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ABSTRACT

The purpose of this report is to present the results of the
past two years work on a research project, "Dynamic Studies on the
Bearing Capacity of Piles", now complieting its fourth year of
activity. (Auguét 1968) A previous project report (Ref. 1) pre-
senﬁed the results of the first two-year phase, and it was assumed,
in preparing this report that the reader is familiar with the
previous work.

The general goals of the project during the past two years
remained unchanged; that is, to find and prove a relationship
between dynamic¢ measurements made during impact pile driving and
existing static capacity.” The simplified, previous]ylbroposed,
theory has been modified to increase:its accuracy. and reduce
scatter in the results.:-Thismmodification -is Qupported by an zn‘
examination of experimental-results-and by analysis of the pile
as an elastic body.

Nineteen small scale piles were driven at three sites, each -
with different soil conditions,during the past two years. CIn
addition, results were obtained frommine full-scale load. test-
piles driven on active highway construction projects. One pile
was driven to three-different depths by a contractor under control
of research project personnel. Transducers were developed and

tested to simplify the field measurement operations on full scale
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piles.

Correlation between the static capacity and the dynamic
prediction was good for small scale piles driven in sand but
unsatisfactory for cohesive soils. For full scale piles this
characteristic was not evident. Correlation was good for all
types of soils.

A special purpose computer was designed and constructed
to perform the computations for capacity predictions instan-
taneously in the field. This device has been tested but further
experience is required. Based on present experience it seems
1ikely, that it will be possible to use a device of this type
on a routine basis.

The static and dynamic results obtained to date are coliected

in Volume II of this report.

iy




e . e

]
1
|
|
3
4

TABLE OF CONTENTS

Chapter

1

Introduction

2 Transducer Development

2.1 Introduction

2.2 Force Transducer

2.3 Clip-On Transducer

2.4 Model Pile Force Transducers

Test Results and Correlation

3.1 Modified Rigid Pile Mathematical Model
3.2 Small Scale Test Results

3.3 Full Scale Test Results

3.4 Akron Tests

3.5 Summary
Analyticai Study

4,1 Elementary Theoretical Modeis of an
Etastic Pile

4.2 Elastic Wave Equation Using Finite
Fourier Transform

4.3 Comparison of Theoretical Predictions
with Experimental Results

4.4 Elastic Wave Equation with Variable
Static Resistance Law

w O ;MW

11
12
12
13
17
19
22
25

25

39

49

56




:
i
3
-
b
B
.
g

i
i

4.5 Summary of Results

5 Special Purpose Computer

5.1 General Description
5.2 Computer Organization
5.3 Computer Calibration

6 Conclusions

References

Tables

Figures

57
59
59
59
63
66
68
69
86




CHAPTER 1

INTRODUCTION

The purpose of this report is to present the results of the
past two yearsf work (July 1966-Jduly 1968) on a research project,
“Dynamic Studies i the Bearing Capacity of Piles", now completing
itg fourth year of activity. A previous project report (Reference 1)
presented the work complefed during the first two-year phase. The
equipment developed was described in detail, static and dynamic
measurements were reported, a practical and simple theory was pre-
serited, and correlation between theory and experiment.was given.
Also, the beginning of a more detailed thecretical analysis was
presented. Fami]iarity with Reference 1 was assumed in preparing
this reporﬁ, pérticular]y regarding the experimental equipment.

The general goals of the project during the past two years
remained unchanged; that is, to find and prove a relationship
between dynamic measurements made during driving and existing static
capacity. In the previous phase of the project a simplified theory
was proposed. This approach stated thaf the ultimate strength of
the pile is given by

R, = F(to) - ma(to) 1.1
where F(to) is the force acting at the top of the pile and a(to)

is the acceleration at the top of the pile both measured at time




e ? + when the velocity of the top of the pile first reaches zero
P o

3 . after the hammer blow. The mass of the pile is M. The above
relationship is based on an assumed resistance force of the form

- 2
R(t) Ro + R] v + R2 veF ... 1.2

where v is the velocity of the pile, assumed to be a rigid bedy.

Thus, Ro is the static resistance. It can be determined by a

simple force balance at the time of zera velocity as indicated

b
o it 1

in equation 1.1.

Measurements of force and acceleration are made at the top of

the pile and recorded on a high speed oscillograph. The accelera-

tion record is then integrated to obtain velocity and the time of

zero velaocity. Predicted static resistance can then be obtained

with force and acceleration using equation 1.1.

During the previous project phase a number of small scale
piles were driven and tested in sand. Also, measurements were
made on a limited number of full scale piles driven and-load testéa
in connection with Ohio Department of Highways construction

projects.
In the present phase a modification was made in the proposed

- b AR A A i b 1

simplified theory which improves the correlation and reduces the

T et T T A e R
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scatter of the prediction for successive hammer blows. The theory

remains simple enough for routine application. This modification

is described in Chapter III.
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Additional small scale piles were studied in other soil
types and measurements were made on further full scale piles.

One full scale pile with special instrumentation was driven

3 '
13
1
{ ::
1]
i
.

under research project control by special arrangement with the

contractor on an active Ohio Department of Highways construction

project. The results of all these efforts are discussed in
Chapter III.

g Force heasurements have been obtained using resistance strain
B gages attached to the pile. While this method gives good results
{% it is inconvenient for routine use. Two types of transducers for
éﬁi measuring force were developed for easier use. Their design, test,

and calibration is reported in Chapter II.

ey s S AL e

An analytical study of the pile as an elastic rod subjected

to an impact force has been made. -The beginning of this work was ..

By

reported in Refefence 1. “The total effort.is reported.in Chapter—-
IV and correlation between theoretical-and- measured-dynamic “-
response is given.-

The simplified mathematical model described. in equation 1.1
has been applied by examining the oscillograph records manuaily. -
If this approach-is to find-routine application,.the: computations -
must-be hade during, or at least very- shortly after, the.driving .
Openation.;;The'necessary»equipment must.be such-that-it can be ..
used under.routihe field conditions-by operators having no

extensive special training. - A special purpose -computer to

-3 -




perform this function has been designed, built and partially tested.
1t provides a readout of predicted u1timate capacity within two
milliseconds after the zero velocity time. A brief description of
the device is given in Chapter V.

The test results in the form of tables and curves for all
successful tests since the beginning of the project have been

collected and are presented in Volume II.




CHAPTER 11

TRANSDUCER DEVELOPMENT

.2.1 Introduction

The prediction of pile bearing capacity as proposed by this
project requires the measurement of force and acceleration at the
top of the pile. Acceleration measurements, while not trivial have
become quite routine due to developments in electronic devices.
Commercially available components can be assembled to perform this
task. For this project a pieioe]ectic accelerometer was selected
for its high nqturaT frequency and“ruggedness. The insﬁrumentation
system is describedhin detail in Reference 1. This system is a
very sensitive one gﬁd has required considerabie.caﬁe in its use,
but with all factors considered it offers advantages over other
types of systems.

The force méasurement on full scale piles has been accomplished
by attaching resistance strain gages'direct1y to the pile. Since
the piles of interest were all of steel having a known area, it was
possible to convert accurately from-strain to force. However, this
method does not represent a reaﬁonab]e méans of obtaining force
measurements as the operation becomes.more routine. The application
of gages under all weather conditions is a difficﬁlt procgdure.

Even {f it were simplified it would be much more desirable to have

-5 -
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a reusable transducer. This avoids the use of many strain. gages
and can redﬁce the cost of applying the technique. Transducers of
this type can be constructed, calibrated, and tested'by project
personnel. | '

Two types of transducer§ were developed. One type uses the
same approach as that used in the Michigan study (Reference 2) and
introduces a force‘measuring device between the hammer and the-pile.
The device designed and réported here was quite inexpensive and
avoids some of the difficulty experienced in the Michigan study.
1t has been used on three full scale tests and has perforﬁed
satisfactorily. |

The second device attaches directly to the pile and provides
a calibrated strain measurement. This device which will be Feferrgd'

to as the stra1n transducer, 1s much 11ghter in we1ght than the ' -

) “:..“'.:" B ETTA LS

force transducer and uses?ﬂess~space~1n the-drqv1ng systam,,bu*

like the stra1n gage 1t§ egends~onﬁa knownﬂva1u

e SR mmm oo

and modu'!us. B : T e L -;:_'__:_.-._____.V.'L.;_.;‘:‘ﬂ:_;_;w‘,“

Add1t1ona1 force transducers_uere deveIOped for use on. the

model piles. They will also'be descr1bed--"

zero to 300 kips, stat1c and dynamic cnmpress1on forces

-6 -




2. The design must withstand the repeated application of
large forces without distress, and the strain gage locations
must stay in the linear range of the material.

3. The transducer should be as 1ight as possible so that

it can be handled manually.

4. The transducer must provide a stable element in the

driving system with no tendency to rotate, or displace

laterally. '

A 12-3/4-inch outside diameter pipe with a 1/2-inch wall
thickness and a 20-inch length was used. The large diameter
provided stability, and the rather long length minimized local
beﬁﬁing due to contact stresses. At the mid-length of the pipe,
four one inch diameter holes were drilled at 90 degrees from each
other. In each of these holes strain gages were placed parallel
and transverse to the axis of the pipe. Due to the stress con-
centration at the holes the axial gage experienced about twice
the applied strain and the transverse gage a strain approximately
equal in magnitude to the applied axial strain but of opposite
sign. Since the strain gages were placed in the center of the
wall, local bending effects were further reduced. The choice of
pipe and the stress cbncentration at the holes allows the device
to be used up to a load of 320 kips with no evidence of yielding.

The strain gages used were Micro Measurement MA-06-0620F-120

attached with BR-600 cement. Other aspects of gage application




and protection were as reported in Reference 1. The holes were
completely filled with W. T. Bean Company Gagecote #5. The
strain gages were hooked up in a full bridge having 240 ohms in
each leg. The effects of gross bending in the transducer were
cancelled with this arrangement. One inch thick, 14-inch square
steel plates were welded to the top and bottom of the pipe. An
11-inch diameter hole was drilled out to further minimize the
introduction of local bending effects at the ends. In use, the
transducer is then bolted to é heavy plate which has been tack
welded to the end of the pile. The upper end of the transducer
is bolted to a driving head made up.of a short piece of pile
welded to another heavy plate.

Experience with diesel hammers revealed that very high
frequency accelerations were usually present. These motions
were undesirab]e'fon:application.of;xhe;proposed;methodzands;-
equipment. and. were avoided¥by.introducingaan-additiona]-cushiohigz
assembly betweenrthe~top;bfvthe;transducer‘and«theftransducer'
driving head.- The most successful-cushion consisted of multiple
alternating layers of plywood and rubber. A drawing of the
transducer .is shown;in Figure.2,1_andda_picture,of;it in Figure_~
2.2. It can be seen in a driving setup with the cushion .in Figure..-
3.6.

The transducer was calibrated statically in a 200 kip universal .
testing machine. . The calibration curve is shown in Figure 2.3.

