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ABSTRACT

Developments in electronic instrumentation during the past
few years make it possible to consider acceleration, velocity
and force measurements of high-frequency phenomena such as occur
during pile driving. Equipment has been developed to record
acceleration and force near the top of a pile. Records have been
made during the driving of a number of full scale steel pipe piles
which were later load tested. Small scale piles were also driven
and tested.

A theory relating dynamic measurements and static capacity
is proposed. This theory has sufficient simplicity for use on a
routine basis. Good correlation between the static capacity
determined by the proposed theory from the dynamic record and the
static capacity measured by load tests was attained. The proposed
theory was also applied to dynamic records measured elsewhere with
satisfactory results. This theory can not be expected to give a
good measure of bearing capacity if the strength changes after driv-
ing. Therefore, it is suggested that the proposed theory be applied’
to records obtained by redriving piles in soils where strength gain
is expected.

A literature survey was conducted with particular emphasis
on experimental results. Analytical studies are reported which use

both a humped mass and a continuous model of the pile.
As a secondary goal, results from fast and slow static

Toad tests are reported and compared.
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CHAPTER 1

INTRODUCT ION

The prediction of the bearing capacity of piles is a
problem which has plagued Civil Engineers since antiquity. This
problem has been studied for the past two hundred years. The
general philosophy behind many studies has been that there is a high
probability that information is generated during driving which can
yield a measure of the static bearing capacity. Until recently, due
to the high frequency dynamic effects, generated by the driving
operation, permanent set was the only measurement which could be
made reliably. This limitation led to the use of the energy approach
upon which the numerous pile formulas are based.

Developments in electronic instrumentation and transducers
in the past few years make it possible fo consider making accelera-
tion, velocity and force measurements of high frequency phenomena
and to hope to make such measurements on a voutine basis. The
present project developed from the conviction that certain dynamic
parameters must relate to static bearing capacity and that recent
developments in electronic devices make possible (and practical) the
measurement of these parameters. The purpose of the project was to
study the relationship between selected dynamic parameters and
static bearing capacity.

Based on a study of the experimental results obtained in



this project a simple force balance theory is proposed. This theory
is presented in Chapter 2. Correlation of the theory with
experimental results of both full scale and reduced scale piles and
with piles tested elsewhere is given in Chapters 3 and 5.

A portion of the project was concerned with a Titerature
review, The important results of this review giving experimental
data are presented in Chapter 3. The apparatus used in tests
performed in the project is described in Chapter 4,

The simplified model used in the study is based on an
assumed rigid pile. It is possible that this assumption can lead
to erroneous results in some extreme cases. Therefore, efforts
have also been devoted to the study of the soil-pile system with an
assumed elastic pile. One phase of this effort uses a continuous
elastic pile with greatly simplified boundary conditions. The
preliminary portion of this effort is reported in Volume II. Further
work in this direction is required for more realistic boundary
conditions.

Another effort used the elastic pile assumption with the
model for the pile consisting of many discrete masses interconnected
by springs. Thus, considerable freedom was possible in the
selection of the boundary conditions and also in the treatment of
soil and pile properties. This study is also discussed in Volume II.

A number of "static" Toad tests were conducted in connection
with this project. It became apparent that this area also requires

further study. Data was obtained using a number of different loading



rates and methods. While this topic was not the primary one for
;study, useful information was obtained and is reported.

The experimental results obtained in this project and else-
where support the proposed simplified analytical model. This
description of pile behavior has sufficient simplicity for applica-
tion in practice. Experience with the electronic equipment
indicates it will be possible to develop the devices necessary
for routine application of the method. Further experimental results

are necessary to verify the theory and define limitations.



CHAPTER 2

SIMPLIFIED ANALYTICAL MODEL

Consider the pile to be a rigid body struck by a time-
varying hammer force, F(t). Consider further that the total earth
resistance, R, on the pile is also a function of time; R will
oppose F. Newton's equation then governs the situation, where m
is the mass of the pile and the acceleration, a, is a function of
time:

F-R=ma 2.1
The action of the forces is shown in the free body diagram of
Figure 2.1,

Now it may be assumed that R takes the form of a series

in the velocity,v, of the pile:

_ 2 3
R(t) = RO + R1 v + R2 vo o+ Ra AR S 2.2

where Ro’ Rl, R2 etc. are constants (Poncelet's Law). The first

of these constants, Ro’ represents the static bearing capacity of

the pile, since it is equal to the earth resistance when v = 0,
Therefore, in the dynamic equation 2.1 above, it becomes very
desirable, in seeking the static value, RO, of R, to ascertain
values of F-and a at that instant when v 1is zero.

To this end the instrumentation employed (an accelerometer
and a strain gage at the top of the pile) is such as to visualize

the dynamic, time-varying values of both F and a. Since %% = a,

4



or t

it is possible to know v from the integration of an accelerometer
record giving a. The value of F is obtained from a knowledge of
the strain in the pile through strain-gage measurements or from
strain measurements on a transducer. F is related to time-varying
strain, ¢ = e(t), by

F = AEe 2.4

where E is the modulus of elasticity of the pile material and A
is the pile area.

The procedure for determining RO is then to integrate
a{t), find v(t), pick the point in time, to where v(t) = 0, and
read F and a at this point: F = F(to), a-= a(to), At this point
R = Ro’ so that the force balance, equation 2.1, is:

Hence

R =F{t ) - ma(t ) 2.5

In practice, v = 0 always occurs at a point in time where
the acceleration is negative (deceleration) so that the practical
calculation consists of the addition of an inertia term ma(to) to
a force term AEE(tO)u This sum is then taken as the desired

approximation to the static resistance of the soil.



