law implies that the resistance forces
act only after the impact wave has reached their respective location

and that they are constant thereafter.

The effect of the upwards traveling wave caused by RX {t) is felt
at the top with a time delay xi/c, and that of the downwards traveling
wave with a delay (2L - Xi]/C {after reflection at the hottom). This

means that the first effect of RX {(t) carried by the downwards traveling
i
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wave is felt together with the bottom reflected impact wave at

time 2ZL/c after impact.

For all times one can write the top velocity due to the

upwards traveling velocity caused by RX {t) as
i

2x 2x, + 2L 2x., + 4L

Ly (e - — )+ H(E - — Y+ )

C C Cc

8} C
Ve, i( = - gx

R, {H(t -

remembering again that because of the reflection at the free top the

wave velocity has doubled.

The downwards traveling wave causes a top velocity

d _ ¢ 2L 4L s 6L,
Vt,i(t) = - EK'Ri {H(t - Ew) + H{t - E”J + H(t - c ) o+ L} 3.6

The total velocity caused by the impact force, Pt(t), and all n resis-

tance forces Ri’ i=1, 2, ..., n can be written as
c ° iz
v () = g (F (1) + 2j§1Ft(t S

n 2xi m 2xi + j2L m a1,

- Z R, [H(t - —) + Z H(t - —re——) + y H(t - i——ﬂ]} 3.7
. 1 C N Cc L C

i=1 j=1 1=1

where m indicates the time interval after impact:

mel ., (m+ 1) 2L
C

3.3 Evaluation of Measurements

If this simplified soil model for the resistance force were correct
then Vt(t) would be equal to VM(t) {i.e. the measured velocity) when

the measured force FM(t) was substituted for Ft(t) in Equation 3.7. Thus,

3.

5
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m
EA o . i2L,
o v (8) = By t) + 2‘§1rM(t - =)
n 2xi m 2){_.L + j2L m 9L
—iEERi [H(t - —) +j£ H{t - ) +Z H(t - =29 ]

i j=1

The third term in Equation 3.8, the summation over all resis

3.8

tance

forces is shown graphically in Figure 3.2. The first portion of the

term is due to the first arrival at the pile top of the upward travel-

ing wave due to the resistance at the location X The full value

2%
is felt at —El-after impact and stays on for the remainder of the blow

as shown by the solid bar in Figure 3.2. The second portion of the

term is due to the same wave after reflections from the top and bottom.

Thus, for the first and succeeding time intervals m the effects are

felt 2L/c after the preceeding interval m-1, and are represented by

the stripped bars in Figure 3.2. The third portion of the third

term

is due to the effect of the downward traveling wave. The wave arrives

at 2L/c after impact and again remains on for the remainder of th

&

blow. Due to subsequent reflections the same effect is felt every

2L/c. This portion is depicted by the white bars in Figure 3.2.

Since

all of these effects are of equal magnitude it can be seen from Figure

3.2 that the third term becomes

n 2%, + 2ml

VoRr(2m o+ H(E - )]
i=1 *

where m is the time interval. If the measured velocity is taken

time t*

2L ., 2L
Un-g— < t* < (m+]) c 3

and if the measured velocity at a time 2L/c later is subtracted,

result is

3.9

at any

then the
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RT3 -2 ) Byt s - S
i=1
n 2xi + 2mL
..... -V RJ2m o H(t* - —— Y - 2(m o+ 1)
L 1 C
1=1
2x. + 2(m+1)L
CH(E %E.* e )] 3.10

Since the arguments of the Heavyside function terms both have
the same value their effects cancel. In addition the first element
of the fourth term becomes
2L 2L
_ " * R _ 52
2 FM{t S c )
and combines with FM(t*) to produce ~FM(t*). The simplified ecxpression

then becomes

- n
Eﬁ * * 2&_ = * ? * EE, 2
o (v (%) - v (tr + 29} = -F (t) Ry (e + 59 ;Z&Ri{hm -~ 2(m+)} 3.11
and with:
— n
) R, =R 3.12

i.e. the total resistance, yields

R = %—{(FM(t*) + FM(t* + %&0] + %é-(VM{t*j - VM(t* + %kﬂ)] 713
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For a uniform rod with

c = vE/p ' 3.14

and M = LAp (p is the mass density, M the total pile mass) direct

substitution gives

Thus, Equation 3.13 can also be written as
2L
v, (t*) + v (t* + =2}
1, e . 2L M M c <
R = 5 {FM(t ) o+ FM(t + C)} + M S1L7C 3.13a

which shows that the prediction R can be considered as an average of
two force values 2L/c apart plus an inertia term using an average
acceleration over the dame time period. Equation 3.13a reduces to

Newton's Second Law as L approaches zero.