The linearity was excellent and hysterisis not noticeable. Static

-8 -




and dynamic measurements on 2 full scale pile were also made.

For comparison two strain gages were attached to the pile. Figure

2 4 shows the result of a static Joad test. Figure 2.5 shows the
output from the two sources when the pile was struck. It should

be noted that there was a distance of 28 inches between the gages

on the pile and those on the transducer. The differences may be
exﬁ]ained by this factor and the relatively crude conversion of
strain to force for the pile gages. Some variation must be expected
in the field, but the static calibration was repeated in the testing

machine and found unchanged.

2.3 Clip;On Strain Transducer

A transducer was deve16ped which can be easily attached to the
piie_and which gives a readout of strain at the point of attachment.
Previous attempt§ were unsuccessful because of slippage at the
attachment points. To évnid undesirable effects of inertfa
forces it had to be light and attach as flat as possibie to the
pf]e. A drawing of the design is shown in Figure 2.6. It was
made of aluminum with gages placed at locations of tension
and compression stress. A transducer is used on each side of
the pile to cancel out the effect of gross bending. The gages
used were Micro Measurement EA-13-062DF-120 with Eastman
910 cement. The gages were protected in the usual manner.

The gages of the two transducers were connected so that those
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experiencing strains of the same direction were in series. Thus,
the two transducers form two 240 ohm arms of the bridge. The
other two arms are contained in a termination box.

The transducers bolt directly to the pile with self-tapping
bolts. A template holds the device during attachment and prevents
damage.

The static calibration was performed by attaching the trans-
ducer pair to a pipe section which was equipped with strain gages
attached directly to the pipe walls. A maximum of 900 -microinches
strain was applied, and after two cycles of loading and unloading
the positions oT the transducers were interchanged and the loading
repeated. The cesult of the test is shown 1in Figure 2.7. The
transducers show good Tinearity and hysterisis was less than 1%.-
Dynamic calibration was performed on both a mode piie and a full
scale pile. After more than 50 blows on the full scale pile the
zero still held indicating nho slip of the attachhéni.- Correlation
was made with a record obtained from the force transducer described
in the previous section. A dynamic record is shéwn in Figure 2.8.
Magnitude and time response agree well considering that the trans-
ducers are‘about three feet apart.

A photograph of the transducers attached to a piece of pipe
i{s shown in Figure 2.9. A steel template ié sti]l attached to

the one on the right.

- 10 -
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2.4 Model Pile Force Transducers

Obtaining force records from model piles at points below
grade has caused some difficulty. Due to the small diameter of
the model piles it is very difficult to attach strain gages on the
inside at sufficient distance from the ends of the pipe. Trans-
ducers were designed with a Joad carrying inner tube and thin outer
protecting shell having the same outside diameter as the mode]
pile itself. This shell is prevented from carrying load by use
of a rubber ring at its end. The design is shown in Figure 2.10.
Three of these transducers were built; one for the tip of the pile
and two for intermediate stations along the pile. The wall
thickness of the inner tube was different for each transducer so
that the sensitivity. increased with depth.

Eight-activezstrain gageS;were-attached;to.eachwtransducert"'
using. techniques.previously outlineduﬁ;Théy~werefconnected_in a
four. arm bridgeewith#240-ohms;jn-each;arﬁ}i;A photograph-of -the.z:
completed-devices with- the protective- shells removed-is shown in -
Figure 2.11.°

A11 three- transducers were calibrated, both with and without:.-
the covers: in place.: No difference.in calibration could. be :
detected.. . The calibration curves are:shown in Figure 2.12.

The transducers have performed:in a satisfactory fashion-in --
field use. -The results of force measurements at four:stations-

along the pile are shown in Figure 2.13.

-1 -




CHAPTER III

Test Results and Correlation

3.1 Modified Rigid Pile Mathematical Model

The use of the rigid pile mathematical model yields equation
1.1. A detailed discussion of this equation is contained in
Reference 1 and will not be repeated here. This approach has
given quite good correlation wfth measured static strength for
full scale piles. It is, however, disturbing to examine certain
characteristics of the measured dynamic records. Consider Figure
3.1. In the neighborhood of the paint of zero velocity the slope
of the acceleration curve is large. ThuS, a small shift in the
point of zero velocity can cause a great change in the inertia
force and a substantial change in the predicted capacity. The ... .-
record of force at the top of the pile is always quite smooth,
and a small change in the point of measurement does not greatly
affect its value. Due to the unreliability of the inertia portion
of the predicted capacity some scatter must be expected in the
results for different hammer blows.

Consider now the velocity curve of Fig. 3.1. In the descending
portion of the curve it might be decomposed 9into two parts. One is
an approximately linear curve as indicated, and the second is an

oscillation about the straight line. Physically this can be

-12 -



interpreted as a rigid body motion with a constantly decreasing
velocity. Superimposed on this motion is an oscillation due to

the elastic deformation of the pile. It is assumed that the rigid
body portion represents a satisfactory average of the pile motion.
Thus, the slope of the linear portion of the velocity curve is pro-
posed as the approximation of the acceleration. This value can be
used with the force at the instant of zero velocity to give an
improved prediction of the resistance. A qualitative thegreticail
basis for this approach is given in Chapter IV.

It is characteristic of the force record, in the region of -
zero velocity, that its value remains quite constant. Another means
of obtaining an average value of resistance is to calculate Ro in
equation 1.1 at many points‘betweenrthe point of maximum velocity
and the point of zero velocity. - The resulting:values are then .
averaged for a predicted capacity. ~This:is equivalent to assuming ..
that the constants in the Poncelet resistance.law equation 1.2, 7.
are all zero except the first one. ~In all-subsequent. discussions:.
the resistance predictions-obtained using::this modification will:

Y

be referred to as R0 avg. °

3.2 Small Scale Test Results -

In the previous project-phase equipment was developed for .=
driving small scale piles, obtaining dynamic measurements during .-
driving, and.performing static Toad tests. - A number‘of‘theée_'n

piles were driven and tested at a site 4n Cleveland.in a coarse <-

-13 -




sand. {(Figure 3.2). They were previously reported (Reference 1).
Since these piles were driven during the time when-equipment and
procedures were being developed, the measurements taken were not
always complete in the light of present knowledge. Complete results
were ogbtained for the "after setup” tests on piles 15-3, 15-4, 15-6
and 15-7. The results were given again in Table 3.1. During the
present phase three additional piles were driven at this site, and
the results are also reporte@ in Table 3.1. The identification
for these piles has the following meaning: The first number indi-
cates the number of the pile in the sequence. The letter T is used
to avoid confusion with the piles driven earlier, and the last
number'indicates the length of the pile in feet. The notation
15/20 means that three five foot sectfons were used with instrumented
sections at the tip and along the pile making a total pile length
of 20 feet. Pile 1-T-15/20 was really.an extension of Pile 1-T-10.
In this case these piles Qili be referred to as two separate piles.
In these results the largest error occurred with pile 1-T-15/20.
When full depth was reached a connection was broken on one of the
transducer lead wires inside the pile. The pile was pulled, the
connection repaired and it was driven back into the saﬁe hole.
The dynamic prediction should apply in this circumstance just as if
the pile had not been removed. However, due to the unusual
circumstances this record will be neglected. The average error on

the remaining ten tests is 16.1 percent for RO and 13.8 percent for

-14 -



R0 avg. The nature of the data is such that further statistical
jnvestigation is not justified.

The same rigid body model was ap§1ied to a series of reduced
scale piles driven into a silt soil. The s0i1 had a laminated
structure i.e. layers of silt ranging from 1/2 to 1 inch in thick-
ness separated by a thin layer of very fine sand. The soil profile
is given in Figure 3.3. The predicted bearing capacity obtained
from equation 1.1 was much higher than the actual static bearing
capacity obtained from thé load tests, as shown in Table 3.2.

Each of the five ten foot piles had similar predicted bearings

and similar static bearings. It was determined that various static
beéring capacities could be ob%ained dependent on the rate on
which the C.R.P. Test was performed. This indicated that the
ultimate soil-pile interface stress was velocity dependent. In
fact, from the results obtained from three load tests performed

on a particular pile at different rates, the soil apbeared to
behave as pseudoplastic material as evidenced by Figure 3.4.

The ultimate static bearing capacity obtained from a fast
C.R.P. Test, at the rate of approximately 1.5 inches/min.,
approached the predicted bearing as shown for the case of pile 15-5
in Table 3.2. Upon recovering the piles after all required data
was obtained, there was a layer of silt ranging from 1/16" to as
much as 1/4" adhering to the pile surface. For every pile recovered
this layer of silt existed, suggesting that failure did not occur

at the soil-pile interface but rather at some distance from the
- 15 -




pile surface.

Both the ground acceleration and the acceleration at thé top

of the pile were measured in the hope that the use of the relative
; ‘;_ acceleration would improve the results both by shifting the zero
| velocity point and by changing the magnitude of the acceleration.
Even though the ground acceleration was as high as 25% of the piie
3- _ acceleration, the relative acceleration used in equation 1.1
g did not improve the predicted bearing results. Since
there was no knowledge of the motion of the soil below grade,

no further analytical evaluation was made.

ﬁﬁ; _ | Three reduced scale piles were driven into a soil consisting
of silt and clay. The soil profile is given in Figure 3.5. The
piles were tested at various depths and all of them were driven to

a depth of 20 feet. The results of the tests.were:given. in Table

3.3. “On some piles tests were-made-both at the end-of driving and.:.
after-a setup. time.-. Thus, fourteen sets of records--were- obtained.
The correlation obtained is not-satisfactory::- In general,,- the «

(R0 avg)avg value is in closer agreement with-the measured static

capacity than:the‘(R0)=avg. It is interesting to note the.following .

comparison:-(Ro‘ayg).avg is about the -same-as (Ro)pgvg for- the- :

A ten foot piles at the-end of driving..—1It is substantially less than..v
| (Ro)angfor all the. 15 foot pilesiand:forfthe?ientfootfpi1esiafter;:r
setup, but it is substantially larger for the 20 foat piles after— -

éi ; : setup. Further study of this apparent length effect is warranted. -

* _ ']6 _
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3.3 Full Scale Test Results

Since the beginning of the project a number of test results
have been obtained on full scale piles. A description of the piles
and some of the driving equipment and conditions is given in Table
3.4. Some of these pile tests were reported in Reference 1 but are
repeated here to present some further anélysis which has been made
of the data and to summarize all of the test results.

The experimental procedure which was employed on most of the
piles was as fo]}ows: after a test pile, required by the Ohio
Departmeht of Highways, was driven it was allowed to setup for a
few days. State personnel then performed their specified Maintained
Load (M.L.) test. After completion of this test, with the
cooperation of the contractor, a Constanf Rate of Penetration (C.R.P.)
test was performed by research prdject personnel. The C.R.P. test
was continued to the ultimate load while the M.L. test was stopped
at the yield load defined in Reference 3. After complietion of the
C.R.P. test the pile was restruck sufficiently to cause it to
experience some permanent set. Dynamic records were pbtained
during this redriving operation. This procedure proved more work-
able than attempting to obtain dynamic records at the end of
driving. Furthermore, it gave dynamic records which reflected the
condition of the pile at the time it was load tested and approached
its service condition. This procedure developed gradually and,

therefore, some of the results were obtained with a somewhatl
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different method or sequence of operation and are not complete
in the present view.