CHAPTER 3
SURVEY OF EXPERIMENTAL LITERATURE

A portion of the project was concerned with a literature
investigation. The primary purpose of this work was to obtain
experimental data which could be of use in verifying any theory
which might be proposed. A bibliography of the papers reviewed is
given in Volume II of this report. The only useful experimental
data found, from the standpoint of this study, is contained in tests
reported in references 3.1 and 3,2. The results of these tests
will be reviewed briefly with emphasis on their application to this
project.

In connection with the lTiterature study a review of all
dynamic_drfving formulas was made and is discussed briefly in
Volume II. A more detailed discussion is contained in reference
3.3.

Eiber (Ref. 3.1) made acceleration measurements during the
driving of small scale piles in sand in the laboratory. He applied
the basic idea presented in Chapter 2. However, he measured
acceleration only and considered the total moving mass (hammer,
capblock and pile}. In equation 2.1 F is zero and the resistance at
zero velocity is equal to the inertia force of the total mass of the
system. Acceleration records usually have a very jagged character.
Therefore, a small difference in the location of the time of zero

velocity can lead to a substantial difference in the magnitude of

&



the acceleration. This problem was partially overcome by smoothing
the acceleration record. Smoothing was accomplished by integrating
the acceleration record and then obtaining the slope of this curve
in the region where its ordinate is zero.

Eiber's work was useful in exploring the general feasibility
of the application of equation 2.2 and the practicality of the
measurements. The experimental results cannot be used for verifying
equation 2.5 because force measurements are not available.

The Michigan study {(Ref. 3.2} of the performance of pile
driving hammers and piles provided the only results found in the
literature which could be applied in the work reported here. A
number of full scale piles were driven under controlled conditions
at three different sites. Of primary interest were the force and
acceleration measurements made on piles which were later Toad tested
statically. Force measurements were made with a strain gage force
transducer introduced into the driving system between two driving
caps as shown in Figure 3.1. An accelerometer was attached to the
force transducer and oriented along the axis of the pile. Force
and acceleration were recorded and pubtished in the project report.
Records of static Toad tests were also reported.

It is possible that there were energy losses between
the transducer and the pile due to impact. It should also be noted
that tepsion forces will not be measured by the transducer so that
any portions of records showing a tension force have no meaning.

However, in applying the proposed theory the point of zero velocity



always occurs prior to the force record indicating a tensile force,
Acceleration records were obtained from a single accelerometer
mounted at the edge of the base of the force transducer. Any motions
due to bending or rotation of the pile will give an output which is
different than the motion at the centerline of the system.

The load testing procedure used in the Michigan Test was
different from either of the two procedures used in the tests
reported here. In the Michigan tests increments of load were
applied at 30 minute intervals and held constant during this period.
Some of their tests were carried to very large settlements (in
excess of 12 inches). Their results indicate that the pile
continued to gain strength slowly with a "strain hardening" effect.
Load tests conducted according to the procedures outlined in
.Chapter 4 did not show this effect.

The data published in reference 3.2 was analyzed using the
theory proposed in Chapter 2. The results are given in Table 3.1.

Correlation for the piles driven at Muskegon was fair.
LTP-2, LTP-6 and LTP-9 were 12-inch pipes and LTP-3 was a 12-inch
fluted tapered pile,LTP-2 and LTP-3 were both imbedded about 58
feet in loose sand. LTP-6 and LTP~9 were driven 128 feet through
about 60 feet of loose sand and the remaining length through
layers of sand, silt, and some clay all with varying amounts of
organic material present, A1l piles were load tested after the
elapse of some time, It should be noted that the Toad test value

in every case exceeds the dynamic prediction.



The correlation on the Detroit piles was less satisfactory.
LTP-1 was an open end pipe pile driven into soft clay. This pile
was load tested three hours after driving and at three later times
up to ten days after driving. The ltoad capacity shown is that at
the end of driving. The remaining Detroit piles all driven through
the soft clay into hardpan did not correlate as well as might be
expected. Perhaps a portion of this discrepancy can be attributed
to the increase in capacity with time due to "set-up".

The soil at the Belleville site consisted of 45 feet of
stiff-to-firm clay overlying 14 feet of silt and fine sand with
clay laminations. Under these layers was a hard tiil clay. LTP-1
was an open ended 12-inch pipe pile which was Toad tested immediately
after driving and subseguently five additional times, the Tast 51
days after driving. The capacity varied from 60 tons to 1G5 tons.
The soil was removed from the inside of this pile by jetting.

LTP-3 was a fluted-tapered pile driven through the clay into the
sand and silt layer. LTP-5 was a 12-inch pipe pile and LTP-6 was
an H-pile. They were both driven to about the same depth as LTP-3.
The correlation of LTP-1 was quite good. In this case the load
test was made about 4 hours after the completion of driving., All
the other piles were tested several days after driving (LTP-6 was
tested 41 days later).

It should be noted that the Muskegon piles were driven
after the others and Tess difficulty was encountered with

instrumentation. However, all of the acceleration records were
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adjusted to assure that the maximum displacement calculated by
double integration of the acceleration was the same as that which

was taken while driving.



CHAPTER 4
EXPERIMENTAL STUDY

4.1 Introduction

In applying the theory proposed in Chapter 2 it is
necessary to measure acceleration, velocity and force at the top
of the pile. At the time of initiation of the project it was not
clear what information would be required. However, if acceleration
and force measurements are available many other parameters can be
calculated.