While the pile elastic properties and the distribution of resistance
forces were properly considered in the above derivation, the resitsance
force versus time variations were neglected. These variations exist
because both dynamic resistance forces (soil damping) and unloading

(pile rebound) occur.

Originally (2) it was proposed to choose the time t*, yet to be
decided upon, at the time when the pile top velocity became zero. Then,
it was argued, soil damping forces would have become small. Results
obtained in this way were usually somchat low when compared with the
ultimate capacity of the pile as determined in a static load test. There
was an indication, however, that a correct correlation was to be made
with a penetration related capacity (less than ultimate). This approach

has been abandoned as it is difficult to use in construction control
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Later, it was found, when analyzing data from piles whose
capacity was large compared to the hammer driving capability, or
which had long lengths L (t* + 2L/c was then at a very late time)

that unicading had occurred. The predictions were then too low,

For steel pipe piles in granmnular soils empirical correlation
with ultimate capacity was best when choosing t* at the time when
the first relative maximun of velocity was reached (here called the
time of impact). Such empirical correlation studies showed, further,
that piles in cohesive soils required some time delay between the time

of impact and t*.

3.4 Time Delay Methods
The Case Method capacity equation is

" " 2L
F(t*) + F(t* + z ) 2L)]

R = s MC vy - oveer ¢ 21 506
5 2L C

This procedure using dynamic measurements has been applied to 60
piles which were also statically load tested. A wide variety of pile

types, soil conditions, and hammer combinations are now represented and

the results are very promising. Depending upon the pile-soil combination,

dynamic forces, commonly called damping, related to the relative pile
velocity can occur. For most pile types the majority of both the static
soil resistance and dynamic forces have their origin at the pile tip
rather than in frictional side resistance. This hypothesis has been
confirmed by using a wave equation analysis on the dynamically measured
data {4) and also through strain gages located along the pile length
where readings were taken during the static load tests. Because the
largest static resistances usually occur at the pile toe an extensive
study was performed to correlate the time t* with the pile type and
$oil type at the pile toe. If the time t* is chosen as the time of the
first velocity maximum, tmax’ the Case Method capacity, given by
Equation 3.16 is a good approximation to the sum of static resistance

and the maximum damping. If damping forces are neglipgible, then using
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Cnax for t* in the Case Method should yield a good estimate of the
static capacity. For pipe piles driven into a sand, the use of the
wave equation on dynamically measured force and acceleration showed
very little damping. 1In this situation the Case Method using T oax
has done very well in predicting the static capacity.

In cases where pipe piles have been driven into a finer grained
hearing stratum such as silt or clay, damping forces can be substantial
(to the point of exceeding the static resistance) and using toax could
lead to errors in Case Method. Between tmax and 2L/c later the velocities
in the pile are usually at their largest magnitude. Since damping
forces are proportional to pile velocity, it is logical that to reduce
damping forces it is necessary to wait until the velocities in the
pile are smaller. A time delay from the time of the first relative
maximum in velocity, tmax’ then becomes necessary. Because time,
referenced to the pile, is measured in 2L/c units the expression for t*

in the Case Method Equation 3.16 becomes

tF =t + S(géﬂ 3.17
max C
The computational procedure is illustrated on a sample measurement

record in Figure 3.3.

For pipe piles various constants, &, were tried for various soil
conditions. Results can be seen in Figure 3.4. The solid hars represent
those regions of &-values which give a Case Method prediction within
15% of the load test value. For nonplastic silt é is chosen as 0.25;
for weak plastic silt and soft clay § is 1.40; for stiff clay & 1s chosen
as 1.20. It would appear that as the soil bearing stratum becomes weaker
(as determined from the soil boring logs) the delay time must be increased.
For pile types other than steel pipe piles, similar analyses of the data

were made.

As the pile weipght and stiffness of timber piles is similar to that
of steel pipe piles, the 6-values for the various soil conditions for

pipe piles apply equally well to timber piles. For concrete piles the



large pile mass can cause large predictions due to the acceleration
related inertia term in Equation 3.16. Large forces also cccur at
impact. If the bearing stratum is strong, no time delay is necessary;
however, 6-values of (.25 have been used successfully on all concrete
piles. For prestressed concrete piies in weaker material, larger
é-values also work well. More data is needed. For H piles not
driven to rock the static resistance gained purely from point bhearing
1s smaller than for other pile types driven in a similar soil. Pilc
tip damping is also increased. From the limited data acquired on I

piles to date a §-value of 1.50 seems appropriate.