Table 3.5 gives some results for dynamic records taken at
the end of driving. For the first two piles in the table the
dynamic prediction is compared with static tests made at a much
later date. The ultimate load given for the M.L. test was obtained
by extrapolating _.he test results upward from the yield load.
pile number 138 of Pier 4, Br. No. I-71-1826 shows very poor
agreement between dynamic prediction and static measurement. How-
ever, the soil into which it was driven could be expected to show
considerable strength gain in the nine days which elapsed between
the twé tests. The "F" piles in Akron were driven under the control
of this project. A detailed description of their driving is con-
tained in Section 3.4. Table 3.6 contains the results for a
number of piles driven and tested according to the procedureuput-
lined above. Comments are appropriate on séme of thé fééﬁftscj
Pile 692 in Youngstown represented the first research project
experience with a diesel hammer. A good appearing record was
obtained. A1l subsequent experience with this type of hammer
has given an acceleration record with considerable high frequency
"noise". An additional cushion had to be added in all cases to
avoid this_problem. This later experience causes question of the
validity of the dynamic prediction for this pile. In those cases
where a dashed line is shown through the data a change in pre-

dicted capacity was obtained. For pile 506 (Uhrichsville) and
-18 -



pile 531-76 (where 76 indicates the length of the pile in feet)
Abut. 2, Canton, a strength decrease was indicated. In the latter
case 1t is quite rapid. Pile 534 was filled with concrete prior
to the load test and, therefore, had a much larger mass than the
typical steel pile. The prediction shows an apparent increase in
the later blows. ~This is the only pile tested during the entire
project which has the large mass characteristic of many types of
piles.

If the correlation between C.R.P. test strength and (R, avg)avg

is examined an average difference of 9.8% is observed. The R0 avg
prediction shows less scatter than Ro‘ Further statistical

examination of the data is not considered justifiable.

3.4 Akron Tests

During the summer of 1367 the Ohio Departmenﬁ cfrHighways
arranged with the contractor of an active bridge construction
project in Akron, Chio to drive and test one pile under the con-
trol of research project personnel. The contractor was paid for
the additional costs involved. Therefore, it could be expected

that the improved control would produce results which could not

otherwise be obtained. In order to make the maximum use of the
e g : test pile and the load test setup the pile was partially driven

and tested. It was then extended and the operation repeated.

Thus, piles having lengths of 33, 51.5 and 60.5 feet were tested

at a single test site. They will be referred to as F-30, F-50

- 19 -
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and F-60, respectively.

The test pile was a 12 inch diameter pipe pile having a 1/4-
inch wall thickness. Four three foot sections were instrumented
for farce measurements. Resistance strain gages were attached at
gg° intervals inside each of these sections at their midheight
with the axis of the gages paralled to the axis of the pile. Micro-
Measurement gages, type EA-06-250BB-120, were used with Eastman
910 cement. The gage protection procedure has been previously
described. Opposite pairs of gages were connected in series to
form one 240 ohm arm of the bridge. Two pairs of gages were used
so that a complete backup system was avajlable at each instrumented
saction. Each of the pipe sections were calibrated in a universal
testing machine. Thé test pile was assembled by welding instru-
mented sections at each end of a 27 foot section of pile. The
lead wires were carried to the fop of the pile and the Tower end
was closed with a 1/2-inch plate. During the';eld{ng opérétioa
the area near the strain gages was kept cool with water éésked
pads. The lead wifes were attached to the pile wall at each end
of the section, three styrofoam plugs were inserted—along the -
pile, and the lead wires passed through them to'further restrain
the wires. After completion of tests on the first pile section
(F-30), it was extended with a 15-1/2 foot section and another
instrumented section. A1l lead wires were spliced at the joint

with the pile extension up in the driving leads. After completion
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of tests on this pile (F-50) it was further extended by adding a
six foot section and another instrumented section.
At the end of driving of each pile, dynamic records were
taken from each instrumented section, from the force transducer
on top of the pile and from accelerometers at the top of the pile.
In addition, the motion of the pile was recorded by drawing a
1ine along a straight edge attached to the ground on paper attached
to the pile. The static load test system was then assembied and
within about two hours a C.R.P. test was performed After a setup
period of a few days a M.L. test was performed fo110w1ng, ln £ 'v';ﬁéé'; e
general manner, the Ohio Department of nghways-procedure Some N .

of the waiting times were reduced so that the test could be per~'

" tion for F-50 and F-60.

time and eventually became so great that dy




given in Tables 3.5 and 3.6, Sampie dynamic records and load tests

are included in Volume II.

3.5 Summary
The project experimental efforts during the past two years have
produced a considerable amount of data. Representative acceleration
and force records with velocity, displacement and resistance curvegl
are presented in Volume II. The original records of force and
acceleration were manually digitized. This data was processed by
an electronic digital computer and predicted capacities were autof:g f‘.; -

matically determined. Then the data was reproduced and complete ?;ff S

drawings prepared automatically using a plotter controlled by the

computer. The data is available in digital form on punched cards. -

with diesel hammers. The presence of a high frequency signal of

considerable magnitude caused difficulty with electronic equipmen:

and data analysis. An additional cushion was designed and intro-:
duced into the driving system to avoid this problem. It was
described in Section 2.2. The records obtained from diesel hammé;é
had a similarity to records previously obtained from systems in QE

metal-to-metal impact occurred. Of course, the normal driving

system contained a commercial cushion. It is hypothesized that a%

the diesel hammer falls and pressure builts up in the chamber ai?fgﬁ

force is transmitted to the driving column causing the cushion té?
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be "tightened" up. In this condition the hammer fires and apparently
high frequency vibrations are induced. This “"tightening" effect is
shown by the initial paft of the record in Figure 3.9.

As indicated in Section 3.4 considerable difficulty was
experienced with instrumentation during the Akron tests. Force
data along the pile would be very useful and further efforts in
this. direction are desirable. The most probable cause of the
capacitance shift is the accumulation of moisture in the lead
wires. A better quality wire will avoid part of the problem. The
use of a full bridge of active gages inside the pile will also

be effective in reducing the difficulty. Further tests of this
typé should be made.

The lack of correlation of the predicted capacity with the
static load test on the model piles in cohesive soils compared with
good agreement for full scale piles in similar materials is diffi-
cult to explain. One possibility is that pile length effeéts the
results. Then for very long piles it is possible that agreement
would be less satisfactory. Further studies would be desirable to
explain this phenomenon.

It should be noted that only one pile has been tested where
the pile mass was large (Pile 534 in Canton was filled with con-
crete prior to test). In this case correlation was good. However,
this pile was tested prior to the development of the force trans-

ducer and some question exists as to the accuracy of the force
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measurements. Further data of this type would be very useful for
prestressed concrete piles.

The use of the averaging techniqqe described in Section 3.1
produced results with less scatter than the previous method. The

results obtained for full scale piles are very encouraging.



CHAPTER IV

ANALYTICAL STUDY

4.1 Elementary Theoretical Models of an Elastic Pile

The simiiaréty of the velocity and forcé responses given in
many-of the figures is not merely coincidental. In fact, thét the
two curves are related by a constant of proportionality will be
shown in the following section by considering a very elementary
mathematical model representing the.pile and the passive
resistance forca acting on it.

Although much more elaborate models of pile driving aTréady
exist as discussed in Reference 4, it is very useful to construct
a simpiifigd theoretical model.which ﬁas at least qua11tétive
va1ué2 visualization and assessment of pile driving effect seen
in more complicated models or in the field are aided by suﬁh a
model.

Consider the pile model of length L and constant cross-section
A shown in Figure 4.1. The ground resistance of the pile-soil
interface will be drastically. oversimplified to a single force
acting at the bottom of the pile, i.e. considering only point
bearing. Acting at the top of the pile is the driving force
F1(t) and at the bottom the passive tip. force designated by

Fz(t) as shown in this same figure.
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Let x be the distance coordinate along the undisturbed pile
which moves with the pile and X be the rigid body displacement
measured from a fixed reference. Let g be the elastic dispiacement
of the point x away from its rest position.

Consider a differential element of length dx at the point x
acted upon by a positive (tensile) stress o at this point and a

positive tensile stress of o + %%—at x + dx as shown in Figure 4.2.

The corresponding forces are obtained by assuming the stress o to
be uniformly distributed over the cross-sectional area A. The
strain at x is given by e = %“%" Assuming the material of the
pile to be elastic under dynamic conditions with a modulus of

elasticity of E, then the simple stress-strain relation follows:
s =E 2E& 4.1

If o is the density of the pile material, then equating the elastic
and gravitational forces to.the inertia forces in the x direction

leads to the following equation:

A39 dy 4 ohg dx = p A PLRHED gy 4.2
ax at2

where »(X+g) 1is the total acceleration of the pile. Using the

. at?
elastic stress-strain relation given by 4.1, the above equation

simplified to the following wave equation of the pile:

Fild

3)(2

1 =1 4.3
R I
2 ce




where C = /E?p‘ is the speed of sound in the pile.

The boundary conditions at each end are as follows:

g .

3x EA at x = 0 4.4a
AL Fz(t-L/C)

aX EA  atx =1 4.4b

which states that the strain is compressive under the forces F1

and F2 at top and bottom reﬁpective]y. The assumption is made
throughout that the stresses are uniformly distributed over any
cross-sectional area. A further assumption is made that the pile
initially has no displacement or velocity (i.e. quiescent initial
conditions).

