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CHAPTER I
Introduction

In 1972, the Ohio Department of Transportation changed their pile driving
specification to read, H-piles shall be driven to refusal on bedrock or to
20 blows per inch for the last few inches of penetration independent of
hammer size (at least within the Timits of generally acceptable hammers). The
previous driving criteria was based on hammer size, pile length, soil strength
and design load. At the same time, the general trend in the United States
has been to use higher allowable stresses in steel piles.

The project reported here had as its goal to examine the consequences of
the new driving specification on the safety of pile installation. At the same
time data might be obtained to provide data about hammer performance, the be-
havior of H-piles driven to bedrock ona batter through soft scil, the perfor-
mance of pile tip reinforcement and the effect of a batter on hammer operation.

Originally, it was intended to drive and test piles at three different
sites. The cost of the operation made it necessary to limit testing to two
sites with substantially different conditions. The Sandusky site was selected
for the soft, shallow overburden and the level surfaced hard bedrock. It
to be an almost ideal site. The second site, on the west side of Cleveland,
was selected for the firm shallow overburden soil over the soft, weathered
shale.

Pile driving was done at the Sandusky site in July, 1975, by the A.L.
Bentley and Sons Co. of Toledo, Ohio. The operation was auite trouble free.
Attempts to perform load tests on these piles resulted in putl-out of the
anchor system. A great deal of time was lost during the late summer and fall
of 1975 in unsuccessfully attempting to complete the tests. During the winter
of 1975-76, the load testing system was substantially modified and load
testing was completed during the summer of 1976.

At the second site, the piles were driven in August, 1976, by National
Engineering and Contracting Co. Driving took longer than was estimated but
static load testing went very well and was quickly completed.

The details of the test results are presented in the Appendix. Chapter @i
describes the test planning indetail while Chapter III presents the test
methods and data analysis. The results are summarized in Chapter IV. In



Chapter V, conclusions and recommendations responsive to the original proposal

are presented.
A great volume of data is available from these tests and much can be

Tearned by further analysis. However, this is beyond the scope of the report.



CHAPTER 11
Design of Tests

2.1 Ohio Pile Driving Specifications

During the past twenty years, the State of Ohio has used three speci-
fications to govern the driving of H-piles to bedrock. From 1957 to 1972,
the specification set maximum design loads as a function of both quality of
overlying soil and depth of penetration as shown in Table 2.1. According to
the 1957 specifications, this load is based on the premise that the shallower
the depth and poorer the quality of the overlying soil, the greater the
portion of each pile's load that must be borne by point contact with bedrock
and vice versa. It is based aiso on the premise that the adeguacy of the
point contact cannot be seen, that penetrations through poor soil causes
column action to be of concern, that the shorter the penetration and poorer
the soil the greater the possibility that the driven piles will not maintain
their contact with the rock, and that where piles are of reiatively short
penetration a greater number can be used at modest cost.

Table 2.2 indicates minimum capacities from the Engineering News formula
to be specified on the construction plans to assure adequate contact with bed-
rock for the design load. It relates load, depth and quality of soil, and
hammer size. If a value 1s not given the hammer is considered inadequate.
Values with the asterisk (*) are for formula use only and are not intended to
reduce the required design capacity. If the desired capacity is not achievable
with the smallest hammer having 7000 ft-1b. energy, then a larger hammer must
be specified.

Interpolation aids, such as Figure 2.1, were available to obtain the re-
quired formula capacities for intermediate cases. These formula capacities
were obtained from a comprehensive pile capacity formula to obtain the rate of
penetration for the design Toad. Using this rate of penetration in the simpler
ENR formula the corresponding required capacity was obtained.

In 1972 the requirement was changed to read, "Piles shall be driven to
refusal on bedrock or to 20 blows per inch for the last few inches of penetra-
tion. The design load is  tons per pile for the abutment piles and __ tons
per pile for the pier piles." The loads were dependent on pile size and cor-

responded to 9 ksi working stress in the steel. For the HP10 x 42 piles used



in this research project, the design load would be 55 tons. With the common
safety factor of two, the Ohio Specification would require a minimum "yield"
load of 220 kips or an ultimate failure Toad of 245 kips. VYield load is
approximately 90% of the ultimate load. This provision ignores important
variables such as hammer size, pile penetration, quality of overburden and
type of bedrock. In addition, it may not allow for the most economical struc-
ture. To require a capacity based on pile size and not on applied toads might
result in fewer piles being required but could also increase the cost of the
structure in the design of the pile cap system.

The 1972 code was the governing specification at the time of the research
project. Piles were driven in most cases to comply as nearly as possible with
this code.

In 1877, the 1972 specification was revised to read, "Piles shall be
driven to bedrock. The bearing capacity shall be considered obtained by re-
fusal on hard bedrock or by penetrating soft bedrock for several inches with
a minimum resistance of 20 blows per inch. The design Toad is  tons per
pile for the abutment piles and __ tons per pile for the pier piles.”

The 1977 specification attempts to take into consideration the bedrock
type but stiill retains all other shortcomings of the 1972 code.

2.2 Test Site Selection

In the original planning for the tests a larger number of test sites were

planned. The important parameters were judged to be the hardness (or
soundness) of the bedrock and the depth and strength of the overburden scil.
A complete study of all of these parameters would have been prohibitively ex-
pensive. Therefore, two of the most interesting combinations were selected:
(1) a soft overburden soil and a hard bedrock, and (2) a firm overburden soil
and a soft bedrock. 1In both cases, it was desirable that the depth to bedrock
be about uniform on the site.

Several other features were considered in the selection of the test sites.
(1) the location must be easily accessible to all construction equipment and
be of sufficient size for the test program. The Tocation was to be on State
property.
(2) The ground surface should be reasonably level.
(3) The depth to bedrock was to be reasonably shallow. Originaliy rock an-
chors were to be used to provide the reaction force. The piles were to be



recovered by extraction or excavation. Thick soii strata before bedrock would
then be prohibitive in price for static load testing and extraction. (After
contract approval, the price of rock anchors was greatly increased and the
reaction system was changed to include anchor piles.) The depth to bedrock
should be roughly 15 to 20 feet to meet the above criteria.

After visual inspection of possible sites and a review of nearby soil
borings, two sites were particularly attractive. The first location was
near Sandusky, Ohio, at the junction of State Routes 2 and 4. Route 2 is a
dual lane divided expressway with a diamond interchange with Route 4. The
northeast triangle (between the exit ramp and Routes 2 and 4} was selected as
the site with the best access. Previous borings indicated soft overburden
with a hard limestone at a depth of approximately 20 feet. The entivre ground
surface was level. This location will be referred to as Sandusky in the re-
mainder of this report.

The second location was in Cleveland, Ohio, near Lorain Road and West 9¢nd
Street. Construction in the area for Interstate 90 was in progress. Soil
borings for a nearby pedestrian bridge indicated a weathered shale at a depth
of about 16 feet which gradually graded into a firm shale. Access was satis-
factory and the ground surface reasonably level. This site will be referred
to as W92 in the remainder of this report.

2.3 Soil Investigation

Two soil borings were obtained for each site by personnel of the Ohio
Department of Transportation. Borings were taken as close to the test site
as possible and are intended to show soil profiles, and bedrock depth and
properties. Sampling techniques included standard penetration tests {140
pound weight with drop height of 30 inches), Shelby tubes for obtaining un-
disturbed soil samples, and rock cores for at least the first ten feet of bed-
rock. Analysis and testing of the samples were performed at the Soil Mech-
anics Laboratory at CWRU.

The soil borings for the Sandusky site are presented in Tables 2.3 and
2.4. The soil is basically 20 feet of weak silt overlaying a one foot layer
of firm sitt. The bedrock is a hard Timestone located at a depth of 21 feet.
Borings for an existing bridge about 200 feet away from the site confirmed the
uniformity of soil conditions and bedrock depth over the entire area.

The soil borings for the W92 site (Tables 2.5 and 2.€) show different condi
tions.



The overlaying soil has a higher standard penetration resistance of about 20
blows per foot and is silt and clay. At about 16 feet penetration, weathered
shale is first encountered. The shale became less weathered with increasing
depth. The shale samples were tested the following day to avoid expected de-

terioration of the specimens.

2.4 Hammer Information

A total of eight different hammers were used on the two test sites. They
were selected by size, type and avaijlability consideratinns to represent the
range of hammer sizes and types typically seen by the COhio Department of Trans-
portation. Table 2.7 Tists the hammers used. their ram weights, manufacturer’s
maximum rated energy, hammer type and at which site the hammer was used.

The MKT 983 is a small double acting air/steam hammer, The Vulcan 08 rep-
resents large single acting air/steam hammers. The Kobe and Delmag hammers are
single action, or open end diesel hammers, while the Linkbelts are closed end
or double acting diesels.

It was desired to use the same hammers at the W92 site as had been used
at Sandusky. However, the K13 was not available, therefore, a D15 was used
as the substitute. The smaller D5 was added to the hammers so that very small
diesels would be represented. After the Toad tests at the W92 site failed at
very low loads. it was desirable to restrike some of the piles to verify that
relaxation had occurred. A LB520 would have been desirable since il was one
of the hammers used in the original driving. However. the only hammer that
the contractor could supply was the LB44G,

2.5 Pile Details |

ATl pitles tested were HP 10x42 steel sections. Pile lengths during driving
were generally 30 feet at Sandusky and 25 feet at W92, although there were
some exceptions. The steel was of the A36 type and was confirmed by labora-
tory testing to have a yield strength between 36 and 37 ksi. For the entire
HP 10x4? cross section of 12.4 square inches, a force of about 450 kips before
yield was expected if the ioads were applied concentrically.

A total of 15 piles were driven in a line on five foot centers at San-
dusky. Four of these piles were fitted with pile points. The four piles with
points and six without points were driven vertically. The remaining five
piles were driven at 1:4 batter. FEach of the piles was designated with the
hammer's name and suffixes V. P or B to indicate if the pile was vertical

without point. vertical with a point or battered without a point., respectively



For example, Pile K13P is a vertical pile driven by a Kobe KI3 hammer and
fitted with a pile point. Relative pile locations are shown in Figure 2.2.
A total of 22 piles were driven at W92 and relative locations are shown
in Figure 2.3. The same pile designation system was used as in Sandusky.
Four of the piles were driven at W92 as Special Piles and are lTabeled SPT,
SP2, SP3 and SP4. These piles were driven to test the effect of different

batters on the hammer performance.



CHAPTER ITI

Test Methods and Data Analysis

3.1 Static load Test Procedure
Static load tests were performed on twelve piles at the Sandusky site.

Seven vertical piles were tested with a vertically applied load while a
horizontal load was applied simultaneously with the vertical load on all
five batter piles. At the W92 site, static load tests were run on ten piles
(nine vertical and one batter).

The load test system was designed and constructed at CWRU. In Sandusky,
the reaction for the load test was provided by means of anchor piles driven
into the ground in two parallel rows on each side of the test pile. They
were driven at an angle of 60° from a horizontal reference in order to pro-
vide a larger reaction force. A box beam was inserted between each row of
anchor piles and connected by pins at three locations. Another beam (W36 x
150) was placed across the top of the two box beams and held to them by four
heavy bolts in order to provide a reaction when jacking.

Twelve anchor piles were driven for a single load test. Unfortunately,
the anchor piles did not provide sufficient reaction due to the weak 5011
conditions. This problem necessitated the use of dead weights made of con-
crete blocks to be combined with the reaction developed by the anchor piles
in order to counteract the jacking force. The Sandusky test setup is shown
in Figure 3.1. After one load test was completed, four of the anchor piles
were pulled and redriven at the next location for the next load test by the
Case crew. This operation was continued for all of the twelve piles load
tested.

At the W92 site, the load test system in Figure 3.1 was modified as
follows. Instead of the twelve anchor piles, driven at 607, the contractor
was requested, after completing the driving of the test piles, to drive the
anchor piles vertically into the shale to refusal or until the anchors were
damaged. Only one anchor was driven at each pin location. Thus, six anchors
were used instead of the twelve at Sandusky. The concrete dead weights were
available but were not needed as the test piles failed before the reaction
system pulled out. Except for driving the anchors, the Case crew performed
the entire Toad testing sequence at W9Z.



A 200 ton jack was used to apply the vertical load using a Constant
Rate of Penetration {CRP)} test for all vertically driven piles. In this test,
the load was applied gradually so that the top of the pile experienced a con-
stant rate of displacement into the ground. The displacement rate was con-
trolled at 0.02 inches per minute for Toads less than 100 kips. The rate
was then reduced to 0.01 inches per minute and continued until the pile began
to fail. The rate was then further reduced to only 0.005 inches per minute.
This was done so that the ultimate failure load contained as Tittle rate de-
pendent effects as possible.

The magnitude of the jacking force at any instant was measured by a load
cell placed between the jack and the reaction beam. The load cell was a 10"
0.D., 1-1/4 inch wall thickness pipe of 7 inches length. Eight strain gages
were mounted on the inside wall of the load cell and wired in a full bridge
arrangement. The load cell was calibrated in the laboratory so that the
measured magnitude of the strain during field testing could be converted into
Toad by using the determined calibration factor. Corresponding pile top dis-
placements were read from dial indicators. All readings were taken at one
minute intervals. The jacking system is shown in Figure 3.1.

For the batter piles, the vertical and horizontal loads were applied si-
multaneously in the ratio of 4:1. Corresponding displacements were read at
the same time. Loads were calculated in advance for five kip vertical incre-
ments. Both horizontal and vertical loads were then applied manually so that
the ratio was held as nearly as possible to 1:4 so that the effective load
was axial. At five kip intervals the loads were brought to the 1:4 ratio ex-
actly and the pile displacements in both the horizontal and vertical directions
were read.

A load test curve was plotted for each of the piles and an ultimate load
was determined by the Davisson Method. 1In this method a line is constructed

having a slope proportional to the pile stiffness.

= EA

K=

and a displacement offset calculated from
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§ = 0.15 + 0.10/12

where & is in inches and D is the tie diameter in inches. (In this case a ten
inch  dimension is used.) The point of intersection of this Tine with the
Joad test curve is defined as the ultimate load. These lines have been con-
structed on Toad test curves shown in the Appendix.

Other failure criteria might be used, It is the strong opinion of the
authors that the Davisson failure criteria, together with some farm of rapid
Toad test is the best method of pile capacity determination.

3.2 Dynamic Testing

The primary purpose of these tests was to evaluate the performance of
piles driven to bedrock using different driving systems. In order to evaluate
and understand hammer and driving system operation it was necessary to measure
as many dynamic parameters as possible during driving. Strain and acceieration
measurements were made at the pile top during driving in order to assess pile
hearing capacity, transferred energy to the pile and other dynamic quantities.
Two accelerometers and two strain transducers were attached diametrically oppo-
site in order to cancel any bending effects that may arise in the pite while
driving. These measurements were made on all the piles for the full Tength of
driving and were recorded on analog magnetic tape for further analysis. The
following additional measurements were also obtained during the driving of the
test piles:

1} Set-rebound was measured on a paper attached to the pile by moving a
felt pen across a straight edge supported at a convenient Tevel.

2} For the Kobe and DELMAG hammers, ram stroke was meastred and recorded
on a cassette recorder for every hammer blow by visually observing the rise
of the ram top against a measuring rod attached to the hammer cylinder.

3) Bounce chamber pressure was recorded on a cassette recorder for each
blow of the Link Belt hammer.

Data of ram stroke and bounce chamber pressure for the W92 site were later
lost before the information could be processed when the cassettes were staolen.

Methods for measuring acceleration at the pile top have been develcoped
over the last decade by the Case Piling Research Project and they have now be-

come routine procedures. Acceleration of the pile is measured by accelerometers
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mounted on aluminum blocks which are then bolted to the pile. Commercially
available high frequency piezoelectric accelerometers are used.

A Pite Driving Analyzer was used to provide thé necessary power supply
and signal conditioning for the accelerometers and strain transducers. A
previous research project developed a small portable computer to obtain pile
capacity by processing the measurements in the field, and the Analyzer is an
expanded version of the research device. The Pile Driving Analyzer was used
on this project to obtain pile capacities, measured force maximums and trans-
ferred energies. It verified when the pile contacted bedrock and was used as
a preliminary tool to investigate pile damage 1in addition to its primary func-
tion as signal conditioner. As the pile approached and contacted rock, the
capacities would increase rapidly. When pile damage occurred at the tip, the

capacities would then decrease substantiaily.

3.3 Dynamic Data Processing

The field records on the analog magnetic tape were automatically converted
to a digital form using an analog-to-digital converter controlled by a mini-
computer. A1l field information containing the hammer blows was stored on a
digital magnetic tape for further analysis. Using the Case Processing system
the acceleration record was integrated to cbtain velocity and integrated a
second time to produce displacement. The strain obtained from the strain
transducer was converted to force using pile cross sectional area and material
modulus. The force and velocity records were used to predict the capacity of
the pile from the Case Method as in Equation 3.3.

Maximum pile top velocities, displacements, forces and Case Method ca-
pacities were printed for each blow analyzed. The hammer energy transferred
to the pile was calculated from the expression

E(t) = { F(t) v(t) dt (3.1)

where the energy, E(t), force F(t) and velocity v{t) are all functions of time.
The energy obtained from Equation 3.1 which was also printed, is the energy
available in the pile to do work. It excludes the impact losses due to heat,
friction and sound, it also eliminates the uncertainty of combustion effi-

ciencies, ram impact velocity, dnd inelastic coliisions in the driving cap
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assembly. In addition, plots of velocity, force and enerqy as a function of
time were made on a CALCOMP drum plotter.

Typical blows were selected for each of the piles for wave equation analy-
sis using the Case Pile Wave Analysis Program (CAPWAP). The essence of the
CAPWAP is briefly described in Section 3.5. Maximum force in each of the pile
elements (spring forces), measured force, velocity, and displacement ai the
top, mid-length and toe of the pile were printed. The resistance distribution
along the length of the pile and soil damping constants and guakes were deter-
mined. Plots of computed and measured force matches were obtained. The set

rebound, stroke and blow count data were processed manually..

3.4 Case Method

In 1964, a research project began at Case Western Reserve University to
develop a method of predicting pile bearing capacity from dynamic measurements.
Flectronic measurements during pile driving were proposed to predict pile
bearing capacity. Pile top acceleration, a, and pile top force, F, were meas-
ured. The pile was originally assumed to be a rigid body of mass, m, and the

s50i1 resistance force calculated using Newton's law as
R=TF - {m)a (3.2)

where F and a are functions of time. In order to eliminate resistance force
components dependent on pile velocity, F and a were chosen when the pile top
velocity, v, found by integration of acceleration, became zero.

Further studies including longer piles (more than 60 feet) showed that the
pile elasticity cannot be neglected. Assuming uniform piles and ideal plastic
soil behavior, the following equation was derived from a closed form solution

to the one-dimensional wave equation

R = 3[F(ty) + F(t)] + 5 [vlty) = v{t,)] (3.3)

where t2 = t] + Z2l./¢ and t1 is a selected time during the biow. The pile length
is L, the velocity of the pile top is v and ¢ is the wave transmission speed in
the pile material.

The Case Method models the soil resistance R, called the Phase IV or P4

method in some previous publications, as the sum of a static component, S and
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a dynamic component, D:
R=S5+1D (3.4)
The damping resistance, D, is obtained approximately as
D=J v (3.5}

where J s a dimensi@n]ess damping consta%t and Vige’ the pile toe velocity.
J is dependent on the soil type and is generally larger as the soil contains
more fines. The wave theory shows that the pile toe velocity can be calculated

as

R {3.6)

v = 2v .-
toe top mc

where vtop is the pile top velocity at time t]. It should be noted that 1;t is
chosen at the time of the maximum velocity of the pite top (time of impact).
Equation 3.6 is approximately correct for the first ZL/é time after the
initial arrival of the stress wave at the toe.
The pile top force is proportional to the pile top velocity until 507l
resistance (or non-uniformpile cross section) reflections are felt at the’p11e
top. The proportionality constant EA/c, can be shown to be eguivalent to mc/L

since

E = pc? (3.7)
is a relationship fogiail materials. In the above, E is the pile material
modulus of elasticity, p is the mass density, c is the material wavespeed and

A is the pile cross sectional area.

The damping resistance, D, then becomes
D= J[2 F(t]) ~ R] (3.8)

The static soil resistance, S, i1s obtained by subtracting the calculated

damping resistance, D, from the total driving resistance
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S=R-J[2 F(t]) - R} (3.9)

A1l the values on the right hand side of this equation are available from the
dynamic measurements except for the soil damping constant, J. A large effort
was made to correlate the value J with the soil type. This study confirmed
that for most cases the soil at the pile tip was‘the dominant factor.

The developments summarized above were repdrted in a series of reports to
the Ohio Department of Transportation and the Federal Highway Administration.

A more detailed presentation of these developments can be obtained from the pre-
vious research (1,2,3,4).

Further research and consulting experiences have confirmed the basic values
of damping constants as given in Reference 4. For completeness, the expanded
data correlation of all piles tested both statically and dynamically is pre-
sented in Table 3.1 and Fiqure 3.3. Experimental work in correlating with piles
that were driven to bedrock shows that the J should not be less than (.10 in
any case. The weathered shale encountered at W92 gave best results with a J
of 0.15 and work in mica schist gave a J of 0.25.