Results of ail Case Method predictions for all pile soil types
using the values recommended above are plotted against the corresponding
static load test in Figure 3.5. Using a least squares correlation routine,
a correlation coefficient of G.981 was obtained with a standard deviation
of 19.7 kips. The average predicted divided by measured valué was 1.01.
Differences due to the definition of failure for a static test arc as
large as the scatter represented here. The results for various pile

types are shown separately in Figures 3.6-3.9.

3.5 Derivation of Damping Estimate

Equation 3.13a has been derived using a very simple model for soil
behavior. An improvement in this model and a commonly used approximation
is to assume that the forces Ri are really made up of two portions. The
first portion is due to static resistance forces Ri,: and their sum RS is
then the actual failure load. The second portion Ri,d is due to dynamic
resistance forces (damping) which are usually treated as being proportional

to velocity. The sum of these dynamic forces R_ is important only during

D
the driving of the pile and is of no further practical value. Thus, the

total driving resistance R can be broken up into two distinct portions
R =R, + R 3.18

In order to more closely approximate the pile's static capacity from

dynamic measurements an estimate of the total damping forces RD must be made.
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Because the damping effects of soil and unloading due to pile
rebound diminish the force and velocity waves in a rather short time
period, only the first 2L/c¢ period is usually available for estimation

of the maximum damping resistance R Further, as described in

"
Section 3.6 the majority of this damping resistance 1is concentrated
near the pile tip. The bottom velocity of the pile for the free pile

solution after the impact velocity arrives and reflects is

0o

- L 3
vp(t) = 2 v {t - ) 3.1

for

o

stz

The effect of the downwards traveling wave caused by Rx. {t) on the
bottom velocity is given by twice the magnitude of Equation 3.3 due to
reflection.
d- c L

x.
- . < L
Vp,i (B = - gx Ry HCE T iR Ry

for £~< t < E&-.
< - ~ C

The pile top velocity characteristically shows a relative maximum
in the beginning of the blow {impact) and then diminishes in magnitude
with time. In cases of very easy driving, the large tip penetrations
and tensile reflections cause a large increase in pile velocity at 2L/c
after impact. In several cases the top velocity after the impact
reflection from the weak tip can become signitficantly larger than the
pile velocity at impact. Because piles arc rarely considered acceptable
for capacity in such easy driving, they are not of great importance.
However, in the cases where they have heen encountered by the project the

velocity estimates are satisfactory. The bottom velocity will reach a

relative maximum value at time t = t + é(1;: is the time of impact)
max C max
and is given by
5 C o
t + 2 = - T : .
VB,max ( max c) Zv{tmax) EA Z R1 5.21
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(The effect of the upward traveling wave caused by RX will be zero

i 2x
at time L/c because all Heavyside step functions H(t - Lx

—L} are

zero).

If the damping force is treated as proportional to this hottom

velocity then the maximum damping force becomes

J Eﬁ-v
c C B,max

RD,max =0 VB, max 5,22

where jc is a dimensionless damping parameter {see Appendix A). Use of

Equation 3.13a with t* equal to tmax gives the maximum driving resistance

Rmax' Rearranging Equation 3.18 and using Equations 3.1, 3.12, 3.2} and
3.22 gives the maximum static resistance R as
S,max
EA
= - R - 3.23:
RS,max Rmax Jc:(2 c Vt(tmax) Rmax} 23
or
= - - e
RS,max Rmax ‘}c{2 Ft(tmax) Rmax) 5.25b

Use of Equation 3.23 can then be made with the measured force and
velocity functions of time and the actual failure load of the pile as
determined from a static load test to determine the correct value of

J. for any particular pile.

3.6 Results of Damping Approach

For most piles, if the damping can be assumed to be concentrated
at the pile tip, the actual damping resistance was shown in Equation
5.23 to be proportional to the pile properties (EA/c), bottom velocity
(which can be calculated from the top velocity, pile properties and
total driving resistance), and a damping constant JC which 1s related to
the soil type at the pile tip. Data has been obtained on 71 test piles

where static load test capacity, sufficient soil borings, and total
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driving resistance Rmax are available. This approach was investigated
several months after the time delay methods. During the intervening
period eleven additional static test piles were tested which bring

the total data set to 71 piles. Of these piles, 43 are closed end

steel pipes, 15 are prestressed concrete, ten are timber and three

are H piles. For each pile a demping constant JC was calculated which
produced a prediction which was equal to the static load test value.