Given the goal of measuring force and acceleration near
the top of the pile the type of instrumentation becomes fairly
clearly defined. However, the development and use of this
instrumentation on a routine basis is not a simple task, particularly
in view of the conditions on a pile driving project (dust, steam,
oil spray and time urgency). Instrumentation design requirements
for the acceleration channels were set at a frequency iimit of
1000 cps with acceleration up to 500 g. The same frequency require-
ments were designed into the force recording system although it
appeared less critical than for the acceleration channels. It was
desired to obtain some kind of strip recording to provide a complete

permanent time record of the phenomenon.

4.2 Dynamic Recording Equipment

Initially it was desired to make both acceleration and
strain measurements by easily attachable transducers. The

11
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acceleration measurement caused no problem since acceleration
transducers are commercially available in a wide variety of types.
In this case the Kistler model 808A piezoelectric accelerometer
was selected for its wide band width and Tinearity up to 8000 c¢ps.
The accelerometer characteristics are given in Table 4.1 and it is
shown with its attachment device in Figure 4.1.

A block diagram of the instrumentation used in recording
the signal from the accelerometer is shown in Figure 4.2. A
Kistler Model 568 Universal Electrostatic Charge Amplifier and a
KistTler Model 567 Power Amplifier were used in amplifying the
accelerometer output to drive the light beam galvanometer of the
Honeywell Visicorder. The Visicorder has a top recording speed of
80 inches per second on the time base, making a 1000 cycle trace
quite readable. The galvanometer was linear up to 1000 cps. Thus,
there is a difference between the frequency response limits of the
accelerometer and the galvanometer, the accelerometer having a
much higher natural frequency.

A check on the calibration of the acceleration signal was
accomplished by carefully turning the axis of the accelerometer
through TSG degrees resulting in an output of + T g. The sensitivity
of the charge amplifier was then adjusted to give a convenient
recording deflection. Knowing the gain setting used when recording,
the acceleration necessary to obtain a particular galvanometer
deflection could be determined,

Some difficulties occurred in developing this instrumentatim
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system. The primary difficulty was encountered when a zero

shift occurred on the acceleration record. Investigation with an
oscilloscope showed that very large accelerations associated with
high frequency vibrations caused overloading of the charge amplifier.
These accelerations had a rise time too fast for the galvanometer to
follow. This problem seldom occurred with the full scaie pile
because of the mechanical filtering effect of the driving cap.

The problem was avoided with the model pile by placing a wooden
block and a rubber cushion between the hammer and the pile end.

These acted, in effect, as low-pass mechanical filters.

Considerable difficulty was encountered in attempting to
develop a strain transducer which could be easily attached to the
side of the pile, In the early part of the project experimentation
was conducted on a proposed device. It was impossible, using this
device, to obtain reproducible results for either static or dynamic
conditions. In order to expedite the main goals of the project,
work on this device was discontinued until the Tate stages of
the project.  In the mean time strain measurements were made from
strain gages applied directly to the pile. The fundamental difficulty
with the strain transducer under development was finally diagnhosed
to be excessive stiffness, resulting in large forces being
transmitted to the attachment pens, thus, causing yielding to occur
at these points. Flexible strain transducers are presently being
designed and evaluated with regards to sensitivity, reproducibility,

and frequency response limitations.
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A1l of the strain data reported here were obtained from
strain gages attached directly to the pile. Four gages were used
with pairs connected in series to cancel out the effects of cross
bending, and two strain records were recorded. This provided back-
up records in case gages were damaged during handling and driving of
the piles. Conditioning of the strain signal was accomplished with
a Honeywell Carrier Amplifier Model 131-2Cr. Since the device is
basically a full bridge instrument three legs of the bridge were
built into the termination box and only a single active gage was
used. The strain transducers under development will make use of
a four arm bridge and hence increase the output from the transducer.

The strain gages were all epoxy-backed, foil resistance
gages manufactured by Micro-Measurements, Inc. The waterproofing
procedure was usually as follows: After attaching the Tead wires
using a terminal strip, the gage was coated with W.T. Bean Gagecote
number one and the ends of the lead wire with Gagecote number two.
The entire assembly was then coated with a very thick coating of
Gagecote number five. This system provided both waterproofing and
mechanical protection.

The recording instrumentation is shown in Figure 4.3. This
instrument package could be driven by either a small portable
generator or line power.

A1l of the equipment was mounted in a small truck. This
system made it possible to visit a full scale pile site on short

notice. Figure 4.4 shows the recording setup at a model pile site,
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A sample of a typical record taken from a model pile is shown in

Figure 4.5,

4,3 Model Pile Driving Equipment

To test out the proposed theory it was necessary to obtain
as much data as possible. Since full scale test piles would be
driven infrequently on Ohio Highway Department projects and driving
conditions would be those associated with the usual construction
conditions and not particularly conducive to trial and proving of
electronic equipment, small scale piles were tested. Consideration
of the use of laboratory conditions versus small piles driven in
the field Ted to the selection of fieid sites. ODriving and measure-
ments would be simpler in the Taboratory but the assembly of field
soil conditions would be substantially more difficult and open to
question. The selection of the pile size and pile material was
based on practical considerations. No atfempt was made to model
any existing piles or classification of piles. The pile was
considered to be a full scale structural system.