It must be realized that the total driving resistance {(Equation 3.3) and
the static capacity (Equation 3.9) from the Case Method are valid for the time
of testing. If measurements are taken during initial driving of a pile into
spil strata which exhibits substantial setup or relaxation effects, then com-
parisons with static load tests which are usually run several days later are no
Tongey compatible. The pile should be tested by the Case Method after a suit-
able waiting period and then compared with the static test. Often the static
test can be used to calibrate the J in Equation 3.9 to a specific soil condi-
tion when both static and dynamic tests are available as J can be computed, Setup/
relaxation effects can be further investigated by testing during initial
driving and again after a waiting period and observing the difference. In case
of further uncertainty regarding the proper damping constant, it should be
noted that the selection of higher J values will tend to give a conservative
static capacity prediction.

3.5 The CAPWAP Method (CAse Pile Wave Analysis Program)
The CAPWAP analysis procedure was developed during the Case Piling Research
Project and is described in detail in Reference 3. The program seeks to determine
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the resistance forces acting on‘fhe pile during driving and their distribution.

The pife is divided into a series of discrete masses and springs. Soil re- x%}“
sistance forces are a]]owed to act on each mass element and are assumed to be
characterized as elastic-plastic springs and linear dashpots. Thus the spring

elements produce a displacement dependent resistance force that is described by

two constants, the ultimate resistance force and the displacement where the re-
sistance law becomes plastic. The dashpot assumes a linear relationship be-

tween velocity and resistance force.

The analysis proceeds by introducing the pile top motion as an input to-
gether with an assumed resistance system (the top pile element is required to
move as specified by the measured acceleration). The dynamic analysis is made
using a method similar to that suggested by Smith (5) and pile top force is
obtained. This force is compared with the measured force.

The computed and the measured pile top force, in general, will not agree
with each other. It is necessary to improve this match iteratively by changing

R,
the assumed soil resistance parameters. Finally, a computed piie top force A

will be obtained that will agree with the measured top force. The corresponding
parameters of the soil model are then the correct values. The results of the
CAPWAP analysis are the magnitude and location along the pile of both static

and dynamic resistance forcesc Static computations can be used to predict the
static load test curve of the pile.

In 1970, a program was written that performed the necessary computations
and decisions automatically. This program resulted in satisfactory solutions
for piles which were less than 75 feet in length (3). For longer piles, com-
putation times became excessive. In 1975, the program was changed and now
performs the computations "interactively." In the interactive mode, one an-
alysis is obtained using a minicomputer and the engineer determines necessary
changes of soil parameters for the next analysis.

3.6 Wave Equation

For many years a computer solution known as "The Wave Egquation” has en-
joyed increasingly widespread usage. The Wave Equation is actuaily an analysis
which models the hammer pile system by springs and masses. Soil resistances
are assumed parameters modelled as an elastic plastic spring and a linear
dashpot. {This is the same model as that used in CAPWAP.} First made pop-

ular by E.AL. Smith around 1960 (5), many have since improved and refined the
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analysis although the basic concept remains unchanged. w0 recent programs
sponsored by the FHWA are the WEAP and TTI analyses (6,7). Both programs do
an adequate job of modelling air steam hammers. The WEAP program does a more
realistic analysis in modelling the thermodynamic processes of diesel hammers.

The Wave Equation analysis makes assumptions in the hammer-cushion system
but also requires the user to input a total static resistance as well as 1ts
distribution. Important output information is the penetration resistance or
blow count for a particular static capacity as well as the maximum pile stress.
Often inaccurate input information regarding helmet weight, cushion and cap-
block stiffness, hammer efficiency, static resistance distribution and damping
parameters adversely affects results. Also, sensitivity to high blow counts
has led to criticism. However, the Wave Equation is still the best tool to
study pile behavior before actual construction begins.

After construction begins, Case Method testing can be used to verify that
the hammer system is performing as the model assumed. Unusual hammer efficiency
or cushion properties are then observable. Although the Case Method can be used
to determine the total static capacity, the CAPWAP procedure is in many ways
even more vaiuable.

There are essentially three unknowns in the normal pile driving problem;
the pile forces, the pile motion, and the soil resistance forces {both magni-
tude and location of static and dynamic resistance). If any two are known the
third can be obtained. The usual Wave Equation approach is to assume the soil
forces and model the hammer impact to produce the pile forces and permanent set.
CAPWAP is a wave equation type analysis in that it models the pile by elastic
springs and lumped masses and uses standard wave equation soil models (elastic
plastic springs and dashpots). CAPWAP uses the measurements of force and ve-
locity of the pile top to obtain the soil resistance distribution. The hammer
system is eliminated as a variable in both the Case Method and CAPWAP procedures.



CHAPTER 1V

Results

4.1 General

The following sections are given as an overall description of the results
obtained during this project. It is not an attempt to present in detail the
results of each pile tested. These individual descriptions are given in the
Appendix for the interested reader. Further information may be extracted by
vigorous examination of the data presented in the Tables and Figures of the
Appendix. Instead the comparisons of different driving conditions and hammer
types, and evaluation of pile damage and capacities will be given in this
section.

4.2 Comparison of Tests in Sandusky

A1l piles exhibited similar behavior up to and including the first blows
on bedrock. Capacities were small in the overburden. Capacities increased
somewhat in the thin Tayer immediately above bedrock. When bedrock was encoun-
tered the capacity of all piles (except KI3V) increased to at least 90% of the
pile structural capacity.

A11 piles showed high Case Method and CAPWAP capacities when the pile first
hit the hard limestone. The attempt was made to drive the piles to the 1972
specification of "20 blows per fnch for the Tast few inches of penetration.”

The Linkbelt 520 was the first hammer used. Pile 520V had only one inch
in excess of 20 BPI while 520B had two inches and 520P had three inches. Pile
520P {reinforced point) failed in a gross buckling mode above the ground but
several feet below the pile top. This was a characteristic of all piles driven
with points. Driving was then terminated and it was considered that the pile
had met the criteria. Final dynamic capacities and static load test confirmed
this pile to have high load capacity as shown in Table 4.1.

Continued driving on the piles without point protection caused the blow
count to decrease. Additional driving for several feet failed to produce blow
counts much higher than 10 BPI. The driving record indicated a succession of
peaks and valleys. Extraction of the piles revealed the pile tip to be damaged.
Figure 4.1 shows the tips of these piles to have failed in a fan fold mechanism.
These fan folds are the apparent reascn that the bTow counts and pile capacities
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both show trends which alternately increased and decreased. Final capacities
for these two piles with damaged tips shown in Table 4.1, were lower than that
of the 520P pile with no tip damage. Pile 520V had an exceptionally weak capac-
ity of 120 kips.

None of the 520 piles exhibited significant penetration into bedrock.
Attempts to drive the piles into bedrock several inches only has the effect of
damaging the piles and weakening the static capacity.

A11 of the piles driven by the 08 hammer were damaged before a blow count
of 20 BPI was reached. Summary data in Table 4.1 shows that only 08P pile
exceeded 7 BPI before it failed in gross column buckling similar to the 520P
at about 16 BPI. Pile 08Y was damaged at the pile top probably due to poor
hammer pile alignment. Figure 4.2 shows that damage to the 08V tip was minimal.
Fina?rdynamic capacities confirm that both 08Y and 08P had high bearing capacities
(430 + kips) even though the 1972 driving specification had not been met. Examina-
tion of tip damage in Figure 4.2 and capacities in Table 4.1 for 08B reveals that
while the capacity was satisfactory (max P4) at the time bedrock was first en-
countered continued driving for three extra feet with the heavy ram hammer only
caused the tip to fail in the sare fan fold shape as did the 520 piites and the
final capacity of the 08B pile was significantly reduced (151 kips) due to this
damage. ~Real bedrock penetration was not achieved in this hard material.

AT1 piles dr{ven by the K13 achieved at least 20 BPI for at least one inch.
Pile K13Pbuckled in column action above ground similar to all other piles with
noints but only after extremely high penetration resistance (about 20 blows for
1/8 1inch) were encountered. Further attempts at attaining several inches pen-
etration were abandoned and the pile was considered to be at refusal. The pen:
etration requirement was relaxed for pile KI3B after only two inches in excess
of 20 BPI. The second inch had 70 BPI. For both of these piles capacities
by either load testing or dynamic testing proved to be in excess of 350 kips.
The K13P showed no tip damage. Pile KI13B. had major flange distortion as seen
in Figure 4.3 but the web was still straight and the fan fold behavior which
had so reduced capacities on the other piles was not present.

Pile K13V displayed peculiar behavior. A relative maximum in blow count
and capacity was observed at 22 feet. However the pile weakened again before
obtaining 20 BPI and its maximum capacity at 23 feet penetration. Continued
driving obviously damaged the pile as capacities and blow counts continued to

fall. Pile K13V had the lowest final dynamic capacity and static test load



19

(106 kips} of any pile at Sandusky as seen in Table 4.1. The pile tip damaqe
seen in Figure 4.3 is not of the fan fold type It is not known whether the
unusual driving record was caused by boulders or fissures in the limestone or

by the pile being deflected horizontally along bedrock. Since pile removal

was aided by an extractor it is also not known if the pile shape is as it was in
the ground or if the large kink on the left flange in Figure 4.3 represents
where the pile had possibly deflected horizontally.

None of the piles driven by the K25 achieved 20 BPI before structural
damage. Pile K25P did make 16 BPI before gross column buckling. Pile capacity
in Table 4.1 was adequate. Figure 4.4 shows the pile tip for K25P. Although
the general shape shows no major damage it is noticed that the flanges are no
Tonger perfectly straight. This was probably caused by the high forces in the
pile which were slightly above yield.

A blow count of 7 BPI was the highest achievable penetration resistance
for both pile K25B and K25V. Damage to the pile tip was then observed in the
electronic measurements. Driving was continued for several additional feet
before stopping. Although maximum capacities when the pile first reached the
limestone were in excess of 400 kips in Table 4.71. continued driving reduced
the pile strength. Final static capacities were reduced to 150 and 313 kips as
in Table 4.1 for K25V and K25B respectively. As with all other piles which
sustained tip damage, no particular criteria was used to determine when to
stop driving since the blow counts did not meet the specification requirement.
Thus. pile capacities varied substantially depending upon the tip condition at
the time driving was stopped. However, in every case significant damage dramat-
ically reduced the bearing capacity of the pile. Pile K25V was the only pile
which could not be extracted. Tip damage to K25B is observed in Figure 4.4,
While the section was not fully recovered, it appears that the left flange may
half been torn from the web during driving and deflected along the bedrock sur-
face. The remaining section probably also deflected along bedrock but in a
different direction.

It was noticed that several piles had sections which were not recovered as
with the K25B for example. Many of the extracted fan folded tips had larger
visible "tears" in the steel. Evidence from the tear locations and the larger
plastic deformations occurring during driving indicates that the tear occurred
during driving rather than during extraction.

Pile K25VE was a pile driven without a point but in a controiled manner.
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This was intended to show that even the largest hammer could drive a pile to a
larger capacity without damaying the pile. Driving was carefully monitored and
as soon as the piie first touched bedrock, driving was immediately stopped. Case
Method capacity was used in the field to varify that bedrock had indeed been reach-
ed and the capacity was sufficiently large. Fiqure 4.5 shows the pile tip damage
to be negligible. Capacities in Table 4.1 are higher than for any other pile
tested at Sandusky. 7

The Tast hammer used at Sandusky was the 9B3. Both piles showed similar
behavior. Driving was stopped after the blow count had exceeded 20 BPI for
“several inches" as required by the 1972 specification. Examination of pile load
test data in Table 4.1 indicates that performance was satisfactory. Examina-
tion of Figure 4.6 of the pile tip after extraction shows local damage to the
Lip flanges. The web, however, remained straight. Due to questions regarding
the calibration of the analog tape recorded data, all dynamic electronic records
were discarded. The results were plotted to show waveform shapes only. A more
thorough examination of each pile is given in the Appendix.

The soil resistance distribution and damping outputs from CAPWAP can
be used as input into Wave Equation programs. This eiéminates the soil as
a variable and Teaves only the hammer system as an unknown. This was done for
pites 08P and KZ25P at Sandusky. As this was a well controlled test, helmet
weights and cushion descriptions were accurately known. In both cases the
hammers were in excellent operating condition as the WEAP program (which
contains the best model for the K25 diesel hammer) assumes. Therefore, with
a well defined hammer system and the correct soil resistance distribution,
it is not surprising that the WEAP Wave kquation did an excellent job of
predicting dynamic pile behavior. Predicted blow counts agreed well with
measured values (13 blows per inch predicted versus 16 measured). The WEAP
program also predicts the stroke of diesel hammers. Excellent correiation
(8.0 ft. predicted, 8.0 + 0.3 ft. measured) was observed between the calculat-
ed and measured streoke. Predicted pile top forces and velocities agreed wel]
with measured force and velocity curves as seen in Figures 4.7 and 4.86. In
both cases the most sericus discrepancy is the apparent underprediction of
maximum force. However, in both cases the predicted and measured maximum

force exceeded the yield strength of the steel.

4.4 Comparison of Tests at W92

Six hammers were used at W92 at the time of initial driving and were of
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comparable size to those used at Sandusky. The piles behaved in a consistant
manner. The larger hammers produced deeper pile penetrations. Greater embed-
ment in the shale produced higher capacities. The extra strength was due to
theshale being gradually more firm with depth causing increased top bearing and
also added skin friction in the shale layer.

It was intended to drive all piles to 20 blows per inch for a minimum of one
inch. This would provide a uniform driving criteria yet would cause different
pile penetrations into the shale depending upon the hammer size. However, iarge
hammers often caused pile top damage before the 20 BPI criteria was reached.
Extraction of the piles prdved that tip damage which structurally weakened thé
pile berformance under static loads at Sandusky was not present at the W92 site.
Some flange spreading at the tip (See Figures 4.9 to 4.11) was noticed as the
hammeyr size increased but the spreading did not appear to affect the static piie
performance. Tabje 4.2 contains much of the summary information obtained at the
W92 site. As with the Sandusky site, the Appendix also contains a more detailed
description of the W92 pile driving and test performance.

. Piies driven by the 9B3 reached a resistance of 20 BPI within one foot after
fFirst reaching the weathered shale. The ultimate capacities at the time of
driving and also during static testing were less than design Toad for this pile
section as shown in Table 4.2.

Piles driven by the D5 achieved the blow count criteria at the shallowest
penetrations of all piles at the W92 site. Since the tip penetrated only the
upper portion of the weathered shale zone it was not surprising that dynamic
capacity predictions in Table 4.2 were again smaller than twice the design load.
Capacities for these piles were the smallest encountered in this site. No tip
distortions were cbserved after extraction. '

The results of these two small hammers indicate that driving piles into
weathered shales leads to insufficient embedment in the shale to develop the
required static capacity. .

The piles driven by the 520 penetrated the shale about one foot further than
the D5 or 9B3. Since the shale becomes more firm with depth and with an additional
foot of skin friction in the shale. the dynamic capacities (Table 4 2) at the
end of driving were over 100 kips (282.170} higher than the piles driven by the D5
and 9B3. The load test for pile 520V (Table 4.2) approximately two weeks later
showed a reduction in pile bearing capacity of about 100 kips (282 .184). This
pile which originally had sufficient capacity with a safety factor of 2.3 now only
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had a safety factor of 1.5. The capacity loss is due to twoe probably causes.
First, as the pile is driven into the shaie, some shale is displaced Taterally.
This side pressure causes skin friction to be substantial., However. with time
this side pressure reduces as the shale "flows plastically," thus causing a
reduction of skin friction. The second cause is a reduction in tip capacity

due to additional weathering of the shale. Due to the pile driving, the shale
at the tip has a new channel for additional exposure to water, thus leading to
further weathering. Also pressures at the tip at the end of driving could allow
for retaxation with time due to shale flow.

Although the authors had confidence in their dynamic capacity predictions

at the end of driving, it was believed that the Tower static test results would
lead to suspicion of inaccuracy in the dynamic tests. Since this same trend of
results was observed with all piles driven by the larger hammers, a restrike of
some piles was suggested and accepted. The dynamic methods were to be used again
to verify that the capacities at the time of testing were accurate and that the
apparent strength Toss was due to relaxation. The contractor proposed the sub-
sitution of a Linkbelt 440 since the 520 was not currently available. Restrike

of pile 520V with the 440 (labeled 520V/440R in Table 4.2) gave dynamic capacities
consistant with the static test. The CAPWAP results show that the Toss of
capacity was due to a reduction of support on the tip element. Both tip resistance
and skin friction for the bottom element of the CAPWAP wave analysis are combined
and Tisted as Rtoe in Table 4.3, It is not possible to determine whether the
resistance loss is from the tip or from the skin friction on the last element.

[t can be stated only that the reduced capacity resulted from a change in strength
of the shale.

A1l piles driven by the 08 hammer were driven in excess of 20 BPI. Penetration
vas again increased and is attributed to the increased hammer size. Dynamic
capacities at the end of driving are also larger. Table 4.2 shows the dynamic
capacities to be between 372 kips for 08B and 405 for 08P. The dynamic data
with depth did not show a sudden increase in capacity near the end of driving
as indicated by the driving record. Measured average stresses of 34 ksi
caused pile top damage due to local stress concentrations. This damage consumed
a portion of the energy transmitted and resulted in the apparent increase in
driving resistance. Further data and descriptions are contained in the Appendix.

Static testing of pile 08V gave an ultimate load of 240 kips, again a
significant Toad Toss compared with capacity at the tiwme of driving. Restrike
of this pile with the 440 {1isted as pile 08Y/440R in Table 4.2) showed good



correlation of dynamic capacities with the load test. The CAPWAP results again
demonstrated that the soil strength Toss cccurred on the tip element, probably
due to changes in the shale with time.

Extraction of these piles showed some distortion of the flanges at the pile
Lip as shown in Figure 4.9. This is probably caused by a larger soil pressure
between the flanges than on the outside of the flange. The soil pressure is
due to the horizontal soil dispiacement due to piie penetration. It is unlike-
ly that tnis distortion contributed to a reduction in pile capacity.

The piles driven by the 01b had similtar results to those driven by the 04,
both hammer have similar energy ratings. Oniy the D15V reached the 20 BPI
criteria without sustaining pile top damage. Dynamic capacity predictions
were in the mid 300 kip range at the end of driving (Table 4.2). The time
lapse between driving and static load testing again showed a larger capacity
decrease attributed to strength changes in the shale. As in the case of the
520 piles, the piles driven with the D15 no Tonger met the 1972 specification
for capacity with a safety factor of 2. They would, however, satisfy the 1957
specification. No restrike was made for those piles as it was felt that the
dynamic capacities had been shown to be accurate at the time of dynamic test-
ing and the static tests confirmed a time depended strength loss. Tip de-
formation of D15B is shown in Figure 4.10. The top damage experienced with
the D15 was probably due to the fact that the available helmet was designed
for 17-inch piies. It was impossible to hold the pile accurately aligned with
the hammer and an eccentic hammer blow resulted. This problem again illustrates
the importance of hammer alignment.

The piles driven by the K25 could not be driven to the 1972 criteria of 20
BPI due to pile top damage. However, they were driven to the deepest penetra-
tion of any of the piles driven at the W92 site. Due to this rritra penctra-
tion, dynamic capacity predicticns in Table 4.2 were alsc the Targest on the
site. The larger capacities, approximately equal to the pile structural strength,
are due to extra skin friction in the shale and to increased Lip resistance since
the shale is more firm with depth. Static load testing again indicates a sub-
stantial loss in capacity due to changes in the shale layer with time. However,
the piles still had adequate capacity for the 1972 specification. Flange dis-
tortion at the pile tip was Targest in the W9Z piles for KZ5V, shown in Figure
4:17. 1t was not felt that pile capacity was affected due to this type of
cross section change.
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The soil strength of the overburden is also important in determining the
likelihood of damage. Larger skin resistance forces tend to reduce the down-
ward traveling compression wave with the result that the maximum force at the
pile tip is reduced. This smaller tip force is less Tikely to cause tip damage.
This was the situation of W92. Inspection of the maximum spring forces in CAP-
WAP shows a reduction in maximum forces with depth due to the relatively large
skin friction. For the piles at Sandusky with 1ittle skin resistance, the in-
put compression wave travels unchanged to the pile tip. [f tip resistance is
small, the wave reflects as tension and the net force is small at the tip. If
tip resistance is larger, however, the compression wave reflects in compression.
The two waves superimposed are then iikely to cause damage.

Four additional piles were driven at the W92 site to study effects of pile
batter. Special Pile 1 (SP1) was driven vertically. SP2 and SP3 were measured
at approximately 1:6 batter, while SP4 was near 1:2. Al]l four piles were driven
initially with the D5 and then tested for several inches of penetration with
each of the other hammers. Summary results of this testing are included in
Table 4.4.

A combination of events reduced the effectiveness of these special tests.
First, it was not intended that SP2 and SP3 have such similar batters. Electronic
problems made resuits for the D15 test of no value. In the case of 5P4, the
larger batter was more than the contractor felt was safe for the operation of the
heavier 08 and K25 hammers. Actual pile penetrations were not recorded making
capacity predictions less valuable since the original purpose of these tests
was not to check capacity but rather Lo menitor hammer performance. Although
results of these special tests on pile batter are inconclusive, some valuable
information was obtained. For example, it was noticed that some soil setup
effect was present in the overburdened soil layers. In the time between test-
ing for SP1 the total capacity increased from 95 at the end of the D5 test to
114 kips at the beginning of the 520 test. An increase from 236 to 276 kips
between the 520 and 06 tests was also noted. Similar increases can be found
in the other tests also given in Table 4.4. This setup effect is often noted
in the blow count records. For example, pile SP4 shows a larger capacity in-
crease between the D5 and 520 testing. However, while the first inch of 520
testing showed 8 BPI the penetration resistance quickly diminished to oniy 3
BPI, demonstrating a rapid ioss of setup capacity. Thus, in general, it can

be observed that the setup in the silt for one day is larger than the relaxa-
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tion or deterioration in the shale. This effect was noticed in both restrike
piles 520¥/440 and 08V/440 in Table 4.2. Pile Q08Y for example,showed a 1oss
in the ultimate resistance in RU of 175 kips. However, the capacity loss Rtoe
on the tip element was 197 kips. The difference must be setup on the rest of
the pile.

