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ABSTRACT

iew of the practice used in monitoring pile driving activities
n ‘the Louisiana Department of Transportation and Development
OTD) and elsewhere is reported. The Engineering News Record
dla is currently the most commonly reported method used by
ments of transportation in the evaluation of pile driving.
performance of several alternate dynamic formulas, the wave
-ion, and dynamic testing with the pile driving analyzer are
;uated in a comparative study of LADOTD test piles. Development
:comprehensive program that includes dynamic formulas but has
goal of greater reliance on the wave equation, from design

;éugh construction, is recommended. Microcomputer software was

pacity, monitoring the structural integrity of the pile during

riving, and in evaluating setup.



IMPLEMENTATION STATEMENT

ecommends that the current Louisiana 8tandard
For Roads And Bridges (1) be revised and expanded to
methods for evaluating the dynamic performance of
‘addition to the presently specified Engineering New
Familiarity and use of the wave equation analysis
onstruction should be encouraged. Field personnel
structed on the importance of duplicating the
which the dynamic analysis is based and should be
means for systematically conducting such an analysis
Dynamic measurements should also be considered as a
plementing or eliminating static load tests. It is
- increased use of these advanced techniques will lead

ate predictions of pile capacity and cost savings for
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INTRODUCTION

ipiles often provide the best foundation for facilities
?ucted on a site where the surface soils are weak and the
table is high. The high cost of piling makes extreme
>sign undesirable; however, failure of a pile under a bridge
her structure can have disastrous monetary and human
equences., Since most bridge foundation piles are loaded

-ily in the axial direction, accurate estimates of pile axial
ties can lead to foundations that are both economical and

use of the critical nature and complexity of the problem, pile

1 capacities are often estimated with a three-part program:

Capacity estimates based on analyses using information

from soil borings and/or other geotechnical investigations,
Capacity estimates based on loaded, field test piles, and

Capacity estimates based on the driving performance, i.e.,
< "dynamic methods.*®

gnificant differences among the results of the above methods
ten occur. In many cases this can be attributed to variable soil
onditions within the construction site. When load tests have been

erformed and a given production pile drives similarly to the test

1] actual capacity predictions of the dynamic method are
enerally ignored in favor of test pile results. However, when
ad tests are-not performed or a pile drives much differently than
he test pile, dynamic predictions may be very influential in

onstruction decisions.



Presently, the Louisiana Department of Transportation and
Development (DOTD) relies upon the Engineering News Record formula
(ENR) "in estimating pile capacity during construction. DOTD
specifications (1) call for correlation with test pile driving and
ljoading data if the safe bearing capacity of permanent piles 1is to
be determined by formula results alone. It is generally recognized
that the ENR is at best an indicator of the actual pile capacity
and is not a reliable design tool. In practice, however, the
formula has achieyed prominence and 1is regarded as a means of
providing the value to be used for bearing capacity. The specific
goal of this study is to replace thig dependence oOn the ENR with a

more comprehensive and reliable approach.

LITERATURE REVIEW

The so-called »dynamic" methods range from the pile—driving
formulas, including the wave equation, to the pile-driving analyzer
(pDA) . The ENR and most of the-pile-driving formulas are based on
the principle of energy conservation; 1.e., the energy imparted by
the hammer ram, minus any losses, should egual the ultimate pile

capacity multiplied by the incremental penetration due to the last

hammer blow. The method is simple to apply and involves no field
expense other than recording blowcounts. Chellis (2) presented the
history and use of dynamic formulas, including detailed guidance on
hammer efficiencies and coefficients of restitution, and
information on driving hammers, piles, and other items pertinent to
contemporary pile driving. Derivations for many of the formulas
and comparisons between formula predictions and load tests were
also presented. As many as 450 dynamic pile formulas have been
noted (3). Those formulas most often cited include the ENR, the
Modified ENR, the Hiley, the Gates, the Janbu, and the Pacific
Coast Uniform Building Code { PCUBC)
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r of investigations have been made in an attempt to
e: the rellablllty of the wvarious formulas. These were
shed by comparing the predicted load capacity, computed
ndividual formulas, to that capacity measured in a load
he results of some of these investigations are summarized
: nted in sSeveral texts. Poulos and Davis (4) present a
of investigations by Sorensen and Hansen (5), Agerschou
ate (71}, Housel (8), and Olsen and Flaate (8), as shown in
1 and 2. Table 1 was produced by Housel for the Michigan
ent of State Highways and compares the safety factor range
e-test program. Table 2 presents the statistical analysis
different dynamic formulas and different investigators.
ances of the dynamic formulas were found to vary according
material and type, soil conditions, etc. Predictions by
rious formulas in these studies have been shown to be
ble, i.e., sometimes unacceptably high or low. However, the
conclu31on from the above comparisons was that the Janbu,
sh, and the Hiley formulas involved the least uncertainty,

he: most uncertain was the Engineering News Record {ENR)
“(4) .

estigations of the wave equation predictions for ultimate
ce indicate that the reliability of the results 1is
bly consistent, and the wave equation is at least as goed as
st of the pile-driving formulas (4). Lowery et al. {10)
the accuracy of the wave equation as:

Piles in sand: +/- 25%
Piles in clay: +/~- 40%
Piles in sand and clay: +/- 15%
ing. to Bowles (11), any comparison between the computer

of a wave equation analysis and pile capacity “"within 30
nt deviation is likely to be a happy coincidence of input’

However, even with incomplete or unknown input, the wave

3



_ TABLE 1 _
SUMMARY OF SAFETY-FACTOR RANGE FOR EQUATIONS USED IN THE
MICHIGAN PILE-TEST PROGRAM {( Ref. 8 ) *

Formula Upper and Lower Limits of Safety Factor Nominal

Safety Factor = P, / B Safety

Pile Capacity Range, kips Factor

0 - 200 200 - 400 400 - 700

Engineering News 1.1 - 2.4 0.9 - 2.1 1.2 - 2.7 6
Hiley 1.1 - 4.2 3.0 - 6.5 4.0 - 9.6 3
PCUBC 2.7 - 5.3 4.3 - 9.7 8.8 ~16.5 4
Redtenbacher | 1.7 - 3.6 2.8 - 6.6 6.0 -10.9 3
Eytelwein 1.0 - 2.4 1.0 - 3.8 2.2 - 4.1 6
Navy-McKay 0.8 - 3.0 0.2 - 2.5 0.2 - 3.0 6
Rankine 0.9 - 1.7 1.3 - 2.7 2.3 - 5.1 3
Canadian NBC 3.2 - 6.0 5.1 -11.1 10.1 -19.9 3
Modified ENR 1.7 - 4.4 1.6 - 5.2 2.7 - 5.3 6
Gates 1.8 - 3.0 2.5 - 4.6 3.8 - 7.3 3
Rabe 1.0 - 4.8 2.4 - 7.0 3.2 - 8.0 2

a2 After Housel (1966}
b p, = ultimate test load

P, = design capacity, using the nominal safety factor recommended
for the equation.




_ TABLE 2
SUMMARY OF STATISTICAL ANALYSES

Standard Upper Limit Nominal Number of
Deviation of 96% Safety Safety Load Tests
on R if Lower Factor

Limit is 1.0

ng' News A 0.78 26.0 0.86 171
F 0.70 17.5 5.8 116

S & H 0.27 3.8 1.4 50
F 0.37 10.1 2.4 116

S & H 0.25 3.6 2.3 78
F 0.22 3.2 2.0 1le

S & H 0.26 3.8 2.0 78
O&F 0.28 4.1 3.0 55
A 0.30 4.2 2.3 123

S & H 0.57 17.0 7.1 78
A 0.36 6.0 2.6 123

S & H 0.35 5.1 2.3 55

& H = Sorensen and Hansen (1957)
= Agerschou (1962)
= Flaate (1964)
10 & F = Olsen and Flaate (1967) (steel piles in sand)
= ratio of meéasured to computed loagd capacity




equation analysis does provlde the means for investigating the
individual effects of variations in the hammer, hammer accessories,
pile type and length, or soil conditions, without load tests.