Standard 2-1/2 inch, nominal diameter steel pipe was
selected to represent the pile. The pipe was cut into five foot
sections and threaded internally for a distance of three inches at
each end. Splices were made with a hollow externally threaded
steel plug. Figure 4.6 shows a detail of the connection. This
system provided the ability to drive different lengths of piles

and made possible the use of a smaller driving rig.
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The effect of the connections on the propagation of the
stress wave in the pile was investigated in the laboratory prior
to the field experiments. Two sections of pile, one ten feet long
and one composed of -two five foot sections connected as described
above were used. An impact force was then applied to each pile and
the accelerations were recorded. No significant change in the
elastic wave as indicated by the character of the acceleration
trace could be detected. Thus, it was assumed that the small
scale pile system adequately duplicated the behavior of a single
piece of pile or a pile composed of welded sections.

The bottom of the pile was plugged with a threaded cap
shown in Figure 4.7. This cap was instrumented with strain gages
as shown to provide a force transducer. The strain gage leads
were taken up the inside of the pile to the instruments. The
detail at the top of the pile is shown in Figure 4.8 and the
termination boxes in Figure 4.9.

The pile was driven by means of a drop hammer. The
driving rig, Figure 4.10 consisted of two 5 x 5 x 5/1% inch angles,
16 feet in length. For convenience and ease of transportation the
angles were cut into eight foot lengths and field-bolted together,
The angles were positioned as shown in Figure 4.1 so that they would
serve as guides for the hammer. They were tied together at the
top by an inverted channel, on top of which a pulley was mounted.
The guides (angles) were also tied together at five foot intervals

by 3" x 2-1.2" angles to provide added stability and insured
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proper spacing. This driving system was held in the vertical
position by guy Tines. The system was erected in the field using
the large, lightweight aluminum tripod shown in Figure 4.4.

The drop hammer consisted of an eight inch diameter steel
cylinder weighing 166 pounds. Small angles bolted to the side of
the hammer, held it in the guides and made it easily removable.

To prevent high frequency vibrations resulting from metal
to metal impact, a cushion block was used. The cushion consisted
of a wooden plug and rubber insulator inserted into a steel cap
block. The driving cap block slipped into a brass bushing which was
threaded into the top of the pile to protect the internal threads
of the pile. The cap block provided alignment and held the top of
the pile in position by means of a notched half inch steel plate
fitting between the guide angles. The driving cap and its assembly
is illustrated in Figure 4.8.

To maintain a constant drop height, the device shown in
Figure 4.10 was constructed. It consisted of four 7/8 inch
threaded rods eight feet in length, extending from the driving cap
to a one-fourth inch aluminum plate at the top. The hammer was
1ifted to a three-quarter inch rod extending from the upper plate
before being released. Since the assembly was attached to the
driving cap it moved with the pile and provided a control of the
drop height. The threaded rods provided adjustability of the drop
height.
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The hammer was 1ifted manually using a pulley arrangement
with a mechanical advantage of two. The hammer was attached to
the lower pulley with a electromagnet. The magnet can be seen in
Figure 4.10. The hammer was lifted to the desired height and the
current to the magnet was then shut off resulting in the release of
the hammer. The magnet was then lowered, the current turned on, and
the process repeated.

A check ~on the energy  losses due to friction between
the hammer and leads was performed in the laboratory. Photo cells
were placed a measured distance apart in the driving leads near
the driving cap. The hammer was then released from different
heights and the time recorded for the hammer to pass between the
two photocells. From this the velocity and the energy loss could

be determined. The results of these tests are shown in Figure 4.11.

4.4 Model Pile Load Tests

Two types of load tests were used to determine static
pile capacity, the Standard Chio Highway Department load test
(M.L. Test), and the constant rate of penetration test (C.R.P. Test).
The M.L. Tests were performed in accordance with the
procedure specified by the Ohio Department of Highways (Ref. 4.1).
In this procedure an initial load of 4/5 R is applied. The load
R is determined from information obtained during driving using the

equation
R = 4.1
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where S is the penetration in inches per blow, C1 is a coefficient
varying from .10 to 0.30 depending on soil conditions and the
type of cushioning used in the driving mechanism and F is wh for
the case of single acting hammers. W is the weight of the striking
parts of the hammer in pounds and h is the height of fall in feet,

An additional increment of load amounting to 1/5 R is
applied aftér all measurable settlement has ceased. By measurable
settiement is meant settlement of less than 0.01 inch in a 20
minute period.

Additional increments of load of 1/5 R are applied after
measurable settlement ceases. The eldpsed time between the end of
measurable settlement and the application of an additional load
increment is increased by one hour for each load increment. The
settiements are measured upon application of the initial and
incremented loads and at 20 minute intervals thereafter.

M. L. Tests were terminated when the ultimate load capacity
of a pile was reached and not at the "failure load" as defined in
the Ohio Department Specifications, Section 5-17.02. The ultimate
load used in this context is defined as that load which results in
an infinite set.

Upon completion of the conventional M.L. Test a C.R.P.
Test was performed. Only a C.R.P. Test was performed immediately
upon completion of driving. Also in some cases the M.L. Test was
not performed after the wait period due to the time required for

performance. The C.R.P. Test rate varied from 0.002 inches per
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minute to 0.070 inches per minute depending upon previous tests of
the same so0il condition and the total set recorded from the M.L.
Test, if one has been performed.

The C.R.P. Test was terminated when the ultimate load
capacity of a pile was reached as defined in the case of the M.L,
Tests.