Information regarding hammer efficiencies at different pile batters was
studied. Although much of the information for SP4 with the larger batter was
not obtained, it does appear that efficiency for the 520 was less at this batter
than at any other test on the W92 site. The transferred energy (EMAX) was only
6.3 kips feet maximum compared with 7.3 for SP1, SPZ and SP3. The results on
piles SPZ and SP3 with a 1:6 batter are not significantly different than results
on the vertical $P1. Inspection data in the Appendix on all batter piles driven
at 1:4 also show no significant differences in hammer efficiency from similar
piles driven vertically. Thus, it appears that hammers are unaffected at batters

less than 1:4 hut are less efficient at 1:2.



CHAPTER V

Conclusions and Recommendations

5.1 General Dynamic Testing and Analysis Techniques

1. The dynamic testing instrumentation provides a reliable, accurate means

of measuring strain and acceleration at the pile top during hammer blows.

The measurements are easily made and require onty a short interruption of

the contracter's operation.

2. The Case Method capacity shows good acgreement with the pile's static
capacity at the time of dynamic tests. If soil strengths do not change after
pile driving, dynamic predictions at the time of initial driving agree well
with the static load tests. If changes in soil strengths do occur after pile
driving, comparisons of static test results should be made with dynamic

testing by restriking the pile after a sufficient waiting period.

3. Setup or relaxation effects can be observed by dynamic testing during
initial driving and then after various waiting times in a restrike opera-

Lion.

4. Measurements of force and velocity can be used to detect and determine

the location of structural pile damage. This can be most useful when H piles
are driven to bedrock or for other pile types when visual inspection is not
possible. The damage detection is accomplished by examining the measured

force and velocity record (obtained by integration of the acceleration).

If the velocity increases sharply relative to the force at any point earlier
than the ZL/¢ time it indicates damage has weakened the pile.

5. Using a processing system controlled by a minicomputérj a large number of
data records can be analyzed. Useful parameters such as pile top energy,
velocity, force and capacity are easily calculated and printed. Computer con-
trotled plots of the dynamic record can be made from the digital record.

6. The CAPWAP procedure uses dynamic pile top measurements to obtain the loca-
tions of resistance forces, to separate the static and dynamic resistances, and
to investigate driving stresses at locations other than the pile top.

7. Mave Equation analysis programs such as WEAP which contain realistic hammer
models can be used effectively to investigate pile driving problems. The Wave
Fquation analysis is more accurate when the correct scil parameters as determined
by CAPWAP are available. Comparisons of Wave Equation results with dynamic force-
velocity measurements will certify that the hammer-capblock-helmet-cushion system
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is modelled correctly in the analysis. Incorrect input concerning hammer per-
formance, cushion or capblock properties, and soil parameters are the main reasons

why errors are caused in Wave Lquation results.

.2 Pield Testing Results at Sandusky

1. A1l piles driven to the hard Timestone were at one time capable of supporting
Toads approximately equal to the pile yield load. These maximum pile capacities
were observed by either Case Method testing or by static load tests.

2. Continued driving in the attempt to obtain 20 BPI for the Tast few inches

of penetration into bedrock caused pile structural damage, confirmed by electronic
measurements and pile extraction. This structrual damage was responsible for
large reductions in static load test capacity.

3. Larger hammers (08, K25) clearly damaged the piles before the 7972 driving
specification was satisfied. [If piles were not excessively driven (08Y }where
driving was stopped early due to local top damage or K25Ve which was stopped
intentionally after only one blow on rock, good static load test performance

was achieved. .

4. Pile Lip protection prevented tip damage at this hard bedrock site. Piles
then failed structurally above ground in gross column buckling during driving

but this portion of the pile was removed before static test loading. This mode
of pile failure did not therefore, adversely affect the compressive static load
test capacity.

5. Best results for driving piles at the Sandusky site would not use a blow
count criteria. Blows per inch is meaningless since real bedrock penetration

was not achieved. The blows per inch gave only an indication of how effective
the hammer was in damaging the pile structurally. Driving beyord 3G BPI for the
520 and K13, and beyond & BPI for the 08 and K25 after contacting bedrock was

an invitation for structural pile damage.

6. The dynamic field instrumentation did an excellent job of determining when
the pile first had sufficient capacity or when the pile was being damaged.

7. There was no indication that the undamaged batter piles exhibited any tendency
to slip horizontally on the rock during static load testing since they carried
loads neariy equal to their yield stress.

|

5.3 Field Testing Results at W92

1. For the bedrock consition of weathered shale gradually becoming more firm

with depth, it was found that the largest pile capacities were obtained from the
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deepest pile pencetrations.  Similarly, the Towest capacities corrvesponded to Che
shal Towest penctrations.
7. lLarge hammers produced greater pile penetrations than the small hasmers

when compliying with the 1972 specification. Piles driven by larger hamners
has higher capacities.

3. The largest hammers (K25 and 08) damaged the pile tops before the 1972
driving criteria was achieved.

4. Although no pile tip sustained severe structural damage which would reduce
load test capacity, the flange tips of several of the piles were spread apart.
The greatest flange distortion was caused by the larger hammers.

. The capacities of the piles driven by the 520, D15, 08 and K25 at the end

of driving were adequate for a 9 ksi design and safetly factor of 2.0 but the
static tests two weeks later revealed a significant loss in ultimate capacity.

At this time only the piles driven by the 08 and K25 still had sufficient capa-
city but the piles driven by the 520 and D15 had an insufficient capacity for a

55 ton design load with a safety factor of Z.0.

6. The piles driven by the Db and 983 had ultimate capacities at the end of
driving and during the static tests that were insufficient for a 9KSi design

with a safety factor of two.

7. Dynamic testing, by restriking the 520V and 08V piles after the static tests,
also showed a loss of capacity after initial driving. Comparison of the CAPWAP
analyses for these piles reveals that the loss of capacity was due to resistance
losses in the shale. A small set up resistance was observed in the soil over-
burden.

8. Pile tip protection had littie, if any, effect on static pile load performance
at the W92 site. The soft bedrock prevented tip damage. It is hypothesized that
the resistance developed graduaily as the pile penetrated the shale and the Tat-

eral restraint was sufficient to prevent buckling of the pile tip.

5.4 General Conclusions and Comments

1. These two sites represent limiting conditions for the range of bedrock
strengths of interest.

2. The pile stresses were substantially influenced by tne bedrock stiffness
and soil overburden. Gross buckling of the pile occurred on alil tip reinforced
piles at the Sandusky site.

3. Major pile tip damage can occur when the bedrock is hard and the pile will

not penetrate. Penetration into soft bedrock prevents this structural damage.
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4. Tnere was no evidence of lateral motion of the tips of the batter piles
during load testing. At the Sandusky site., the soil aboye the bedrock was
soft and the bedrock was nearty level. Therefore, this problem does not
appear to be a serious one for pile design.

5. Due to Timited data, we cannot define the line between hard and soft
bedrock. Until more data is available, a definition remains subjective.

6. Perhaps a displacement pile type would perform better than H piles for

the soft bedrock condition. A closed end pipe pile might have sufficient tip
bearing after relaxation of the shale Lo provide an adequate factor of safety.
A thicker wall than used for friction piles would be necessary to prevent dam-

age when seating the pile in the soft bedrock.

5.5 Recommendations
In the past 10 to 20 years the trend in pile foundation design specifica-
tions has been for the allowable design stresses to move upware. For H-piles
a]]owabfe stresses of 12 ksi have become common. The American Iron and Steel
Institute has recommended allowable stresses as high as 18 ksi. Considerable
controversy has developed with both sides of the guestion citing specific examples
as proof of their point of view. It is frequently forgotten that an allowable
stress represents an upper limit that may not always be fully used due to specific
site conditions or the economics of a particular structural design. It is
obvious that the bearing capacity of a pile is usually unrelated to the pile
material properties but rather is determined by the soil characteristics.
Considering the above comments and the results of the tests the foliowing
recommendations are appropriate:
1. For piles driven to hard bedrock, tips similar to the type tested in this
program should always be used. It is possible to drive H-piles in conditions
Tike the Sandusky Site without tips (even with larger hammers) as demonstrated
by pile K-25VE. However, the construction control becomes extremely sensitive
and not practical for routine use.
2. If a blow count criteria is used for hard bedrock it must be related to
hammer size.  Furthermore, it must not be applied for more than one inch pehe-
tration. The criteria might be stated "Piles shall be driven to a biow count
of  blows per inch for not more than one inch." It is recommended that a
dynamic formula be used to select the required blow count.
3. In spite of the fact that piles were successfully driven at the hard bedrock

site by all of Lhe hammers it seems unwise to use very large hammers under such
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conditions. The important variables are numerous and include hanmer enerqgy. ram
weight and pile weight. Recommendations on hammer size can be made that should
be treated as guidelines rather than rigid rules. For piles of the sizes
typically encountered in highway structures diesel hammers rated in excess of
35,000 foot-pounds and air/stream hammers larger than 20,000 foot-pounds shouid
be used with care.

4. For soft bedrock the driving criteria should be selected in the same manner
as is used for pites founded in soils.

5. If the soft bedrock is of shale similar to that encountered at the W32 site
then the presence of relaxation can be checked by restriking the pile after an
appropriate wait time. Since the pile will immediately tighten up the penetra-
tion for the very first blows should be measured. The decision must then be
made regarding restriking all of the piles or accepting the capacity available
after relaxation.

6. The relaxation observed in the shale is considered to bec critical. This
problem is common in weathered shale. It could Tead to foundation failures if
not controlled by restrike testing. If contrel procedures are implemented larger
design stresses are justified.

7. The use of pile tips for soft rock offers no observable advantages. There-
fore, they should not be used.

8. Unfortunately, a line between hard and soft bedrock cannot be defined. It is
recommended that, in future construction work involiving piles driven to bedrock
having strengths between the two cases here, one or two piles with unprotected
tips should be deliberately overdriven and performance monitored with the Pile
Driving Analyzer. If possible the pile should be extracted. If performance is
correlated with bedrock strength it may be possible to gradually develop a
defined line between hard and soft bedrock.

9. The fact that a pile tip is extensively damaged does not mean that it cannot
carry load effectively. Consider piles 520-8 and KZ5-B. Both support a 55 ton
design load with a safety factor greater than two. Only one of the piles (K13-V)
would have had a safety factor of less than one {(0.96) using the conservative
failure criteria by Davisson. Certainly tip damage is undersirable but with the
Pile Analyzer the capacity of a damaged pile can be measured and the pite can be
used.



APPENDIX

A.1 General Data Presentation

The collection of field data for these tests was cnly a small portion of
the total effort on this project. The major time spent on the project was in
the laboratory in the analysis of the data. It is difficult to present such
a large volume of data so that the reader gets a general overview of the re-
sults. In this Appendix the data will be reviewed in a rather detailed manner.
Driving records and Toad test curves were drawn to standard scales for ease
of comparison. Soil samples were analyzed and important information summar-
jzed on the boring logs. Case Method processing was applied to every blow
recorded. Since in a driving sequence many blows are similar, only sample
results will be presented to show the major trends of the data. The blow
counts, penetrations and the bounce chamber pressures oy strokes, are listed
with these data so that the representative blow can be referenced to its jo-
cation in the entire driving sequence.

Several dynamic parameters are presented with the Case Method results
{Table Al, for example). VMAX is the maximum velocity at the pile top and is
in ft/sec units. The maximum pile top displacement in inches is DMAX. EMAX
is the maximum energy transferred to the measurement location near the pile
top. This energy is often called ENTHRU and is only a percentage of the manu-
facturer’s rated value due to inelastic collision, friction, heat, cushions,
and helmet masses above the pile. It can be accentuated by poor hammer per-
formance due to improper maintenance, inadeguate air pressure, or incorrect
fuel. The transferred energy is probably the most important measure of the
driving system performance. The maximum measured force at the pile top 1is
FMAX. The last two columns are the capacity predictions. P4 is the total
driving resistance, i.e., the sum of both static and dynamic resistance, and
is the reaction force which the hammer must overcome in arder to drive the
pile. After making an estimate of the damping constant, J, for the soit, the
dynamic resistance is calculated. The static resistance (pile capacity),
labeled €D, is found by subtracting the dynamic component from the P4 resis-
tance. The damping constants used in processing were 0.1, 0.2,...0.6. The
pite capacities printed were determined from J = 0.1 for Sandusky and J = 0.2
for W9Z.
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The summarized data in Tables 4.1 and 4.2 are capacities from the ori-
ginal, more complete, data lists and are averaged over several blows in many
cases. F1, Tables 4.1 and 4.2, is the force at the time of the first relative
maximum of velocity. This time is the definition of impact which is used in
this report. The value is truncated to two significant digits in the computer
ouéput so a value reported as 320 is between 320 and 329 kips. Damping con-
stants of 0.1 for Sandusky and 0.15 for W92 were used for this summary. The
0.15 value for W92 is the most realistic one for those soil conditions. Due
to averaging and a slight difference in damping constant for W92, the CD ca-
pacities in the summary table may differ slightly from those in the Case Me-
thod of Processing tables in this Appendix. For the Sandusky site, the max-
imum P4 capacity before the pile was damaged is also given. When pile tip
damage occurred at Sandusky, the capacity often was changing so rapidly that
the last blow alone was used. When only pile top damage occurred, the pile
capacity is given for blows before the damage since such changes only repre-
sent the structural properties of the pile above ground and not necessarily of
the pile section below ground. The gross buckling of the pile section above
ground for the Sandusky point piles reduced the dynamic capacity but did not
reduce the static Toad capacity of the undamaged pile section below ground.
Since the pile was cut off at ground level for the static tests, the ma < mun
observed capacities before damage are appropriate for the capacity prediction.

CAPWAP analyses were performed for several piles. For Sandusky, data
were analyzed for biows giving the maximum Case Method capacity (before pile
tip damage). CAPWAP analyses were not made for any battered piles at San~-
dusky. The CAPWAP capacity for Sandusky cannot be compared with the static
tests on piles that had tip damage. The analysis was performed for the max-
imum capacity blows to determine where the maximum capacity was derived and
to investigate the forces which were maximum at this time and were causing
the pile damage. For W92, only piles which were lToad tested had CAPWAP
analyses.

For the CAPWAP analysis {Table A6, for example) the pile was split into
seven elements with springs between each element. The eighth eTement is for
the pile tip resistance and damping. Program output is the element number and

depth from instrumentation location to the bottom of the element. The soil
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quake is the displacement where the static soil resistance changes from elas-
tic to plastic behavior. CAPWAP allows the skin and toe quakes to be dif-
ferent. RES is the static soil resistance on a particular element or at the
tip, and SUM RES is a sum of all of the resistance forces. (It is also the
force at that location when the ultimate capacity is reached during the static
load test.) J is the dimensional damping constant assigned to the element.
[The tip J is EA/c times the tip dimensionless damping constant {JT) as given
in Table 4.3. The sum of all element J's is EA/c times the skin damping con-
stant {JS) in Table 4.3.] The skin J's are distributed proportionately ac-
cording to the static soil resistance (RES) on that element. The weight of
the pile segment and the stiffness of the interconnecting springs are given.
The Max Spring Force is the largest computed force observed for that spring
for the entire duration of the blow. Listed are the Maximum Measured Pile Top
" values of force, velocity and displacement as well as the Maximum Computed
Pile Toe velocity and displacement. The Maximum Sum of Damping Forces Occurring
Simultaneously indicates the dynamic portion of the total resistance. Table
4.3 is a convenient summary of the CAPWAP results.

A.2 Narrative Descriptions for Sandusky
A.2.1T MKT9B3 Hammer
Two piles were driven with the MKT9B3, a double acting, air/steam hammer.

One pile was driven vertically while the second was battered at 1:4 and
neither had a protective pile point at the tip. This was the smallest hammer
used at the Sandusky site. The hammer characteristics are given in Table 2.7.

The driving records are shown in Figure Al. 1In both cases, blow counts
exceeded 10 blows per foot before reaching 10 feet and 20 blows per foot be-
fore reaching 20 feet. Both driving records have sudden increases of about
five blows per inch to greater than 20 for several consecutive inches, proba-
bly upon encountering bedrock. Blow counts of at least 70 blows per inch were
achieved for each pile. The damage shown in Figure 4.6 probably was due to
excessive driving.

The load test curves in Figure A2 show that piie 983V did not fail under
the maximum attainable load of 386 kips. Pile 9B3B failed at 400 kips as seen
in Figure A3. The load test curve for 9B3B was essentially elastic until near
the failure load where it became plastic. Both of these piles could have been
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loaded to a design load of over 90 tons using a factor of safety of two. The
rather limited damage at the tips of these piles apparently had only a modest
effect on their load carrying capacity.

Sample plots of force and velocity for 9B3Y are given in Figure Ad. Blow
number 40 shows behavior that is typical of easy driving. The velocity, given
in the first plot on the page, shows a steep rise from zero to a relative max-
imum designated as impact and marked bythe first tick mark on the horizontal
axis. Impact is completely defined by the hammer input. Since force is pro-
portional to velocity for uniform piles until resistance effects are noticed,
the force in the second plot has a similar shape at impact. This similarity
continues until approximately 2L/c after impact as designated bythe second
tick on the horizontal axis. The value 2L/c is the time necessary for the
stress wave to travel from the pile top along the pile length, L, reflect off
of the pile tip, travel up the pile and return to the pile top. For easy
driving at 2L/c, the velocity increases and the force decreases. The pile had
encountered little resistance so displacement was large at the tip, the down-
ward compressive wave reflected as tension, and pulled the pile top down (ve-
Tocity increase) and away from the hammer so that the force between hammer
and pile decreases. In very easy driving, as in blow 40, this phenomenon is
observed for several 2L/c cycles in the velocity although the force is essen-
tially zero after the first 2L/c.

After encountering bedrock, blow 238 shows a different behavior. At
21./c, the velocity decreases and the force begins increasing. This is caused
by the tip experiencing little movement after encountering bedrock, the down-
ward compression wave then reflects as a compression wave superimposed on the
downward travelling wave causing the top force to increase. This hammer is
so small that the full soil resistance effect did not occur by 2L/c after im-
pact but only later when the force had increased to the next relative maximum.
Several causes contributed to this behavior. The 9B3 had little cushioning
causing a rather sharp rise from zero to initial impact. Integration of the
velocity gives a small displacement of less than 0.05 inches (the maximum dis-
placement was less than 1/4 inch). This small displacement is Tess than the
soil quake (displacement where model soil spring becomes plastic in a wave
analysis), therefore, the full resistance does not occur upon arrival of the
impact wave at the tip. The full resistance effect is delayed until the



displacement exceeds the quake

Further driving was similar except for one small change, Blow 309 shows
a small increase in velocity and decrease in force at 2L/c.  The soil resis
tance did not decrease because of the reflected increase in force after 2L/c.
Something caused an apparent decrease in stiffness (increase in displacement)
near the pile tip at precisely 2L/c when the stress wave travelled the pile's
full length. This stiffness reduction is due to local damage at the pile tip.
This was verified by inspection after extracting the pile as shown in Figure 4.6.

Table AT contains the manual field observations of pile 9B3V. There were
questions later raised concerning the calibrations of the recorded analog
signals. Therefore dynamic Case Method results are not presented,

Finure A5 shows similar results for Piie 9B3B. For this test there were
questions regarding the gain settings on the recording instruments and there
fore, the Case Method processing results are not presented.

Due to the high accelerations associated with the small amount of cushion
ing present in this hammer the CAPUAP analysis became unstabie. Therefore,
results from CAPWAP are unavailable for these piles.

A vast wealth of information is obtainable in the Case Method processing
results and especially in the plots. The concepts described for pile 9B3V
can be studied and applied to each pile in this report.

A.2.2 Linkbelt 520 Hammer
Three piles were driven by the 520, a closed end or double acting diesel

hammer. The piles were driven vertically without a point, vertically with
point, and on a 1:4 batter without a point and are designated 520V, 520P (or
H20VP) and 520B, respectively.

The driving records are shown in Figure A6. In all cases the blow counts
are refatively small until rock is reached. Blow counts then exceed 20 blows
per inch (BPI}. Driving for 520V and 520B was continued in order to obtain
several inches of driving at greater than 20 BPI. FPile 520V showed one inch
of penetration greater than 20 blows per inch while Pile 520B had two inches
greater than the 20 blows per inch requirement. In both cases, driving resis-
tance decreased and fluctuated between 5 and 10 BPI. Driving on 520P
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continued to exceed 20 BPI until the pile buckled in column action above ground,
a few feet below the pile top. Approximately 10 feet of pite extended above
ground.