Predictions based on the dynamic performance of driven piles using
a pile-driving formula or the wave egquation represent the pile
capacity just after driving. However, in some clays the capacity
is greatly altered with time due to nsetup."” This occurs with the
dissipation of the induced pore pressure, produced as a result of
soil displacement with the penetration of the pile. As it
consolidates, the clay c¢an experience a gain in strength and
produce an increase in load resistance with time. The loading of
test piles is generally conducted at least two weeks after they are
driven. Thus, the pile capacity at the time of the test is often
substantially higher than the pile capacity at the end of driving.
It is also possible that in some soils a "relaxation® occurs, and
the pile capacity is somewhat less at the time of loading. These
effects should be kept in mind when considering the above
comparative studies on method reliability.

The Pile Driving Analyzer (PDA) or Case Method, the wave egquation,

and the Engineering New Record formula were compared with static
load tests in a statistical analysis of 20 sets of pile driving
data by Rausch et al. (12), Figure 1. The PDA, wave equation with
PDA input (CAPWAP), and ENR methods had correlation coefficients of
0.83, 0.94, and 0.29, respectively. 1In another presentation of
this study (13), Rausch et al. emphasized that most of the dynamic
data were obtained within a few hours before or after a static load
test was.performed so that the effects of setup were included. In
another statistical comparison, Denver and Skov (14) concluded that
*the procedure where the bearing capacity is estimated on the basis
of stress-wave method (Case or CAPWAP) is superior to the
traditional procedure where the bearing capacity is estimated by a
pile-driving formula." The standard deviation for the ratio of the
measured pile capacity to the predicted pile capacity for the

6
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Pile Analyzer versus Load Tests ( Ref. 12,13 )
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stress-wave methods{ Table 3, was found to be approximately half of
the standard deviation for the pile driving formulas. The

statistics on the natural logarithm of R where R iS5 Praagurea /
PMQRan were performed on the data reported by Sorensen and Hansen
(5), Agerschou (§), and Olsen and Flaate (9). The standard
deviation s, was calculated from the cumulative £frequency
distribution of 1n R. The stress-wave methods in this study did
include restrike measurements (not normally used as input in the

pile driving formulas).

In 1971, Poplin (15) examined and evaluated test pile data
collected by the Louisiana DOTD from approximately 1950 to 1970.
Included in the study was a comparison of test loads to the ENR
formula predictions for 104 sguare precast concrete piles (14 inch
and 16 inch). The ratio of ENR allowable load to test load ranged
from 0.11 (safety factor = 9.0) to 1.0 (safety factor = 1.0). The
average ratio (Ppy / Pmsy) was 0.506 (safety factor = 2.0), but the
standard deviation of 0.183 was quite high. Poplin also examined
a soil mechanics prediction of capacity and found only slightly
better accuracy on the average. However, the range of safety
factors was much less.

Blessey and Lee (16) investigated the use of the wave equation for
prediction of pile capacities in the New Orleans area. The scope
of their study was "the investigation of the input soil parameters
and the development of the relationship of soil resistance from the
Wave Equation to actual pile load capacities obtained from the pile
load tests performed in the field for both friction and end-bearing
piles." Fifty test piles from the New Orleans area were studied.
The ratio of the test pile failure load to the wave equation
predicted failure (Pgsy / Puywz) was referred to as "R." The method
of determining test pile failure load was not stated, but the
maximum load applied before pile plunging was probably intended. '
Input parameters used in the wave equation analysis were given and



TABLE 3
DARD' DEVIATION FOR PILE DRIVING FORMULAS
STRESS-WAVE METHOD - DENVER AND SKOV (1988)

tandard Standard Number of Source
eviation deviation piles

(1n 1) s (In uj
0.30 78 S &H
0.35 123 A
0.27 (0.36) 114 O&F
ews 0.90 171 A
0.84 (0.80) 114 O &F
0.66 78 S & H
0.41 {0.41) 114 O&F
- 0.31 50 S & H
0.46 (0.49) 114 O&F
0.29 78 S & H
0.31 (0.38) 114 O & F (C4=1)
0.35 (0.41) 114 O&F
0.25 78 S & H
0.41 123 A
0.12 (0.14) 97 Goble et al. (1981)
0.11 19 Skov (1988)
0.14 14 Present Investigation
0.13 (0.16) 17 Goble et al. (1981)
0.22 26 Different sources
0.10 10 Skov (1988)
0.13 14 Present Investigation

S & H = Sorensen and Hansen (1957)

= Agerschou (1962)

= Flaate (1964)

0O & F = Olsen and Flaate (1967) (steel piles in sand)
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are reproduced in Table 4. Many of the input items, such as
capblock and cushion stiffnesses, were not stated in the report.

For end-bearing prestressed concrete piles, the average R was 1.15
when "minimum" parameters were used in the wave equation. Averagé
R values for average and maximum soil parameters were 0.9 and 0.5,
respectively. The least variation between high and low R values
was obtained for minimum wvalues. For end-bearing pipe piles,
average R values were 1.4, 1.1, and 0.9 for minimum, average, and '
maximum soil parameters, respectively. Again, the minimum
parameters produced the most consistent results.

For friction piles, using the average blowcount for the final five
feet of penetration, average R values for prestressed concrete
piles were 6.0, 3.53, and 3.3 for minimum, average, and maximum
soil parameters, respectively. For friction pipe piles, average R
values were 6.0, 4.5, and 3.3. For friction H-piles, average R
values were 5.0, 4.0, and 2.9. Minimum and/or average soil
parameters produced the most consistent results in all cases.

In a Mississippi DOT study of prediction metheods for pile axial
_capacity, the performance of a modified ENR formula and other
techniques were compared with pile load tests (17). The modified
ENR had a loss constant C of 0.2 instead of the more common 0.1,
and the predicted ultimate load was taken as twice the computed
allowable load. The pile capacity in a given load test was defined
as the load corresponding to a settlement of one-~-tenth the pile
diameter plus the elastic compression of the pile. S8Sixty-four test
piles, which included mostly l4-to-18-inch-square concrete piles,
were compared with the modified ENR. The mean value of the
"predicted divided by the load test" was 0.82; the coefficient of

variation (cov) was 0.46.

10




TABLE 4

NPUT PARAMETERS IN NEW ORLEANS STUDY (Ref. 16)

'FEERENT TYPES OF COMPUTER INPUT SOIL PARAMETERS

11

Type Quake (Q) Damping (J) Hammer

of {Inches) (Sec/ft) Bfficiency
Soil Side Point
Clay 0.30 0.20 0.01 0.65
Clay 0.10 0.20 0.01 0.75
Clay 0.05 0.10 0.01 0.85
Sand 0.20 0.07 0.20 0.65
Sand 0.10 0.05 0.15 0.75
Sand 0.05 0.03 0.05 0.85



In 1982 Whited and Laughter (18) described the pile design process
for the Arrowhead Bridge located between Superior, Wisconsin, and
Duluth, Minnesota. Piles on this job were driven from 130 ft. to
260 ft. through loose sands and soft clays to a dense sand. The
two pile types considered were a 16-in. diameter, closed-end pipe
(cast-in-place, CIP, concrete filled) and an HP 14 x 73. A minimum
bearing of 172 tons, as determined by the Wisconsin driving formula
(same as modified ENR for Mississippi described above), was
required. Construction control for the job consisted of using both
the Wisconsin DOT driving formula and the dynamic pile analyzer.
Wave equation analyses using the WEAP computer program were
conducted independently by Federal Highway Administration (FHWA)
personnel. Results of the wave analysis "indicated that the piles
could not have been driven to the capacities measured with the
hammer used." The performance of the pile analyzer in predicting
load test results was found to be reliable for the H-piles but not
for the CIP piles. Errors for the CIP were attributed to larger
setup together with the unavailability of restrike data. Based on
the test pile program, H-piles were selected and driven to the
dense sand. Attempts to use the wave equation to establish driving
criteria for production piles were not successful; the Wisconsin
DOT standard driving formula was used instead. A comparison of
predicted pile capacities with the measured test loads given in

this paper is shown in Table 5. The pile analyzer was included in
monitoring some production piles and was found to be useful in

identifying piles damaged by driving.