The apparatus used for both the C.R.P. and M.L. Tests was
the same. A 15-ton capacity hydraulic jack was used to obtain
the desired force by manually jacking against a dead weight of
approximately 25-tons or more (a piece of heavy equipment furnished
by National Engineering and Contracting Co. or by the Ohio Department
of Highways), thus eliminating the need for anchor piles. The applied
Toad was recorded using a strain gage force transducer as shown in
Figure 4.12.

The deflection or set of the pile was measured with four
Tinear displacement potentiometers placed around pile at 90° apart
and mounted to a reference frame fixed to the ground. This
arrangement yielded an average set of the pile, taking into considera-
tion.any rotation of the pile resulting from eccentric ioading. The
displacement indicator used is shownh in Figure 4.3.

The rate of penetration was controlled by a separate Tinear
differential transducer mounted to the same reference frame when a
C.R.P. Test was performed. The entire set-up of the Toad test

apparatus for a model pile is shown in Figure 4.12.
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4,5 Full Scale Driving

A number of full scale piles were tested during the course

of the project. These piles were made available to the project by the
Ohio Department of Highways in connection with bridge construction
projects in Northeastern Ohio, and were piles which were later load
tested. No provisions were made for such tests in contractural
arrangements with contractors responsible for construction. Thus,
project personnel were on the construction site with the cooperation
of the contractor. This required that all measurements be made
quickly and with a minimum interruption and disturbance to the
contractor. Dynamic records were taken under two circumstances.
When sufficient advance notice could be given by the contractor
(through the Ohio Department of Highways inspector) the pile was
instrumented a short distance below the driven end with strain gages
and the pile was prepared for attachment of the accelerometer
mounting. After the pile was placed in the leads the instruments
were connected. Records were taken during the final blows.
Frequently, records of test piles were not obtained due to the

short notice of driving given by the contractor. Furthermore, if
pile strength developed slowly as is commonly the case with some
soils, measurements during driving cannot be expected to predict
strengths not present. Thus, it proved useful to redrive the pile
after load testing. In these cases instrumentation could be applied
prior to driving and the contractor then suffered a minimal delay.

Recordings made during full scale tests included strain
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records from two pairs of series strain gages and one or two accelero-
meters. A typical record is shown in Fiqure 4.13.

4.6 Full Scale Load Tests

The procedure used on the full scale piles with regard to
M.L. Tests was similar to that used for model piles. The essential
difference in the M.L. Test was that the load application was
complete when an additional increment of load caused the settlement
to exceed 0.02 inch per ton of load increment or when the total load
exceeded 3R, and not when the ultimate load capacity was reached as
defined previously in Section 4.4 of this report.

The measurement of load was accomplished by using a pressure
gage on the hydraulic jack and the settlement was measured by one
mechanical displacement gage,

These tests were conducted under the supervision of Ohio
Department of Highways personnel. After the completion of the M.L.
Test a C.R.P. Test was run on some of the test piles by project
personnel. The rate of penetration differed on some tests and 1is
given in the results,

For the C.R.P. Test all measurements made during the slow
load tests were repeated. In addition, strain measurements were made
from resistance gages installed near the top of the pile. From strains,
pile loads could be calculated. Readings were taken from two pairs of
gages. This Toad measuring system proved to be very sensitive. Compara-
tive results are given in Chapter 5. Additional Toad was applied until

failure occurred either by reaching the ultimate load capacity of the

soil-pile interface or by yielding in the steel.



CHAPTER 5
RESULTS AND DISCUSSION

Based on the results obtained from this project the
simplified analytical model presented in Chapter 2 shows promise
in predicting ultimate static capacity. A more elaborate model
following the general approaéh presented in Volume II, Chapters 3
and 4 may be necessary to define the limitations of the simplified
model. It may be possible to use the results of elastic pile
analytical studies to modify the simplified results for cases where
realistic limits are exceeded. The elastic pile analytical studies
are only in the initial stages and extensive further work must be

done to obtain practical results.

5.1 Model Pile Dynamic Results

Using the instrumentation and driving system described
in Chapter 4, small scale piles were driven into a medium coarse
sand at a location made available by the Ohio Department of Highways
near one of their active construction projects. The driving site

was at West ]4th

Street and Abbey Road, Cleveland, Ohio. Piles

were spaced not more than fifteen feet apart and not less than six
feet apart. According to previous soil borings made under the
supervision of the Ohio Department of Highways, the soii was classif-

jed as a well-graded sand. The physical characteristics of all

mode] piles driven are shown in Table 5.1,

23
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A summary of the results of model piles driven and load
tested at this location is presented in Tables 5.2 and 5.3. Table
5.2 gives results of static capacity obtained by a C.R.P., Test<
compared to the dynamic prediction based on data obtained at the
end of driving. The first column designates the depth to which the
pile was driven below grade and its corresponding sequence number,
For example, pile 15-3 means, the third pile of a series driven
15 feet below grade. The C.R.P. test was performed about three
hours after the end of driving. Table 5.3 gives results of static
capacity measured after a minimum three day waiting period compared
with the dynamic prediction obtained by redriving after the load
test., It should be noted that for pile 13-1, 15-1, and 15-2
redriving was not accomplished. Correlation must be attempted by
comparing the dynamic prediction at the end of driving with the
static strength after setup period. The necessary values are
given in Table 5.2 and 5.3.

Complete data weré not always obtained for the test piles
reported in Tables 5.2 and 5.3. For the first three piles the
test equipment and procedure was being developed. Some measurements
were not obtained due to equipment malfunction. Also since the
mathematical model was under development.it was not yet decided
what measurements would be required. Only a very limited number of
M.L. tests were performed due to the time required for their
performance.