In addition damping constants which produce only 20 percent error in
Case Method prediction were determined. Any damping constant Jc

chosen between these two limiting values will give a Case Method
prediction which will be in error from the static load test value by
less than 20 percent. Negative damping constants are physically meaning-
less and are therefore set to zero should they occur. A plot of the
non-negative damping constant JC within 20 percent of the load test value
is given as a fucntion of soil type regardless of pile type (because all
pile types show the same characteristics) in Figure 3.10. For piles
with an ultimate capacity less than 150 kips the 20 percent range
becomes less than 30 kips. Measurement errors in the dynamic and static
tests as well as the type and interpretation of the static load test
failure appear to dictate for these low capacity piles that an error
range of 30 kips instead of 20 percent be considered acceptable. This
additional range in the acceptable damping constant value is indicated
in Figure 3.10 with the dashed iines. It can be seen that as the soil
grains become finer the damping constant, JC, must become larger. This

was the expected result,

For any given soll type on any job site where a static test is
also run, a dynamic test on the static test pile will give the correct
damping constant which can then be used on all remaining dynamically
tested piles driven to the same soil stratum. For job sites with
no static test to correlate with, the previous experiences shown in
Figure 3.10 can then serve as a guide in choosing the proper damping
constant which will yield a Case Method prediction within 20 percent
of the static test result with a good degree of confidence. Recommended

values are JC equal to 0.05 for sand, 0.15 for silty sand, 0.2 for sandy



silt, 0.3 for silt, 0.55 for silty clays and clayey silt, and 1.1 for
clay. The seemingly high value for clay is to protect against a
possible failure in a soil type where relatively little experience

has thus far been obtained. It should be noted from Equation 3.23

that as the damping constant is increased the resulting static pre-
diction becomes more conservative. Thus, to assure that the Case
Method is conservative, a higher damping constant than would normally
be associated with the soil type need only be selected. Tt can bhe scen
that the above recommended values are within 20 percent or are at least
conservative in all but three cases. Two of these cases were for very
low capacity piles in silty clay which were not production piling, but
rather were driven especially for project personnel in the carly stapcs
of the project when measurement techniques were not as advanced. The
third pile was within 25 percent. In general, the results of the Casc
Method using damping proportional the pile cross section properties
EA/c appear very promising. A plot of the predicted versus measured
capacities using the Case damping applied to the Case Method prediction

is shown in Figure 3.11, and uses the above recommended damping constants,

One additional damping approach was considered. In the approach
originally developed by Smith for the wave equation, the damping was
assumed to be proportional to the static soil resistance (24). The

expression for the damping then becomes

RDS - JS Rs Vbottom

3.24
and the expression for the static resistance after rearranging then

becomes

R
max

(1 + Js Vbottom}

S

The same 20 percent or 30 kip (whichever is greater) criteria was applicd
to the pile with this equation. The results are shown in Figure 3.12

with the damping constant J,oas a function of soil type. The differences
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between the two definitions of damping cause rather large differences.
The magnitude of the Smith damping constants JS are only about one tenth
those of the Case damping constants Jc' Piles with low capacity seem to

exhibit higher damping constants than do the higher capacity piles in -
the same soil type. It is possible that this is due to the definition of
failure in the static tests (a constant error is a larger percentage in
the low capacity piles). Due to the division of the damping term in

the Smith method, as opposed to the linear subtraction of the Case
damping, the low capacity piles have comparatively large ranges of
acceptable Smith damping constants. In addition the Smith prediction
cannot go negative but will only asymptotically approach zero as the

product JS v becomes large. One last point is that when the

bottom 4
pile capacity is small, the pile capacity RS is more closely equal -
to the pile property EA/¢ and the damping constant more closely
approaches the more natural Case damping approach. The combination
of the above factors makes the Smith damping appreach a good one for
low capacity piles if the damping constant JS 1s chosen slightly

higher than higher capacity piles in the same soil type.

For piles where the static capacity RS is close to the ultimate
driving resistance Rmax’ the damping constant JS must be small and
carefully selected or else large errors can result due to the division.
For piles with normal or high capacity the following Smith damping
constants are recommended based on current experience: JS equals 0.010
for sand, 0.015 for silty sand and 0.020 for sandy silt, 0.035 for
siit, 0.040 for clayey silt and silty clay, and 0.090 for clays. The
user must be aware that these values will give very unconservative -
results for low capacity piles as shown in Figure 3.12. The above
recommended values give results which are within the 20 percent {or 30
kips) or are conservative in all but six cases. Four of these cases
are low capacity piles which have already been noted as giving unsatis-
factory results unless the coefficient is increased. The other two
piles which are undesirably non-conservative were concrete piles in
clay and in sandy silt and were in error by 50.8 and 28.3 percent