12




TABLE 5
PILE CAPACITY PREDICTIONS WITH CRP LOAD TEST RESULTS*

ULTIMATE LOAD (TON-FORCE)
CRD PDA ' WEAP WISDOT
LOAD TEST (CASE METHOD) FORMULAP

375(F) 380 245 405
360+ 180

300 (F} 310

380 (F) 330 240 420
425+ © 230

ctual failure load
onstant-rate-of-penetration
Wisconsin Modified ENR

ed; and Laughter (18)

‘Factor = 2.0 assumed

13



In &a recent Washipgton state cgmparative study of  formula
predictions with pile load tests (19,20), the performances of the
ENR, Hiley, Gates, Janbu, and PCUBC formulas were examined. Using
an 'R ratio of the test pile failure loads to the formula
predictions for those test piles given in the paper (pile 63 was
not included}, the following ratio means and coefficients of

variation (cov) were computed.

RATIO RATIO
FORMULA MEAN cov
ENR 0.48 0.54
Hiley 1.11 0.54
Gates 1.71 0.40
Janbu 1.24 0.46

Summary of Literature Review

Unfortunately, most of the classical, simple-to-apply dynamic

formulas have been judged by previous research as inaccurate
predictors of pile capacity as evidenced by comparisons of measured
capacities with dynamic formula prédictions for load-tested piles.
In fact, several issues affecting these comparisons have not been
adequately addressed by most previous research. These include the
treatment of time-dependent changes in pile capacity occurring
between end of driving and the time of the load test, and the
consistent computation of test pile failure loads from load
deflection data.

Most researchers found the wave eguation approach to be more
accurate than an? of the formulas. However, it is computationally
intensive (requiring appropriate computer hardware and software)

and requires much more input. One of the acknowledged shortcomings

14



e equation approach is the difficulty in determining
values for many of the input items, such as hammer
coefficients of restitution, distribution of side
rces, etc. The PDA allows direct measurement of some of
=s.— However, while the pile analyzer has generally been
be very successful, it does err considerably in some
is continuing uncertainty about the results, together
significant additional expense, currently prevents
use of the PDA.

15



OBJECTIVE

The specific objectives of this study were to conduct a review:
the current practice for driven pile construction; to create.an
analyze a local, historical database; to produce a,computationa
tool that can be used at the job site; and to consider othé
methods not currently used on a routine basis. The genera
objective was to identify an improved method(s) or philosophy fé
construction control of driven piles for the Louisiana Department
of Transportation and Development. If successful, a greater degre
of confidence in the method(s) employed will be developed tha

exists in the current specifications and practice.

16



s and to recommend an approach that will be an
ér the current dependence on the Engineering News
- Several tasks were identified in an attempt to
oal. A literature survey and other inquiries were
y dynamic methods used in monitoring pile driving.
d consideration of the philosophies and methods
loyed and those being considered by the Louisiana DoTD
ate transportation departments. Current usage of
ulas, the wave equation, and the pile analyzer, as well

research efforts by the Louisiana DOTD on this subject,
ed and are reported herein.

ive study of dynamic methods based on local information
nces is included.
files.

A test pile database was assembled
Computer software was developed for the creation

mputer data file for each pile selected. One objective of

=of the study was to assemble pile load test records that
t least a bare minimum of the information needed for

on of dynamic predictions. Records included contained

on documenting the hammer, pile, and soil details and

piles loaded to failure Oor to a point sufficient for
bly accurate determination of pile capacity using accepted

The various techniques for interpreting pile capacity
static load test were reviewed and a consistent method was
éd. Computer software was written for reading the data files

ecking the accuracy of the wvarious dynamic methods in
Cting the test pile results.



methods such as the wave eguation. Thus, the use of exist
software and the development of additional microcomputer softw

sultable for field implementation of the selected dynamic method <
was included.

18



METHODOLOGY

ons of similar studies were reviewed in order to
| currently used for monitoring pile driving.
‘h: by the LADOTD was included in this study. It was
sed to conduct a mail and/or phone survey of other
ation departments. However, through the initial
w it was discovered that two such surveys had just
20,21). Results of these surveys are summarized in
Phone inquiries were made to area pile contractors
rnmental agencies to ascertain their usages and

%h dynamic prediction methods.

JDY OF DYNAMIC FORMULAS

ies predicted by six dynamic formulas and the wave
compared with the measured capacity of piles in a
sed of LADOTD test pile records. LADOTD has used the
ively in the recent past; therefore, only a few test
:th the analyzer were available for this study. An
he pile analyzer with the historical load tests is
:However, the replacement or supplementation of the
th a comparable method in terms of effort, expertise,
es consideration of the dynamic formulas, including
ion. These techniques (formulas and/or wave equation)

vital component of construction planning and control.

LAS SELECTED

tial project tasks was to select the various dynamic
evaluated. The ENR was included due to its current

18



use and simplicity and as a basis for comparison. The Hiley,
Gates, Janbu, and Pacific Coast Uniform Building Code (PCUBC)'

formulas were selected because of favorable reviews in the-

literature which had found them to be more accurate than the ENR

The wave equation method was also selected because of 1its
successful performance in many studies. Descriptions of all of the.
selected methods can be found in the text Foundation Analvsis and
Design, third edition, (11) by Joseph E. Bowles. A summary of
these methods as given in the Bowles text and used in this research
is included below.

Enagineering News Formula

The Engineering News formula (ENR) may be expressed as:

E
P, =
S + C
where:
P, = Predicted pile axial capacity, kips
E = Rated energy, in-kips, of driving hammer

= Weight of ram W, kips, * height of
fall H, inches, for free falling rams
S = Pile penetration or "set" due to the latest
hammer blow, inches

= 12./(final blowcount in blows per foot)

¢ = Loss constant, inches
= 1.0 for drop hammers

= 0.1 for all other hammers

The loss constant c is generally considered to account for all

losses, including the hammer imperfect efficiency.

Although there are many modifications to the ENR, the above form is
used on the test pile reports of LADOTD. Recorded values in the
"pile Capacity in tons, P" column of these reports can be generated
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ve formula, a safety factor of 6.0, and conversion
ons. Variations to this formula include application
efficiency ratio to the energy and adjustments to the

. Determining Pile Bearing Capacity, of the Louisiana

cpecifications for Roads and Bridges (1), requires that
1sed "if the safe bearing capacity is to be determined
The following form of the ENR formula is specified

uide and for correlation with test pile driving and

2W,H

= Safe bearing capacity, pounds

= Height of fall, feet

P
W, = Weight of hammer ram, pounds
H
C = As defined above

S,

ineering News Record
. (ENRMOD) is presented in Formulated Pile Loads For
ing and Approved Differential Hammers, (22) a manual of

:DOTD inspectors. It is an attempt to account for
:the pile with respect to the weight of the ram. In

2W,H

S + .1(W,/W,)
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where:

W, = weight of the pile, pounds, and
other terms are as defined in the
allowable load form of the ENR above

This formula is also known as the Eytelwein formula. = The
inspectors’ manual indicates that the applicable formula for thé
use of diesel hammers will be based on a performance comparison and
correlation with a single-acting hammer of the same energy range or
will be acceptable on a basis of 85% of the rated energy of the

diesel hammer.

Hiley Formula

The Hiley formula may be expressed:

(e, E) (W, + n°W,)
P, =
(s + .5(k; + Ko + K3)) (W, + W) :
where:
P, = Predicted pile capacity, kips
E = Rated energy, in.-kips, of hammer
= Pile set,in., due to latest hammer blow
e, = Hammer efficiency, as a fraction of 1.0
W, = Ram weight, kips
W, = Pile weight, kips (including pile cap)
n = Coefficient of restitution
k, = Elastic compression of capblock and pile
cushion,in., ( a pile cushion is normally
used only on concrete piles )}
k, = Elastic compression of pile,in.,
k, = Elastic compression of the soil ("quake"), in.

A safety factor of 3.0 is commonly applied to Hiley formula

predictions.
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rmula can be exXpressed as;:
P, = a * SQRT( e,E ) * (b - log s)

P, = Predicted pile capacity,ykips
27.0 feet per second (fps)

T o
|| T

1.0 fps (a and b are emplrlcal constants)
SQRT = Abbreviation for "square root"

*
|

Abbreviation for "multiply™
€, = Hammer efficiency

0.75 for drop hammers

0.85 for all other hammers

Abbreviation for base ten logarithm
Pile set, in., due to final hammer blow

F_...l
O
n
1 1]

0]
Il

s formula was derived through a statistical correlation
final blowcounts (or set equivalents) and selected test
sults. This is unlike the other formulas, which are based

gy conservation. A safety factor of 3.0 is commonly used
- Gates formula.

ek
P, =
kys
~where:

P, = Predicted pile capacity, kips
€, = Hammer efficiency
E = Rated energy of hammer, in.-kips
ky =0Cql 1. + SQRT(1. + u/Cy ))
Ca = 0.75 + 0.15(W,/W,)
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Soil -

length of pile penetration, percentage and distribution of

skin friction, soil damping and quake values along the sidé
and at the pile tip, ultimate soil resistance, etc.