The general procedure developed was: first the pile
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was driven to the desired depth and dynamic measurements were

taken during the tast 10 blows, a C.R.P. Test was then performed as
soon as possibie. After waiting for at least three days, a M.L.
Test was performed. Upon completion of this load test, a C.R.P.
Test was performed, and immediately thereafter the driving rig

was once again erected, the pile was struck about 10 times and
dynamic recordings were taken. For piles 15-4 to 15-7 no load tests
were performed immediately upon completion of driving due to Tack
of time,

By examining the results presented it can be seen that
there is good agreement between the predicted load capacity and
static load capacity. Based on the load tests performed no
difference greater than 18% is found., It is clearly seen, however,
that the Jong-term ultimate bearing of a pile cannot be reljably
determined by measurements at the end of driving. The strength of
the soil-pile interface builds up (or in certain circumstances may
decrease) as time proceeds. However, a good prediction of final
strength is obtained if the pite is restruck after it has been in
the ground for some time as evidenced by the results given in
Table 5.3. Corresponding to an increase in bearing capacity is a
decrease in set per blow as shown in the last column of the table.
It is interesting to note that the inertia contribution to the total
dynamic bearing capacity of the pile is substantial; in some cases
more than 50% of the total Toad capacity.

Shown in Figure 4.5 is a typical record of a model pile
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taken in the field. The method of obtaining the results given in
Tables 5.2 and 5.3 is as follows: The acceleration traces are
replotted on graph paper to a convenient scale. The ordinate
values are converted into units of acceleration, i.e. g's, from the
calibration of the accelerometer. The abscissa scale on which the
units are in milliseconds, is also adjusted for ease of analysis.
This time-acceleration curve is then integrated to obtain the
velocity of the pile as a function of time, At the point of zero
velocity the values of acceleration and the corresponding force 1in
the pile are obtained. These values and the geometric properties
of the pile are substituted into equation 2.5. Corresponding to
the first zero velocity point, the acceleration is negative because
the pile is decelerating.

As a sampie calculation consider model pile No. 15-3,
blow number 1A that was obtained after a C.R.P. Test was performed
on August 23, 1965. From Figure 5.11, the point of zero velocity
(V=0) occurs at 7.7 milliseconds. The corresponding force and
acceleration at this time are 13.6 kips and -66.0 g's respectively.
The mass of the pile used in calculating the inertia force is that
mass which 1ies between the location of the strain gages and the
pile tip. For this case, the mass is 107.1/g as shown in Table 5.1.
Substituting these values into equation 2.5 gives the predicted
static bearing capacity

R =136 - (181

. ) (-66.0 g) = 13.6 + 7.06 = 20.66 kips
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Curves giving the static and dynamic record for model
piles will be discussed. These curves were carefully plotted from
the original record and were used in determining the results
presented in Tables 5.2 and 5.3. The results of test pile 13-1 are
given in Figures 5.1 and 5.2. A number of blow records were
actually examined to make sure the record obtained was typical. Both
a C.R.P, and a M.L. Test were performed. Although the load
displacement curves differ substantially they show nearly the same
value for ultimate capacity.

Figures 5.3, 5.4 and 5.5 show the results of tests on pile
15-1. - Successive records of acceleration and velocity are given
in Figures 5.3 and 5.4. The similarity of these records shows the
reproducibility of the results. Acceleration peaks are closely
duplicated as is their time of occurrance. The velocity records
show even better reproducibility. Their peak values and time of
zero velocity are identical.

The results for pile 15-2 are given in Figures 5.6, 5.7
and 5,8, Figures 5.7 and 5.8 show the results of three C.R.P. Tests
and one M.L. Test. There C.R.P. Tests were run at the same rate and
repeat well. They show nearly the same maximum value as the M.L.
Test.

Figures 5.9, 5.10, 5.11, 5.12, 5.13, and 5.14 show the
results of tests on pile 15-3. Three changes in procedure are
evident here. The pile tip force transducer was added. The pile

was given a C.R.P. Test immediately after driving and it was redriven
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after final load tests. Figure 5.12 indicates small increases in
maximum velocity for the second blow as compared to the maximum
velocity of the first blow shown on Figure 5.11. The time of zero
velocity has become somewhat later for the second blow. For the
Toad tests it is possible to separate side force and tip force.
Comparing Figures 5.710 and 5.14 there is a increase of approximately
15% in bearing capacity. An M.L. Test was not run to save time.

The results for pile 15-4 are given in Figures 5.15,
5.16, 5.17, and 5,18. Again the velocity record on redriving
shows an increasing peak and a later zero, An M.L. Test was not
performed.

Figures 5.19, 5.20, and 5.21 show the results from pile
156-5. For unexplained reasons this pile had a substantially
greater capacity than other piles in the same area. The same
changes are noted in the velocity on redriving. An M.L. Test was
‘attempted on this pile. At a load of 16 kips the compactor,
which supplied the dead load for testing, shifted destroying the
instruments. A load test was not made in view of the high predicted
capacity.

Results for piles 15-6 and 15-7 are given in Figures 5.22

through 5.29.