The load test curves are given in Figures A7, A8 and AS. In the first
and last cases, the initial slope is the same as the theoretical elastic com-
pression slope for the failure definition'indicating negligible skin friction.
For 520V, at a very low load, a slope change occurred indicating a stiffness
change in the pile (damage). Definition of ultimate failure occurred at 120
kips although the pile continued to carry additional load. A load of 235 kips
was eventually recorded at a displacement of almost one inch. Pile 520P
showed an ultimate load of 410 kips. This represents a stress that is near
the yield stress in the pile material. The piie was damaged by gross buckling
of the top portion above the ground line. However, there was probably some
permanent bending deformation below the ground since it is not reasonable to
expect that the pile would be fully restrained. The resulting lack of straight-
ness produced the Toad test curve shown. The pile 520B's ultimate load was
354 kips with a maximum of 373 kips. The results of the Toad testi on Pile
5208 require some explanation. The data indicates a very flexible behavior
at the beginning of the test up to about 200 kips. At that point the load de-
flection curve begins to exhibit a much stiffer behavior. The most Togical
explanation for this impossible physical performance is that errors were made
in the measurement of vertical displacement. For exampie, it is possible that,
due to the horizontally applied load, lateral motion of the pile top may have
induced apparent vertical displacements due to the arrangements of the dial
gage mount. This behavior is supported by the fact that the unloading curve
followed the same path in the lower part of the curve as the loading path.

The stiffness of the upper part of the curve is similar to that measured on
the other piles. Therefore, the load test was analyzed by extending the upper
part of the curve back to zero load and then starting the usual analysis with
that point. The resulting capacity is 354 kips in spite of the damage shown
in Figure 4.1.

Sample Case Method plots of force and velocity are given in Figure Al0.
Pites 520V and 520B show comparable results. Blow 72 for 5208 shows a high
force returned at 2L/c. By blow 257, the high force return at Z2L/c has
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disappeared. A force valley occurs at a time slightly less than 2L/c. This
indicates that the initial downward wave was reflected by a pile section of
reduced stiffness caused by pile damage near the pile tip. Continued driving
with this large hammer caused the local pile tip damage to propagate up the
pile similar to a fan fold shape. This accounts for the increases and de-
creases in blow counts as well as the capacities given in Tables A2 and A4.
The bounce chamber pressure (B.C.P.) is given for 5z0v in Table A3.

The force and velocity plots for 520P in Figure A9 show continuaily 1in-
creasing resistance at 2L/c. Table A3 contains the sample printed results.
Contact with bedrock is readﬁ]yrebserved by the increased capacities while
forces in the pile are near the yield point. A characteristic of all diesel
hammers is observable in this Table. Namely, when driving resistance is low,
bounce chamber pressure (or stroke) is also low. As driving resistance in-
creases, the BCP (or stroke) increases causing a greater ram impact velocity,
thus increasing the pile top velocity. Since pile impact force and velocity
are proportional by FA/c, force also increases and if the pile is short and
the ram pile weight ratio large, the reflection from the pile tip arrives
back at the pile top prior to a large decline in the incoming force causing a
further increase, in this case, to the level of damaging the pile. Maximum
energy also increases.

This hammer is eguipped with a variable fuel throttle. If the bounce
chamber pressure becomes too high, the hammer will 1ift off the pile. This
"racking" can be damaging to the pile and hammer unless the fuel throttle is
reduced. The 520P was driven full throttle and racking occurred when the pile
contacted bedrock. The throttle was reduced between 21'-8" and 21'-9" (see
Table A3) and velocities, energies, forces and capacities showed a corres-
ponding decrease. The throttle was again increésed slowly and the Case
Method results returned. Throttling back caused the blow count to increase
artifically. If the reason for the lower velocities and forces had been dam-
age or weaker soil, the blow count would have decreased and the force-velo-
city records would have shown either signs of damage or reduced force at 2L/c,
neither of which occurred.

The Case Method is supposed to give capacity results that are indepen-
dent of hammer energy. However, in hard driving (high blow counts) experience
shows that it underpredicts. This problem is accentuated when the input
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forces are small and the failure conditions are not mobilized. The piles
driven by the 9B3 hammer are an extreme example of this phenomenon.

Use of Case Method measurements is an effective tool for analyzing pile
driving. Effects of throttle reductions are readily apparent. Questions re-
garding blow count increases can be properly assigned to poor hammer perfor-
mance or soil resistance increases. Pile types which could not previously
be inspected (steel H, timber, soiid concrete sections) for damage visually
except by excavation or extraction can be easily verified for damage using
only force and acceleration measurements at the pile top (8). This quality
control technique is sufficiently developed for use in the field by an ex-
perienced engineer. In general, quality control can be improved.

The force matches from CAPWAP for 520V and 520P are shown in Figure 11
and results are listed in Table A5 and in summary form in Table 4.3. For
all CAPWAPs on the Sandusky site, the biows selected for analysis were those
just after contacting bedrock and before damage had occurred. The measured
and computed forces match well for 520V. Of the 369 kips predicted capacity,
353 kips occurred at the pile tip. Damping was small, due in large part to the
small damping constant (J) at the pile tip. The maximum force occurring in
the pile was 443 kips near the pile top. The maximum force near the pile tip
was 382 kips. These results would be anticipated with a pile driven through
weak overburden to a hard bedrock. Since a pile tip rarely has perfect con-
tact with a bedrock surface, local stress concentrations could easily damage
a pile tip with such a high average stress. This is especially true for all
piles that are driven on a batter.

The force match for 520P is not as good for several reasons. First, a
large offset of the measured force at the beginning of the record due to an
unbalanced bridge circuit should be subtracted from the remainder of the re-
cord. This adjustment alone would significantly improve the match. However,
the skin and toe quakes are very small due to the rock stiffness. This was
required since the maximum computed toe displacement was also very small., It
is probable that the actual pile quakes are more iike those for the other
piles at this site and of a reasonable value; but in order to activate ail
the resistance forces, they had to be less than the toe displacement. This
also contributed to a poor force match. Of the 399 kips predicted capacity,

384 kips came from the pile tip. The maximum computed force in the pile was
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377 kips at the pile tip.

Figure 4.1 shows the damage at the pile tips for 520V and 520B. ‘In both
cases the effective pile length was shorter than the initial pile length due
to fan folding, as predicted by Case Method measurements. Pile 520V was
jonger than the photograph indicates as the pile broke during extraction and
only the upper portion was recovered.

A.2.3 Vulcan 08 Hammey
Three piles were driven by the 08, a single acting air/steam hammer. The

piles were 08V driven vertically without a point, 08P driven vertically with
a point, and 08B driven without a point on a 1:4 batter. This hammer had the
neaviest ram of any at the site.

The driving records for all these piles are given in Figure AlZ. In no
case did the blow count exceed 20 BPI before damage occurred. Pile 08B was
"driven" (damaged) over three feet after contacting bedrock. The blow count
was the highest when bedrock was first encountered and declined after damage.
At no time did it exceed 7 BPI. Pile 08V was driven to bedrock and driving
was quickly stopped when the pile top was locally damaged probably due to the
high resistance force reflection and poor hammer alignment. Further driving
was not attempted. Pile 08P failed in gross column buckling above ground
after the blow count reached more than 15 BPI on bedrock.

The load test curve for 08Y in Figure Al3 shows no sign of failure at
362 kips when the anchor system failed. The load test curve for 08B in Fig-
ure Al4 begins at the elastic slope but quickly shows signs of damage with a
reduced slope which is relatively Tinear. The defined ultimate failure load
is 151 kips although the pile was accepting additional loads at 300 kips with
large displacementis.

Sample plots of force and velocity are shown in Figure A15. The first
blows are for easy driving where velocity increases and force goes to zero
at 21/c after impact. Blow 43 for 08Y and blow 37 for 08P show excellent
load bearing capabilities with their high force curve reflections at 2L/c.
Note the difference in the force curve immediately after impact for blows 47
of both 08Y and 08P compared to the previous curves. This smoothing of the
curve is due to pile damage located near the top.
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Pile 08B never shows as strong a behavior in the plots Tike blow 43 of
08V, for example. The best blow for 08B is number 29. Even on this blow, the
relative force minimum near 2L/c is present indicating pile tip damage starting
to occur. Subseguent blows show this force valley to not only increase in
magnitude but to also occur sooner and before 2L/c. This indicates that the
damage is increasing in severity and is progressing up the pile as driving is
continued. |

The Case Method results are given in Tables A6 through A8. 1In atl cases
a sudden distinct increase in Case Method capacity was observed when bedrock
was encountered. Early blows gave a maximum force at impact proportional to
velocity by EA/c. With the higher resistance offered by hedrock, the force
increased at 2L/c to levels high enough to cause top structural damage. Piles
08V and 08P sustained this top damage and maintained the high capacities at
the end of driving. However, 08B showed a capacity trend of increases and de-
creases after the pile became damaged, corresponding to the pile being crum-
pled at the tip. Final capacities from the Case Method matched the load test
results well.

The CAPWAP force matches for pile 08Y and 08P are shown in Figure Alb and
are both of good quality. Results are tisted in Table AS and are summarized
in Table 4.3. Predicted capacity of 08V is 450 kips and 438 kips being tip
bearing from the hard limestone. Tip damping was small and the quakes were
of normal magnitude. The maximum force of 512 kips occurred near the pilte top.
However, if the pile had not failed locally at the top, forces near the pite
toe were sufficiently high to cause local damage and would have led to pile
08Y sustaining a crumpled tip. Pile 08P had 501 kips predicted capacity with
494 kips at the tip. The maximum force was 549 kips near the pile top with
high forces along the entire length.

Figure 4.2 shows the pile tips for 08V and 08B. The flange tip of 08V
shows the beginning of pile tip failure. Had the top not failed, the tip
damage would have been greater. Pile 08B shows the results of continued

driving crumpling the tip.
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A.2.4 Kobe K13 Hammer
Three piles were driven by the K13, an open end, or single acting, diesel

hammer. The piles were K13V driven vertically without a point, KI3P driven
vertically with a point, and K13B driven without a point on a 1:4 batter.

The driving records for all piles are shown in Figure Al7. Pile K13V
displayed behavior different from all other piles at the site. It is possibie
that local soil conditions were slightly different. Relative maxima at 20 feet
and 22 feet penetrations were encountered. Blow counts of 20 BPI were achieved
after 23 feet penetration but pile damage may have already occurred. Piles
K13P and K13B both reached very high blow counts upon contact with bedrock and
driving was stopped.

The static load test curves are given in Figures A18 and A19. Pile K13V
began loading along the elastic compression slope but soon deviated and finally
leveled off at 154 kips maximum at 0.7 inches displacement. The ultimate load
was 106 kips. Pile K13B had not reached the ultimate load at 350 kips when the
load reaction system failed.

The sample plots of force and velocity are given in Figure A20. The first
blows of each pile are easy driving. Pile K13P shows strong resistance with
little change in the record from blow 128 on. Pile K13B shows Tittle change
from blow 59 to the end. One item of interest on these blows is that the
force record shows a larger relative minimum after impact and before 2L/c as
compared with pile K13P. This indicates that something at the pile tip is not
quite as good. Pile K13V never does show sirong tip reflection. Blow 364
shows damage near the pile tip as the velocity increases and the force valley
occurs slightly before the 2L./c time.

Case Method precessing results are given in Tables A10 through Al12. The
capacity of K13V varies before obtaining the Z0 BPT at 23'-3" and maximum ca-
pacity. Further driving produced additional damage which reduced blow counts,
strokes, pile forces and capacities. Pile K13P shows behavior typical of all
piles driven with points. Capacities are low until bedrock is encountered, then,
the pile's structural yield strength is exceeded. High force levels are meas-
ured, and the pile fails in gross buckling above the ground surface. Pile K13B
shows trends similar to the KI3P except that forces and capacities are some-
what lower due to the smaller velocities measured at the top of the nile.
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The CAPWAP force matches for K13V and KI3P are given in Figure AZ1. The
match for KI13P is of very good quality. Results are presented in Table Al3 and
are summarized in Table 4.3. Pile KI3V had 241 of the total 255 kips concen-
trated at the pile tip. The maximum force in the pile was 326 kips about half-
way down the pile. With local stress concentrations, tip forces were high
enough to cause pile tip damage. Pile K13P has 418 of its 429 kips predicted
capacity at the tip. The maximum force of 424 kips occurred near the pile top.
The maximum computed toe displacement isequal to the guake and this accounts
for the force match quality in Figure AZ20.

Figure 4.3 shows the pile tips for K13V and Ki3B. Damage for the KI3B
was confined to the tip area while pile K13V shows damage over a longer Tength
with part of the pile not recovered. It is possible that during retrieval the
pile extractor also straightened out some of the kinks.

A.2.5 Kobe KZ5 Hammer

Four piles were driven with the K25, an open end, single acting, diesel

hanmer. Pile K25Y and K25V-FE were driven vertically without a point. K25P
driven vertically with a point, and K25B without a point but on a 1:4 batter.
This hammer had the largest rated energy of any hammer used during the fests.

The driving records are given in Figures A22 and AZ3. Only pile K25P
was able to exceed 7 BPI before damage. Piles K25V and K25B were driven in a
normal manner and reached as high as 7 BPI. In both cases driving was con-
tinued for several feet after reaching bedrock. Blow counts were decreasing
and never recovered indicating probable damage. Pile KZ5V-E was not driven
according to the specification in that pile driving was stopped immediately
after the pile definitely contacted bedrock. It was intended toshow that the
K25 hammer could drive this pile to a satisfactory capacity, without damage,
provided proper care was taken during the driving.

The static load tests are given in Figures A24 through A26. Pile K25V
was loaded to 231 kips although ultimate failure was at 150 kips. Pile K25B
was loaded to 350 kips with an ultimate failure of 318 kips. Pite KZ5V-E was
Joaded to the maximum of the hydraulic jack system at 414 kips with linear
elastic response.

The sample plots of force and velocity are shown in Figures A27 and AZ8.
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Pile K25Y shows pile tip damage which is progressing up the pile in blows 177
and 228. The velocity increase and force valley come sooner after impact (and
before 2L/c) as the undamaged pile length becomes shorter. Pile KZ25B shows a
strong behavior for blow 37. However, by b1ow 140, the force return at 2L/c

is not as large and a force before 2L/c indicates a moderate structural
weakening. Pile K25P shows a return at 2L/c which continues to grow as driving
continues. MNote that the residual force at the end of the record indicates
that at some time during the blow the pile top reached the yield of the steel
and some plastic deformation occurred. The energy curve becomes negative due
to the large permanent set when the velocity is negative.

Figure A28 shows the records for each blow on pile K2oV-E. The first
five blows show easy driving where the velocity increases and force decreases
at 2L/c. Blows 6 through 9 show a steady gain in resistance as evidenced by
the increasing trend in the force return at 2L/c. Blow 9 was considered as
bedrock and driving was terminated.

Results of the Case Method Processing are listed in Tables Al4 through
A17. Pile K25V shows several cycles of capacity increase and reduction. Stroke,
blow count and maximum forces show similar trends. Pile K25B has similar fea-
tures but the differences between peaks and valleys is less. At the end of
driving, pile K25B had a higher Case Method capacity than K25V, probably due
to less structural damage. Pile K25P has increasing trends, however, the
forces (capacities indirectly) have values which are too high due to the pile
top yielding. The strain transducers used to measure force assume a linear
ctress strain curve. However, the plastic strains converted to force by this
linear curve are unrealistically high. Therefore, forces and capacities for
blows where the forces are over 500 kips ignore the Case Method predictions
except to note that the yielding occurred. Pile KZ5V-t shows a definite higher
resistance after bedrock contact with the increasing capacity/force trend cul-
minating at the last blow where driving was stopped.

CAPWAP force matches as shown in Figures AZ9 and £30 are of reasonable
quality except for K25P where the pile yielding affected the measured force.
The computed force curve is paralle] to the measured curve in this iater region.
CAPWAP results are listed in Tables A19 and AZO.

A capacity of 400 kips was found for pile K25V with 374 kips at the tip
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and a maximum force in the pile of 451 kips. Of the 550 kips capacity pre-
dicted for K2bP, 538 kips were at the pile tip and the maximum force was 597
kips but these values are too large due te the inability to match the measured
strain caused by yieiding of steel. Pile K2bV-E showed 450 kips of its 464
kips capacity at the tip and a maximum force in the pile of 500 kips.

Figure 4.4 shows the actual damage observed to the tip of pile KZ5B. Much
of the pile was not recovered during extraction. The extractor was not capable
of extracting the K25V. Pile K25P shows no local damage at the tip indicating
effectiveness of the point even on such a larger hammer. Pile KZ5V-E showed al-
most no signs of damage, Figure 4.5.

A.3 Narrative Descriptions for W9Z
A.3.1 MKT 9B3 Hammer

The driving records for these piles are given in Figure A31. 1In all cases

blow counts are comparatively high beyond a 15 feet penetration. Since the
weathered shale begins at about 16 feet, the piles penetrated a small distance
into bedrock before 20 BPI was reached and driving was terminated. All pile
tips were in weathered shale.

The Toad test curves for piles 983V and 983P, vertical pites driven with-
out and with points, respectively, are shown in Figures A32 and A33. The ul-
timate load for pile 9B3Y was 160 kips with a maximum of 202 kips while the
9B3P ultimate load was 163 kips with a maximum of 227 kips. Maximum loads
were achieved at large displacements.

Sample plots of force and velocity are given in Figure A34. Data from
Pile 9B3B could not be processed due to electronic malfunctions. Both piles
fail to show significant resistance effects at or after 2L/c as at Sandusky.
Printed Case Method results are Tisted in Tables A20 and AZ21. Since the max-
imum force occures at impact which is controlled by hammer input it is
relatively constant. The capacity predictions show a continucusly increasing
trend. Final capacities matched well with the static tests.

CAPWAP piots of the computed and measured forces are given in Figures A3b
and A36. Force matches are of reasonable quality. Printed results are listed
in Table AZ22 and summarized in Table 4.3. Of the 151 kips total resistance for
983V, only 62 kips occurs at the last element. Almost all resistance is To-
cated in the lower ten feet of the piie. The maximum pile force was only 238
kips near the pile middie. Damping, especially at the pile tip, was higher
than at Sandusky, as was generally the case for the W92 site. Pile SB3P
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showed 60 kips of its 170 kips capacity on the last element. Maximum force of 250
kips was near the pile middle. Tip forces were smail.

A1l piles were later extracted and none had sustained even the slightest
amount of tip damage. Pile 9B3B had slight damage at the top due to improper
alignment.
A. 3.2 Delmag D5 Hammer

Three piles were driven by the D5, a single acting diesel hammer. Two

piles were driven vertically, one each with and without a point. The third
pile was driven on a 1:4 batter. |

The driving records are given in Figure A37. All three piles reached
20 BPI shortly after reaching the weathered shale and driving was stopped.

The static load tests are given in Figures A38 and A39. Pile D5V had
a maximum capacity of 151 kips and an ultimate load of 141 kips. The ultimate
Toad for pile D5P was 124 kips with a maximum of 131 kips.

Sample plots of force and velocity are given in Figure A40. C[arly blows
again show weak resistance with velocity increase and force decrease at 2L/c.
later blows still show a force valley at 2L/c and no strong resistance re-
fiection effects. Force in every case is a maximum at impact.

Case Method results are given in Table A23 through A25. In all cases
maximum measured force was small such that stresses were at most 12 ksi.
Driving stresses are usually much larger to be efficient, but the D5 was too
small to induce anything larger. Capacities showed a generally increasing trend.
Final capacities compared well with the static load tests for the vertical pites.
The batter pile with a smaller Case Method capacity was not tested staticaily.

CAPWAP plots of the force matches given in Figures A4l and A4Z are both of
very good quality. Results listed in Table AZ26 are summarized in Table 4.3.
For D5V, CAPWAP predicted a capacity of 130 kips with 40 kips at the last efement.
Maximum force in the pile was 164 kips at about the pile mid-tength. For D5FP
the capacity was only 117 kips with 42 kips at the last element and a max imum
force of 162 kips in the pile. Forces at the pile tip were smail.

Extraction of these piles showed no signs of damage.

A.3.3 Linkbelt 520 Hammer
Three piles were driven with the LB520. Pile 520V was driven vertically

without a point, 520P was driven vertically with a point, and 5208 was driven
on a 1:4 batter without a point.



46

The driving records for all three piles are given in Figure A43. A1l
three piles achieved a blow count in excess of 20 BPI. Final penetrations for
the 520 piles averaged 17'6" while the 9B3 averaged only 16'10" and the D5 only
16'2%.

Sampie plots of force and velocity are given in Figure A44. The last
blows of each pile appear remarkably similar (velocity for 520V is plotted at
a different scale). Note that the maximum force no longer occurs at impact as
was the case for 983 and D5. This is due to a combination of the hammer character-
istics and higher resistance effects.

Results of Case Method processing are given in Table A27 through AZ29.
Resistance showed an increasing trend with capacities at the end of driving
s1ightly less than 300 kips on the average. Maximum measured forces ranged
from 323 kips for 520V to 366 kips for 520B giving stresses of about 27 ksi.

The CAPWAP force match for pile 520V is given in Figure A45 and is judged
satisfactory. Results are listed in Table A30 and summarized in Table 4.3.

The predicted capacity for 520V was 280 kips with 235 on the last element.

This pile had significantly more capacity than any of the 983 or D5 piles with

the increase due to the pile tip being imbedded further into the shale. As the
depth increases, the shale becomes less weathered and hence stronger. The maximum
force in the pile was 327 kips near the pile top.

The static load test was performed almost two weeks later. The load test
curve for 520V is given in Figure A46. The ultimate load was 184 kips while the
maximum was 187 kips. These values are about 100 kips less than the capacities
as predicted by dynamic testing at the time of driving. It was theorized that
the reason of the capacity reduction was a change in the shale conditions after
driving the pile. Apparently, the shale strength had "deteriorated" around the
pile tip.