respectively. To be in error by 50 percent unconservatively is to
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eliminate the common factor of safety of 2.0 cowpletely. This is very
undesirable. Because of such features it is advisable to alsc compute
the capacity using the Case damping approach and if the numbers are
greatly different then use the lower of the two capacity estimates. [t
is often impossible to judge a priori whether or not the pile is a low
— capacity pile and that the Smith damping constant should be increased.
In addition there is no rational reason that the dynamic resistance is
directly proportional to the static capacity. For these reasons it
would appear that the Case damping approach (damping proportional to

pile properties and not static capacity) is the better method.

In addition to the piles reported here, three closed end stecl
pipes had computed bottom velocities which were negative. As this was
physically meaningless the damping was assumed to be zero. The
resulting error from using the entire maximum driving resistance Rmux
as the static capacity was conservative in all cases. One case had an
error less than 15 percent and the other two cases had errors less than

- two percent. Many additional piles had load tests which were not run
to failure of the soil resistance. The piles represented in this report
. generally had driving resistances between 12 and 200 blows per foot.
For larger blows per foot where the entire soil resistance of the pile
is not mobilized, the Case Method capacity can only be expected to give
the s0il resistance which was mobilized. This has usually resulted in
a conservative prediction as compared with the static capacity. These

piles are also represented in Figure 3.11.




Chapter 4

RESISTANCE DISTRIBUTION

4.1 Description of Resistance Distribution

During Project Phase III the capability was developed to determine
the magnitude and distribution of the resistance along the pile using
as input, measurements of force and acceleration made at the pile top.
This computational procedure can also separate the static and dynamic
resistance forces using a simple model for soil resistance consisting
of an elastic-plastic spring and a linear dashpot. During the current
project phase no further work was done on this computaticnal procedure
and there was no opportunity to make static measurements of resistance

distribution for correlation with the dynamic predictions. However,

since this report represents a state-of-the-art review it is appropriate

to summarize the computational algorithm and the results which have

been obtained.

Consider the physical basis behind this computational method. In
Figure 4.1 a drawing is shown which depicts an orthogonal view of the
pile force given as a function of both pile location and time, It was
obtained from dynamic measurements made at selected locations along
the pile. Several lines shown were interpolated from the measured
values. The particular record shown in Figure 4.1 was obtained during
the testing of a special test pile at a site in Rittman, Ohio. These
tests were reported in Reference 5. This record was taken after fifty
feet of the pile had been driven with the pile tip in a very soft
material. As can be seen there was very little resistance at the tip.

The resistance that was there can be largely characterized as being

dynamic or velocity dependent since it decreases later in the record as

the velocity decreases. Since there is a very weak resistance at the
pile tip a tension force is reflected back on the oncoming compression
force creating a "wvalley" which progresses to the top of the pile at

approximately 2L/c after the time of impact.

28



29

In Figure 4.2 a similar drawing is shown. It represents the same
force-location-time plot based on data taken on the same pile. In
this c¢ase, however, the pile had been extended an additional eight
feet causing the tip teo be embedded in a hard soil layer. At the time
when the impact reaches the tip the force increases to a very large
value which maintains itself at the pile tip for an extended period of
time. There is little sign of velocity dependent resistance. Further-
more, this high resistance force reflects back to the pile top as a
compression force superimpoesed on the oncoming compression causing an
increase in the pile top force at 2L/c after impact. An examination
of these two figures reveals that it is possible to make conclusions
about the characteristics of the resistance forces merely by an exam-
ination of the force at the pile top. The Case Pile Wave Analysis

Program CAPWAP, performs this in a systematic fashion.

The measured velocity obtained by integration of the acceleration
record is taken as an input quantity. From this input and an assumed
set of soil resistance forces, the pile top force can bhe computed using
a lumped mass-spring system as is commonly used in all pile wave equation
programs. By adjusting the resistance forces and balancing them betwecen
static and dynamic resistance it is possible to adjust the computer force
so that it agrees with the measured force record. The CAPWAP program
performs this function automatically. The details of the computation arc

beyond the scope of this report and have been reported elsewherc (Ref. 4).