5.2 Full Scale Piles

The piles tested were 12-inch diameter steel pipe piles

having a variety of wall thicknesses and lengths and driven into
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different soils as given in Table 5.4, The results are not nearly
as complete as in the case of model piles because of lack of
cummunication between contractor, state inspector, and pile project
personnel and many other problems associated with field work. Neverthe-
less, the available results present a favorable picture considering
the conditions in which they were obtained. The method used for
determining the dynamic bearing capacity was the same as in the
case of model piles. The ultimate static load capacities for

each M.L. Test presented in Table 5.5 were determined by
extrapolating the data obtained by Ohio Department of Highways
personnel. In examining these results column six should be compared
with either column 2 or 3 of this table,

Pile #138 was driven into silt and clay in "easy" driving
conditions. The results obtained are presented in Figures 5.30,
5.31, 5.32. It is interesting to note that the dynamic record of
Figure 5.30 shows that zero velocity was not reached until almost
20 milliseconds. This record was obtained during original drivingand
it predicts a much lower capacity than obtained in the load tests
made several days later. [t was not possible to arrange the
redriving of this pile,

Pile #113 was the first full scale pile for which
successful recordings were made. Results are shown on Figure
5.33 and 5.34. Figure 5.33 represents a dynamic record obtained
during driving. Redriving of the pile was not attempted. Very

good correlation is obtained between the dynamic prediction and the
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static capacity. It might be expected that the sand in which
this pile was driven would not show a large strength increase with
time. A comparison of the dynamic records of Figures 5.30 and
5.33 shows substantially different behavior between the silt and
clay of pile #138 and the sand of pile #113.

The results for pile #103 are given in Figures 5.35, 5.36,
and 5.37. The only load test information available is from an M.L.
Test., Dynamic records are given for two successive blows. The
character of the records differs considerably. This could be due
to a change in the input energy delivered to the pile. However, the
predicted capacities in the two cases are 111.1 and 99.7 tons for
the first and second blow, respectively.

Figures 5.38, 5.39 and 5.40 show the results from Pile
#A of Wall #91A. In this case successive records give very similar
results.

Thus, of the four piles for which records were obtained
excellent correlation was obtained in three. The other case
was a pile in a material which could be expected to gain substantial

strength with time.

5.3 C.R.P. and M.L. Load Tests Results of Model Piles

The model pile work required the performance of a number of
Toad tests. The standard Ohio Department of Highways load test
procedure was used as a basis for the development of the test

method. This type of test was very time consuming, requiring
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several days for one pile and demanding 24 hour attention. In an
attempt to reduce the time required for a load test a constant
rate of penetration test was applied. The dual purpose of
performing a C.R.P. Test in conjunction with the standard Toad
test set by the Ohio Department of Highways Specifications was,
first to compare the ultimate load capacity of each type of test
and, second to see if there was any appreciable change in ultimate
load capacity of a pile due to variation in the rate of penetration,

The results of two model piles in which a conventional M.L.
and several C.R.P. Tests were performed are shown in Figures 5.2,
and 5.8. The ultimate load capacity of both piles, designated as
13-1 and 15-2, obtained from the C.R.P., Tests are within
engineering accuracy compared to the ultimate load capacity obtained
from the M.L. Test. In both cases the results of the C.R,P. Tests
are slightly higher, approximately 2.4%, than that obtained from
the M.L. Test,

The "failure load” as specified by'the Ohio Department
of Highways Specifications for the M.L. Test cannot be related to
a particular load for the C.R.P. Test. This difference is caused
by the rate of penetration. In a conventional M.L. Test, the
loading rate is so siow that sufficient time elapses for creep
to be substantial. However, in a C.R.P. Test this effect is not
nearly as pronounced; thus indicating that the soil-pile interface

resistance force is stiffer than in the M.L. Test procedure.
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It has been found that the rate of penetration is not
a critical factor with regards to the ultimate Toad capacity of a
pile as shown in Figures 5.5, 5.18, and 5.26 of piles 15-1, 15-4 and
15-6 respectively. The rate of penetration was almost doubled in
the case of piles 15-1 and 15-4, and increased more than 5 times for
pile 15-6 without any substantial change in ultimate load capacity.
Also in Figures 5.14 and 5.26 of piles 15-3 and 15-6 respectively,
the point force at the tip of the pile increases at a slower rate
than the top force due to skin frictien during the initial phases of
a C.R.P. Test. This fact again suggests the time dependence in the
so called elastic range of the soil when comparing the C.R.P.
and M.L. Load Tests.

The reproducibility of the C.R.P. Tests shown in Figures
5.5, 5.7, 5.13, and 5.18 for piles 15-1, 15-2, 15-3,and 15-4 is
very good even in the case where the rate was almost doubled. The
results presented here of the C.R.P. Tests and the conventional
M.L. Tests supports the use of a C.R.P. Test in the future as a
replacement of the M.L. Tests. A C.R.P. Test yields more reliable

information than a M.L. Test, with substantial time saving.

5,4 C.R.P. and M.L, Test Results for Full Scale Piles

A number of static load tests were performed on full scale
test piles. These results are of interest not only to verify the
proposed dynamic theory but also to study the problem of making a

proper load test.
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For pile #138 Figures 5.31 and 5.32 show results of two
Toad tests. A M,L. Test was performed in the usual manner by
Ohio Department of Highways Personnel. A C,R.P. Test was performed
by project personnel at a rate of 0.022 inch per minute. Figure
5.32 show the similarity between the C.R.P. Test and that portion
of the displacement occurring immediately in the M.L. Test. Figure
5.31 points out the difference in force measurement using the strain
gages on the pile as compared with that of the hydraulic jack pres-
sure gage. The sharp break in the Toad deflection curve in Figure
5,31 leads to the suspicion that the pile steel may have yielded
instead of the soil. The stress in the pile at the point where
the curve breaks is approximately 42 ksi.