The pile was retested dynamically to prove the hypothesis. The 520 hammer
was to be used for this restrike but was unavailable and the contractor supplied
a Linkbelt 440. This hammer is the same type but of a smaller size than the 520.
The size is adequate to obtain comparable readings and the hammer is commonly used
throughout Ohio to drive piles on similar jobs. In restriking the pile, the
reference for set measurements shifted but the pile had an estimated blow count
of 20 BPI.

Figure A47 shows the sample plots of force and velocity for three biows
early in the restrike and three plots after about 40 blows. Results of Case Method
Processing are given in Table A31. Capacities begin at 218 kips and gradually
increase to about 240-250 kips. Further increases would be expected had driving

continued.
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In order to further confirm the dynamic tests twoe CAPWAP analyses were
run. The first was from an eariy blow and labeled 520¥/440FE since it was an
early blow for the 440 hammer on pile 520V. The CAPWAP force match in Figure
A48 is of good quality. Results are listed in Table A32 and are summarized
in Table 4.3. The CAPWAP predicted capacity was 190 kips, a value in very
good agreement with the static load test vresults (184 kipns}. The toe capacitly
was found to be 27 kips at this time versus 145 kips after initial driving. Thus,
the capacity reduction was due to a deterijoration of pile tip capacity from the
shale exhibiting weakened load bearing properties.

The later CAPWAP analysis for a blow late in the restrike is designated
520V/440L. The CAPWAP force match in Figure A49 is again of good quality. Results
in Table A32 and 4.3 show that the continued driving had increased the capacity
to 239 kips from 190 kips with 120 kips versus 75 kips at the last element. This
blow demonstrates that the capacity increase observed with continued driving is
due to strength gains near the tip as the pile is being redriven into shale with
no deterioration.

Since the Case Method and CAPWAP results for the beginning of restrike
matched the static test load, it can be concluded that the dynamic tests were
correct at the time of initial driving. However, due to changing conditions in
the shale, most of the pile tip capacity was lost before the static tests, two
weeks later. Restrike showed that the dynamic methods correlated well with load
tests. Continued restrike demonstrated that capacity increases are possible when
the pile is redriven into firm shale.

The piles were jater extracted. Pile 520V and 520P showed no sign of
damage at the pile tip. Pile 5208 showed the beginning signs of flange dis-
tortions which became more apparent with the Targer hammers. A photograph of
this deformation is shown in Figure 4.10. '"Damage" of this type shouid not
reduce the structural performance of the pile as indicated by dynamic testing

procedures.

A.3.4 Yulcan 08 Hammer
Three piles were driven by the 08 hammer. The 08Y pile was vertical

with no point, the 08P pile was vertical with a point, and the 08B was without
a point and on a 1:4 batter.

The driving records for all three piles are shown in Figure A50. Al]
piles achieved a minimum blow count of 20 BPI. The average penetration was
18 feet. This targer hammer was able to achieve larger penetrations than those
oreviously mentioned.



Sample piots of force and velocity for these piles are shown in Figure AS571,
Blows 42 for 08Y, 19 for 08P and 22 for 08B are typical of structurally un-
damaged pile of good bearing resistance. Note that in these cases a relative
maximum of force can be clearly noted at the time of impact. For the Tast
blows on these piles this relative maximum is missing which is a clear indi-
cation of the pile top damage that did occur on the piles. The damage acts
as a mechanical fitter for the high shocks.

Results of the Case Method Processing are Tisted in Tables A33 through
A35. In every case the capacities generally showed an increasing trend with
maximums near the end. Pile 08B shows a downward trend at the end of driving.
This was assumed to be caused by the pile top damage and not to an actual de-
crease in shale strengths. The next interesting observation is the maximum
measured energy (Emax). After the pile became damaged, the maximum energy
transferred to the pile dropped. Pile 08P, for example, showed a drop from 15
kip feet at 18'1" penetration to only 11 kip feet two inches later. Since the
rise in blows per inch is equally vrapid, it can be postulated that the reason
20 BPI was achieved is because of the decrease in hammer performance. N¢ sudden
increase in bearing capacity of the pile from the Case Method was observed which
could account for the larger blow count. Final capacities reached into the high
300 kip region. Maximum forces for the piles reached 420 kips or a stress of
34 ksi. With high average stresses, Tocal eccentricities can cause damage to
the pile.

The CAPWAP force match for pile 08Y in Figure ALRZ is for a blow where the
pile damage was relatively insignificant. The match is of good quality. Results
are listed in Tables A36 and 4.3. O0f the total predicted capacity of 40b kips,
260 kips occurred as resistance of last element, undoubtedly due to increased
penetration in the shale. The maximum force in the pite of 453 kips occurred
near the pile mid-tength. |

The dynamic capacity for the 08V was 386 kips at the time of driving.

Again, two weeks elaspsed before the static test load. The Toad test

curve for 08V, Figure AL3, has an ultimate load of 240 kipé (54 ton design)

with a maximum, at very large displacements, of 333 kips. Again, it was decided
to dynamically restrike the pile to be sure that the capacity loss of 146 kips
before performing the static load test was due to changes in the shale witn time.

Force and velocity plots of the restrike on 08Y using the Linkbelt 440 hammer
are given in Figure A47. Results of Case Method processing in Table A37 show
capacity predictions of 219 kips at the beginning increasing to 260 kips. The
CAPWAP force match for an early restrike blow is given inFigure AB4 and 1is
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satisfactory. Results are listed in Tables A38 and 4.3. The CAPWAP capacity

for this restrike blow was 230 kips, a difference of less than 5% from the static
test. At this time the toe capacity was determined as 63 kips versus 260 kips
toe capacity (Table A36) during the original driving, therefore, the entire capa-
city loss can be attributed to strength losses in the shale.

Proof is presented, again, that the dynamic testing techniques accurately
reflect the true pile capacities at the time of testing. Results from initial
driving indicated substantially higher capacities than measured during the static
test two weeks later. Restrike confirmed the shale strength loss.

Figure 4.9 shows the flange distortion at the pile tip for piles 08V and 08P
caused by this comparatively larger hammer. HNo tip distortion was observed

for 08B. A11 three piles sustained local top damage during driving.

A.3.5 Delmag D15 Hammer

Three piles were driven by the D15 hammer. Pile D15V was driven verti-
cally without a point, DI5P was driven vertically with a point, and D158 was
driven without a point on a 1:4 batter. This hammer was close in size and type
to the K13 used at the Sandusky site. It was the only open end diesel hammer
available at the time in this size range.

The driving records are shown in Figure A55. Pile K15V and KI15B attained
a driving resistance of 20 BPI. Piie U15P was badly damaged at the pile top and
driving was terminated at only 14 BPI. Piie D158 was also damaged at the top at
the end of driving. Average penetration was 18 feet. This damage was primarily
due to misalignment. The only helmet available was 12 inch squares causing a
misalignment between the driving system and the pile.

Sample plots of force and velocity for D16V and D15B are given in Figure
AB6. Electronic %alfunctions preventeg recording accurate data for pile DIibEB.
Sample blows from the entire driving Séquence are given for D15V, while those
for D15P are from near the end of driving. Results from Case Method processing
are listed in Table A39. Final capacities are in the mid-300 kips range.

The CAPWAP force matches are given in Figures AS7 and A58. The match 1is
better for pile DI5P than for U15V. Results are Tisted in Tables A40 and 4.3.
Pite D15V had 290 kips total capacity with 182 kips at the last element. Pile
D15P had CAPWAP results of 201 kips at the last element of the 351 kips total
capacity.

A1l of the above predictions are for the pile at the time of driving.

Eleven days later the static load tests were run. load fest curves are given



in Figures A59 and A60. The ultimate load for pile D15V was 194 kips with a max-
imum of 230 kips at 1.2 inches displacement. The ultimate load for pile DI5P was
197 kips with a maximum load of 204 kips at 0.8 inches displacement. These lower
failure loads indicate that the shale at the pile tip had deteriorated after
driving the pile.

Excavation of the piles showed that no major piie tip damage had occurred.
Figure 4.10 shows minor tip distortion of the flanges for pile D5B.

A.3.6 Kobe K25 Hammer
Three piles were driven with the K25, the hammer with the largest rated

energy. Pile KZbV¥ was driven vertically, Pile K25P was driven vertically
with a pile point and Pile K25B was driven without a point at a 1:4 batter.

Driving records are given in Figure A61. A driving resistance of 20BPI
was never achieved. Pile K25V did get as high as 15 BPI, but final driving
resistance was 13BPI. Piles K25P and K25B had a final resistance of 9 BPI ana
8 BPI, respectively. In eacu case, pile driving was stopped due to pile top
damage. The average penetraticn was slightly more than 18' 11", or almost one
foot deeper than piles driven by other hammers.

Sample plots of force and velocity are shown in Ficure AG2. Pile K25B was
not processed because of electronic malfunctions. A1l sample blows were taken
before pile top damage occurred. Both K25V and KZ25P show good bearing character-
istics as evidenced by the lack of significant force valleys and the appearance
of a resistance reflection at 2L/c.

Case Method results are given in Table &471. Capacities show an increasing
trend with increasing penetration into the shale. Final capacities were around
500 kips for K25V and 480 kips for K25P. Maximum measured forces were about 490
kips for both piles. This is a stress of 39.5 ksi. It fs easy to see why these
piles incurred damage with a specified yield of 36 ksi. FEven though the actual
yield stress is slightly higher, any slight misalignment will cause local stress
concentrations and produce local damage.

The CAPWAP force match for K25V in Fiqure A63 is of excellent quality. The
resuits are listed in Tables A42 and 4.3. The capacity for this blow was 450
kips with 270 kips from the last element. The maximum force in the pile was 480
kips near the midiength. Forces at the pile tip were larger for this pile than
any other pile at the W92 site. Since average forces at the top were approximately
equal to the midlength forces and & higher potential for local stress concentrations

exist at the top, it is not surprising that the damage occurved at the top.
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The above capacities are for the time of initial driving. After nine
days, the K25V pile was statically load tested with an ultimate and maximum
Toad of 264 kips (Figure A63). This demonstrates the shale deterioration causing
a capacity reduction of 236 kips. Pile K25B was tested statically, yielding at
317 kips. Restriking of these piles was not attempted for correlation with the
dynamic tesits.

Figure 4.11 shows the K25V flange distortion at the pile tip. This was the
most deformation observed for any pile at this site. The extractor was unable
to pull the K25B because of site conditions.

A.4 Special Test Piles at W92
Four additional piles were driven at the W92 site. The piles are labeled

special pile one, SP}, special pile two, SP2, and so on. SP! was driven ver-
tically, SP2 was started at a 1:6 batter, SP3 at 34:24 and SP4 at 9%:24. The
measured batter at the pile tops at the end of driving are given in Table 4.4.

Driving records for all piles are shown in Figures A65 and A66. The
piles were driven to initial elevations. The penetration depth in the figures
is referenced, in inches, from this initial elevation. Blow counts are 1in
blows per inch. Along the right hand edge of each record is a label indicating
the portion of the record corresponding to the hammer being used.

Table 4.4 presents a summary of the data for these piles including driving
resistance, Case Method capacities, measured energies, forces and batters.

There was no significant difference in the delivered energy (Emax) between the
vertical $P1 pile and piles SP2 and SP3 at 1:6 nominal batters. Pile SPI at
1:2.4 batter shows some loss of efficiency for the 520 hammer. The heavier
weight hammers were not used on pile SP4 since the contractor felt it unsafe
for the crane at such larger batters.

Effects of soil set up can be observed in the pile capacity before penetrat-
ing into the firm shale. The beginning capacity of piles driven by 520 was more than
the final capacity of piles driven by D5 due to the time period between testing
although data not shown, pile SP1 had a driving interruption while using the 520
hammer and the restart showed a higher blow count. Occasionally, at the beginning
of driving for hammers D5, 520 and 08, the blow counts would decrease from the
beginning resistances in the first few inches of penetration before increasing
again as further penetration was achieved. Blow counts were kept Tow so that
the pile could be driven to further penetrations by the next hammer. It was
intended to drive the pile to 20 BPI with only the K25, however, the K25 damaged

the pite top in each case at approximately 10 BPI and driving was discontinued.
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Quality of Depth of Preferable Maximum

Overlying Soil Penetration Design Load
Poor 10 feet 20 tons
Poor 20 feet 25 tons
Poor 35 feet 30 tons
Poor 50 feet 35 tons
Fair , 10 feet 30 tons
Fair . 20 feet 35 tons
Fair a 35 feet 40 tons
Fair 50 feet 45 tons

VYery Good 7 feet . 30 tons

Very Good 10 feet 35 tons

Very Good 20 feet 40 tons

Very Good 35 feet 50 tons

Very Good 50 feet 60 tons

Table 2.1: 1957 Ohio DOT H-Pile to Rock
Driving Specifications



Energy Rating of Hammer, in ft. 1bs.,

penebration D21 Lood, in tens, and fequire
7,000 ft. 1bs. 11,000 ft. 1bs. 16,000 ft. 1bs.
25T 35T 457 25T 35T 457 257 35T 457
Poor Overlying Soil (Such as soft clay and silt)
10 N N N 50 & B . . -
20" . 50 - --
35! - - - 52 -~ - 42 100 -
50! - - - 52 -~ -- 39 95 -
Fair Overlying Soil (Such as medium clay and silt)
10" 44 - e 37 64 - 35 56 95
20" 38 - -- 29 50 - 27 43 70
35! 34 e - 25 43 e 23% 36 60
50' 34 - - 25 43 - 22% 35 55
Very Good Overlying Soil (Such as compact sand & gravel)
Hik 28 47 - 25 39 58 25 37 5¢
20! 24* 39 - 20% 31* 45 20 29%  40*
35° 21*% 35 o 17*  27*%  39% 17%  24%  34%
h0! 21% 35 - 17* 26%  38% 6%  23%  31%

*For those required capacity values identified by an asterisk in the above

tabulation it will be expedient fin order to avoid coficern on the part of

persons reading the plans} to spgpify the design ]oadgas the reguired ca-

pacity, rather than the smaller value shown (which is correct for the per-

tinent conditions and is shown in order to facilitate interpolation and

extrapolation.)

Table 2.2: 1857 Ohio DOT H Pile to Rock

Driving Specification
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Figure 3.2: Strain Transducer and Accelerometer on Pile
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Depth Blows/ VMax DMax  EMax  FMax P4 GD
Inch
£37 .8 .9
147 .8 1.1
7’ .9 1.3
187 1.3 .9
197 1.4 .6
207 2,73 .9
Zo'-6" 2.5 W7
217 3.7 .5
217 -g" 3.3 .3
209" 3.3 .3
227 8.3 .3
.3
!
.3
.3
.2
.2
.2
221" 70, L3
.2
.2
2212 85, .3
22737 55, L2
.2
2274 75, L2
Table Al : Sample dynamic resulis obtained by Case Method of Processing

Sandusky 983V



Depth Blows/ B.C.P., Vhax UMax EMax FMax P4 €D

inch
194" 1.2 2 4.0 .8 4. 77 71 64
6. a7 76 68
5, 89 82 73
G 93 85 77
20° 2.3 9 4.9 10, 6. g8 88 79
G. 99 87 78
7. 103 82 71
G. 103 89 30
G 108 87 75
G 102 90 81
21! 2.2 10 4.9 Y &. 104 91 82
. 102 92 83
7. 109 86 73
216" 1.0 10 4.8 9 7. 113 93 31
G. 114 91 78
2. 136 106 89
i 132 123 115
5.1 24 5. 213 185 170
7.4 4 7. 312 264 249
8.9 A 7. 351 357 344
21'-11" 6 7.6 A G. 332 315 303
9.7 4 8. 475 360 348
8.4 A 7. 351 332 320
7.0 ot 5. 310 290 279
6.1 3 4 286 269 259
4. 287 268 258
5. 3672 278 267
8.3 ol 7. 354 331 320
8.7 & G 332 357 346
6.1 3 4, 282 264 254
5. 292 271 261
3. 248 221 212
.5 3 5. 307 279 269
8.4 4 7. 368 344 333
9.1 & g. 390 367 355
8. 382 359 347
7. 373 343 331
7. 372 339 327
7. 368 338 326
227 20 19 8.3 A 7. 363 3473 331
7. 366 340 328
6. 347 328 316
7 346 321 309
6 348 325 313
7 357

330 318

fabte AZ: Sample dynamic results obtained by Case Method of Processing
Sandushky TB520V
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Blows/ B.C.P.

Depth VMax  DMax EMax  FMax P4 Ch
Inch
8.3 A 7. 362 334 322
7. 368 332 320
7. 356 335 323
7. 364 334 321
8. 378 347 334
8. 379 342 329
8. 379 345 332
8. 383 347 334
8. 389 358 345
9.3 .5 8. 392 365 352
8. 396 361 347
8, 396 362 348
8. 381 339 325
22'-1" 32 20 9.1 ok 8. 382 335 320
9.5 .5 9. 396 356 341
9. 390 349 334
22'-2" 18 21 9.4 .5 9. 391 346 329
9. 393 349 333
3. 378 340 324
22'-4" 9 8.7 ' 8. 346 307 291
23'-3" 8 20 9.8 .6 10. 342 289 269
237-4" 5 9.2 .7 11. 296 248 227
9.7 .6 16. 346 254 233
11. 373 289 270
24" 12 21 9.9 .6 1t. 372 291 271
8.8 . b 10. 317 249 230
8, 265 200 182
8. 253 200 181
243" 7 i8 7.7 .6 9. 260 195 176
10. 317 231 211
10. 309 236 217
10. 306 238 219
25" 10 21 9.3 .7 11. 308 243 223
8.8 .6 10. 290 226 206
11. 280 228 208
10. 256 207 187
8.0 .7 10. 237 200 180
g. 217 184 164
25'-8" 5 17 7.1 .7 9. 201 168 148
9. 202 158 139
6.5 -8 9. 199 146 128
8, 205 149 131
9. 196 143 126
5.8 7 8. 188 139 124
Zg'-2" 4 15 6.9 .6 6. 163 144 126

Table AZ: Sample dynamic results obtained by Case Method of Processing.
Sandusky LB520V

(cont'd.)
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Depth Blows/ VMax DMax  EMax  FMax P4 )]

Inch B.C.P.