The above described capability is useful for two reasons. First,
it 1s sometimes necessary to make estimates of the resistance distribution
along the pile length. There is, however, another use for this program
which may be of greater value than the resistance distribution. Since a
very thorough elastic dynamic analysis is performed it would be expected
that the calculated total resistance force would be more reliable than
values obtained by the Case Method. This has not been proven to be true
based on correlation studies which have been made. However, 1t should
be recognized that the Case Method has been calibrated by pile and soll
types so that the results correlate well with the available data. If

there is a large volume of previcus experience on any given plle-soil
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type combination then it would be expected that considerable reliability
could be achieved on future sites with the same combination. In some
combinations of pile type and soil type rather modest amounts of data
have been used to perform this correlation and therefore it can he
expected that a certain amount of difficulties may occur when the

method is applied to other similar combinations. In cases such as this,
experience has shown that while the CAPWAP method has not produced such
high correlation values as achieved by the Case Method, it does not make
a substantial unconservative error and provides considerable confidence

in the predicted pile capacity.

4.2 Sample CAPWAP Results

Many piles have been tested during the past two years by project
personnel. To provide a comprehensive description of each pile in this
report is prohibited by the large volume of data and test experience
acquired in this project phase. Therefore, only example piles will be

discussed.

A 50 footr long 10HBP57 steel H pile was driven on a test site on
the Purdue University campus in Lafayette, Indiana by a Delmag D-12
0pén end diesel hammer with a manufacture's rated energy of 22,500 ft-
pounds. The soil was generally a medium sand grading gravel with depth.
A gray clayey silt (ML) layer was located below the pile tip at final
penetration. This test was performed in connection with the 1972 ASCE
5011 Mechanics and Foundation Engineering Specialty Conference. The

test results are reported in detail in Reference 25.

In addition to the standard instrumentation at the pile top, resis-
tance strain gages were attached along the pile length. Thus, measure-
ments of strain ét five locations were made and along with two acceleration
records at the pile top were recorded on two tape recorders. The dynamic
records of strain in the pile as a function of time and pile length were
pletted and are shown in Figure 4.3. Strain time relations for pile
locations which were not measured were interpolated from the measured
data. A compressive force from impact can be seen traveling at the wave

speed from the pile top to the toe, Because of relatively small end
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bearing forces this oncoming compression produces a tensile reflection
wave which travels back toward the pile top. This tensile reflection
almost completely cancels the downwards propagating hammer compression
force creating a valley of near zero forces. Therefore, it can be
observed that the pile top force decreases to nearly zero at
approximately 2L/c after impact. This decrease gives an indication

of the tip resistance by only observing the pile top force.

Another interesting phenomenon can be observed in Figure 4.3,
The toe force, which was actually measured 1.5 feet above the pile
tip, first reaches a relatively large maximum and then decreases and
oscillates near 30 kips. The high peak is a result of the inertia of
the 1.5 foot section and viscous damping due to the high tip velocities
at this time. The average value at the later time is due to the static
resistance below this point which is the same as was measured during the
static load test. In general, however, static soil resistances cannot he
so easily extracted from dynamic measurements at locations other than the
pile toe. Intermediate locations exhibit forces due to hammer impact,
static and dynamic soil resistances and pile inertia which only a detailed

dynamic analysis can separate.

The static load test was run to failure at a constant rate of pene-

tration of 0.02 inches per minute. Jack pressure, pile top displacement
and the strains at the five locations along the pile length were recorded.
This load test data is plotted in Figure 4.4. All forces are plotted as
a function of pile top displacement. After pile yielding, the load test
was Tun to 0.8 inches penetration. Elastic rebound was 0.22 inches.
The soil resistance between gage locations can be obtained by subtracting
the force readings of the two gages. 1In this way it is noticed that the
major portion of the static so0il resistance of this pile occurred between
gage locations 3 and 5 which were 21 and 4 feet respectively above the

pile tip.

A few blows were anlayzed automatically by CAPWAP. A sample computed
top force is shown in Figure 4.5 for one of the last blows during driving.

Agreement is quite good with the measured forces until around 2L/c¢ after
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impact. Differences can be attributed to the soil model. The force
distribution predicted by CAPWAP is shown in Figure 4.6b by the solid
line. The measured values (at 155 kips top force )} are presented by
circles. In general the two distributions agree well. Figure 4.6a
shows a plot of the predicted and measured load test curves. The
predicted load test curve was obtained automatically using a static

analysis of the resistance distribution obtained in the CAPWAP analysis.

A 12 inch 0.D. with 1/4 inch wall pipe pile was driven near Oneonta,

New York into a rather uniform silt (15). The standard measurements of
force and acceleration were made at the pile top. A Constant Rate of
Penetration (CRP) test was run two weeks after initial driving to an
ultimate value of 217 kips. Dynamic data was recorded one day after

the CRP test as a restrike test. The hammer used was a Vulcan #1. The
pile showed increasing pile sets with continued restriking as well as a
substantial strength increase over initial driving; it is logical to

assume that a substantial setup effect was present.