The Laplace transform of each quantity in equations 4.3 and
4.4 a, b, taking into considerat{on the qu{esceq?-initjal.conditions .
becaomes: |

2v_ g 4.5
X 5 )

% - . T at x =10 4.6a
.:-.I T ? |
;;,:." %.E. =z - E—%— at x = L . 4°6b
$ = pt

where Lg = = £, etc. Since the rigid body term X




js only a function of time, and not of the spatial coordinate x,

the solution of equations 4.5 and 4.6 a,b is:

_—

F : F c
— _ c 1 L 2 X o X
g(x)*m[ﬁcosh EE‘- m]cosh%—-«msmh %‘-Y‘l'i—a-
C

4.7
Sinca the top of the pile at x - 0 is of particular interst
because both strain and acceleration are measured in the field at

this point, the above transformed solution reduces to:

; 3

- 1 C 1 pl 2

(E +X) = — = [greshE- =1+3 48
lx= p sinh %E- EA ¢ £ p

The inversion of equation 4.8 can take several forms. The

most appropriate solution would be written as either

t [t

(0| = | R gl g | R () oﬁz(t;;)_"_q;__f”gg-
o o 0 Y
or
ft ‘ t 5
(e+X)] = | Filx) Qpylt=c) dr + | Fpl(x) Qpolt-t) dr + g 5
=01, . 4.10

In these equations the functions QR] and QRZ are the solution
of equation 4.8 when we have F, = H(t), F, = 0 and Fy = 0, Fy = H(t),
i.e. the responses of the pile to unit step inputs at either end

and where H(t) represents the Heaviside unit step function with a
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magnitude of unity. The primed quantities Qé1 and Qﬁz are the

first derivative of QR] and QRZ with respect to t.
In order to make the solutions given by equations 4.9 and

4.10 more explicit, let us take the particular case when F]=F10H(t),

Fp = 0. The Laplace transform of F; becomes ?ﬁ= Fio/P
and F, becomes F, = 0. In this case the solution to equation

4.8 reduces simply to:

' L
_ CF cosh
@0 <l £ 1+ 5 2.1
x=0 P EA ginn BE p

However the quantity in brackets can be expanded as follows:

pL _ _opL _abL _ehL -
cohe i +e 3 +e 6%—; ce) 4.2 ey

a1+ 2(e
sinh

ofalo
Fl

Y,

Thus, using the expansion given by 4.12 and multiplying equation

4.11 through by p2 we obtain:

L L L

CF L) L R =

pz(f.;.}:) e_-......A.—Elg[]{-Z(e C+e C+e C+...)]+g- 4.13 L
x=(

8ut the left side of this equation is merely the Laplacian of

(E+i).‘Taking the inverse transform of equation 4.13 we obtain _ S

- CF
(0] = S0 Tat) + 2a(e-B + s(egh) + s(eg=+ DT+ g

1 x=0 4.14
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where §{t-t) is the Dirac deita function at time t = . The
velocity expression can be obtained by integrating equation 4.14

as follows:

. . F
I “ 00 fhee) + 20(eEE) + H(eg) + (e ¢ Tl gt
X=

4.15

where the constant of integration is zero because of the quiescent

initial velocity condition. Second integration yields the dis-

placement:

CF

Flo Oy = (&)} 7 i o2 L) () + (g H(g)
2

+ (t"‘"““‘) H(t ) ...]:] + -9-2— 4-16

Therefore an explicit form for QRT has been. obta1ned for use. An: _}1f¢;:1,‘. -

equations 4.9 or 4.10.

by taking F1 =0 and F, = de'H(t) as:

ZC F
AE

20

Flo Oy = (&#X)

x=0

equations 4.14, 4.15,0r 4.16 for 111ustrat1vewpurposes and. to ::;J;,€, e

T —rm D e

compare .t with the corresponding results obta1ned by the assump—-

tion that the pile is a rigid body. To this gndaagqu§§1qqu.15_}§; -
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selected and compared with the results obtained from the following
rigid body analysis.
Assuming as before that the force F](t) is represented as a

unit step force of magnitude F10 and Fz(t) = (0, we have:

F1(t) = F]O H(t) 4.18
Taking the mass of the pile pAL to be represented by m, then the
force equilibrium equation of the rigid pile becomes:

m X. = F]O H(t) + mg 4.19
Upon integrating this equation, the velocity of the rigid pile is:

m

X(t) = + gt 4.20

The results shown in Figure 4.3 are obtained where gravity effects

e A earia o B 5 el

are neg1ectéd, by non-dimensionalizing the results of equations

| F
. -4.15 and 4.20.by dividing each term by the factor -A-‘C’- and then

plotﬁing thevrespénse against time.

The rigid body velocity response of a constant force suddenly
applied to the top of the rigid pile, increases linearly with time.
On the other haﬁd, the elastic pile velocity responds in steps
separated by the travel time 2 L/C of a wave down the length of
the pile L and back with a speed C. Furtherﬁore, the average of
the elastic velocity is the linearly increasing rigid velocity as

shown in Figure 4.3,
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solutions from equations 4.9 or 4.10 can be obtained for

geveral types of forcing functions F(t), or Figure 4.3 can be used
as a basic form from which a number of solutions can be obtained.
Lat it be sqpposed that instead of applying a constant force

4o the pile, a fO;CE Fi(t) consisting of a square pulse with a
: duration time T and amplitude F.[0 is appliied suddenly to the top

This force can be written as:

Fy(t) = [R(E) - H(t-T)] Fyq 4.21

of the pile.

The velocity response for this particular forcing function can be
obtained in the same way as for the case given by equation 4.18.

However, the results of Figure 4.3 can be used instead since both

terms of the right side of equat%on 4.21 are similar with the

exception of time lag t-T. To obtain the velocities it suffices

to subtract from the given results, results similar to those of

U AR TP IO N s L T EIPARSELERE ST = ot

e byt

Figure 4.3, starting at t=T. TakingAfor illustrative purposes,
T = L/C yields the results given in Figure 4.4 where gravity
effects are neglected.

In this figure the rigid body and elastic body results are
rather dissimilar, but still the rigid body results are a kind of

average of the elastic body results. The short force puise at
reflect

i

- 4' the top of duration T is seen to traverse down the pile and
H
i It is to be emphasized that

back to the top in intervals of. 2 L/C.

in actuality, successive reflections would probably be damped out

as will be demonstrated in the following section, so that the
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figure represents only a hypothetical situation.

Further cases can be developed, for example, assuming various
rules of action governing the force FZ(t) at the lower tip. A
possible situation is discussed here. Since, in fact, the force
Fz(t) is a soil reaction force, it would be reasonable to assume
that this force does not arise until t = L/C, i.e. until the
stress wave has reached the bottom of the pile. Evidence of this
time lag in the tip resistance has been confirmed several times

from field data. These forces can be represented as:

F](t) = Fg s(t) 4,22a
where
s(t) dt = 1 4.22¢
0

i.e. the two forces are hammer biows.of winfinite height and
{nfinitesimal duration”. Upon substituting the transforms of
4.22a and b into equation 4.8 and.expanding the hyperbolic
function fntu its equivalent exponential form, the following

transformed displacement is obtained:
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_ _C c c C
@0| [1+2(e = +e 7 +e " 4. Fp 423
S ST
- 2[e + e + e o] Fpg b Q§

The transformed velocity becomes:

s C e 2Bt _gpb _gpt
pee X)) aetFi0 * 2(FoFag) (e Ce T, e g_+ L)1 L

This yields for the velocity:

(£4X) . € kg s(t) + 28 (F gFpgdLa(t-E) + sltgh) + s(t28)
x=

+ ...] +gt 4.25

and for the displacement:

C F,H(t) IR
a 10 2C 2 :
()| = —gr— * ER{Fi7Fo IH(A-ED) + CEgR) + 3egd)
t2
+...] 4+ %—— 4.26

By taking 2F20 = F-‘]0 and nondimensionalizing the displacement

by the factor flg, the results shown in Figure 4.5 are obtained.
pAC

The corresponding rigid body displacement obthined; for the forces

given equations 4.22a, b, is:
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H{t) 5

F F
10 20
t - 2% [H(t-L/e). (t-L/e)] + gt 4.27

m

X(t) =

This result is also shown in Figure 4.5. Here again the rigid
body displacement response is the. average of the elastic response
for this assumed model and boundary conditions.

The first treatment of an elastic pile model, given above, has
lent some insight to pile action, However, it lacks some realistic
features. A second mode1’wi11 be considered here. As shown in
Figure 4.6 the soil resistance will be simulated by a uniformly

distributed force fr along the pile having dimensions of 1bs/ft. as:
. . PR 2
.= K+ K, (X+g) + Kq (x+e)° + ...  4.28

i.e. f may consist of frictional force Ky» @ viscous force Kz(i+é)

and higher order resistance forces in. powers of the total ve]oc1ty. .

Again assume the p11e to have a un1form Cross- sect1on ‘A and o

in Figure 4.6. The basic equ111br1um",f -an e]emen"*dx‘1ong R

given by o

. b _ _?E_ B -'f:._‘;: .
oA (x+g)dx = A % dx .

This leads to the fo11ow1ng equat1on Affj'”;
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2

3t Lo (ie)- 8 (w5) = a 4.30
X C
where
K
1 K2
« = and 8 = - 4.31
AE E a.b

Assuming quiescent initial conditions the Laplace transform of

equation 4.30 yields

2

(=%

i
ro
|

AE = +AZY 4,32

X

a
d p

-4

2
where AZ = Eﬁ- + gp . The solution of the above equation with
C

the following boundary conditions:

3 F0 s{t) 433
> - TR at x =10 o .33a
X - 0 o at x = L _ 4.33b
becomes :
Fo

cosh AL cosh ax . a
X+g = AEX [sinh AL - sinh ax] - ;Z;' 4,34

Considering the particular point x = 0 the above equation reduces

to: 3 ) .
T+E 0 cosh al a S 4.35

AEx  sinh AL Azp ‘

The inversion of equation 4.35, after using a series expansion

for the term containing the hyperbolic functions, yields:
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= “B 2 2
(x+a)|x=0 Lt Io(sc ( ))

+ 1 Bz -(4" + 1 (sc \/ (E") jl

Ky 2

1 -§C°t
7 1— -t 4Q36
+ KZ [ac (1-e )-t]

where IO is the hyperbolic Bessel function having the praoperty

2
that IO(E%— tz-rz) =0 for t <r. Differentiating the above

equation yields the following velocity expression:

3 2 2
. c%er c?t 2 2 \/T
()| = gl BT -10(6_972)_2[10(@%_ 23 )

x=0

2 2
o [ (@D nef e
+ I.( }+ 2t +
12 2 2L, 2 2 4L\2
- (e - (&)
T T
K 2. .
+ El(e’ﬂc t 4.37
2 .
where
| . d1,
T gt

fetting pAL = m be the mass of the rigid pile and including

only the first two terms of the resistance law given in equation
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4.28, then the equation of motion becomes:

mX + K2LX = F0 s{t) - KT L 4.38

with quiescent initial conditions. However, this equation may

be rewritten as:

LX + K

mX + K2 1 L=20 4,39
with the initial conditions being:
. F
X(0) =a0, “X(0) = ﬁQ 4.40
. a,bh

The solution to equation 4.39 with initial conditions gi#en by

equations 4.40 a,b has the following form: KeLt
X(t) ———E ( ° K1) - El t - (=24 _l_) e M 4.4]‘

for which the velocity is:

TE I W . i

Taking K1 0 and g = lc (i.e. Ko = fg) perm1ts a samp]e :t:: L

plot of responses as given in equations 4. 36 and 4J'

4.42,
"The two theoretical pile models assumedAup to'th1s ho1nt are 3

still not sufficiently realistic for all tlme t to permxt morE‘f

Pt e e

—

than qualitative conclusions for actual p11es‘ They do clearly =
indicate however, the effect of wave action trave11ng up and down B
the pile, and the oscillation of the elastic pile about the r1g1d e
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body posjtion. Another important qualitative result is that the
velocity is propartional to the force when the soil-pile interface
resistance is assumed zero as seen in equation 4.15. This result
is also borne out in the initial portions of actual field data for
all pi?es encountered so far. A more realistic resistance law, if
the Laplace transform solution technique is used, would require
much more sophisticated solutions as evidenced by the already
involved solution given in equation 4.36 for a simple resistance

law.