5.2 1.6 6. 75 36 50

5.0 1.1 5. 75 64 56

4.6 .5 4. 194 165 160

8.4 b 8. 404 357 344

9.2 A 9. 448 380 366

21'-8" 20 8.8 N4 8, 449 423 409
9.8 Na 9. 456 410 395

8.7 b 8. 437 404 391

7.9 .3 6. 442 397 384

8.7 L 8. 421 393 381

7.3 .3 6, 386 359 347

7.2 .3 6. 365 322 308

7.4 .3 6. 367 343 330

7.0 .3 6. 361 329 3le

21'-97 26 8.6 A 8. 418 392 380
9.8 .5 10. 426 406 393

21'=10" 30 20 9.3 b 8. 422 398 385
9.2 S 8. 426 397 384

10.2 .5 10, 444 414 400

10.0 A g. 444 421 408

207-11" 24 22 9.8 N 9. 446 406 394
10.0 b 9. 440 411 399

9.7 b 9. 464 423 410

22! 18 22 9.6 b 9. 447 396 383

Table A3: Sample dynamic results ecbtained by Case Method of Processing

Sandusky  520VP
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Depth Blows/ VMax DMax  EMax  FMax P4 ch

Inch
3. 94 90 80
4.7 .9 6. 121 98 88
8. 118 100 88
4.0 6 6. 132 127 114
7. 161 140 124
9. 167 125 106
g9, 160 128 109
7. 156 126 109
9. 166 129 111
8. 166 138 121
8. 174 145 126
5.6 7 8. 187 157 137
10. 187 153 132
7. 177 152 135
7. 182 150 132
8. 194 166 147
6.6 .6 8. 207 182 162
8.4 .5 9, 325 266 248
22'-11" 9.6 .5 10. 372 336 319
10.1 .5 11. 381 355 339
10. 378 360 344
10.1 5 10. 389 368 353
11. 410 382 366
10. 411 185 370
10. 410 385 370
9, 379 346 334
10.2 .5 11. 420 389 373
11. 414 380 365
10. 417 393 376
10. 406 377 361
10.0 .5 il. 435 401 383
10. 425 391 375
9. 417 417 395
11. 425 383 368
10. 417 185 371
23" 23 9.9 .5 10. 406 381 368
10. 408 382 368
10. 421 391 377
10. 418 393 379
10. 435 404 390
10. 436 409 395
10. 428 399 386
11. 453 412 399
11. LA 41.0 397
10. 440 403 390
10. 448 406 393
11. 450 411 398
10.0 .5 10. 451 412 398
10. 42 405 392

Table A4: Sample dynamic results obtained by Case Method of Processing.
Sandusky LB520B



Depth Blows/ Vmax Pmax Emax Fiax P4 ch
Inch

1. 452 416 402

il. 452 409 396

10.6 LA 11. 470 435 419

11. 463 414 401

23T-1" 35 10.5 .5 11. 459 421 407

il. 465 419 405

il. 461 415 403

12. 466 416 403

10. 465 427 412

11. 456 419 405

1. 457 419 406

10. 455 411 399

10, 459 394 383

10. 448 407 394

1o. 450 412 399

10. 451 411 369

10. 447 411 398

10. 449 416 403

10. 455 414 401

10.4 .5 10. 457 412 399

11. 454 408 395

10. 450 406 393

10. 451 407 394

237! 50 10.4 .5 11. 451 408 394

11. 449 4073 388

10. 438 394 379

10.0 .5 10. 428 384 369

10. 418 370 354

9.7 .5 10. 408 361 344

10. 396 347 329

9.5 .5 10. 377 321 302

10. 356 303 283

11. 373 312 291

12. 379 314 293

12. 370 314 293

13. 366 308 286

23" -p" 6 10.0 .6 12. 374 302 281

12. 374 307 286

10.2 .6 12. 398 325 305

11. 424 341 322

10.3 .6 12. 431 350 331

12. 433 353 335

) 12. 459 378 359

247 10 10.5 .5 1l. 462 381 363

: 11. 448 372 355

11. 448 372 355

11. 450 371 354

10.1 .5 11. 436 364 346

i0. 417 338 320

24'-3m g 9.4 .5 10. 410 334 316
Table A4a: Sample dynamic results obtained by Case Method of Processing

(cont'd.) Sandusky LB520B
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Depth Blows/ VMax DMax  EMax  I™Max P4 CD

Inch

9.3 .5 10. 394 319 300

9.0 -5 9. 365 295 275

24 15" 7 8.5 .5 9. 351 276 257
8. 346 276 256

g. 342 270 250

10. 331 261 240

9.0 .6 10. 324 255 234

8.4 .6 9. 310 240 219

9. 301 226 204

8.8 .6 10. 314 228 206

9. 325 240 219

247-8" 5 9.1 .6 11. 341 254 233
11. 351 260 238

11. 362 272 251

il. 355 266 246

11. 358 277 256

9.5 .6 10. 364 278 257

12. 371 286 265

9.6 .6 i1. 392 295 275

247-11" 5 10.1 .5 i1. 407 316 296

Table A4: Sample dynamic results obtained by Case Method of Processing
(cont'd.) Sandusky 1LB520B
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[ Depth  Quake Res Sum Res J Weight  Stiffness

(Ft) (In) (Kips)  (Kips) (K-S/Ft) (Lb} (K/in}
T 4.1 .100 1 369 .33 172 7800.
2 8.1 100 1 368 .33 172 7800.
3 12.1 .100 1 367 .33 172 7800.
4 16.3 L1060 2 365 .66 172 7800.
5 20.4 .100 2 363 .66 172 7800,
6 24.4 100 5 358 1.65 172 7800.
7 28.5 .100 5 353 1.65 172 7800,
g 28.5 120 353 0 1.12
Max imums
Measured Pile Top Force 397
Velocity 9.7
Disp. .49
Computed Pile Toe Velocity 7.0
Disp. .25

Maximum Sum of Damping Forces Occurring Simultaneousily 47 Kips

Sandusky LB 520V

Depth  Quake Res Sum Res J Weight  Stiffness
(Ft) (In) (Kips) (Kips) (K-S/Ft) (Lb) (K/in)
1 4.1 .010 1 399 .56 172 7800.
V4 8.1 .010 1 398 .56 172 7800.
3 12.2 .010 2 396 1.12 172 7800.
4  16.3 010 2 394 .12 172 78040,
5 20.4 .010 2 392 1.17 172 7800.
6 24.4 010 4 388 2.24 172 7800.
7 28.5 L0110 4 384 2.24 172 7800.
8 28.5 049 384 Q 1.12
Max imums
Measured Pile Top Force 449
Velocity &.0
Disp. .27
Computed Pite Toe Velocity 3.1
Disp. .04

Maximum Sum of Damping Forces Occurring Simultaneously  47.

Sandusky LB 520P

Table A5: CAPWAP Resistance Distribution Results for
Piles 520V and 520F at Sandusky

96

Max Spring
Force

441.
443.
422 .
413.
419.
404.
382.

Max Spring
Force

365.
358.
374.
354,
335.
366.
377.



Depth Blows/ VMax DMax  EMax  TMax P4 Ch
inch

16" 3 11.4 3.2 13. 261 76 31
11.5 3.0 14. 266 80 35

15. 267 86 41

14. 266 90 46

177 3 11.3 2.7 i4. 266 88 43
i4. 268 94 50

15. 265 90 46

16. 267 g3 48

15. 268 96 52

18° 4 11.5 2.5 15. 267 95 51
16. 268 98 54

16. 268 99 55

16. 270 103 60

17. 271 103 59

19! 4 11.4 2.7 17. 272 104 60
16. 272 103 59

16. 275 106 61

1.6 2.3 15. 276 109 65

16. 276 112 68

2p! 4 11.9 2.5 16. 273 112 69
16. 276 114 70

17. 276 118 75

20'-6" .5 12.1 2.5 17. 276 115 71
15. 277 120 76

17. 277 121 77

21° .5 12.1 2.5 17. 277 123 80
16. 276 127 84

18. 278 130 87

AR -5 11.9 2.3 17. 277 130 88
i7. 277 131 88

11.5 2.0 16. 278 137 95

i7. 278 L4l 99

22 .7 il.6 2.0 i7. 278 141 99
11.5 1.3 15. 278 148 107
il.3 .7 15. 386 317 295
0.9 ) 13.° 428 400 386
1.4 .0 15. 457 422 410
13. 465 427 416
11.0 ) 14, 480 432 421
10.6 .5 13. 477 429 419
13. 494 443 432
11.3 .6 13. 496 4473 432
11.3 .6 i3, 496 455 445
11.2 .5 13. 496 LY 434
13. 496 4473 434
10.9 .5 i3. 493 440 431
222" 6.5 10.8 ! 12, 487 433 424
Tabie AG : Sample dynamic results obtained by Cage Method

of Processing.

Sandusky 08V
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Depth Blows/ VMax DMax  FMax  TFMax P4 Ch

Inch
L27 9.3 2.5 5. 225 23
15" 10.4 3.3 3. 252 38
18t L1.2 3.1 L1. 260 48
11.5 3.1 L15. 263 69 23
20" ) L4 i1.8 2.9 i8. 270 87 41
2017 b L1.7 2.5 L&, 273 102 57
216" .9 1L.8 2.4 19, 276 119 76
Li.3 .8 15, 388 269 2472
11.6 i 15, 457 413 400
Ll.4 .6 L5, . 499 436 h2h
11.8 .6 L5. 526 460 451
1.5 .6 15. 525 451 4473
10.8 6 i4. 514 450 4473
10.4 .6 L4. 504 421 414
G.2 .6 13, 468 388 380
8.8 6 13, 419 360 353
227 15. 8.5 5 1i. 406 353 346

Pile Top Damaged

Table A7

Sample dyramic results obtained by Case Method of Processing
Sandusky 08VP
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Depth Blows/ VMax DMax  EMax  FMax P4 D

Inch
6 241 26
5. 247 31
a. 254 37
10.4 3.2 8. 257 42
9. 262 51
14, 270 96
16. 276 77 29
17. 275 86 39
11.4 2.7 17. 273 90 4t
12. 228 88 51
22! .6 10.6 1.6 13. 264 119 77
15, 263 ilé 74
226" .8 11.2 1.1 16. 269 151 112
1E.4 .8 16. 337 293 269
14. 370 336 315
22'-11" 6 11.2 .7 15. 385 349 329
7. 3682 340 319
i6. 362 326 304
14. 376 319 296
14, 410 333 311
15, 430 368 349
23" 6 10.8 .6 13. 462 381 365
1.1 6 13. 448 389 374
i6. 434 369 352
14. 421 353 335
10.9 .6 14. 410 340 320
14. 397 330 309
11.5 .8 16. 386 317 295
14, 379 300 277
15. 378 309 286
11.3 o/ 15. 375 299 274

Table A8: Sample dynamic results obtained by Case Method of Processing.
Sandusky 08B
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Depth Blows/ VMax DMax  EMax  FMax P4 CD

Inch
16. 376 295 270
15. 392 304 280
11.4 . 15. 408 316 295
16. 428 343 124
17. 446 365 347
237 -5 3 11L.0 .6 15. 446 370 357
17. 440 368 351
11.6 .7 i6. 416 336 314
i7. 185 310 285
14. 382 297 271
19. 390 303 277
24" 4 11.5 .8 15. 367 291 264
11.6 .8 16. 346 278 250
24727 3 11.7 .8 17. 380 296 271
i6. 395 305 279
15. 400 311 287
244" 3.5 11.5 .8 17. 401 299 274
11.6 .8 17. 414 317 292
24" -p" 3.5 11.3 .8 16. 369 286 260
247-8" 2 11.1 .8 15. 341 252 224
16. 334 248 220
24'-10" 3 10.8 .8 15. 360 259 232
10.7 o7 15. 393 272 246
257 3.5 11.4 .9 16. 345 242 214
17. 400 284 261
252" 4.5 10.2 .8 16. 426 302 285
14. 436 314 294
2574 3.5 10.8 o 15, 431 311 290
15. 366 261 235
10.5 .9 15. 313 233 205
25'-g" 3 10.7 .9 17. 361 273 253
19. 361 260 233
25"-10" 3 10.3 .8 13. 306 231 203
11.1 1.0 i6. 305 221 191
.9 16. 377 251 224
26’ 4 11.5 .9 17. 394 250 222
.9 16. 373 237 2009
262" 3.5 11.5 1.0 i9. 362 237 209
.9 18. 352 232 202
11.9 1.1 19. 341 226 196
I.1 19, 332 226 196
1.2 20. 323 216 185
26" -4" 2.5 ii.4 1.1 18. 313 212 181
1.0 16. 305 212 181
10.8 .9 15. 297 205 173

ST : . .
Tab1¢lAb~ Sample dynamic results obtained by Case Method ol Processing
(cont'd.) Sandusky 03B
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Depth  Quake Res
(Ft) (In)  (Kips)
1 4.1 .100 0
2 5.1 100 0
3 12.2 . 100 0
4  16.3 100 2
5 20.4 100 2
5 4.4 . 100 4
7 28.5 . 100 4
3  28.5 150 438
Maximums
Measured Pile Top Force
Velocity
Disp.

Computed Pile Toe Velocity
Disp.

Maximum Sum of Damping Forces Occurring Simultaneouslty  70.

Sandusky 08Y

Sum Res

J Weight
(Kips)  (K-S/Ft)  (Lb)
450 0.00 172
450 0.00 172
450 0.00 172
448 1.50 172
446 1.50 172
442 2.99 172
438 2.99 172
0 1.12
497,
10.9
.55
5.4
.24

I Depth  Quake Res Sum Res J Weight
(Ft) (In} (Kips) (Kips) (K-S/FL) {Lb)
1 4.1 .150 O 501 0.00 172
2 8.1 .150 0 501 0.00 177
30 T12.1 150 1 500 .64 172
4  16.3 150 1 499 .64 172
5  20.4 150 1 498 .64 172
& 24.4 150 Ve 496 1.28 172
7 28.5 150 2 494 1.28 172
&  28.5 150 494 0 1.12
Max imums
Measured Pile Top Force 533.
Velocity i1.2
Disp. .59
Computed Pile Toe Velocity 6.9
Disp. .25

Maximum Sum of Damping Forces Occurring Simultaneousiy  46.

Table A9 :

Sandusky 08VP

08Y and 08VP at Sandusky

1061

Stiffness
(K/in)

7800.
7800.
7800.
7800.
7800.
7800.
7800.

Stiffness
{(K/in)

7800.
7800.
7800.
7800.
7800.
7800.
7800.

Max Spring
rorce

517.
512.
509.
505.
499,
494,
472.

Max Spring
Force

549.
545.
H37.
531.
b37.
533.
516.

CAPWAP Resistance distribution results for Piles



Depth BLlows/ Stroke VMax DMax EMax Max P4 Cbh
Inch
5.7 1.z 7. 148 77 55
6.7 ) 7. 167 133 112
7.3 .5 7. 200 190 172
7.6 .5 7. 230 228 211
198" 2.5 7.1 7.5 .5 7. 221 250 234
7.7 .5 7. 208 225 206
7.5 ) 5. 193 186 166
207 2.5 6.5 4.1 .2 2. 134 141 134
4,2 .3 4. 166 133 121
6.5 A 5. 178 176 158
207-4" 2.5 7.0 7.5 .5 8. 223 195 174
7.2 .0 8. 200 165 141
208" 2.5 6.7 7.3 .0 8. 200 174 151
21! 2.5 6.3 7.4 .7 8. 200 164 140
214" 3 6.8 7.3 .6 8. 204 164 140
7.7 .6 8. 222 L80 157
218" 5 7.0 7.9 .0 7. 221 192 170
8.3 .6 8. 231 219 197
20'-11" 8 7.4 8.3 .5 8. 237 236 214
221 7 7.0 8.3 ) 8. 216 223 202
8.0 .5 8. 215 208 185
8.3 ./ 9. 213 179 154
225" 1.5 5.9 7.1 .8 8. 188 125 100
7.6 .7 3. 216 146 125
3.2 .5 3, 259 217 196
3.9 .5 8. 268 288 271
22t-8" 9 7.4 8.7 .5 7. 274 277 259
8.6 A 7. 256 283 265
23! 18 7.7 8.9 A 8. 263 290 271
9.3 .5 3. 265 297 279
8.8 LA 7. 253 284 265
231743 7.4 9.2 ) 8. 243 272 253
3.9 .5 8. 252 286 267
9.4 ) 8. 264 301 283
9.3 .5 8. 261 290 271
9.4 .5 8. 248 291 272
237-3" 20 7.6 9.5 .5 8. 272 3i5 297
8.9 b 7. 241 289 270
8.6 ) 7. 234 254 232
236" 12 7.3 9.0 .5 8. 241 266 245
25090 9 7.1 9.0 .5 8. 237 237 2173
8.9 .b 8. 236 222 L97
24" 3 6.7 8.5 .9 8. 233 240 L84
8.6 .6 3. 231 193 Lan
247 -3" 3 0.6 8.1 .6 8. 221 179 152
7.8 7 8. 217 163 L36
2415 3 6.6 8.0 .8 9. 215 L57 129

Table AlO:sample

dynamic results obtained by Case Method of Processing

Sandusky K13V
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Depth Blows/ Stroke VMax DMax EMax  FMax P4 CD

Inch

107 2 4.9 1.1 6. 148 65 42

I 2 4.5 5.1 1.0 6. 150 73 50

15! .3 4.5 5.4 1.0 5. 158 79 55

17! b 5.8 .9 5. 169 84 04

18" 5 3.3 5.9 .9 H. 174 94 08

197 -g" ) 5.9 6.2 .8 7. £81 106 80

20" 1.0 6.1 6.5 .9 7. i84 105 79

20'-6" 1.0 6.4 6.7 .G 7. 188 108 81

21t L.0O 7.0 6.6 ./ 6. 193 115 38

217=-3" L3 7.5 8.4 ! 6. 332 268 282

20'=-6" 1.3 7.5 8.5 ! 6. 344 339 329

20'-8" 3. 7.6 9.3 .3 6. 410 390 381

9.5 A 7. 424 410 401

9.7 A 7. L4 1 416 406

20'85" 32, 7.9 9.5 A 7. 440 407 398

9.7 A 7. 436 412 402

20'-9"120. 8.0 10.2 4 8. 446 422 411

ic.1 4 7. 442 413 4072

9.9 .3 7. 447 426 416

10.6G A 7. 445 415 405

10.6 A 7. 425 414 404

_ 10.0 LA 7. 445 414 £04

207941120 8.0 9.9 3 7. 437 412 401

10.2 A 7. 434 4459 408

9.9 .3 7. 434 424 413

10.0 A 7. 444 408 397

20794160 8.0 10.1 A 8. Lbh 416 405
Table All: Sample dynamic results obtained by Case Method ol Processing

Sandusky KL13VpP
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Depth Blows/ Stroke VMax DMax EMax Fhax P4 Cb

Inch

5.6 1.4 7. 156 81 58

6.3 i.1 8. 166 98 74

6.9 .8 7. 182 124 99

6.9 o7 7. 191 141 116

20" .3 4.5 6.8 .b 7. 195 149 125
7.1 .6 7. 202 171 147

206" .5 4.9 7.2 ) 6. 203 189 167
7.4 . 6. 230 209 188

7.8 A 6. 273 252 233

217 ) 5.4 8.2 A 7. 302 283 266
8.2 LA 7. 318 288 272

2LT-6" 0 1.0 5.6 8.2 4 7. 325 288 271
217-10" 1.2 8.2 4 7. 332 289 272
227 P 6.4 8.5 b 7. 335 294 278
8.4 iy 7. 341 304 288

22'-6" 2.5 8.6 A 7. 339 299 283
22'-8" 16 7.4 8.5 A 7. 357 321 307
227-9" 5% 7.8 8.6 L4 7. 363 323 300
8.5 L4 7. 369 334 320

8.9 LA 7. 368 346 333

8.2 9.2 LA 7. 369 342 329

G.2 .5 8. 380 337 323

22'=10"70 8.0 8.9 4 7. 368 346 333

Tabie A17: Sample dynamic results obtained by Case Method of Processing
Sandusky K13B
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[ Depth  Quake Res

(Ft) (In)  {Kips)
1 4.1 . 100 0
2 8.1 .100 0
3 12.2 100 Z
4  16.3 100 d
5 20.4 100 2
6 24.4 100 4
7 28.5 .100 4
8 ?28.5 150 241
Maximums

Measured Pile Top Force

Sum Res J Weight
(Kips)  (K-S/Ft) (Lb}
255 0.00 172
2b5 0.00 172
253 .80 172
251 .80 172
249 .80 172
245 1.60 172
241 1.60 172
0 1.12
288.

Velocity 8.6

Disp. .46
Computed Pile Toe Velocity 7.6
Disp. .31

Maximum Sum of Damping Forces Occurring Simultaneously  53.

I Depth  Quake Res

(Ft) (In
1 3.9 .100
2 7.8 .100
3 11.8 . 100
! 15.7 100
5 19.6 100
b 23.5 160
7 23.5 . 100

Maximums

Measured Pile Top Force

) (Kips)

CO L W L — —

41

Sandusky K13V

Sum Res d Weight

(Kips) (K-S/Ft) (Lb)
429 .56 165
428 .50 165
427 .56 165
424 1.67 165
421 1.67 165
418 1.67 165

0 1.1

442,

Yelocity 9.6

Disp. .34
Computed Pile Toe Velocity 5.4
Disp. .10

Maximum Sum of Damping Forces Occurring Simultaneously  51.

Table A13:

Sandusky K13VP

CAPYWAP Resistance Distribution
Results for Pites K13V and KI3VP
at Sandusky
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Stiffness
(K/in}

7800.
7800.
7800.
7800.
7800.
7800.
7800.

Stiffness
(K/in)

8100.
8100.
8100.
8100.
8100.
8100.

Max Spring
Force

310.
320.
326.
316.
310.
300.
273.