Five selected blows were analyzed with CAPWAP. The blows were
selected to reflect the loss of capacity during the early stages of

redriving and the capacity and soil resistance distribution at the end

of restrike.

The results from Blow Number 1 are most important for correlation
with the static test. The computed and measured forces curves are shown
in Figure 4.7. Excellent agreement was achieved over all time. The
agreement of the predicted capacity (204 kips) with the static test is
also good. The measured load test and CAPWAP predicted load test are
shown in Figure 4.8a with close agreement. The curve in Figure 4.8b
for Blow Number 1 can be interpreted as follows. There is a zero force
in the pile at the bottom. About sixteen feet above the pile tip the
force is 76 kips. This means that a soil resistance of 76 kips acts
over the bottom 16 feet of the pile. The rest of the static soil
resistance (204 - 76 = 128 kips} acted in a relatively uniform manner
along the upper 69 feet of the pile. Thus, the pile is mainly a friction

pile. The maximum total dynamic resistance for this blow was 93 kips or



46 percent of the static prediction.

The other blows analyzed for this pile show a rapid capacity
breakdown with increasing blow number. Also the resistance distribution
changes rapidly from side friction to toe resistance with an increase
of toe resistance. This distribution change is apparent even in the
second blow and by blow 8 the static capacity of only 89 kips was
entirely end bearing. Such dramatic changes in so few hlows can only
be studied from such measurements, either by an analysis similar to
CAPWAP or by measurements along the pile length as in the Purdue test.
The maximum dynamic resistance for Blow 8 was 231 kips or 260 percent
of the static capacity. The static capacity continued to decrease to
a value of 65 kips for Blow 122, the last blow analyzed. It is impossible
to ascertain whether or not the static capacities are correct for these
later blows with the large dynamic to static ratios. It would seem
that for such high ratios that the simple Case Method cannot yield a
sufficiently reliable result. On the other hand the linear viscous

damping model used in CAPWAP is also only an approximation.

The entire Case Project approach to pile driving was originally
developed and tested exclusively on the pile types which were commonly
used in the state of Ohio, namely steel piles. In order for the procedure
to be completely general, the method should alsoc work well on other pile
types. The testing of timber and concrete piles were performed in
cooperation with other highway departments. The results which were
obtained indicated that the procedure worked and that the method was

independent of the pile type.

A timber pile with a non-uniform cross section was tested near
Monticello, Minnesota with a Linkbelt 440 hammer (13). The soil was a
rather uniform sand with silt layers. The ultimate capacity from the
CRP test was 132 kips. Data was taken during the last 170 blows of
driving. Five blows were analyzed with CAPWAP, three from early records
and two at the end of driving. Plots of predicted and measured force
curves are shown in Figure 4.9 and 4.10 for early and late blows respective-

ly. The match is generally very good except at about 2L/c after impact.
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The load test curve predicted from CAPWAP for the blow at the end of
driving shows good agreement with the CRP test curve as shwon in

Figure 4.11a.

The resistance distribution for all five blows is shown in Figure
4.11bh. The early blows showed capacities of about 90 kips, and the
predicted capacities of the last blows was around 120 kips. This
indicated capacity buildup was also noted in the field by increased
driving resistance. As can be seen no resistance was found to act
above grade as should be expected. For Blow T1-135, 80 kips is the
force in the pile 2.5 feet above the tip. This means 44 kips {124-80)
resistance along the skin with rather uniform distribution. Thus,

about 2/3% of the total resistance was end bearing.

Due to the reduced availability and increased cost of steel piling,
prestressed concrete piles are becoming more economical throughout the
country. A test was performed in Miami, Florida on 18 inch solid section

prestressed piles driven with a Delmag D-30 hammer (19). Dynamic data

on the load test pile was taken after the CRP test had failed at 358 kips.

The CAPWAP force match, in Figure 4.12, agreed well. The predicted

capacity of 372 kips agrees well with the measured value and the measured
and CAPWAP predicted load test curves show satisfactory agreement as scen
in Figure 4.13a. The resistance distribution shown in Figure 4.13b shows

very little static capacity along the upper 2/3 of the pile length.