4.2 Elastic Wave Equaticn Using Finite Fourier Transform

_The application of the Laplace transform in the previous

section to the basic wave equation with various assumed forms of
soil-pile resistance laws yielded qualitative insight as to the

behavior of the pile under aniimpact force, .F(t). The assumed

models, however, were not sufficiently realistic for all time, t.™

In this section an attempt will be made, through the use of a
3 continuous elastic pile model; to reproduce the acceleration,
velocity, and displacement response of several piles resulting
from a measured impact force;:F(t). As a resu]t of matching
theoretical and measured responses, this section undertakes to
predict the static bearing capacity of example pites. The field:
measurements with reference to both full-scale piles and reduced- ™~

scale piles, consisted of the force and acceleration measured as

functions of time at the top of the pile.
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The matching and prediction scheme employs a four-parameter
model of an elastic and rigid-body pile response to the measured
hammer force input. The theoretically predicted bearing is rather
satisfactorily verified by direct comparison with static tests
made in the field.

Important qualitative results are also obtained from this
analytical study. The most important of these results is an
explanation for the successful predictions which resulted from
the application to full-scale hi]es at the simplified rigidwbody
model, discussed in Section 3.1.

Consider again a pile model of length L and having a uniform
cross-sectional area A shown in_Figure 4.9 where X represents the
rigid body motion of the pile and x the spatial éoordinate along
the pile of a system of axes movfng.with the pi1e. Let £ be the
elastic deflection of the point x away from its equilibrium
position.“Viefifﬁé‘ébﬁfééd“¥dréé aéting.on the pf]erreéulting from
the measured. hammer force be designated as FT(t) and the passive

resistance force at the bottom of the pile be given by FB(t). This

bottom force is assumed zero when t 5_%—. Let RL(x,t) be the
distributed re§istance force resulting from the soil-pile inter-
action along the length of the pile. Both FB(t) and RL(x,t) are
passive forces. -

Consideringman elementary vo]uhe from the pile at position x

with the passive resistance force RL(x,t) as shown in Figure 4.9,
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assuming the material of the pile to be elastic under dynamic
conditions with a modulus of elasticity, E, results in the following

basic governing equation for the pile:

a%e o 2% .1 a%x + L (xat) 4.43
w2 at? 2 af AL |

where C = ¢ E/p is the wave velocity in the pile material of
density p and elastic modulus E., The above wave equation is valid
on the domain 0 < x < L for all time t > 0.

The boundary conditions to be employed are:

2 Fr(t)

-a—)-’(-—'-'T atx=0fort10 4.44a
3E Fa(t) | | | Caan
W T atx=Lfort>0 _ -4.4§§J

The total initial displacement and velocity conditions arel}i.

assumed quiescent:

X(0) + &(x,0}

H
[ ]
) E-
B -
) o1
PRRER + 11
s

H
o
-
L
1]
o

X(0) + &(x.0)
for all x between 0 < x < L.

By defining the total displacement at a point x on the pile .

Z(x,t) = X(t) + £(x,t) 4.46
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and since the motion of the rigid body is not a function of X,

the governing equation 4.43 becomes:

aZZ(x,t) ] 222(x,t) B R (x,t) 4.47
axz EE- at2 AE ' ¢

The soil resistance laws will be assumed to consist of a frictional

farce and a viscous force similar to equation 4.28 as:

R (x,t) = Ry{x,t) +D Z(x,t) 4.48

where RL(x,t) has dimensions of force per length and where D = dAE
for an appropriate “damping coefficient", d, to be defined later.
Substitution of equation 4.48 into equation 4.47 and the

app]icatioh of the finite Fourier cosine transform to the results ‘ . :l )

with the aid of the transformed boundqr?-cohéi£{6;¥jﬁgld§::;

b
=,
——
=
ot
L
d
Hil
o) -
\ o [
R T
o+
Mot
1
1
|
/
|
o
I
W0
i
i

example

it
™~
—
)(
fi'
—
0
[w]
w

Z {n,t) DEﬁ'L&*Q

It is remarked in passing that the cosine transform is employed G
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hecause of its appropriateness to the present boundary conditions.
If the sine transform were used, the transform of the first term

on the left side of equation 4.47 would be written as:
L L '

> .
3L g DX g = | 25 sin MXgx = M0 [-D)™ (L) + ()]
ax

0 . 0
*(ﬂ% £ (n,t) 4.51

For this case the integral relation of equations 4.44 a,b would be
required. Since no knowledge of the variation of FT(t) along the

pile existed, (the series of piles driven in Akron, Chio excepted),

the sine transform was not used.

The geheral solution of equation 4.49 is:

t .
Ih(n,t) = g(t,r) G(n,t) dt L 4.52

where g(t,t) is the associated Green’'s function of the homogeneous

equation 4.49 with the following transformed initial conditions:

]

Z(n.0) =T.(n,0) =0 L as

Then the solution of equation 4.49 is given by:

t
Vi - - G(n,r) e“Y(t'T)'éin B(Vt-."r.) dr 4.;54.
c(nst) . Ec(n:t) - 8

0

forn=1,2,3, ...
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where »
= Cd : 4.55
YETT
2.1/2
L N 4.56
and d is defined as: _
4= 2nmg - 4.57
o2

with ¢.equal to the ratio of damping to critical, so that each
mode of the response has the same damping ration, z. For each
value of N > 1, equation 4.54 represents the elastic response of
the pile for a given forcing function G(n,t).

For the case n = 0, equation 4.49 yields the rigid body

contribution:

- - 2
7(0,8) = Fo(6) = S [-Fy(8) + Frlt) = Rf0,0)] - 60,8 4.58

from which i;(t) and Y;(t) are obtained by sucdéggﬁyéftime |
integrations. It can be proven that when n = O the solution
to equation 4.49 represents only the rigid body portion. The
inverse transform of equation 4.49 withn = 0 is: .

) 7.(0,t) -
Z(0,t) = C(L = G(E’t) | 4.59

or using the notation X(t) = 7(0,t), yields:

. 2 ~
X(t) = %EE'[ - Fglt) * Fr{t) = Ry(x,t)] 4.60
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Since cz 2 E/p, the implication is:

¢ 1
AED Vo

1
m 4.61

where m is the total mass of the pile. Consequently, equation 4.60

can be written as:

MX(t) = Fr(t) - Fy(t) - R (x,t) = ] F(t) 4.62

which is merely the application of Newton's second equation of
motion of a rigid body. It is noted in passing that 4.62 resembles
eq. }.1, j.e. the rigid body model.

The total displacement of a point on the pile is given by:

RS JRL AGUNE B DX g6
t) = —T T nzl gc(n,t) cos ~— }. 3

where Z(x,t) is the net solution of equationé4.47;'*;7"1;??9¢;”a

Considering in particular the point x = 0, the above
solution reduces simply to:

X(t)

2(0,t) = — + &

~18

£ (n,t) 4.64
n=1 S '

This point is of particular interest since the measured field :
data was obtained at the top of the pile and the above solution
will be matched to the field data response.

The form and apﬁlication of the soil resistance forcé Taw,

given by 4.48, needs further elucidation. In this present
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section the constant contribution term, R (x,t), will be defined

and applied gpperationally as an active force as follows:

]

R{x,t) = 0 for 0 < t <t 4.65a

¢
. for ty <t < = 4.65b

R, (x,t)
where CO is constant for all x and timé t> t1. The time t1 is

arbitrarily taken as the time when the measured velocity was at a
maximum. In several cases considered this time can be approxi-
mated as t; = %—, j.e. the time for an elastic wave to travel
from top to bottom of the pile; the exact value chosen for t,
however, can be considered a parameter of the solution.

While many definitions of Ry (X, t) might be made, further §
experimentation in this direction is presently being uﬁdertaken.
The above definition, however, has pfovén adequate in several
examples studied to date as will be shown. In other ﬁordsf'ﬁ“‘_;, ST
total static soil resistance of amount Cq + FB(I)jisAéééhﬁédjfo . ;;_.i;_‘iﬁ,_.f
begin acting instantly once the time t; has been reached. - - -0 2L

In order to simulate an elastic-plastic failure law for

the pile-soi] resistance law, a slight modification of the _ - - — -i- =
above scheme for RO(x,t) has also been employed.. The resistance _. - _ .. .-~
law was alternately taken in the form: '

4 _ S ST R
Ry(x.t) = & K(x) 200, &1 dr for 0 <t <ty 4.66a

0 T
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Ro(x,t) = ;9- for t'i <t < 4.66b
where the coefficient K(x) depends on the soil shear fésistance at
the pile-soil interface. For extra simplicity K(x) wasrtaken as
a constant K (x) = Kg throughout the pile length. Also the dis-
placement function appearing in equation 4.66a was taken as that
measured in the field in order to simplify the solution given by
equafion 4.54, 1t may be pointed out prior to discussing the
examples that this resistance law for the time preceeding t,
essentially an elastic-plastic law, had slight effect upon the
response, whatever the value of KO chosen. It caused only
S1ight'changes in the early and less significant portion of thé,
calculated pile displacement response. As shown previously
the responses in the early portion of the acceleration, velocity,
and displacement are proporticnal to the meashred input force.
FT(t). The form of the resistance law suggested by eqﬁat{dﬁs't
4.66a, b is shown in Figure 4.10.

Before comparing the results of this analysis to the
measured responses, a few comments should be made on the con-
vergence problems encountered in calculation. If it is assumed
in the present discussion that the forcing function given by the
right side of equation 4.49 is independent of time so that the
integral expression can be evaluated, and the assumed resistanée
law given by either equations 4.65 a,b or equations 4.66 a,b is

independent of n, 1.e,
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GO =G {n,t)

then the transformed solution 7;(n,t) given by equation 4.54

would be written as:

t

- e"Y(t‘t) sin 8{t-1)
ZE(n,t) = Go 3 dr 4.67

0

where y and g are given by equations 4.55 and 4.56. Differenti-

ating the above eguation results in the following velocity

relation:
£ ‘ t

T(n,t) =6, ¥ e Y{E) gin g(t-r) de + G, e Y (E-T) s (t-1)dr
0 o 4.68

Upon integrating it can be easily shown that the velocity

exprassion i;(n,t) is a.function of the followingz - - - :

1 ™ cos nt~'f nt sin nt = BRI % 69 L
n’ n .. n e

The inverse transform of the velocity at the top of the pi]e is

given by: LTEE - : o
2(0,t) --l;—--—;+ 2 Tag)l - 470

n=1 - S
nto 4.70

feads to a d1vergent ser1es because of the sum Z (—J Simi?ar1y,
) ] n=1



the acceleration is represented by a non-convergent series in the
variable n.

In order to avoid this mathematical problem a central finite
difference scheme was used to represent the velocity and
acceleration responses from the convergent series representation
of the displacement response given by equations 4.54 and 4.64.