A number of somewhat different computer programs for solution of
the wave egquation have been produced (23,24,25). The Texas
Transportation Institute produced the TTI Wave Equation (24) for
the Federal Highway Administration (FHWA) in 1976 to assist highway
engineers in analyzing practical pile problems. The Wave Equation
Analysis of Pile Driving (WEAP) program was developed at Case-
Western University in 1976 for the FHWA. It provides several
pile-driver simulation routines with improved computer models for:
diesel hammers and air/steam hammers. The latest version, WEAP87.

(26), is available and can be run on a microcomputer.

METHOD OF EVALUATION

The accuracy of a dynamic method is generally judged by comparing
its predicted ultimate capacities to measured capacities for load-
tested piles. A method which does a good job predicting load test
results is assumed to be accurate in its predictions of capacities
for the much more numerous non-load-tested piles. There are
several shortcomings to this evaluation process that will be
discussed below. However, the comparison to load test results is

presently the most common and widely accepted evaluation technique.

Load Test Records

Records for test piles, dating back twenty years, were obtained
from the LADOTD Headquarters Office in Baton Rouge. These files -
included test piles from almost all parishes in Louisiana. All of
the files were studied and almost all of those meeting the

following criteria were selected for the database.
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loaded beyond linear portion of the load versus
s ;acement curve,

‘driven with a hammer contained in the WEAPS7
er file °r a similar hammer.

. However, nearly
flete with respect to the information required. Even
:irements for inclusion of the database might be
”éfely adequate” for the study undertaken.

-Oorm  was developed to facilitate extraction of

a from test pile files and entry of this data into a
This form is shown in Figure 2.

The intent is that
ntain sufficient

information for exXecuting all

ds: being studied ang computing pile capacity by a soil
roach.

ntained on the data extraction forms was transferred
files so it could be readily and rapidly accessed and

é”of a proprietary database brogram was considered,
eérésulting data .files would have to be ac

cessed by a
¥sis program,

it was decided to custom write the data
software.

very second line in the file contains one piece of

The preceding line in each case describes th
on to follow.

ter it has been

e piece
This was done to facilitate changes to
Ccreated and to minimize the chances of
ece of information in the wrong place.

The files are
lard ASCII files.
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Engineer Date

Rev.11/89

Louisiana Department of Transportation and Development
Pile Test Data Bank Entry Form

File Name:

Test Pile Number:

State:

Parish:

Additional Location info:

State project no.:
Geographic code:
Date of driving: =
Date of testing:
Pile description: -
Pile type code(l=tim, 2=con, 3=st, 4=other, S=compos, 6=mandrel driven
Pile length, £t: '
Pile embedment, ft:
Ground elev, ft:
Pile tip area,sqg in(b*d for H piles,total enclosed area pipe plle
Pile butt area,sq in(pile cross section area):
Depth to water table, ft:
Predrilled hole diameter, in:
Predrilled hole depth, ft:
Jetting depth, ft:
Final blow count,blows per ft:
Avg blowcount last five feet:
Approx. avg blow count entire embed:
Description of hammer:
Hammer type code{l=sgl act air/stm,2=dbl act air/stm,
3=op end diesel,4=cl end diesel, 5=drop, 6=other) :
Hammer number from table:
Wwt. of hammer ram,kips:
Total weight of hammer,kips (often approx twice ram weight):
Hammer rated energy, ft-kips:
Speed of ram,blows per minute:
Hammer energy efficiency ratio:
Design load per pile,tons:
Maximum test load,tons:
Duration -of maximum load,hours:
Total pile deflection at maximum pile load,in:
Pile deflection at 50% of maximum load,in:
Pile deflection at 75% of maximum load, in:
Permanent deflection due to test load,in:
Estimated ratio test load to failure load at testing:
Method used to determine above ratio:

Figure 2. Data Extraction Form
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very soft clay):

skin frictiomn:

p ftactor from end of driving to start of testing:
ss sections to be input: (number 1 at top)

le with section numbers,x-sect area,sqg in,
(b+d) for H-piles),modulus of elast1c1ty,k51
“and extent of each section

ayers to be in soil model: (number 1 at top)

il profile with layer numbers,soil descriptions,
total unit weights,pcf,angles of friction, degrees,
pressive strengths,psf, % moisture content,

% plasticity index, each layer

,kips (Pile cap includes capblock and helmet
Lled hood);alternating layers of 1" micarta
nminum generally used)

$s,kips/inch(capblock is source of spring):

d plle cushion type,if any(cushions generally
th concrete piles):

tiffness,kips/inch:

ips{anvil only on diesel hammers) :

ent of restitution{cor)):

or{if cushion used):

Figure 2. (cont)
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LOUISIANA DEPARTMENT OF TRANSPORTATION AND DEVELO
TEST PILE DATA BANK

FILE NAME
LATP.091

TEST PILE NUMBER
091

STATE IN WHICH TEST PILE IS LOCATED
LOUISIANA

PARISH OR COUNTY OF TEST PILE
EAST FELICIANA

ADDITIONAL LOCATION INFORMATION
CLINTON-OLIVE BRANCH HWY, LA-67
TEST PILE # 1

STATE PROJECT NUMBER, IF ANY
60-03-~12

DATE OF DRIVING
9-9-81

DATE OF TESTING
10-6-81

PILE DESCRIPTION
16* PRECAST CONCRETE, L=50‘

PILE TYPE CODE (1=TIM, 2=CONC, 3=STL, 4=0TH, 5=COMP, 6=MAND DRIV)
2

PILE LENGTH,FT

50.00

PILE EMBEDMENT,FT
34.00

GROUND ELEVATION,FT,AT TEST PILE
199.9

PILE TIP BEARING AREA,SQ IN
256.00

PILE BUTT AREA,SQ IN
256.00

DEPTH TO WATER TABLE,FT
0.00

PREDRILLED HOLE DIAMETER, IN
0.00

PREDRILLED HOLE DEPTH,FT
0.00

JETTING DEPTH, FT
0.00

FINAL BLOW COUNT IN BLOWS PER FOOT OF PENETRATION
33,00
AVERAGE BLOW COUNT LAST FIVE FEET
26.40
APPROX AVG BLOW COUNT ENTIRE EMBED
47.

Figure 3. Computer Data File (Example)
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NT DEFLECTION DUE TO TEST LOAD, IN

D RATIO TEST LOAD TO FAILURE LOAD AT TIME OF TESTING

METHOD USED TO CALC THIS RATIO
r Veen

EDOM SIDE SOIL,1=SAND,2=ST TO MED CL,3=M TO S,4=S TO VS
'ED PERCENT SKIN FRICTION AT END OF DRIVING

TED SETUP FACTOR FROM END OF DRIVING TO START OF TESTING

OF PILE X-SECTIONS TO BE INPUT

TION AREA, SO IN, SECTION 1
100

ICT PERIM, IN, SECTION 1

000

"OF ELASTICITY,KSI, SECTION 1
J. 000

WEIGHT, PCF, SECTION 1
.00

Figure 3. (cont)
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A FORTRAN computer program, PILET, was written to allow interact
transfer of information from the data extraction form to
computer file. Upon running PILET from a terminal, the operatof.i;
prompted for each piece of information in the same sequence as i.
on the form. A listing of PILET is available upon request from tt,

authors.

Tn addition to creating an ASCII file named "LATP.xxx," wher.
"yxx" is the file number, PILET adds each pile to a cumulativ.
catalogue file named "LATP.CAT," which stores the pile number ar
certain key information. A listing of the catalogue file is give
in Figure 4.