While such results for the prestressed pile presented here are
interesting and show the method to be applicable, further tests on 60
foot long, 1& inch concrete piles at this site show another interesting
application of the CAPWAP analysis. Current specifications for the
driving of prestressed concrete piles try to prohibit the cracking of
the concrete during impact by controlling the hammer properties. Because
the pile tip resistance is smaller than the impact force, the impact com-
pression force reflects at the pile tip and returns as a tensile force.
If the reflected tensile force is larger than the oncoming compression
force a net tensile force can occur which, if large enough, can cause

structural damage in the form of tensile cracks. The CAPWAP analysis,
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because it can compute the effects of impact, reflections and soil
forces and their time of arrival at various locations along the pile
length, can also produce a predicted force-time-pile length curve
similar to that measured in Purdue. The only inputs required are the
measured top force and acceleration which are necessary (and easy to
perform using the current system) for the Case procedures. The

computer can then find the location and magnitudes of the most critical
tensile and compressive stresses, Because of Florida's interest in
tensile stresses, strain measurements were also made at the mid length
of these piles. Comparisons of the measured stresses at this location
with that predicted by CAPWAP for the same location from measurements
taken at the pile top for easy and medium driving resistances are shown
in Figures 4.14 and 4.15 respectively. Agreement of the maximum stress
magnitudes is excellent. In addition, the stress-time curves also match
quite well. Thus, it can be concluded that driving stresses for all
pile locations can be accurately predicted from measurements made only
at the pile top. CAPWAP then becomes an effective tool for investigating

impact induced structural damage.



Chapter 5

Conclusions

1. The instrumentation developed during the course of the project
provides a reliable and accurate means of measuring force and acceleration
at the pile top during driving. These measurements can be made on 2
routine basis requiring only a very short interruption of the contractor’s

operation.

2. Using the automatic processing system developed by the project
a large number of hammer blows can be processed and analyzed. Useful
driving parameters such as pile top energy, maximum velocity, maximum
force, etc. can be easily calculated and printed. Also computer controlled
plots of the driving record can be made automatically from the digital

record.

3, The Case Method capacity using time delay gives an excellent

correlation with statically measured values.

4, The Case Method capacity using a soil dependent damping constant
also shows good agreement with the statically measurcd value. Tt has
the advantage of greater rationality compared with the time delay approach
and, in addition, conservatism can be achieved at the judgement of the

engineer by use of a larger damping constant,

-

5. The CAPWAP procedure can obtain the resistance distribution and

can separate the static and dynamic resistances using the dynamic pile

top measurements only. While the results show a somewhat larger correlation

coefficient with the static measurements than does the Case Method, the
improved model used to describe the soil and the pile should be expected to

produce better results in unfamiliar conditions,

6. CAPWAP can also be used to evaluate particular problems of driving
stresses.
7. Limited implementation has been achieved and the application of

this work is expanding rapidly.
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APPENDIX A

Derivation of JC
Replacing the pile by a mass-spring-damper system Newton's Second

Law becomes
mx(t) + b x(t) + k x(t) = F(t) (A1)

1f we now define (26)

b 2k
T O n m
n

(A2}

where { is the viscous damping factor and b is the coefficient of

viscous damping, then

b
L= — (A3)
ymk
where, for the pile, the mass m is pAL and the stiffness k is %ﬁ .
Recalling Equation 3.14, the value for r becomes
_ _bc
and is critically damped when
2EA -
ey = T (A5)
introducing JC = 27 we get
_ 5 EA _
b = JC E’“‘ (A())

for 0 < J < 2.
¢
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2.1

Photograph of lightweight accelerometer (1) and strain
sransducer (2) bolted to steel pipe section. An
identical transducer set is bolted to the other side and
all wires are connected to connection box (3) with single
cable then leading to electronic recording system.
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Photograph of Case force transducer for 12 inch pipe
piles. Accelerometers also are attached to inside
of the force transducer,
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Figure 2.4:
Processing system

Sample dynamic records plotted nutomatically by Case
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Figure 3.4:

Time delay factor versus soil type
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Figure 3.5:

STATIC LOAD TEST IN KIPS

Case Method using time delays versus static

load test for all pile types
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Figure 3.6:

Case Method using time delays versus static

load test for steel pipe piles.
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CASE METHOD PREDICTION IN KIPS
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Figure 3.7: Case Method using time delayvs versus

static load test for prestress concrete
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Figure 3.8: Case Method using time delays versus static

400

load test for timber piles.
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Case Method using time delays versus static
load test for steel U piles.
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CASE DAMPING CONSTANT Jc

Figure 5.10;

Case damping constant J. giving Cone Method
proediction within 20% of the static tost

veorsus soil

type at

the pile tip.
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Figure 4.4: Measured forces in pile during Purdue static
load test.
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PURDUE LOAD TEST PILE
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Force match computed hy CAPWAD
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