A piecewise linear approximation was used to represent the
measured forced Fé(t) and FT(t) appearing in equation 4.49 instead

of some approximate analytical function with continuous derivatives.

4.3 Comparison of Theoretical Predictions with Experimental Resu]téil E
The analytical method outlined in Section 4.2 was employed on

a number of practical examb]es for which static bearing test

results were available to compare with dynamic predictions. The

measured hammer force at the top of the pile is taken as the know

input to the analytic problem. The first aim of the Ca1cu1ation?

is then to predict the pile displacement response. The four

parameters of each calculation were taken as CO’ KO, t1, and z.

0f these, C had by far the greatest importance; the other para-

meters acted as "trimming" parameters only. By choosing Kq = 0

= 0,90 and t] approximately equal to the time of peak veiocitj
or in some cases egqual to %, these trimming parameters would be

effectively removed from the calculation for most of the piles

considered. The parameter Ky, as mentioned earlier, did not

prove to be of great significance. The damping ratio g was taken -
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as being large in most cases, representing highly damped oscilla-
tions of the pile response modes. The speed of sound in steel was
checked by direct experiment and a value of 17,200 feet per second
was used in all cases.

The computer-aided procedure then used was as follows: Given .
the measured force inputs FT(t) at the top of the pile and when
possible, the force Falt) at the toe, the best possibie match was
sought for the pile displacement independently obtained through
double integration of the meésured.acce]eratioh using any reasonable
values for the four parameters.mentioned.‘:The comparison:of pre- .-
dicted bearing, using the mathematical model of Section 4.2, to -
the measured bearing is the principal object. of this section. -

. Both the. acceleration and;ve1ocity.responSES’werenusedﬁas aids- -
in determining a good displacement match byAtakingi1pto;accauntf¢het*a

location of peaks occurr1ng at the same . time as the"measuzedraﬁ'

acceleration and ve1oc1ty reSponses __When a. “best match was S
thought to have~been obta1ned ~the: corresponding sum;of C * FB( y;~
employed was compared to the ultimate-static. bear1ng capacity -~
obtained either by the performance of a-C:R.P. Test-or a standard .

M.L. Test. ~The matching techqlqgeAns_va11d on]y .in that portJon ~

of the time domainiﬁor:wﬁich the velocity is pos1t1ve.“No-provns1onmﬁ%
was.made to 1ncorporate a’ res1stance afterﬁihertime;ofAzero;ye]ocity1{a

In the cases- where no toe.force measurements wereAmadE""FB Was.. -

taken to be zero in the ana]ysas, the pred1cted B. thus represents-_




the total predicted bearing capacity. It will be shown in the
next section that the inclusion of FB(t) in C, or consideration
of the sum C, + FB(t) slightly affects the total predicted value.

The above analysis and algorithm were applied to several
full-scale and reduced-scale piles. In this section the toe force
FB(t) was taken-as zero, thus incorporating it into CO. The para-
meter C, in this section thus will represent the total predicted
bearing.

The results shown in Figure 4.11 are those of full-scale pile
103 of North pier, last biow. The pile had a length of 74 feet
and_cross-sectional area of 7.83 sq. in. The theoretical dis-
placement response from the above analysis matches well the
displacement obtained by twice integrating the measured accelera-
tion data. Both the theoretical Qe]ocity and acceleration
responses resémble the experimental results. For this pile the
predicted static bearing is Co = 222 kips as opposed to 214 kips
extrapdlated from an M.L. Test. The predicted bearing is less
than 4% higher than the static bearing.

Figure 4.12 shows the results of another full-scale pile,
pile 692, driven in Youngstown, Ohioc. Here the match of theoreti-
cal and experimental response curves is very encouraging. The
periodicity of the acceleration response is very close to that
measured in the field. The predicted bearing of 300 kips 1is

approximately the same as the ultimate bearing of 296 kips
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obtained from a C.R.P. Test as shown in Table 3.7. The error is
approximately 1.3%.

The comparison of theoretical displacement to the measured
displacement for pile 506 in Uhrichsville, Ohio, is shown in Figure
4.13. Here again the match is very good, while the match of
acceleration and velocity to the corresponding experimental results
i fairly good. The predicted bearing of 280 kips was slightly
lower than the static bearing of 295 kips obtained from a C.R.P.
Test. In this case it was found that the ratio of damping to
critical damping was 0.65 and a K0 of 25 ksf was used in order that
the displacement curves would match. The error in prediction here
is app}oximately 5%. |

The results shown in Figures 4.14 to 4.19 are those of the
full-scale pile driven under the supervision of project personnel

in Akron, Ohio. Figure 4.14 ;bqg;‘ghg.results.ofua 30 foot pile

at the end of driving. %ﬁé“hatch between theoretiéaihand measured
responses is fair but the correlation of prédicted bearing CO=119
kips as opposed to an ultimate of 104 kips measured in a static
C.R.P. Test is good. The results shown in Figure 4.15 are for the
same pile but after a ground "set-up" period of approximately one
week's duration. Here the match of theoretical displacement and
measured displacement is good while the acceleration and velocity
results are only fair. Both the predicted and measured ultimate

bearing show an increase in strength due to the set-up period. The
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dynamic prediction of ultimate bearing of 134 kips agrees fairly
well with the actual static test results of 114 kips.

Figure 4.16 shows the resuits for Pile F-60, at the end of
driving with approximately 60 feet below grade, with theory being
a very good match as to curve shape in displacement, Ve1ocity,land
acceleration. The static capacity predicted is CO = 220 kips as
opposed to a measured uitimate value of 204 kips obtained from a
C.R.P. Test. The dynamic prediction error is 8% high. Figure
4,17 presents the results for the same pile which was restruck after
a 2 week set-up period. Again, the mafch of the theoretical res-
ponses to the experimental results is good. The dynamic prediction
of ultimate static bearing coincides with the actual static test
results obtained from a C.R.P. Test. |

Because of the excellence of the dynamic prediction in this
case, it becﬁmes a good object for test of the sensitivity of the
‘prediction method to the value of C chosen. Figure 4.18 _
illustrates this, where values of CO = 232, 242 and 252 kips hafe
been tried, with corresponding theoretical displacements compared
to the experimental test results. It is clear from this that
close displacement match sharply delineates the proper C0 value
within the theoretical method presented. This sensitivity in
choosing the proper C0 existed in all piles considered.

The results presented in Figure 4.19 are those of 2 12 inch
diameter fluted pipe-pile driven 58 feet below grade into a coarse

sand. The pile is designated as C-1, Canton, Ohio, Blow No. Z2A.
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The match of the theoretical responses to the experimental resulis
is good up to 13 milliseconds at which time the curves begin to
deviate from one another. The dynamic predicted bearing of 192
kips coincides with the actual static bearing obtained from a
C.R.P. Test performed a few days earlier. Even though there is

a discrepancy in time between measured and predicted bearing,
further increase in static bearing would probably be small. This
is so because thg'pile had §1ready had a set-up period of approxi-
mately two weeks.

Figure 4.20 presents the results of full-scale pile No. 113
of North Pier at the end of driving. The match of theoretical
dispfacement to the experimental displacement is excellent while
the correlation between predicted static bearing to actual bearing .
iS poor. An-attempt whs made to consider an overdamped response °

for-this particular pile.- The reason-for such an attemptwas=thatiai . - .. =

the:measuredﬁacceleration'response"appearedzto?beihighly;damped%zﬁ.::f—?* SOl
due=to the lack of oscillatory -motion.= When-g is greater:than=—
one, the solution for the transformed displacement given by

equation 4.54 becomes as follows:

t
Z_ (n.t) = E (n.t) = a(n, 5y e (7)ol (tyge am
2n

0

where y is defined in equation 4.55 and n has the following -

form: A
n=5‘{£~/c2-1 4,72 .
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with ¢ being the ratio of damping to critical damping. Even
though there was an improvement iﬁ the ratio of the predicted
bearing to the static bearing, the match of the theoretical and
eiperimenta1 displacement neverthe]ess became worse., Thus,
further overdamped calculations were not attempted for this pile.

Figure 4.21 shows the results for pile No. A of wall No. 91,
anather full-scale pile with a length of 74 feet below grade.
Here the match of theoretﬁcal and experimental curves is less
satisfactory than the previnus.pilgs considered but the static
bearing prediction remains fair: Cj = 290 as opposed to a measured
ultimate static value of 252 kips, the dynamic prediction error
‘here is 15% too high.

The ﬁame analysis and matching techniques, used on the full-
scale piles just considered, were employed to a few reducted-scale

piles. The results shown in Figure 4.22 are those of pile 15-7

driven into sand 15 feet below grade. The results are for the
first blow upon restriking the pile after a one week set-up period.

The match of velocity and acceleration curves are fair in compari-

son to displacement match as shown in this figure. The discon-

tinuity in the velocity at the time t1 resulted because of the
discontinuity in the assumed 5511 resistance law. It was fouﬁd
that an increase in rigidity of a pile results in an increased
dependence on or sensitivity to what type of soil-resistance law
is assumed. In other words, the variation of soi1-resist§nce as

a function of time depends more on the rigid body motion of the
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pile than on its elastic motion. This is the basis of Pongelet's
1aw mentioned in Chapter 1. In the following section a variable
resistance law is hypothesized and applied to a few reduced-scale
piles. Discussion of the results will be reserved until that time.
The theoretical predicted bearing for pile 15-7 is 18 kips in
contrast to the measured static bearing of 14 kips with a corres-
ponding error of 28%, high. Again, the necessary assumed ratio of
damping.to critical damping was found to be large, a value of 0.90.
Figure 4,23 illustrates the dynamic prediction method for
another reduced scale pile 1-T-10 having a 1éngth of 12 feet. The
match achieved is the worst of all cases treated as far as curve
shape 1§ concerned, though general trends are preserved. However,
the predicted ultimate static bearing capacity is C0 = 9.9 kips as
apposed to a measured static bearing of 9.5 kips, the prediction

being high by 4%.

4.4 Elastic Wave Equation with Variable Static Resist&ﬁhé:Léﬁtm'LM“”
Questions arose as to the justification of assuming a constaﬁt
resistance law when applying the above-mentioned analysis to
reduced-scale piles. An attempt was made to approximate the shape
of static resistance Ro(x,t) given in equation 4.48 to the measured
force at the top of the pile. This approximation scheme is shown
in ngure 4.24. At the time %, the static resistance C| is
activated as in the previous analysis but only exists up to the

time tz, at which point a new resistance Cé is activated. This
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new resistance is also assumed constant on the time interval
tzf_tf_m. |

The results of applying a variable resistance law to reduced-
scale pile 1-T-10 are shown in Figure 4.25. The variable
resistance law assumed is superimposed on the measured force at the
top of the pile as shown in Figure 4.26. There is an improvement
in the velocity and acceleration responses during the first two
milliseconds as compared to the corresponding responses of a con-
stant resistance law given in Figure 4.23. The improved predicted
bearing was found to be 9.0 kips as opposed to the measured static
bearing of 9.5 kips. In this case the toe force was incorporated
into'the resistance parameters C0 and Cé.