Max Spring
Force

420.
424.
422.
409.
399.
411,



Depth Blows/ Stroke VMax DMax EMax FMax P4 Cch

Inch
157 L 4.6 1.2 3. b4 35 33
4.5 1.2 4. 97 46 43
L7 .5 5.4 1.9 9. 127 62 43
6.4 2.0 12. 148 32 60
L8t .8 7.3 2.0 14, 168 9i 66
7.4 2.2 16. 175 99 74
7.7 i.8 14, 188 112 85
197 .6 4.2 8.3 1.3 15. 219 160 132
9.7 1.2 17. 247 197 167
10.0 L.3 17. 247 193 163
206" A 8.0 .6 10. 250 210 181
217 1.2 6.4 10.6 L.G 16. 267 240 211
10.0 .8 14, 268 242 212
227 1.7 6.7 10.2 .9 5. 267 257 230
11.14 .7 B4, 314 301 276
22'-4" 4, 7.5 1L.7 .6 14, 342 349 324
8.0 13.3 .8 18. 349 344 317
227-8'" 3, 7.3 1.9 o7 L4, 344 322 297
11.0 .6 13. 308 3i4 288
1lL.6 .9 17. 277 283 256
9.9 7 12. 262 251 224
23'=-2" 1. 6.4 9.7 .7 12. 257 240 213
11.8 1.1 17. 266 269 242
12.9 . 9 17. 294 333 308
236" 2. 7.5 12.4 .7 16. 361 372 347
L2.9 .6 15. 395 394 370
13.7 .7 17. 427 409 386
230-10" 4.5 4.8 14.0 .7 17. 433 al4 391
13.2 o7 16. 422 399 374
13.8 .8 18. 398 372 345
243" 7 7.8 13.7 .9 18, 364 349 321
11.6 .7 13. 317 302 273
12.8 1.1 19. 302 270 236
11.2 .9 16. 286 240 207
11.0 1.0 16. 281 216 181
10.56 1.3 i7. 252 162 128
257 1.5 6.1 10.2 1.2 15, 236 155 123
9.6 1.1 15, 250 168 135
9.0 .6 8. 234 162 131

fable Al4: Sample dynamic results obtained by Case Method of Processing
Sandusky K25V
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Depth Blows/ Stroke VMax  DMax  EMax  FMax P4 Ch

Inch

227 .9 5.7 6.0 L.5 10. 176 S0 63
227-p" .5 6.9 1.4 13. 195 118 91
7.7 1.1 12, 212 148 120

22'-9" 1.6 6.3 3.6 .9 13. 232 188 160
8.4 .6 10. 260 235 212

10.1 .0 13. 311 308 287

10.6 .6 12, 343 338 317

227-10" 4, 8.0 11.4 .6 14, 383 368 349
227115 8.0 10.9 .6 13. 376 366 347
23" 5 8.3 11.7 .6 13. 430 390 372
11.9 .6 14, 452 415 399

12.4 .6 14. 463 431 416

237" 7. L1.7 .6 13. 462 422 407
11.5 .5 12, 442 401 384

12.1 .b 14, 432 393 373

12.0 .7 15. 407 364 343

237 -3" 5. 12.0 .7 15. 377 349 326
1.6 o7 14, 355 323 299

237" 3. 11i.2 .8 15. 314 289 263
12.0 .7 14, 389 344 322

23 -10" 4.5 iz2.1 ! L4, 421 384 364
12.7 .6 14. 446 412 393

24" 7. 13.0 .7 L5, 4432 401 381
12.3 .6 L4, 414 367 345

24720 4. 1.3 .7 i5. 340 308 2873
24T -4" Z. L0 4 .8 14, 299 259 232
LL.3 .7 14, 375 321 298

2.1 .6 13. 436 384 363

12,4 .6 L4, 445 400 380

248" 5. 12.6 .6 L4, 427 385 363
13.0 .7 L5, 476 384 360

12.7 .7 i5. 410 364 340

25" 5. 8.0 12.2 .7 14. 374 353 328
252" 2.5 8.1 1.4 .7 14. 326 301 275
12.0 .9 16. 308 282 252

25"-g" 2. 7.4 11.1 .8 15. 305 264 234
12.2 .8 16. 361 311 284

11.9 .7 L4, 370 336 311

Table AT5: Sample dynamic results obtained by Case Method of Processing
Sandusky K25B
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Depth Blows/ Stroke VMax  DMax  EMax FMax P4 Ch
Inch
5.5 3.0 g. 125 33 11
207 -6" .5 4.0 6.0 1.9 7. 56 54 47
217 .8 4.0 5.1 1.8 10. 150 71 48
217-p" .5 4.2 5.6 1.6 10. 149 80 58
227 .7 4.4 6.4 L.g 14, 168 92 67
4.5 6.3 1.4 L1, 177 Lal 76
5.7 .b 8. 268 113 89
5.5 7.7 .5 3. 374 309 298
7.0 10.8 .0 13. 474 435 420 *
8.0 11.9 .6 14, 549 495 481 |
8.4 12.0 6 14, 571 506 493 ¥
22'-1" 10. 8.7 12.4 o5 15, 655 535 522
9.2 12.8 .6 17. 730 536 527
8.5 11.5 .3 14, 723 494 482
8.6 12.2 .6 l6. 828 534 523
5.8 12.1 .5 15. 7137 552 541
ZZ'LE“ 1o. 8.1 11.6 .6 12. 278 365 346
Sample dynamic results obtained by Case Method of Processing
Sandusky K25VP
TableAlt
*Yalues too high due to excess strain [rom yielding of steel.
Depth Blows/ VMax DMax EMax FMax P4 Ch
Inch
6.7 4.1 i0. 153 33 5
7.0 4.3 L2, 158 38 i0
7.3 4. b £7. 170 5G 20
3.2 .3 4. 274 222 250
9.1 ! 9. 409 374 36l
Li.7 .5 12. 425 410 391
L9 -g" 3 11.6 5 11. 485 462 449

Sample dynamic results obtained by Case Method of Processing
Sandusky K25VE

TableAl7
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I Depth  Quake Res
(Ft) (In) (Kips)
1 4.1 100 0
2 8.1 . 100 0
3 12.2 100 2
4 16.3 100 4
5  20.4 .100 4
6 24.4 100 8
7 28.5 -100 8
5 28.5 400 374
Ma x Tmums
Measured Pile Top Force
Velocity
Disp.

Computed Pile Toe Velocity
Disp.

Sum Res
(Kips)

400
400
398
394
390
382
374

0

431
12.8
v

12.1
44

J

(K-S/Ft)

0.
0.

00
00

.78

1
1
3.
3
2

.55
.55

11

1
.24

Weight
(Lb)

172
172
172
172
172
172
172

Maximum Sum of Damping Forces Occurring Simultaneously

1 Depth  Quake Res
(Ft) (In) {Kips)
1 4.1 100 0
2 8.1 100 0
3 12.2 100 0
4 16.3 .100 2
5  20.4 100 2
6 24.4 100 4
7 28.5 .160 4
8 28.5 100 538
Max fmums
Measured Pile Top Force
Velocity
Disp.

Computed Pile Toe Velocity
Disp.

Sandusky K25V

Sum Res*
(Kips)

550
550
550
548
546
542
538

0

828.*
12.1%
.56

5.1
Y

(K

J
-5
0
0
0.
1
1
2
2
1

.00
.00
00
12
.12
.24
.24
2

/Ft)

Height
(Lb)

172
172
172
172
172
172
172

Stiffness
(K/in)

7800.
7800.
78060.
7800,
7800.
7800.
7800.

Stiffness
(K/in)

7800.
7800.
7800.
7800.
7800.
7800.
7800.

Max Spring
Force

435.
446.
451,
443.
423.
409.
400.

Max Spring
Force

995.
597.
590.
579.
575.
533.
572.

*Values too high due to excess
strain from yielding of steei.

Maximum Sum of Damping Forces Occurring Simultaneously

Sandusky KZbYP

Table A18: CAPWAP Resistance Distribution Results
for Piles K25V and K25VP at Sandusky
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Depth  Quake Res
(Ft) (In)  (Kips)
1 3.9 .100 ]
2 7.8 .100 1
3 11.8 100 1
4 15.7 100 4
5 19.6 100 4
6 23.5 100 4
7 23.5 150 450
Max imums
Measured Pile Top Force
Velocity
Disp.

Computed Pile Toe Velocity
Disp.

Sum Res
(Kips)

464
463
462
458
454
450

0

486.
11.4
43

7.5
17

J

(K-S/Ft)

.52
.52
.52
.08
.08
.08
L

— NI RO M2

Weight
(Lb)

165
165
165
165
165
165

Maximum Sum of Damping Forces Occurring Simultaneously

Table A19:

Sandusky K25VE

CAPWAP Resistance Distribution Results
for Pile K25VE at Sandusky
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Stiffness
{K/1in)

8100.
8100.
8100.
8100.
8100.
8100.

Max Spring
Force

49%.
499,
500.
498.
482.
452.



bDepth Blows/ VMax DMax EMax  FMax Flmp P4 Cco

Inch
57 1.7 103 ! 3. 218 218 70
6! 2.4 10,1 iy 3. 218 218 81
7' 2.0 LOLO L4 3. 217 217 91
8’ 2.8 9.5 - 3. 221 221 84
10.L .3 3. 214 214 109
g 3.3 10.7 ! 3. 226 226 119 L3
10,8 .3 3. 231 231 126 24
10! 3.0 10.2 .3 3. 232 232 129 27
10.9 L4h 3. 228 228 132 35
1T 3.8 10.7 .3 3. 232 232 140 42
12’ 4.2 10.3 .3 3. 231 231 139 43
10.4 .3 3. 227 227 135 39
L3? 4.1 il.7 A 4. 241 241 150 50
10.8 .2 3. 235 235 172 62
L4t 4.2 11.5 .3 3. 234 234 L80 93
10.7 .3 3. 242 242 172 79
10.4 .2 3. 244 244 182 90
157 4.4 10.9 .3 3. 247 247 179 84
1G.8 .3 4. 243 2473 178 85
9.4 .2 3. 248 243 202 113
L57=-7" 6.9 11.2 .3 3. 224 224 223 L55
L5"-9" 8.0 9.4 .2 3. 215 215 195 125
10.8 .2 3. 210 210 210 146
16’ 12.0 Li.2 iy 5. 217 217 193 120
let-2" 7.0 11.8 4.3 6. 211 211 190 120
1G.5 3.0 3. 207 207 193 126
Lot -4" G.0 8.8 s 2. 216 216 218 153
16=51/4  20/1/2 10.0 .2 3. 213 213 198 152

Table A20: Sample dynamic results obtained by Case Method of Processing
W92 9B3V
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Depth Blows/ ViMax DMax EMax FMax Fi P4 Ch

Iinch

27 .3 8.7 .9 2. 206 206 28

47 .6 9.8 1.1 3. 206 206 27

5' .8 8.0 .9 2. 201 201 63

6' L.0 7.5 .9 2. 143 143 55

7' 1.5 6.7 .9 2. 151 151 73

a' L.7 8.4 .6 2. 197 197 54

g' 1.7 9.G .8 3. 193 193 43

10’ 2.0 9.1 .7 3. 160 190 39

9.5 L4 2. 197 197 78

9.2 .H 2. 217 217 104

IS 2.0 9.7 .3 2. 217 217 112

9.1 ! 2. 219 219 104

12° 2.5 9.2 .3 2. 218 218 130
L3! 2.8 7.8 .2 2. 212 212 140 hl
141 3.2 9.2 .3 2. 218 213 140 55
8.5 L2 2. 206 206 148 69
_ 8.5 L 2. 219 219 174 94
15 5.6 8.3 .1 2. 233 233 193 112
152" 5,0 8.4 .2 2. 215 215 183 114
L5'-4" 6.0 8.9 L 2., 217 217 199 133
157-6" 5.0 8.2 .1 2. 227 227 178 95
15'-8" 5.0 7.3 .1 1. 237 237 179 90
15T-10" 6.0 .2 .2 2. 236 236 209 129
16' 6.0 8.3 L 2. 224 224 210 140
LeT-2" 8.0 8.3 . 2z, 226 226 204 131
1eT=4" 13.0 8.5 .1 2. 226 226 223 156
167 -6" 20.0 3.4 A Z. 220 220 199 126

Table A2l

Sample dynamic results obtained by Case Method of Processing
w92 983p
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Depth  Quake

] 3.3 160
2 6.6 .100
3 3.9 .100
4 13.1 .100
5 16.4 .100
6 19.7 100
7 23.0 100
8 23.0 150
Maximums

Measured Pile Top Force
Velocity 10.1

Computed Pile Toe

Res
(Ft) {In} (Kips)

0
0
7
20
31
31
31
31

Sum Res
(Kips)

151
151
144
124
93
62
31

Disp. .22
Velocity 12.4
Disp. 16

J
{K-S/

0

0

Ft)

.00
.00

.35

11
.73
73
73
.34

Weight
(Lb)

139
139
139
139
139
139
139

Maximum Sum of Damping Forces Occurring Simultaneously

1 Depth  Quake

1 3.3 070
2 6.6 070
3 9.9 .070
4 13,1 .070
5 16.4 .070
6  19.7 070
7 23.0 .070
8  23.0 120
Max imums

Measured Pile Top Force
Yelocity 10.1
Disp.

Res
(FL) (In)  (Kips)

0
0
5
25
40
40
30
30

Sum Res
(Kips)

170
170
165
140
100
60
30
0

229
A7

Computed Pile Toe Velocity 8.6

Disp.

12

J
(K-S/

QL omed PO NS

Ft)

.00
.00
.32

.54
.54
91
.34

Weight
(Lb)

139
139
139
139
139
139
139

Maximum Sum of Damping Forces Occurring Simultaneously

Tabie AZ2Z:

W92 9B3-P

Stiffness
(K/in)

9400.
9400.
9400.
9400.
9400.
9400.
9400.

Stiffness
(K/in)

9400.
9400.
9400.
9400.
9400.
9400.
9400.

CAPWAP Resistance Distribution Results

For Piles 9B3Y and 9B3P at W92
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Max Spring
Force

212.
208.
224,
238.
233.
201.
151.

Max Spring
Force

229.
227.
238.
250.
243.
204.
141.



Depth Blows/ VMax DMax  EMax  FMax Fl1 P4 CD

Inch
3! 1.0 5.4 1.5 2. 91 91 16
47 1.7 5.6 1.0 3. 108 108 29
57 2.0 5.6 .7 2. 109 109 37
6! 3.0 5.3 .5 2. 108 108 47
5.6 .5 2. 118 118 52
7' 4,0 6.0 .5 2. 117 117 56
8! 4.3 6.0 A 2. 123 123 66 11
g’ 4.8 6.2 .5 2. 127 127 66 9
107 4.8 6.3 .6 2. 121 121 64 10
LE! 5.6 6.2 b 2. 129 129 75 19
12! 5.2 5.8 A 2. 123 1273 75 23
13’ 5.6 5.7 .3 2. 126 716 79 27
14! 6.2 6.0 .3 2. 128 128 84 31
5.9 .2 I. 129 129 102 54
157 5.8 6.4 .2 2. 134 134 119 74
15'-3" 13. 6.3 .2 2. 138 138 122 75
156" 11i. 6.2 .2 2. 136 136 122 76
L5t-g" 13. 6.6 .2 2. 145 145 127 78
157 12. 6.8 .2 2. 142 142 132 86
6.4 .2 2. 138 138 134 91
172" 14 6.8 .2 2. 145 145 144 100
6.7 .2 2. 149 149 152 107
16'-4" 17 7.2 .2 2. 150 159 161 118
6.9 .2 2. 148 148 165 125
16'-5" 20 6.9 .2 2. 153 153 173 132

Table A23. : Sample dynamic results obtained by Case Method of Processing
W92 D5V
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Depth Blows/ VMax DMax EMax FMax  Fl P4 CcDh

Inch
4! 1.0 5.3 L.4 3. 96 96 13
5 1.2 5.9 1.6 3. 106 106 17
6' 1.5 5.0 1.4 2. 94 94 18
7' 1.8 5.3 1.0 2. 103 103 27
3’ 2.0 5.1 o7 2. i1l 111 37
97 2.0 5.4 .6 2. 115 115 42
g 2.3 5.6 .5 2. 121 121 55
127 2.6 5.9 b 3. 124 124 61
137 3.0 6.0 .5 2, 125 125 63
147 3.7 6.0 4 2. 130 130 80 25
15* 5.8 6.3 5 3. 129 129 87 36
6.7 b 3. 143 % 103 48
15t-2" .0 6.5 .3 2. 143 143 111 58
i57-6" 3.0 6.3 .3 2, 137 137 108 58
15'-8" 9.0 6.1 .3 2. 138 138 110 60
15"-10" 9.0 6.7 .3 2. 138 138 113 63
16" 10.0 6.4 .2 2. 145 165 125 75
6.7 .2 2. 147 147 138 91
let—-1" 12.0 6.8 .2 2. 148 148 142 95
7.1 .3 2, 152 152 147 100
162" 20.0 7.1 .2 2. 147 147 154 111
Table a7e

Sample dynamic results obtained by Case Method ol Processing
Wa2 D5P
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Depth Blows/ VMax DMax  EMax  FMax FL P4 Cch

Inch
3! 1.4 5.1 1.1 3. 100 106G 21
47 2.5 5.4 1.0 Z. 101 101 24
57 3.0 5.3 .7 Z. 102 102 34
5.1 .6 2. 107 107 38
6’ 4.5 5.2 .5 Z2. 112 11z 50
7! 3.2 5.3 .5 2, 106 106 52 3
8' 6.1 6.1 .6 2. 104 104 51 3
5.4 .h 2. 109 109 65 18
a! 7.2 5.7 b 2. 116 116. 67 17
5.5 b Z. 116 116 69 19
10’ 6.7 5.3 .3 2. 116 116 70 21
1L’ 6.3 5.2 .3 2. 112 1i2 70 24
12! 7.4 5.0 .3 1. 112 112 76 31
137 9.1 5.4 .3 2. 120 120 81 33
14! 11.2 4.8 .3 1. 104 104 78 38
142" 12 5.0 » 3 1. 111 111 83 40
144" 11 5.0 .3 1. 110 110 83 41
4.4 .2 1. 101 101 32 46
5.2 .2 1. 112 112 80 36
14'-8" 14 4.3 .2 1. 98 98 81 46
5.0 .3 1. 112 112 85 43
5.1 .3 1. 114 114 85 43
15° 16 5.0 .3 1. 108 108 86 46
4.6 o2 1. 101 101 85 49
4.5 .7 1. 108 108 89 50
5.2 .2 1. 118 118 95 52
4.9 .2 1. 109 109 92 54
154" 17 5.6 .3 2. 121 191 99 55
4.7 .2 1. 103 103 93 58
5.1 .2 1. 118 118 99 57
5.9 2 1. 137 117 101 &0
5.5 .2 1. 123 123 105 62
5.1 .2 1. 114 114 103 65
5.3 .2 L. 117 117 105 66
15'-8" 17 5.5 .2 L. 122 122 108 66
5.0 .2 1. 112 112 104 67
5.0 a2 L. 114 114 106 69
15'-10" 20 b7 <2 1. 110 110 105 69

Table A25

Sample dynamic results obtained by Case Method of Processing
W92 D5B
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1 Depth
(Ft)

3.
6.
9.
13.
16.
19.
23.
23.

GO~ LY —
OO~ I o h W

Max imums

Measured Pile Top Force
Velocity
Disp.

Computed Pile Toe Velocity
Disp.

Quake
(In)

. 060
- 060
. 060
. 060
060
. 060
. 060
120

Res

(Kips)

0

0
10
24
28
28
20
20

Sum Res

J

(Kips)  (K-S/Ft)

130
130
120
96
68

20

152.
6.5
17

6.1
12

.00
.00

.5b
.81
.81

01

Weight
(Lb)

139
139
139
139
139
139
139

Maximum Sum of Damping Forces Occurring Simultaneously

I Depth
{(Ft)

3.
b.
9.
13.
16.
19.
23.
23.

OO~ Oy LN = L N e
OO~ OO W

Max imums

Measured Pile Top Force

Quake
(In)

. 100
100
100
100
.100
.100
. 100
-100

Res

(Kips)

0
0
7
21
26
21
21
21

W92 D5Y
Sum Res J
(Kips) (K-S/Ft)
117 0.00
117 0.00
110 .49
39 1.46
63 1.81
47 1.46
21 1.46
0 4,45
147.

Velocity 6.8

Disp. .21
Computed Pile Toe Velocity 7.4
Disp. 16

Weight
(Lb)

139
139
139
139
139
139
139

Maximum Sum of Damping Forces Occurring Simultaneously

Tahle AZC :

CAPWAP Resistance Distribution Results for Piles DaY

W9z D5P

and D5P at W92

117

Stiffness
(K/in)

94G0.
9400.
9400.
9400.
9400.
9400.
9400.

Stiffness
(K/in}

9400.
9400.
9400.
9400.
9400.
9400.
9400.

Max Spring
Force

148.
153.
164.
162.
139.
106.

B5.

Max Spring
Force

152.
153.
160.
162.
145.
118.

81.