Test Plle Failure Loads

Dynamic formulas and the wave equation are premised upon
relationship between the blowcount and pile axial capacity. Sin-~
this relationship is evaluated on the basis of test pile result:
the question arises as to with what test pile load the final pi:
blowcount should correlate. For piles that are load-tested aft:
a time delay (this includes most test piles), the issue of setup
part of the question and will be discussed below. For the prese:
discussion, it is assumed that the pile is load-tested immediate.
after the final hammer blow.

There are many alternate methods of determining "failure" load fr
a given load versus deflection curve for a test pile.. It
difficult to say which of these often very different failure loe:
should correlate with the predicted ultimate load of a giv
dynamic method. There is some logic to assuming that the test 1l
corresponding to a deflection equal to the penetration of the fin
hammer blow should correlate to this prediction. This deflect:
may be considerably more or less than what actually constitur
failure of the pile in its design use.
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CLENT
STA
PAR
YR
MON
e PT

KDM

EMB
MTL
PDF
PSL
HNO
FBC

YR
15880
1981
1981
1981
1981
1981
1982
1982
1982
1983
1986
1885
1885
1985

[ T { I [ | B

{1 I T [ (S I 1

OUISIANA DEPARTMENT OF TRANSPORTATION AND DEVELOPMENT
“CATALOGUE FILE OF PILE LOAD TEST FILES{LATP.CAT}

OGUE ENTRIES LATP.XXX ARE AUTOMATICALLY ADDED BY PROGRAM
OILET WHEN THE FILE LATP.XXX IS CREATED.

WEVER, IF LATP.XXX IS LATER EDITED IN THE CATALOGUE
FIELDS, THIS INFORMATION MUST ALSC BE EDIT MODIFIED
IN THIS CATALOGUE

OF. ABBREVIATIONS :

ENTRY NUMBER

STATE

PARISH OR COUNTY

YEAR

MONTH

PILE TYPE

WD = WOOD POLE

CS5 = SQUARE CONCRETE

CP = COMPOSITE (WCOD POLE WITH CIP CONC TOP)
PO = OPEN END PIPE PILE
PC = CLOSED END PIPE PILE
HP = STEEL H-PILE

CH = HOLLOW CIRCULAR

KEY DIMENSION, INCHES,DIAMETER FOR CIRCULAR
SECTION DEPTH FOR SQUARE OR H

PILE EMBEDDMENT,FT

MAXIMUM TEST LOAD, TONS

PERMANENT DEFLECTION, IN,DUE TO TEST LOAD
PREDOMINANT SOIL TYPE (SAND,CLAY,OR BOTH)
DRIVING HAMMER NUMBER FROM WEAP TABLE
FINAL BLOW COUNT, BLOWS PER FOOT

MON PT KDM EMB MTL PDF PSLL, HNO  FBC
2 CS 14 32 85 0.070 CLAY 55 15
OR 12 114 145 0.078 CLAY 206 7

& OR 16 109 140 1.250 CLAY 206 62
& OR 14 96 145 0.141 MIXD 206 150
& OR 14 105 145 .688 MIXD 206 60
& OR 16 107 125 .141 CLAY 206 21
12 OR 17 113 145 .083 MIXD 253 33
12 OR 18 104 187 .063 CLAY 253 60
12 OR 17 116 145 .030 CLAY 253 68
1 OR 18 107 187 .021 MIXD 253 23
5 CS 18 71 128 .031 SAND S 80
5 Cs8 16 50 142
5 Cs 16 50 107 .063 CLAY 172 25
10 ¢Cs 16 69 150 0.109 MIXD 224 74

OOOOOOC}OO

Figure 4. Catalogue File
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15 LA ORLS 1986 1 Cs 16 73 162 0.109 MIXD. 224
16 LA ORLS 1985 11 OR 20 62 245 0.797 MIXD 255
17 LA ORLS 1986 Ccs 16 90 135 0.016 CLAY 208
18 LA ORLS 1986 cs 16 91 137 0.000 CLAY 208
19 LA ORLS 1986 cs 16 90 137 -0.000 CLAY 208
20 LA ORLS 1986 OrR 12 55 24 0.328 CLAY 206
21 LA ORLS 1986 Cp 12 51 24 0.344 CLAY 206
022 LA ORLS 1986 cp 12 51 21 0.281 <CLAY 206
23 LA ORLS 1986 cCp 12 61 30 0.313 CLAY 206
24 LA ORLS 1986 cp 12 61 30 0.484 CLAY 206
25 LA ORLS 1986 cp 12 61 30 0.375 CLAY 206
26 LA ORLS 1982 CS 30 122 428 0.328 MIXD 68
27 LA ORLS 1980 Cs 16 70 113 0.016 <CLAY 207
28 LA ORLS 1980 Cs 16 52 113 0.094 CLAY 207
29 LA ORLS 1982 PO 8 37 25 .016 MIXD 304
30 LA SMRY 1981 cs 16 48 11 .000 cLay 207
31 LA SMRY 1981 Cs 18 44 82 .000 CLAY 207
32 LA SMRY 1981 cs 16 56 111 .188 CLAY 207
33 LA ORLS 1986 cp 12 70 35 .094 CLAY 206
34 LA ORLS 1986 cp 12 71 40 .000 CLAY 206
35 LA ORLS 1986 cp 12 71 43 .031 CLAY 206
36 LA VERM 1974 s 24 51 221 .094 CLAY 212
37 LA VERM 1974 CS 24 45 221 .063 MIXD 212
38 LA VERM 1974 CS 24 54 255 0.063 MIXD 212
39 LA VERM 1974 CS 24 48 221 0.094 MIXD 212
40 LA VERM 1981 CSs 16 37 125 0.063 MIXD 235
41 LA VERM 1977 CS 54 102 665 0.094 cCLAY 214
42 LA VERM 1980 cs 16 63 107 0.313 CLAY 206
43 LA SMRT 1982 CS 18 76 106 0.125 MIXD 24
44 LA TERR 1978 CS 24 59 128 0.344 cCLAY 23
45 LA TERR 1979 cs 24 68 146 0.375 CLAY 23
46 LA TERR 1980 cs 24 91 147 0.031 cCLAY 212
47 LA TERR 1986 cs 24 98 146 0.500 cCcLay 177
48 LA TERR 1984 .CS 24 59 178 0.219 cCLaY 181
49 LA TERR 1985 cs 24 86 223 0.531 CLAY 181
50 LA TERR 1885 ¢cs 24 107 251 0.313 cCLay 181
51 LA TERR 1985 cs 24 97 186 0.375 CLAY 181
52 LA RAPI 1981 HP 14 8¢ 213 0.109 MIXD 253 134
53 LA EBAT 1982 WD 15 46 100 0.094 CLAY 204 100
54 LA EBAT 1982 WD 15 35 50 0.000 CLAY 204 38
55 LA EBAT 1984 cs 16 62 150 0.000 cCLAY 172 57
56 LA EBAT 1983 cs 18 66 172 0.000 MIXD 208 32
57 LA EBAT 1983 CcsS 24 80 312 0.078 CLAY 212 43
58 LA EBAT 1984 " CS 16 56 107 1.000 CLaY 207 51
59 LA EBAT 1979 CcS 14 58 108 0.031 CLAY 204 125
60 LA EBAT 1978 cs 14 44 150 0.047 CLAY 175 38
61 LA ‘EBAT 1978 CS 14 46 150 0.016 CLAY 175 30
62 LA EBAT 1978~ Cs 14 43 150 0.000 cCLAY 175 45
63 LA EBAT 1987 ¢S 14 57 112 0.031 MIXD 204 72