The results shown in Figure 4.27 are those of the same

reduced-scale pile 1-T-10, EXCEpt that the toe force was not

combined in the parameters C and C' but was cons¢dened.separate};

in the right side of equation 4.49, Shown in F1gure'ﬂ 28 ) th

e T .,.,..._ e et

toe force for blow 2A of this particular pile.’ “The pred1cted e TR T

bearing increased slightly from 9.0 kips to 9.2 kigs;' The

velocity and acceleration responses of Figure 4.30 are similar

to those of Figure 4.25. 1;#5;1;gg;.-?;hm;r _3'w:;i;“ﬁfij
4.5 Summary of Results

The results of the approximate schemes, given in Chapter 1-0-. -0 - -
and Sections 3.1 and 4.2, are summarized in Tab1e$ 4.1 and 4.2 |

for some of the piles studied. In these tables column 3 repre-
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sents the theoretical predicted bearing using one of the assumed
resistance laws discussed in either Section 4.2 or in Section 4.4.
The results Tisted in column 5 are those obtained by applying

the averaging scheme discussed in Section 3.1ﬁto the assumed rigid
body equation 1.1. Column 6 presents actual static test results
obtained from either a M.L. or a C.R.P. Test for the ultimate

load bearing capacity. The results, R*(to),in column 4 represent
the application of equation 1.1 using only the rigid body
acceleration obtained from tﬁe theoretical analysis discussed

in Sections 4.2 and 4.4 at the point where the velocity passes

through zero. The results in this column are in close agreement

to the predicted values of CO'

Comparing the results of columns 3, 5,and 6 it may be
arqued that the very practical grapﬁica1 averaging‘method

described iq_§gg§igp—§.1_(iie. the application of Newton's
equation to-ihe méaﬁured fieiﬂ aaéﬁ);“déegr%ﬁ_%ﬁét yield good
results in the cases considered, especiél1y in cases of full
scale piles. Thus, this approximate scheme seems to suffice
for practical applications while the more elaborate computer
analysis remains fruitful as a research tool.

In the cases where reduced-scale piles are driven into

silt and clay soils, a critical and closer examination of the

behavior of the soil-pile interaction should be carried out.



CHAPTER V

SPECIAL PURPOSE COMPUTER

5.1 General Description

A special- purpose digital computer has been built to
operate with the pile driving instrumentation console present1y
used by the project. The function of the computer is to make real
time calculations, {during driving), of the static resistive
capacity of a pile. Calculations.of the capacity are made within
2 milliseconds after each blow. Thus, each blow could conceivably
be recorded.

The computer accepts two channels of acceleration and one
channel 6f strain. Thése are the same signals which are inputs
to the oscillograph. High impedance amplifiers at the input to
thé-computer isolaﬁe the computer.frdm the oscillograph. One.or
both of the acceleration input channels may be used. The computer
will compute the load according to equation 1.1 to be

LOAD = Ke - M(A} + AZ)/2 5.1

where € is the strain in microinches/inch, A1 and A2 are the two
acceleration inputs in g's, M is the mass of the pile, and K is
the strain calibration.
5.2 Computer Organization

.Figure 5.1 shows the system organization of the computer,

Following will be a brief description of each of the functional
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components of the system.

Operator Controls

The operator control panel is shown in figure 5.2. A toggle
switch allows the operator to select whether the computer operates
in either the "manual" mode or the "automatic" mode. When operating
in the automatic mode each blow will be recorded and the load will
be displayed in the Nixie tube readout for approximately 1 second,
after which the computer will automatically reset in preparation
to receive the next blow. when'operating in the"manual" mode a
blow will not be recorded until after the operator has pushed the
"oEADY" pushbutton. Once a blow has been recorded, the load will
remain dfsp]ayed until the operator pushes the "READY" pushbutton
again. Thus, in manual the operator can select which blows are
recorded. |

VT’ Vz, and V3 are the input gain controls as shown in |

Figure 5.1. When toggle switch S] is in-the left position, the

acceleration inputs to the computer are zero. When S, is in the

right position the acce]eratioﬁ js the average of the inputs to li_#:;:,;f__i
the two acceleration chamnels. Switch 52 operates'in the same “;“;;;A_ﬁ; o
manner for the strain input as S] does for the acceleration. ) ’,ﬂ_a;L_;_-;]W;_
Switch S, is a 3-position fnggle switch. When 5q is in the right

position, the velocity input to the system control is T A 5

vel. = [t (Aj+Ay) 44 '
0 ——"“2—-' 5.2 ]

- 60 -




g, is in the center position, the velocity input to the control
If 55

system is positive, and if S5 is to the left, the velocity input

{s zero. A more detailed description of the use of these switches‘

is given in section 5.3 on computer calibration.

Input Control

The function of the input control circuitry is to detect
when a blow has occurred and determine the zero velocity point
where the data is to be samplgd. Figure 5.3 shows the functional
components of the input control. The integrator is AC cbupled |
so that any drift on the acceleration channel inputs will not.
cause the integrator output to latch up (i.e. - go to infinity).

Tﬁe positive velocity detector uses feedback to prevent it
from triggering when the velocity goes from zero to positive

until the signal is significantly positive. This is to ensure ' _

that a blow has been detected and will disregard any small posi-

tive velocity signal caused by.low amplitude 60 cps noise on the

acceleration channel inputs. However, when the velocity is go{ng
from positive to zero, the output of the detector does not change

until the velocity does become less than or equal to zero as shown

in Figure 5.4.

Analog-Digital Converter

The analog-digital converter accepts an analog input (Aa) -7
signal and the output of a digital register. The output of the

digital register is converted to an analog signal (Ad) which is
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then compared with (Aa). If A, > Ad a signal is sent to system
contral to tell the digital register to increment. If Aa < Ad a

signal is sent to tell the register to decrement. In this manner
the digital register tends to follow the analog input in value.

Digitized Signal Register

These register# contain the digitized values of the analog
input signals. The digital data.is in binéryucoded decimal
format. Each of these registers can count up and down between
the values of 0 and 1900.

Multiplier

The multiplier multiplies an input frequency by the
fractional value set in the thumb-wheel switches. When one
of the digitizing registers is counted down, a pulse is sent to
the multiplier for each step of.the.counter. Thus, if the
digitized acceleration register were to contain 800, and .125 were
set in the MASS thumb-wheel switches and the register were counted
down to zero, then the MULTIPLIER would receive 800 pulses from

the register and put out (800) (0.125)= 100 pulses to the ADDER.

System Control

System Control. is composed primarily of state control logic
which can best be.described by.the flow chart shown in Figure 5.5.

Adder and Accumulator

The Accumulator is a binary. coded decimal register which

can be incremented by pulses from the Adder and reset to zero
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by control signals. The Adder is a gate which allows pulses from
the acceleration channel Multiplier to be sent to. the Accumulator
during control state number 2, and pulses from the strain channel
multiplier during control state number 3.

5.3 Computer Calibration

Strain Channel

. 1) Zero acceleration input by switching "S," to left
position.
2) Set .999 in Strain Cal. thumb-wheel switches.
3) Deflect strain beam on recorder to the left with
calibration input at instrumentation console. This deflection
will be some known number of micro-strains.
4) Set computer to manual and set "S," to right.
5) Set "53“ to center position.'
6) Push "Ready" pushbutton. T

7) Switch "S;" to left -'strain should appear in

Nixie readout.

8) Adjust "V2“ {clockwise to decrease and repeat steps
5 through 8 until calibrated strafn reading is reached. =
Note: only the 3 most significant digits of the registers are
displayed in the Nixie tubes. Calibration numbers up to 1800 can
be used. If numbers over 1000 are being used, sometime during
the calibration procedure, the thumbwheel switches should be
changed to .099 and the reading should appear in the third digit

of the display.




'9) The strain calibration used during recording should .
then be set.iﬁto the thumb-wheel switches. The decimal point is
to the left of the most significant digit in the thumb-wheel
switches, so the strain calibration should be scaled so that the
final result will have the most significant digit in the most
significant position of the Nixie.readouts.

Acceleration Channel

1} Zero strain channg] by switching "S," to left.
2) Set .999 in MASS.thumb-wheel. switches
3) Computer should be in MANUAL
4) Switch “51" to right '
. ' 5) The output of the positive velocity is taken to
one of the visicorder inputs. This signal can be seen to deflect
by a) moving “53" to left.
b) pushing "READY"
c) moving fSa“lto.center
The amplitude of this deflection can be adjuﬁted by an "ADJ" knob
on a small panel next to the operators panel, until the deflection
is the same as for a calibrated acceleration deflection. This
signal is then introduced to.the.acceleration channel of the
computer by switching the toggle switch an the small panel to the
"CAL" position.
6) Turn "V]" and “VB" clockwise as far as they will go.

7) Switch "53" to center position
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8) Push "READY"

9) Switch "S3" to Teft position

10) Rotate "V]“ counter-clockwise while repeating steps
7-9 until the Nixie readout is one half of the calibrated
acceleration value.

11) Rotate "V3“ counter-clockwisa while repeating steps
7-9 until the Nixie.readout gives the calibrated acceleration
value. .

12) Set weight in MASS thumb-wheel switches scaled to

match strain channel.

Recording
1. Switch “51", "52“, and “33“ to the right
2. Switch toggle switch on sma]f\pane1 to "REC" position.

-
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CHAPTER VI

CONCLUSIONS

During the past two year phase of this project, two different
types of transducers have been developed which provide a satisfactory
measurement of the force at the top of the pile. One of these is a
strain gage load cell type device which attaches on top of the pile. :
The other type makes the force measurement by means of a clip-on
strain transducer. Both methods are satisfactory. The load cell
is more accurate due to the direct calibration but it is large and
heavy to handle.

The modifjed rigid pile mathematical model shows less scatter
and better correlation than is obtained from tﬁerprevious method.
Correlation between measured and predicted static resistance is
good for.full scale piles in all 5011 types encdantered. Small
scale piles did not show such good. agreement particularly for (ﬂ
cohesive soils. Further study is hecessary to explain this X
difference.

The force measurements along the pile in Akron were only
partially successful. The experience gained there will help to
avoid these difficulties in future tests of this type.

The elastic pile analytical.work provides an explanation of
some aspects of pile behavior. It explains the basis for the

modified rigid pile model. It is particularly interesting that
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the oscillation of the acceleration after the peak of velocity is
fairly well repfbduced. This motion is not due to the return of
the stress wave as indicated by its rather short period.