The load tests performed on pile #175 are of interest .
Figures 5.41, 5.42, and 5.43, represent the M.L. and C.R.P.
load test results for this particular pile. The correlation between
strain gage load measurement and pressure gage load measurement is
poor. A comparison of the M.L. Test instantaneous displacement with
the C.R.P. Test results shows good comparison., Figure 5.43 is of
particular interest. In this drawing the applied load measured from
the strain gages has been obtained by multiplying strain by the
cross -sectional area of the pile and the modulus of elasticity of
steel. The applied load from the strain gages continually increased
indicating structural yielding of the piie at the particular point
where the-étrain gages were located. Upon unloading the pile, there

was a Targe residual strain, confirming yielding had occurred. It
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should be pointed out that even if strain readings hold steady the
pile steel could be yielding at another Tocation.

The measurement of load under field conditions is not a
simple task. The use of hydraulic pressure gages on the jacks can
yield unreliable results for the following reasons:

1. Friction Tosses can be substantial.

2. The pressure gage is a very sensitive instrument.
Calibration can be Tost by the shocks it receives under normal
construction usage.

3. Frequently, less than 30% of the gage range is used

at full load. Thus, reading errors are increased,

Force transducers are available, using a strain gage
measuring system, which are very accurate and reliable. However,
the use of such a system for force measurement would undoubtedly

be more expensive to the Department of Highways since contractors

would have to acquire new and unfamiliar equipment.



CHAPTER &

CONCLUSIONS AND RECOMMENDATIONS

Based on the results of this project the correlation
between dynamic prediction and measured static capacity is promising.
Further tests are necessary in a variety of soil types. Full scale
tests are particularly important and useful. Any method of
prediction of static capacity based on measurements obtained during

driving can be expected to predict the capacity at the time of

measurement. Estimates of strength change must be based on soil
studies. The use of the system described here in connection with
redriving appears to provide an accurate strength measure. Available
results with widely differing response characteristics do not

indicate any Timits on the theory (in predicting existing strength).
It is possible to develop electronic instrumentation to make this
measurement on a rapid, routine basis. Thus, the strength of a
substantial number of piles could be reasonably measured. Theoretical
studies of an elastic pile can contribute to an understanding of

the Timitations of the proposed simplified theory.

The correlation of the Michigan tests with the proposed
dynamic prediction was not as satisfactory. A substantial part of
this lack of agreement is undoubtedly due to the strength change
between driving and load testing. It should be noted that all of the
Michigan data on acceleration were modified prior to its publication.

The data was adjusted so that the maximum directly measured

35
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displacement. agreed with the maximum of the curve dbtained by double
integration of the acceleration record. The measured acceleration reported
in this project are as recorded. Integration of these records
resulted in essentially zero velocity. The failure of the
Michigan records to meet the velocity check could effect their
application in the proposed theory.

The effort required to develop the instrumentation system

was greater than had been anticipated. Electronic devices for

" - this purpose are commercially available but the construction and

calibration of the total system with sufficient ruggedness and
reliability to perform under field conditions was a challenging
task, This instrumentation is nov. functioning with reasonable
reliability.
The results of lToad tests indicate that the C.R.P. Test

can be more accurately performed than the M,L. Test with considerable
time saving. The load measured is the ultimate capacity and, hence,
a different factor of safety is required in design than is used
for the Ohio Department of Highways "yield load". The use of
the C.R.P. Test with strain gage load cells would avoid many
problems of accurate load measurement.

” The wide variety of ultimate load capacities measured
on model piles at a single site is disturbing to the concept of
the single load test pile. These piles were quite closely spaced
but their capacities differed widely. The use of the system

proposed here would make practical the dynamic testing of many piles.
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TABLE 4.1

Accelerometer Characteristics

Kistler 808A

1

Range 10,000 g

Reselution 0.01 g

Linearity {per cent of reading) 0.5%

Transverse sensitivity (less than) 5%

Repeatability and stability 0.2%

Temperature sensitivity 0.01%/°F

Temperature range -320°F to + 500°F
Frequency response (5%) near d.c. to 8000 cps
Resonant frequency (mounted) 40,000 cps

Weight (Approx.) 20 grams

Dimensions (Approx.) 0.5" hex x 1.1" Tong
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FIGURE 417

'Mudel_?1}e Lgad ?est Apparatus. Showing: Poteﬂtiometers,
Transducer Section, Qand }ydréuiwc Jack
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65 o 3"DIA. PILE 15-6 C.R.P TEST

DRIVEM ON £/26/66 TESTED ON 3/5/66
SOIL CONDITION ! MED. COARSE, SAND
DEPTH OF PENETRATION: 150

2nd TEST AT 0.00327MIN

FORCE AT BOTTOM OF
PILE *I5~5

g - ! ] | | ] | ! | ] ] ) ]
8] 004 0.08 02 Ol Q.20 Q.24
SETTLEMENT IN INCHES

FIGURE 5,26
C.R.P. Test Results of Model Pile No. 15-6
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PILE No.A OF WALL No 9IA )
DRIVEN ON 6/8/66 TESTED ON 6/20/66
10 SOIL CONDITION: SILT. o
DEPTH OF PENETRATION 74'-0
20
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ob | | | t | 1
) | 2 3 4 5 8
SET IN INCHES
FIGURE 5.40

C.R.P. and M.L.

Test Results of Full Scale Pile No. A of
Wall No. 91A
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