2
3
14
4

OO OOOOO0O

e
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Figure 4 (cont)
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14 51 120 0.000 CLAY 206 56
14 46 120 0.000 CLAY 206 122
15 40 100 0.313° CLAY 204 70
15 40 100 0.063 CLAY 204 98
15 40 100 0.203 CLAY 204 63
16 40 100 0.156 CLAY 204 60
15 40 100 0.469 CLAY 204 53
15 40 92 1.031 CLAY 204 53
16 40 100 0.188 CLAY 204 59
cs 16 35 115 0.063 SAND 172 98
'cs 16 63 125 1.000 SAND 208 24
..cS 24 60 255 0.328 SAND 210 96
cs 14 40 115 0.156 MIXD 150 135
cs 16 59 115 0.500 CLAY 13 10
cs 16 51 96 0.438 MIXD 13 10
cs 16 57 100 0.625 CLAY 13 5
cS 24 79 235 0.453 MIXD 66 50
PO 30 45 540 0.000 MIXD 66 151
WD 16 40 100 0.344 CLAY 204 67
“Wp 15 40 100 0.125 CLAY 204 72
WD 15 38 100 0.094 CLAY 204 56
WD 15 43 145 0.625 CLAY 204 125
cs 14 61 85 0.563 CLAY 204 24
16 87 114 0.750 CLAY 206 19
¢S 16 65 96 0.125 CLAY 4 14
cs 24 71 150 1.625 CLAY 13 52
cS 24 68 218 1.125 CLAY 13 55
CS 16 34 143 0.094 SAND 204 33
cs- 30 77 288 0.375 SILT 212 24
cS 30 53 224 0.250 CLAY 212 19
cs 16 83 112 0.031 CLAY 183 6
‘¢S 16 87 112 0.016 CLAY 183 6
cS 16 100 145 0.906 CLAY 210 19
cs 18 135 110 0.844 CLAY 210 32
OR 20 100 185 0.797 CLAY 134 26
PO 16 120 278 0.641 MIXD 206 71
PO 14 100 190 0.938 CLAY 206 16
PO 16 135 207 0.953 CLAY 206 28
CH 54 80 398 0.470 CLAY 24 38
CS 24 80 210 0.262 CLAY 24 10
CS 30 80 267 0.308 CLAY 24 8
CS 30 80 270 0.452 CLAY 24 23
CH 36 80 270 0.481 CLAY 24 15
CH 36 80 270 0.585 CLAY 24 46

555558320
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Figure 4. (cont)
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Several methods for determining plle capacity were
These included the Van der Veen

Davisson(28), Chin (29), AASHTO,
Criterion technique. After reviewing these meth d;

existing load tests, it was determined that several
used. Many of thé test piles had not been loaded  f

conditions, etc. The Van der Veen and Mazurkiewicsz wé_
possible candidates.

Lo predict similar failure loads. The Van der Veen m h
mathematical representation of the load curve near f
the Mazurkiewicz uses a more cumbersome graphical metho
the point of ultlmate load. 1In addition, the Van dér
has been successfully used in a previous study on P
Louisiana (30) Thus, the Van der Veen method was sel
based on its 51mp11c1ty, consistency, and prev1ous‘u
studies. The failure loads derived by the Van der V
test load analysis methods differ by an unknown amo
capacity to which the blowcount *should” correlate. Th
error deserves future study.

Van der Veen proposed the following relation betweer
ultimate capacity and its load versus deflection behax

where:
Q = Applied load causing butt deflectlo=
Qu = Pile ultimate capacity
r = Coefficient determined from the load
deflection curve
Using two (Q,z) points near the upper er

load-deflection curve, Qu and r can be determined.
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'}* require a load test when the bearing

"ENR formula is less than twice the design

est piles generally does not begin for at
stallation. The test loading consists of the
ntal static loads on the pile and measuring

ent.” Test piles are loaded to failure or
lesign load is reached. The test pile is
1ed when the permanent settlement at the top
neh «(regardless of pile size). The Van der
ry-well for most of these test pile records.

le.capacity often begin immediately after the
epending on the soil environment, water table,
yperof pile, length of pile, and possibly other
aﬁacity:may change significantly between the end
sad - test conducted two to four weeks later.
'ﬁt%clays, deriving most of their capacity from
ese clays, tend to significantly increase in
irst month after driving. Conversely, piles

éys but deriving practically all of their

d. stratum below may lose capacity because of
on-if the clays are underconsolidated. This
may: occur naturally or may be due to a recent

ritable or placement of fill.

sjana, most piles increase significantly in
' uring the first few weeks after driving,
00 percent (16). Logically, the end~of-driving
erexpected to predict the pile capacity at the
ity cannot predict a significantly different
ime of the load test (or the time of design
sical production pile). 1In recognition of this
;Oﬁ "restriking® is growing. Restriking refers

le for a short distance after some time delay.
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It can be performed after a majority of the time-dependent chan
are assumed to have occurred. The restrike blowcount, along wj
the. characteristics of the restriking hammer, are used to pred
capacity. For load-tested piles, the restrike can be perform
immediately before or after the load test. There are, howeve;
several problems associated with restriking: (

1) The restriking must be performed after an
appropriate delay. Pile accessibility is
often impaired by installation of surrounding
piling. Furthermore, there is considerable cost
involved in resetting the pile driver over

each pile.

2) In soils of considerable setup, the pile hammer
used for production driving may not be of adequate
size to restart the pile. A suitable starter
hammer or other device for obtaining an "after
setup" blowcount or pile analyzer data may not
be suitable for driving additional pile length,
should it be required.

3) Very little restrike data has been gathered for
test piles. Thus it is impossible to check
any method’s ability to predict historic load

test results by using restrike blowcounts.

4) Significant increases or decreases in capacity

may occur after the restriking.

These costs and problems inveolved with restriking preclude its
present use for all or most production piles. ‘Thus, any dynamicC
method intended for use with every pile must retain dependence on_
the end-of-driving blowcount. This requires that pile setup be .

accounted for in some other manner.
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noted that practically all evaluations of dynamic
Ee have used end-of-driving blowcounts to predict pile
s capacity has been compared to the load test result
e #dx to setup. It might be argued that any time-
angés are considered indirectly through the customary
s-that have been settled upon through the observation
6ry" results. However, it is likely that these safety
higher than would be reguired if the time-dependent
¢h pile could be better gquantified and included in the

o be noted that the Gates formula included in this
‘ferent from the other methods in that it was derived
tical correlation between end of driving blowcounts
results. Thus, it includes the effect of setup that
re the load test on_the average for that group of
vthich' the formula development was based. Because of the

ation in amounts of setup that occurs, it is unlikely
hod of dealing with setup can be widely accurate.

: - the dynamic methods were evaluated with and without
nof setup. For evaluation of the dynamic methods with
n ‘of setup, the test pile failure loads obtained using
‘Ween method described above were divided by setup
:btain estimated failure loads at end of driving. Pile
predicted by the dynamic methods (based on end-of-
icounts) were compared to these estimated end of driving
ds For evaluation of the dynamic methods without
on: of setup, unmodified test pile failure loads were

vnamic predictions.
actor, SUF, was computed as follows for this study:

SUF = S(P) + 1.0(P,)
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where: A
Fraction of total pile resistance

byl
woo,
1}

coming from side friction
P. = Fraction of total pile resistance

coming from tip bearing ‘
$ = 1.0 if predominant side soil has high

permeability { sand or gravel)

= 2.0 if predominant side soil is
medium to stiff clay

= 3.0 1if predominant side soil is
soft to medium clay

= 4.0 if predominant side soil is
very soft to soft clay

fraction, P, of total resistance coming from side friction

e g to send-of-driving” conditions and was computed as follows:
refer ~
p, = 0.95 if the final blowcount is less
B8
than 3.5 times the average blowcount
= 0.75 if the final blowcount is between 3.5
and 4.0 times the average blowcount
= 0.50 if the . final blowcount is greater than
4.0 times the average blowcount
bove setup factor calculation method was based on the
The @
following logic and study.
le the mechanism of setup is not well understood, it is
ile
whi ally pelieved that the increase in capacity for a pile driven
er _ e -
9ep £t submerged clays 15 due to the dissipation of excess pore
i so ks v 3 . N
in ores that build up during driving. The thin film of
ess .
px urized water holding back the clay gradually retreats and
S5 . _ .
pri s the cohesion-accompanied clay to pack in. It was assumed in
allow ‘

.« gtudy that only the side friction portion of pPile capacity is
this

..ot to time dependent change. That is, it was assumed that the
subje
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of driving is constant throughout time. If the
ay,sand, gravel, or rock, this is probably a
sIt. is probably a good assumption for soft
so. since excess pore pressure can effectively
l¢6mpressive stresses that occur at the pile tip.
apacity of a pile tip in soft submerged clay is
han« five percent of the total capacity, and
}ﬁggto the setup of that tip capacity are not very

or pile side friction were decided upon through
erature. Lowery recommended setup factors of 3
ielays, 2 for firm and stiff clays, and 1 for
Under the assumption that their wave equation
rately predicting end-of-driving capacities,
ive pile setup factors in the form of the *“R"
esliterature review above (16).