The special purpose computer shows promise of being capable
of making the necessary computations for the dynamic prediction
of the static resistance. If this can be accomplished on a
routine basis there is every indication that the proposed method

can provide a very rapid and inexpensive load test system.
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TABLE 4.1

Bearing Capacity Results in Kips

of Full Scale Piles

Pile Number Blow | Constant Re- | R*(t )| R{t )avg. [Ultimate
No. | sistance Law 0 0 Static Load
%

103 of Pier 2 T-A 222 227 218 214

692 Youngstown | Last | 300 309 | 300 296

506 ,Uhrichsville | 2-A 280 . 1283 280 | 295

F-30, Akron 13 119 121 116 104

F-30, Akron 1-A 134 131 140 114

F-60,: Akron - .17 220 222 71230 = 204

F-60,  Akrom © | 26 | -.242 25 | 236 | 2020 7

C-1, Canton-—- | 2:A | ‘192 e {1ge | Teas

113 of .N. Pier-— | Last: | .350"-f 360?¢~ 236_- '540*3‘ '
|A of Wall 91A 3-A 290 291 260 252




TABLE 4.2

Bearing Capacity Results in Kips
of Reduced-Scale Piles

Pile Number Blow ¢, or R*(to) R(to)avg. Ultimate
No. c6+FB(to) Static Load

15-7, Sand 1A 18 18.4 15 14.0
1-T-10, Sand 2A 9.9 10.5 9.4 9.5
Constant Law

1-T-10, Sand 2A 9.0 9.4 9.4 8.5
Variable with

FB(t) =0 .
1-T-10, 2A 9.2 9.7 9.4 "9.5
Variable in- :

cluding - ' .

Fp(t) I |

1-T-15/20, Sand--| 1A | 20.5 20.3 | 22.5 16.7
Constant Law

1-T-15/20, Sand 1A 16.5 16.4 22.5 16.7
Yariable, in-

cluding

Fa(t)
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Detail A

Compression strain gage

(axial)}
Tenston strain gage
(transverse)
: ‘ '!n
L I} ™
] i ! [ 1
'I 2II i l
/ -'f._ :
1 12-3/4"
i /"r
l T~
Detaﬂ A | [ - \\ i
G 20
: \\__/ {
’ |
Leadwire with | . :
Amphenol Connector | :-
B L
! 1
S -

18" T

Figure 2.1

Drawing of Full Scale Pile Transducer

- 86 -




Figure 2.2

Full Scale Pile Transducer
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160 _

140 | , Strain Gages on Pile
120 Transducer

100

6J |
40
20

Force on Top in Kips
3

Static Loadtest F-30-1 on 6-21-67
1 } ] 1 [l [] { M |

. 2003 .4 .5 6 .7 .8
Penetration in Inches

Figure 2.4 Transducer Comparison at Static Load Test

16C (-
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80 |

60 |-
a0 L ——— e Strain Gages on Pile
20 ' Transducer

3

Force on Top in Kips

1 1 1 1 1 ]
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Time in Milliseconds

Figure 2.5 Transducer Comparison at Dynamic Test
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BOTTOMVIEW
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Figure 2.6

Clip On Transducers
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igure
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C1ip-On Transducers Attached to Reduced Scale Pile Section
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. 5 Foot Pipe Section
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Full Bridge)
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Figure 2.10
Design of an Intermediate Reduced Scale Pile Transducer
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Calibrations for lodel Pile Transducers
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in Kips

Force

30

Transducer at Pile Head
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Figure 2.12 Force Pesults at Four Stations on Model Pile
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Typical Full Scale Pile Results with
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Figure 3.7

Accelerometer, Force Transducer, Cushion,and Driving Head

- 104 -




UOJNY UL Blid 21e9S {Lnd Uo dn3as 3sal peoT PaLquasSy

g'¢c 2u4nbi4

VO

- 105 -




MOl ASuuey (9S3Lg B JO pdOI3Y [edldAy
6'E a4nbLy

o SPUOIASLL | INW

— — — — T et MR S pma  mmm i S e Gasew TR Wi S e — e e —

. — . ikl S W — T it

uiedss

106 -

uo13e43( 830y




F(t)

(STRAIN AND ACCELERATION
MEASUREMENT)
)
|
{
1,W
. g
d e
|
R
FIGURE 4.1

SIMPLIFIED ANALYTICAL MODEL
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Figure 4.2 =

Stresses Acting on Differential Element
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Figure 4.6

Idealized Pile Model
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) =T ZM(t-T) dt

Figure - 4.10 - Resistance Law Assumed for the Soil-Pile
Interaction ’
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Soil Condition: Sand and Silt. 2
18+ ' Length: 74 Feet Area: 7.83 in.
g a4 Driven on: 5/2/66 Tested on:  6/10/66
= M.L. Test = 214 Kips M.L. Test on: 5/10/66
5 Bt
g 1 /
s ad
= 2 e e —__
z 2 4 ‘&TgAf;nrgaggﬁaﬂrﬁm~“nf”aa
E -2 + -
5 g
2 g4
.—6«-
15 T
] Caiculation Parameters for
W1 Constant Resistance Law
B -2 :
N C_ = 222Kips t, = 0.0056 secs.
T\t ~ 0 1
~
e F— K =75 Ksf.. ¢ =0.90
!;"‘ 4-1 - -
a“ .
r -5 18
\""-._;
‘ ™~
QT """-.._,___'
7+
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o1t ' — = NCASURED
= o
g T S R S T S T e e
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Figure 4,11 Matching Results of Full-Scale Pile 103 of Pier No. 2,
' Blow No. 1A
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ACCELLRATION IN FY/SEC/SLCA.BEL
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Soil Condition:
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Oriven on:

C.%iP. Load = 296 Kips

B+ ’\

Si1t and Clay 2
Feet - Area: 14.5 in.
Tested on: 8/15/66

C.R.P. Test on: 8/15/66
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3
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16 4

1

Calculation Parameters for
Constant Resistance lLaw
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C, = 300 Kips
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Figure 4.12 Matching Results of Full-Scale Pile 692 YoungStown,
Ohio; Last Blow
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Soil Condition: Sand, Silt and Clay 9
18 " Length: 78 Feet Area: 6.67 in.

ad Driven on: Tested on: g/13/66
. C.R.P. Load =295 Kips C.R.P. Test on: 9/12/66

I L i i i i 3
T L 1

W-—- —— il —-a' -

ACCELCRATION IN ST SEC/SECYE.RE1
N

.a e

16 -
Calculation Parameters for
Constant Resistance Law

14+

2+

[
it

ol N\ , = 280 Kips ¢ = 0.65

a4+ - ’ 25 Ksf. t1 = (.0070 secs.

JELOCITY IN F1SRL

L

JISPLACEMENT IN FT0100

X 1 A i Il 1 1 I\ ] 1 L 1 1
T T T T

3 2 4 B 3 12 12 14 18 1a cd
TIE TN MIL_TSECONDS

[+
-

Figure 4.13 Matching Resylts of Full-Scale Pile 506 in Uhrichville,
Ohio; Blow No. 6A
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Soil Condition: Clay o
T P Length: 53 Feet Area: 15.58 in.
| Driven on: Tested on 9/22/66
= C.R.P. Load*= 350 Kips C.R.P. Test on: 9/22/66
2 5T
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4 i
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Figure 4.1% Matching Results of Full-Scale Pile in Toledo, Ghio;
Blow No. 23A
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Soil Condition: S$ilt and Sand | ’
Length: 31.5 Feet . Area: 9.83 in.
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Matching Results of Full-Scale Pile F-30 in Akron,
Ohio; Blow No. 13
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4.16 Matching Results:of Full-Scale Pile F-30 in Akron;
Ohio; ~Blow No.- 1A
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Soil Condition: Silt and Sand A 2
Rt Length: 61.5 Feet Area: 9.83 in.
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Figure 4.17 Matching Results of Full-Scale Pile F-60 in Akron,
e Ohio; Blow No. 26A
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Figure 4.19 Matching Results of Full-Scale Pile C-1 in Canton, Ohio;

Blow No. 2A
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Pier, Last Blow




Soil Condition: Silt and Clay )
Length: 76.5 Feet  Area: 7.83 in.

Driven on: 6/8/66 Tested on: 6/20/66
C.R.P. Load = 252 Kips C.R.P. Test on: 6/16/66
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Figure 4.21 Matching Results of Full-Scale Pile A of Wall 91A,
Blow No. 3A
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ACCELERSTION IN FT/SCC/IELYG. BGL

DISPLACIMENT IN FTX12Q

VELOCITY IN FI/SEC
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Soil Condition:

Length:

" Driven on:

18.5 Ft.
1/22/66

C.R.P. Load = 14 Kips

Coarse Sand 2

Area: 1.70 in.

Tested on: 2/1/66
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2/1/66
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Figure 4.22 Matching Results of Reduced-Scale Pile 15-7, Blow #1A
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A Soil Condition: Silt and Clay 2
_ 8T :‘ 1 Length: 12.0 Ft. Area: 1.70 in.
g el Driven on:  10/14/67  Tested on: 10/21/67
-] B C.R.P. Load = 9.5 Kips C.R.P. Test on: 10/21/67
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Figure 4.23 Matching Results of Reduced-Scale Pile 1-T-10, Blow #2A
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ACCELERATION IN F1/SEC/SECK®.BBL

BLITY IH FT/SEC

yEL.

BISPLACEHENT IN FTXLIG2

11?. " i
I Soil Condition: Silt and Clay . |
o Length: 12.0 Ft. Area 1.70 in. l
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el 112 C.R.P. Load = 9.5 Kips C.R.P. Test on: 10/21/67 '
. I. :
a4 | !
24/
s B T
18 . -
-
-4+
T :
|
.l |
1
|
.lﬁT ) :
Calculation Parameters for a
142 Variable Resistance Law with
124 Toe Force Taken as Zero
T = 20 kips C,' = 9.0 Kips
5 Ksf. t1 = 0.0016 secs.
0.75 b, = 0.0028 secs.
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YOLDCITY IN FY/SCC ACCELERATION IN FE/SEC/SELY0. o1

DISPLACENENT IN FTX{0@

i I Soil Condition: Silt and Clay 2
I Length: 12.0 Ft. Area 1.70 in.
8+ /i Driven on: 10/14/67 Tested on: 10/21/67
gl ! A C.R.P. Load = 9.5 Kips C.R.P. Test on: 10/21/67
404 1
4t} }‘
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!
] ' ? s
2 1~ o=
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-2 4
‘5'[ Calculation Parameters for a
144 Variable Resistance Law with
12 N Toe Force not Zero

"

16 Kips‘ Co' = 7.5 Kips
o 5 Ksf. t.l 0.0016 secs.
0.75 t2 0.0028 secs.

at v=0: CT=CO +F8(to)=9.2 Kips
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4.27 Matching Results of Reduced -Scale Pile 1-T-10
(Variable Resistance and Toe Force Included), Blow 2A
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Acceleratio /\

Output of
fas. Vel
Detect,

Figure 5.4

Jutput Detector Function
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Rest Accumulator

|

Velocity > 0

Yes

)

|

Nigitize Analog Inputs

|

(: Velocity < 0 j:}_ﬁg______w

Yes

Decrement Accel. Reg.

Decrement Strain Reg.

)

(:_3train Reg. = 0

}_ﬂg______

No
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__.( Ready }. Rest Accumulator
—

T\ _Yes
J

“ Enciicicl suikirs indicate control state numbers

Figure 5.5
Flow Chart
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