Depth Blows/ VMax DMax  EMax  FMax  Fl P4 )]

Inch
7! .6 3.0 A 3. 99 70 87 73
8! 1.1 4.0 .6 5. 113 100 104 83
4.3 .8 7. 134 130 110 78
4.7 .6 6. 152 140 134 101
10 1.1 5.0 .6 7. 168 150 145 110
11" 1.1 4.9 .5 6. 168 150 152 120
5.4 6. 174 160 159 123
5.8 7. 181 170 164 105
13" 1.2 6.1 .5 6. 187 180 176 120
147 1.3 7.7 A 7. 250 210 236 179
7.8 7. 254 210 241 184
15" 1.4 8.3 4 7. 270 220 256 199
9.3 A 7. 260 230 287 231
7.2 6. 288 210 262 214
16" 2.5 9.3 .5 8. 307 230 290 234
7.7 8. 291 210 271 223
8.8 .5 8. 294 220 280 228
8.1 7. 295 210 277 229
16'-10" 4.2 8.2 .5 8. 294 210 274 227
3.0 8. 298 220 280 231
8.2 .5 8. 297 210 280 232
17! 12. 7.2 .5 8. 290 200 259 215
8.2 A 7. 298 210 283 236
17'-1" 19 8.4 A 8. 313 230 297 247
17'-2" 15 7.2 A 7. 303 200 268 227
9.2 .5 8. 317 230 305 252
8.0 8. 307 220 300 255
17'-3" 18 9.4 A 8. 323 240 317 263
8.0 .5 9, 311 220 305 262
8.9 A 8. 322 230 308 259
177-4" 20 9.4 A 8. 313 240 321 270

Sample dynamic results cobtained by Case Method of Processing
W92 520V

Table A27
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Depth Blows/ VMax DMax  FMax FMax F1 P4 4]

Inch
10 .8 4.5 1.4 5. 65 50 51 40
11’ 1.0 5.4 1.5 8. 83 60 65 51
127 1.0 4.4 1.1 6. 81 60 69 55
5.3 10. 120 100 102 78
137 1.2 5.1 1.2 9. 113 90 96 77
14" 1.3 5.0 1.2 8. 110 80 92 74
4.6 8. 112 100 97 76
4.8 1.0 | 8. 125 110 111 86
15’ 1.8 3.8 .7 7. 166 160 131 90
4.8 .6 8. 200 190 162 1i5
4.6 7. 202 200 168 120
16' 2.6 5.4 .6 8. 216 210 182 132
16'-2" 6.5 5.5 .5 8. 229 220 191 138
167-4" 10 7.0 .5 8. 281 250 259 220
6.8 8. 308 250 276 228
16'-6" 10 7.7 .5 9. 315 260 288 238
7.7 9. 321 270 294 243
8.3 1l. 331 280 306 255
16'-7" 11 8.0 .5 10. 321 270 300 251
8.2 10. 332 280 311 260
7.6 9. 323 270 304 257
8.4 1L. 336 270 312 263
7.6 9. 331 270 314 266
16'-9" 15 8.0 .5 10. 335 270 314 265
8.3 10. 340 270 322 274
&.0 10. 336 270 324 276
8.7 1l. 347 280 330 282
8.1 10. 340 270 324 278
8.2 10. 347 280 331 285
16'-11"" 16 8.4 .5 10. 352 270 333 287
8.5 10. 359 280 336 290
8.2 10. 358 270 336 291
8.5 .5 10. 359 280 343 297
17! 16 8.7 .3 11. 365 290 352 304
17'-3" 20/%” Remainder of Data is not of good quality

Sample dynamic results obtained by Case Method of Processing
W92 520P

Table AZ8
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Depth Blows/ VMax DMax  EMax FMax Fl P4 CD

Inch
9! 1.4 4.2 1.1 5. 74 60 67 54
4.7 1.3 7. 86 70 75 60
4.8 8. 102 90 90 71
117 1.3 3.8 .8 6. 102 90 93 74
12° 1.2 4.5 1.0 8. 118 100 106 84
4.5 7. 120 100 104 82
13! 1.4 4.8 1.1 8. 117 100 102 80
4.6 8. 113 100 99 77
14" 1.6 4.9 1.2 9. 119 100 107 84
b4ob 8. 122 100 106 83
15" 1.7 4.5 .9 8. 131 110 112 89
4ol .8 7. 137 110 122 99
3.9 .8 8. 158 150 143 108
167 2.3 4.7 i 8. 202 190 178 136
5.1 .7 9. 218 200 190 145
5,3 8. 230 220 202 154
5.4 .6 8. 235 220 206 158
5.5 8. 240 220 216 169
17! 3.3 5.9 .6 9, 257 230 229 180
6.2 .5 8. 278 240 262 216
6.9 .9 289 250 275 228
7.1 .5 10. 302 250 286 239
6.9 9. 314 250 290 246
17'-4" 6.8 7.3 .5 9. 321 260 304 259
6.4 8. 320 250 295 253
6.8 8. 321 250 300 257
177-5" 13 6.7 L 8. 327 250 300 259
7.2 9, 336 260 315 272
17'-6" 12 7.3 .5 g, 344 260 318 275
7.1 9, 343 260 315 272
7.4 9. 340 260 320 277
17-7" 14 7.2 .5 9. 341 260 316 274
6.8 8. 339 250 314 273
7.3 9. 348 260 321 280
17'-8" 16 7.2 A 8. 349 260 325 284
7.4 9. 358 260 329 287
7.3 A g, 361 250 331 291
7.6 .5 9, 366 270 339 298
17'-9" 19 7.6 .5 9. 364 260 333 293
17-10" 20/% 7.5 .5 9. 359 260 334 295

Sample dynamic results obtained by Case Method of Processing
W92 5208

Table AZ9
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I Depth Quake Res Sum Res J Weight Stiffness  Max Spring

(Ft} (In) (Kips) (Kips)  (K-S/Ft) (Lb} (K/in) Force
1 4.0 100 0 280 0.00 169 7700. 325.
¢ 8.0 .100 0 280 0.00 169 7700, 327.
3 12.0 100 2 278 .08 169 7700. 322.
4 16.0 100 3 275 .12 169 7700. 316.
5 20.0 .100 10 265 .4 169 7700. 319.
6 24.0 100 30 235 1.24 169 7700. 307.
7 28.0 .100 90 145 3.73 169 7700. 263.
8 28.0 .160 145 0 2.24
Maximums
Measured Pile Top Force 287.
Velocity 8.8
Disp. .45
Computed Pile Toe Velocity 6.9
Disp. .27

Maximum Sum of Damping Forces Occurring Simultaneously  bb.

W92 520V

Table A30 : CAPWAP Resistance Distribution Results for Pile 520V
at wWo?
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Depth Blows/ VMax DMax  EMax  FMax  Fl P4 Ch
Inch
6.9 .2 3. 218 170 239 218
6.8 .2 3. 215 176G 240 218
7.0 .3 4. 213 160 234 2513
7.8 .3 4, 231 180 262 239
7.5 .3 4. 225 170 254 233
6.8 L2 3. 222 170 252 230
7.1 .2 4. 227 180 251 228
7.5 .3 4, 215 170 244 224
7.6 A &, 210 160 233 212
6.7 ) 3. 219 170 240 219
7.0 .7 3. 222 180 251 229
7.2 .3 4. 219 L70 244 222
6.8 .2 3. 222 170 250 278
7.5 .3 4. 221 L70 247 225
7.1 .2 4. 221 180 253 231
7.6 .3 4., 222 170 249 228
7.4 .3 4. 218 170 249 227
7.4 .3 4. 218 170 250 229
7.1 .2 3. 220 180 255 233
7.7 .3 4, 228 180 253 21
LG .3 4. 234 180 261 238
7.4 .3 4, 234 180 266 245
7.1 .2 4. 237 190 266 242
7.8 .3 4, 243 190 2773 249
7.2 .2 4 249 190 277 254
7.5 .2 4. 250 200 281 257
7.6 .3 4, 235 180 266 244
7.6 .3 b4, 242 190 277 254
8.0 . 3 5, 239 190 272 248
7.4 .2 4., 242 190 279 255
7.6 .3 4. 245 190 271 247
7.1 .2 4. 249 190 273 250
7.8 .3 4, 232 180 266 243
8.0 .3 5. 230 180 261 238
7.5 -3 4, 234 180 262 239
7.4 .3 L, 234 180 266 243
7.4 .3 4, 235 19G 269 246
7.2 .2 4, 232 180 265 242
7.2 .3 4, 229 170 250 230
6.9 .2 3. 225 180 252 230
6.6 .2 3. 228 180 252 229
7.2 .2 3. 211 1580 264 239

Sample dynamic results obtained by Case Method of Processing
W92 520V/440

Table A3l
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I Depth
(Ft)

3.
6.
9.
13.
16.
19.
23.
23.

CO 1 O U7 P 0 DD wd
OO P OO W

Maximums

Measured Pile Top Force

Quake Res
(In) (Kips)

. 060
. 060
. 060
. 060
. 060
. 060
. 060
110

0]
0
5
15
40
55
48
27

Sum Res
(Kips)

190
190
185
170
130
75
27
0

215

VYelocity 6.7

Disp.

.22

Computed Pile Toe Velocity 4.8

.13

(K-S/Ft)

E= N SR EVIE AV

.00
.00
.31
.92
.46
.38
.95
45

Height
(Lb)

139
139
139
139
139
139
139

Maximum Sum of Damping Forces Occurring Simultaneously

Stiffness
(K/in)

9400.
9400.
9400.
9400.
9400.
9400.
9400.

W92 520V/440F (Early Blow)

I Depth  Quake Res Sum Res
(Ft) (In}  (Kips) (Kips)
1 3.3 .045 0 239
2 6.6 .045 0 23S
3 9.9 .045 5 234
4 13.1 .045 15 219
5 16.4 .045 41 178
& 19.7 .045 58 120
7 23.0 .045 62 58
8 23.0 120 58 0
Max imums
Measured Pile Top Force 231.
Velocity 7.4
Disp. .24
Computed Pile Toe Velocity 4.2
Disp. 12

J

Wb A RS

(K-S/Ft)

.0C
.00
.23
.68
.87
.64
.82
.90

Weight
(Lb)

139
139
139
139
139
139
139

Maximum Sum of Damping Forces Occurring Simultaneously

Table A3Z:

Stiffness
(K/in)

9400.
9400.
9400.
9400.
95400.
9400.
9400.

58.

W92 520v/440L (Later Blow)

CAPWAP Resistance Distribution Results for

Piles 520V/440R and 520V/440L at W92

123

Max Spring
Force

190.
199.
207.
207.
193.
151.

93.

Max Spring
Force

214.
228.
232.
235.
224.
184.
127.



Depth Blows/ VMax DMax EMax  FMax Fi P4 CD

Inch
6' .5 10.8 2.3 15. 248 240 78
10.7 14. 247 240 a7 5
9° .5 11.4 2.3 17. 268 260 99 12
1! ) 10.9 1.9 15. 260 250 95 10
13° .8 11.6 1.4 16. 297 290 153 64
147 .9 1l.4 1.3 16. 301 300 164 76
15" 1.0 11.3 1.3 16. 304 300 163 74
11.4 1.1 16. 305 300 201 119
16! 1.4 11.5 1.0 16. 315 360 231 154
11.6 .8 7. 318 310 297 231
16°-10" 2.5 10.7 .6 13. 336 280 346 300
7 5 1.1 .7 16. 352 300 365 315
11.0 15. 369 290 376 331
8.9 13. 360 290 372 327
17'-2" 7 11.90 .B 14. 387 300 387 343
10.9 14. 390 300 389 346
i1.3 -6 15. 409 310 408 363
174" 11.8 .6 16. 425 300 419 379
11.4 .6 16. 425 300 417 377
10.2 15. 421 300 409 369
10.8 ) 14. 427 300 416 377
11.5 .6 16. 432 300 422 383
17t 12 11.1 .6 15. 428 290 415 378
10.3 16. 420 270 396 365
9.8 14. 422 280 400 364
10.0 14. 430 290 413 377
177-7" 20 10.7 .6 14. 439 300 422 386
Table A33:  Sample dynamic results obtained by Case Method of Processing
W92 08V
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Depth Blows/ VMax DMax  FEMax  FMax  Fl P4 "))

Tnch

7! .2 11.1 2.5 8. 236 220 37

1o’ .3 11.7 3.0 11. 243 230 40

12" .5 11.8 2.8 12, 249 240 52

131 .6 11.8 2.7 16. 257 250 77

141 .6 11.7 2.5 17. 271 270 92

15" .8 11.0 1.5 15. 277 270 123 36

16" 1.3 10.9 1.3 14, 282 270 150 69
10.2 1.0 13. 287 270 177 100
10.5 .9 15, 303 290 218 143
11.0 .7 15. 334 290 324 270
11.1 14. 347 280 330 289

17t 4.3 10.9 .6 14. 372 280 359 314
11.2 15, 370 290 363 319
9.8 13. 390 290 379 336

17'-3" 9 10.1 .6 14. 397 270 372 336
10.6 13. 402 280 389 352
9.6 13. 385 250 356 324

17'-7" 6 11.2 .7 15, 382 270 371 333
10.8 13. 388 290 380 338

i7'-9" 8 10.9 .6 14. 388 270 373 335
10.6 .6 14. 395 290 384 343
11.1 15. 394 290 383 342

18" 6 10.5 6 14. 401 290 391 350
10.5 14. 417 290 395 356
11.0 .6 15. 429 290 410 374
11.4 16. 548 300 426 389

18'-2" 12 11.2 .6 16. 458 290 431 398
8.9 12. 453 270 409 380
8.9 15 11. 439 310 438 400

18'-3" 25 9.5 .5 12. 449 300 438 403

Tabie A34

Sample dynamic results obtained by Case Method of Processing
Wwe2 08P
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Depth Blows/ VMax DMax  FEMax  FMax  Fl P4 CD

Inch
6' .5 11.9 2.4 16. 248 240 94 13
7! .6 12.3 2.6 19. 253 250 99 17
11.8 17. 260 260 104 20
10" .6 10.9 1.2 12, 260 250 138 62
11! .8 11.0 1.2 12. 268 260 144 65
12! .8 11.8 1.5 14. 264 260 142 64
13" .8 10.9 1.1 13. 277 270 164 85
14! .9 10.8 1.0 12. 271 270 160 83
15° 1.2 10.9 1.0 13. 269 260 184 113
10.5 .9 13. 283 270 209 140
167 1.3 10.3 .8 13. 291 270 229 163
9.7 .6 12. 292 270 300 248
10.8 .6 13. 366 270 359 320
177 2.1 10.9 .6 14. 371 280 371 331
177-4m 6 9.3 .5 12. 391 280 374 336
10.1 15. 403 270 381 345
177-6" 10 10.4 .6 15. 410 280 390 355
10.5 14. 410 270 389 356
9.5 12. 417 280 397 361
17'-8" 10 9.4 .5 13. 416 280 394 359
7.9 11. 399 250 351 319
9.6 .5 13. 417 290 406 369
8.6 12. 390 270 369 334
8.9 5 13. 408 280 389 352
8.2 5 12. 392 260 368 335
8.5 12. 409 250 369 339
17710 12 8.6 .5 11. 404 230 337 310
9.1 12. 409 250 356 326
9.0 12. 404 240 349 319
7.0 10. 397 180 280 260
gt -1" 247172 7.8 .6 11. 392 170 274 260
TahTe A35

Sample dynamic results obtained by Case Method of Processing
w92 OB
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I  Depth Quake Res Sum Res
(Ft) (In)  (Kips) (Kips)
1 4.0 .100 0 405
2 8.0 .100 0 405
3 12.0 100 10 395
4 16.0 100 20 375
5 20.0 L1060 45 330
6 24.0 100 70 260
7 28.0 .100 85 175
8 28.0 .300 175 0
Maximums
Measured Pile Top Force 409,
Velocity 11.4
Disp. .63
Computed Pile Toe Velocity 7.4
Disp. .37

{K-S/Ft)

G o N —

.00
.00
.29

.31
.04
.48
.36

Weight
(Lb)

169
169
169
169
169
169
169

Maximum Sum of Damping Forces Occurring Simultaneously

Wwoz2 08Y

Stiffness
(K/in)

7700.
7700.
7700.
7700.
7700,
7700.
7700.

Max Spring
Force

436.
445.
453,
446.
424.
369.
286.

Table A36: CAPWAP Resistance Distribution Results for Piie

08V at W92
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Depth Blows/ VMax DMax EMax  FMax F1 P4 CD
Inch

219 170 240 219
224 170 246 224
223 180 250 227
239 190 270 246
233 190 269 245
236 190 267 242
227 180 260 237
240 190 278 254
251 200 285 260

OO~~~
a8 s s o w s  w %
Sl e = IRV RV NG B a
L
W N Wil s
e w0 W W
s s a2 & & & & =

Sample dynamic results obtained by Case Method of Processing
W92 08V/440

Table A37
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I Dapth

(Ft)

3.
6.
9.
13.
16.
19.
23.
23.

O~ O U1 B o P~
OO~ Oy W

Maximums

Measured Pile Top Force
Velocity - 7.4
Disp.

Quake
{In)

. 060
. 060
. 060
. 060
. 060
. 060
. 060
.100

Res
(Kips)

0
0
5
26
58
78
37
26

Sum Res J Weight

(Kips)  (K-S/Ft) (

230 0.00
230 0.00
225 .19
199 .99
141 2.22

63 2.98

26 1.41

0 2.23

220.

.24

Computed Pile Toe Velocity 5.5

Disp.

A4

Lb)

139
139
139
135
139
139
139

Maximum Sum of Damping Forces Occurring Simultaneously

Table A38:

Stiffness
(K/in)

9400.
9400.
9400,
9400.
9400.
9400.
9400.

W92 08Y/440R {Early Blow}

for Pile 08V/440R at W92

129

CAPWAP Resistance Distribution Results

Max Spring
Force

220.
229.
237.
237.
214,
157.

76.



Depth Blows/ VMax DMax EMax FMax Fl P4 CD

Inch
4! .6 7.7 1.8 8. 177 170 48
5! .8 8.5 1.6 8. 186 180 57
7! 1.2 8.5 1.0 7. 201 200 88 25
g' 1.3 9.0 1.1 9. 212 210 a9 33
L4! L.5 9.7 L.0 8. 212 210 127 67
L5 2.0 9.9 ) 7. 226 220 150 89
16’ 3.8 9.5 .3 6. 213 210 170 118
i6'-11" L4 11.0 .1 3. 291 260 37% 339
171" 14 12.8 .3 7. 291 260 351 316
i7t-ano 25 13.3 .6 7. 309 300 371 323
Sample dynamic results obtained by Case Method of Processing
W92 D15V
Depth Blows/ VMax DMax  EMax FMax F1 P4 Ch
Inch
7'-8" 1E 14.8 .6 11. 326 310 381 330
13.1 ) 10. 328 300 387 343
17'-10" 12 15.8 .6 10. 329 310 409 364
15.0 . 6 11. 344 300 412 371
15.7 .6 10. 337 320 417 371
18’ 13 13.9 iy 8. 325 300 408 367
12.5 b 8. 322 310 386 338
18"--2" g 11.2 .2 5. 309 280 390 355
12.3 3 7. 323 310 392 343
13.4 .H 9. 321 280 395 359
18" -5 i4 12.8 .5 9. 319 310 392 345

Sample dynamic results obtained by Case Method of Processing
W92 D15P

Table A39
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Depth
(Ft)

3.
6.
9.
13.
16.
19.
23.
23.

o~ Ut sy —
O~~~ O W

Maximums

Measured Pile Top Force
Velocity
Disp.

Computed Pile Toe Velocity
Disp.

Quake
(In)

100
.100
.100
100
100
. 100
.100
.120

Res

(Kips)

0

0
10
23
33
42
61
121

Sum Res
{(Kips)

290
290
280
257
224
182
121

0

290.
12.5
.33

11.7
.18

(K-S/Ft)

.26
.61
.87

1.61

Weight
(Lb)

139
139
139
139
139
139
139

Maximum Sum of Damping Forces Occurring Simultaneously

I Depth
(Ft)

3.
6.
9.
13.
16.
19.
23.
23.

OO~ O U1 o N e
OO~ B —=O W

Maximums

Measured Pile Top Force
Velocity
Disp.

Computed Pile Toe Velocity
Disp.

Quake

(In)

.100
100
.100
.100
.100
.100
.100
.200

Res

(Kips)

0

6
13
26
44
61
77
124

Sum Res
(Kips)

W92 D15V
J
(K-S/Ft)
351 0.00
345 .12
332 .25
306 .51
262 .86
201 1.20
124 1.51
0 4.45
324.
13.6
.40
11.2
.22

Weight
(Lb)

139
139
139
139
139
139
13%

Maximum Sum of Damping Forces Occurring Simultaneously

Table A40:

W92 DI15P

131

98.

Stiffness
(K/in}

9400.
9400.
9400.
9400.
9400.
9400.
9400.

Stiffness
(K/1in)

9400.
9400.
9400.
9400.
9400.
9400.
9400.

Max Spring
Force

317.
331.
351.
357.
348.
301.
221,

CAPWAP Resistance Distributions Results for Piles D5V
and D15P at W92



Depth Blows/ ViMax DMax  EMax  ™Max Fl P4 CD

Inch
127 .8 8.3 1.7 14, 204 200 106 45
13’ .9 10.5 2.3 18, 199 190 110 52
14’ 4.5 9.4 1.9 16, 206 200 121 64
15! 5 10.0 1.4 15. 226 210 142 82
166" 7 9.6 .9 L4, 272 240 207 149
L1.5 1.4 17. 293 270 279 223
173" 6 13.6 L.1 20. 356 320 371 316
L77-9" 9 13.7 .7 17. 413 330 4 dy 399
L7t-8" Ll 14.0 .b 17. 442 340 474 430
14.8 .7 19. 445 350 493 449
17'-10" I3 13.9 .5 15. 464 360 508 464
18" L3 14.7 .6 20, 482 380 523 473
1L8'-6" 14 14.7 .7 19, 484 360 529 487
18-7" 12 14,1 .5 17. 489 360 534 493
14.3 ) 16. 495 360 543 504
18'-8" 14 15.2 .7 i9. 491 380 350 507
16.0 .8 20. 466 360 536 496
187-9" 13 13.8 .6 15. 415 340 509 472
Pile Top Damaged
Sample dynamic results obtained by Case Method of Processing
W92 K25V
Depth Blows/ VMax DMax  EMax  FMax  F1 P4 Cch
Inch
17t -5" 2 12.5 .7 16. 348 320 347 286
17'-8" 3 12.8 o7 16. 349 320 344 283
i7'-10" 3 12.9 -7 16. 354 330 358 296
182" 3 12.9 i 16, 358 330 380 324
18" -6" 6 13.7 b 18, 406 360 431 372
13.6 LB 16. 412 360 453 399
13.8 .6 17. 436 350 466 £15
18" --g" 8 14.3 .6 17. 446 360 481 432
14.7 .6 18. 449 360 487 437
14.7 .6 18, 4e4 370 507 457
ws'-10" 9 14.9 .6 19. £71 370 509 460
14.8 B 18. 480 370 521 473
19° 9 15.7 .7 21. 489 380 531 482
Pile Top Damaged
Sample dynamic results obtained by Case Method of Processing
W92 K25P
Table A41: Dynamic Parameters and Case Method Capacity Predictions for

Piles K25V and K25P at W92
132



I Depth Quake Res Sum Res J Weight
(Ft} (In) (Kips) (Kips) (K-S/Ft) {(Lb)
1 4.0 .120 0 450 0.00 169
2 8.0 .120 3 447 .10 169
3 12.0 120 7 440 .22 169
4 16.0 120 20 420 .64 169
5 20.0 120 65 355 2.08 169
6 24.0 120 85 270 2.72 169
7 28.0 120 100 170 3.20 169
8 28.0 .170 170 0 4.48
Maximums
Measured Pile Top Force 431,
Velocity 15.1
Disp. .64
Computed Pile Toe Velocity 7.5
Disp. .34

Stiffness
(K/in}

7700.
7700.
7700.
7700.
7700.
7700.
7700.

Maximum Sum of Damping Forces Occurring Simultaneously  115.

W92 kAGLV

Max Spring
Force

467.
476.
4380,
475.
452.
398.
311.

Table A42 1 CAPWAP Resistance Distribution Results for Pile K25V

at Woz
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Sample records of force, energy and velocity »nlotted

by Case Method of Processing.
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