to: estimate the portion of the total end-of-
coming from side friction so the setup factor
#it. Two methods of doing this were developed.
a.soil mechanics approach, relied upon cohesion,
ﬁdaunit weight data for the surrounding soils.

de friction and tip bearing were performed using

“Setup factors were applied to side frictiom
them from long-term to end-of~-driving values.
ession values Q, (twice the cohesion) in pounds per
ere divided by a setup factor equal to 2000/Q, ,
1.0. Thus, for a medium clay with Q. equal 1000
ving "effective" unconfined compression strength
1000 psf divided by 2.0.

mating percent skin friction that was not dependent
soils data was desired since this data may not
€. It was reasoned that this percentage might be
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relétédbﬁg'fhé'déaféé of change in the pile blowcount near the epn
of driving. 2a pile.completely in soft clay generally experienc

friction. In this case the ratio of the final blowcount to t
avérage blowcount is 1.0 . a high ratio of final blowcount - t¢
average blowcount generally indicates that the tip is seated in
stronger stratum than those along the piles side. In this case,
substantial percentage of the total pile capacity probably comes
from tip bearing. The values of P, given above were derived
through study of the blowcount histories of several of the selected
LADOTD test piles, together with the side friction percentage
predicted using the s0il mechanics approach. They work fairly wel

for the test piles studied but probably require considerabl
adjustment for use in other locations.

Safety Factors

2.0 to 6.0. That is, the recommended allowable design load is th
predicted ultimate load divided by a safety factor between 2.0 an;
6.0. The wave equation and all of the formulas, except the Gates
formula, theoreticallf predict the pile capacity at the end off
driving. If it can be assumed that the pile either retains this}
capacity or increases in capacity, why would some of the formulasi
require a safety factor much greater than 2.07 It is either;
because a given method contains a systematic error that causes itf
Lo overpredict pile capacity on the average, or because there is:
such fluctuation in the accuracy of the method that to be
conservative in almost all cases, a high safety factor is required.
The fact is that the bresent status of safety factors for dynamic :
prediction methods is very confusing and without firm reasoning.

In this study an "adjustegd” predicted ultimate capacity was
computed for each dynamic method. This adjusted value equals the
customary allowable load multiplied by 2.0. (The customary
allowable load is the predicted ultimate load divided by the
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aétor.) Both theoretical and "adjusted

dynémic method were compared to test pile

£ .the dynamic methods, there is often some
he proper values of the parameters. For
shstant c in the Engineering News formula has
foundation engineers in order to obtain a
between the formula predictions and selected
.%g;, the Wisconsin formula uses ¢ = (.2}). In
ogrmulas, values of coefficient of restitution
ssrisare often varied towards the same end.
‘the formula parameters affect the predicted
jacity relation; however, some parameters have

than others.

6ds studied, the wave equation requires by far
ariables. While the 1literature contains
‘he values of many of these variables, there is
uricertainty about many of the inputs. Parameter
ted for several of the WEAP87 input values to
'0f "reasonable" variations in these inputs on
sount versus capacity relation (31). Results of
ated that reasonable variations in hammer
ents of restitution, damping factors, and quake

very significant effect on this relation.

e-of the WEAP87 input values were selected for
ven below. Complete copies of the input data
'Fed test piles are available by request from the
fén'the other formulas is discussed in a later

45



All test piles selected were driven by hammers included in or
closely matching haﬁmers in the WEAP87 hammer data file. Thus it
was not necessary to research such inputs as hammer efficiency, ram
weight, hammer casing weight and stiffness, or other hammer related
variables. It was assumed that the driving hammer conformed with
WEAP87 table values. ’

The percent skin friction was selected on the basis of the soils
information and ranged from 50 to 95 percent. Piles tipped in a
hard stratum, as evidenced by the soil boring and a large increase
in blowcount, were near the 50 percent level. Piles penetrating and
tipped in soft-to-medium clay were near the 95 percent level.
Regarding distribution of skin friction, only the built-in
rectangular or triangular distributions were used. Piles in clay
were generally assigned rectangular distributions, while piles in
sand or in clay with strength increasing with depth were assigned
triangular distributions. The percent of pile length receiviﬁg
skin friction was based on the final ratio of pile embedment to
pile length. Embedment and length were both contained in the test
pile records.

Capblock stiffness (the capblock is a cushion between the ram and
the pilecap) was based on recommendations in the WEAPS7 user’s
manual. No information on capblock stiffness was found in the test

pile records.

A pile cushion is used between the pilecap and concrete piles. It
is normally wood four to eight inches thick and covers the entire
area of the pile top. The input stiffness of this cushion often
has a large influence on WEAP87 predictions. Unfortunately, none
of the test pile records contained information on the pile cushion
used. Values used were generally within the 1900 to 4500 kip-per-
inch range.
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alues used were 0.1 inch; point and side soil

1vdamping) used were 0.15 seconds per foot.

ted pile capacities. There are three different
s for each pile; namely, 1) the actual maximum
van der Veen Failure load (time of test
e Van der Veen load divided by the setup factor
acity). The two spredicted® capacities for each

‘heoretical predicted ultimate capacity of a
:2)- twice the customary allowable load given by
Here are six combinations of measured and

g, Rl and R2, use the maximum test load as the

p Test Load / Formula Predicted Capacity
“Test Load / Formula Allowable times 2.0

est load is not consistently related to the pile

nd:R2 were not used in the evaluation.

0s,; R3 and R4, compare the failure load as
Van der Veen method with the predictions of the
# - These ratios constitute the ‘“without

setup" comparison.

ure Load / Formula Predicted Capacity
Iure Load / Formula Allowable times 2.0

itios attempt to account for setup between the time
ven and the time of the load test.
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R5
R6

Test Failure Ld lelded by Setup / Formula Predicted Capacit
Test Failure Ld divided by Setup / Formula Allowable times :

it

Formula éllowables are the Formula predicted capacities divided
the following customary safety factors: ENR = 6.0, Hiley = 3
Gates = 3.0, Janbu = 4.5, PCUBC = 4. 0, WEAP87 = 2.0. For the ra
case in which the test load equals the Van der Veen failure lo
and has no setup, and the prediction method’s theoretical safe
factor is 2.0, all six ratios will be equal. If the dynamic methoy
is also a “perfect® predictor, all ratios would be 1.0.

It was hoped that by examining and analyzing these ratios for mary
load tests, the best prediction method for the state of Louisia
would become evident. The mean and coefficient of variation (cov
of the ratios were calculated for several groupings of the select
test piles. Low values of cov {cov = standard deviation divided b
the mean) indicate that the dynamic method is consistent .
predicting pile capacities equal to some constant multiple time
the load test value. Systematic errors in the prediction:
indicated by a mean different from unity, can easily be "factored

out.* Thus a low cov is the primary focus when selecting a go

prediction method.

For each of the database test piles, it was necessary to compy
the previously described prediction ratios and then compute th
ratio means and covs for various groups of the test piles.
FORTRAN computer program, PILCAP, was written to interactivel
prompt for file numbers of a desired group of test piles (or £
name of another file that contains these file numbers), open a'
read the appropriate LATP.XXX files, calculate the predict®
ratios for each pile and each dynamic method, and compute the ratl
means and covs for that group. A description of the program i
given below. A listing of the program is available upon regues

from the authors.
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NUMBER OF PILING T0O BE ANALYZED = 3

ANALYSIS FOR PILE 1

PILE CATALOGUE NUMBER =091
FILE NAME = LATP.091
STATE = LOUISIANA
PARISH = EAST FELICIANA

CLINTON-OLIVE BRANCH HWY, LA-67

TEST PILE # 1
PROJECT NO.= 60-03-12
DATE OF DRIVING 9-9-81
DATE OF TESTING 10~6-81
PILE DESCRIPTION: 16" PRECAST CONCRETE, L=50‘
PILE LENGTH,FT = 50.0 PILE EMBEDDMENT,FT = 34.0
PILE TIP BEARING AREA,SQ IN = 256.00
PILE BUTT AREA,SQ IN = 256.00
DEPTH TO WATER TABLE,FT = 0.0 GRD ELEV = 199.9
FINAL BLOW COUNT,BLOWS PER FT = 33.0
AVG BLOW COUNT LAST 5 FT,BLOWS/FT = 26.4
AVG BLOW COUNT ENTIRE EMBED = 47.0
HAMMER DESCRIPTION = VULCAN NO. 1
SINGLE ACTING AIR/STEAM HAMMER
HAMMER NUMBER FROM WEAP86 TABLE = 204
RAM WEIGHT,KIPS = 5.00 HAMMER RATED ENERGY,FT-KIPS = 15.00

I

HAMMER ENERGY EFFIC RATIO = 0.67 HAMMER TOT WT,KIPS = 10.00
PILE DESIGN LOAD,TONS = 57.4 MAX TEST LOAD, TONS = 143.5
DURATION OF MAXIMUM LOAD,HOURS = 2.00

TOTAL PILE DEFLECTICN AT MAX LOAD,IN = 0.190

PERMANENT DEFLECTION, IN = 0.084

PILE DEFL,IN, AT 50% MAX LOAD = 0.030

PILE DEFL,IN, AT 75% MAX LOAD = 0.080

EST RATIO TEST LOAD TO FAILURE LOAD 0.95

EST PERCENT SKIN FRICTION AT END OF DRIVING 70.00

EST SETUP FACTOR FROM END OF DRIVING TO TIME OF TESTING 1.00
PREDOMINANT SIDE SOIL IS SAND

NUMBER OF PILE X-SECTIONS INPUT = 1

SECTION 1 AREA,SQ IN = 256.00

SIDE FRICT PERIM,IN = 64.0 MOD OF ELAS,KSI = 3640.00
UNIT WT,PCF = 150.0 DIST,FT,BELOW TOP = 0.00
NUMBER OF SOIL LAYERS = 2

LAYER 1 STIFF SANDY CLAY

THICKNESS,FT = 6.7 TOTAL UNIT WT,PCF = 132.0
ANGLE OF FRICTION,DEGREES = 0.0

UNCONFINED COMPRESSIVE STRENGTH,PSF = 2560.0

WATER CONTENT % = 16.0

Figure 5. PILCAP Cutput
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05 PLASTICITY INDEX = 11.0
SILTY SAND '
0/ “POTAL UNIT WT,PCF =  120.0
REES = 30.0
'E ‘STRENGTH, PSF = 0.0
20.0
0. . PLASTICITY INDEX = 0.0
=5 0.96
K/IN:= A4591. CUSHION STIFFNESS = 1920.

00 - ANVIL COEF OF RESTITUTION= 0.000
0. "PILE TOP COR= 1.000

= 0.800 °
@TOR, SEC/FT = 0.05
0 0.15
ING: = 0.10 POINT QUAKE = 0.13
BUTION TYPE NUMBER = 3
XEDICTED BY WEAP86 = 99.000
WEAP WITH DEFAULT INPUT= 106.000

NSE=.  143.50
S, AT TESTING TIME = 150.89
ONS,AT END OF DRIVING = 150.89
SKIN/FRICTION AT EOD BASED ON
“AND FINAL BLOW COUNTS = 0.950
ON/PREDOM SIDE SOIL AND ESTIM
TTON' = 1.000
NT = 14.29

O TOTAL BASED ON SOIL PROFILE

0696 END OF DRIVING = 0.696
DRTVING ULTIMATE CAP,TONS = 89.30

RM ULT CAP, TONS = 99.30

KRR IR KR I KA AR IR AR R R R AR Rk Ak Ak ke khkh A Ak Rk * ok hh ok

CUST ADJ P ULT PPSF ADJ PPSF
ALLCW, T

SR AL ES LR EL LA SREREESEEEASERREESARS R EEEE LRSS

* 32.4 * 64.7 * 4.435 * 4.664
* 27.3 * 54.5 * 5.266 * 5.537
* 21.7 * 43 .4 * 6.605 * 6.946
* 14.1 * 28.1 * 10.209 * 10.735
* 11.8 * 23.7 * 12.120 * 12.744
* 24.8 * 49.5 * 5.7%8 * 6.097
* 49.7 * 99.3 * 2.890 * 3.039
* 4.7 * 5.3 * 30.827 * 32.415
* 26.5 * 53.0 * 5.415 * 5.694

Figure 5. (cont)
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MAXIMUM TEST LOAD, TONS= 143.50

EST FAILURE LOAD, TONS,AT TESTING TIME = 150.89

EST FAILURE LOAD, TONS,AT END OF DRIVING = 150.89

ESTIMATED PORTION SKIN FRICTION AT EOD BASED ON
RELATION BETWEEN AVG AND FINAL BLOW COUNTS = .70

******************f*********************************************

METHOD R1 * R2 * R3 * R4 * R5 * :
****************************************************************:
* * * * * *
ENR* 0.739 = 2.218 * 0.777 * 2.332 * 0.777 * 2.332
HIL* 1.755 = 2.633 * 1.846 ~* 2.768 * 1.846 ~* 2.768
GAT* 2.202 ~+ 3.303 = 2.315 ~* 3.473 = 2.315 «* 3.473
JAN* 2.269 ~* 5.105 * 2.386 ~* 5.368 * 2.386 * 5.368
PCU* 3.030 ~* 6.060 = 3.186 «* 6.372 * 3.186 ~* 6.372
WP1* 2.889 ~* 2.899 = 3.048 ~* 3.048 ~* 3.048 ~* 3.048
SLG* 1.445 ~ 1.445 = 1.520 = 1.520 = 1.520 = 1.520
EMD* 5.138 * 15.413 ~* 5.403 * 16.208 ~* 5.403 * 16.208
WDE'* 2.708 = 2.708 * 2.847 * 2.847 ~* 2.847 ~* 2.

***********t****************************************************ﬁ:

ENR=Engineering News Record, HIL = Hiley, GAT = Gates, JAN = Janbu,
PCU = Pacific Coast Uniform Building Code, WPl = WEAP87, SLG = Soil
Boring Method, EMD = Modified ENR, WDF = WEAP87 with default input.

PRED ULT,T = ULTIMATE LOAD,TONS, PREDICTED BY METHOD

NOM SF = SAFETY FACTOR GENERALLY USED WITH METHOD

CUST ALLOW,T = CUSTOMARY ALLOWABLE LOAD,TONS = PRED ULT/NCM SF

ADJ P ULT = ADJUSTED PREDICTED ULTIMATE LOAD, TONS
= CUSTOMARY ALLOWABLE * 2.0

PRODUCTION PILE SAFETY FACTOR

MAX TEST LOAD/CUSTOMARY ALLOWABLE

ADJ PPSF = PPSF/EST RATIO MAX TEST LD TO FAILURE LD AT TIME OF TEST
Rl = MAX TEST LOAD/PREDICTED ULTIMATE LOAD

PPSF

R2 = MAX TEST LOAD/ADJUSTED PREDICTED ULT LD

R3 = EST FAILURE LOAD AT TIME OF TEST/PRED ULT LD
R4 = EST FAIL LD AT TIME OF TEST/ADJ PRED ULT LD

R5 = EST FAILURE LOAD AT END OF DRIVING/PRED ULT LD
R6 = EST FAIL LD AT EOD/ADJ PRED ULT LD

Figure 5. (cont)

52



95 092 and 093 similar, omitted for brevity)

h R2 R3

. .SD MEAN  COV . SD MEAN cov SD
0.16 1.674 0.28 0.47 0.583 0.29 0.17
0.37 2.241 0.25 0.56 1.552 0.23 0.36
0.19 3.354 0.09 0.29 2.327 0.05 0.11
0.41 4.247 0.22 0.93 1.964 0.21 0.41
0.57 4.858 0.24 1.15 2.530 0.23 0.59
0.35 2.555 0.14 0.35 2.662 0.13 0.35
0:.42 1.007 0.42 0.42 1.047 0.42 0.44

2.17  8.222 0.79 6.50  2.885 0.79 2.29
0.37  2.315 0.16 0.37  2.412 0.16 0.38

R5 R6
" 8D MEAN cov SD MEAN Ccov SD
0.51 0.398 0.83 0.33 1.194 0.83 0.99
0.54 1.003 0.73 0.73 1.504 0.73 1.10
0.17 1.433 0.54 0.78 2.149 0.54 1.17
.0.93 1.286 0.74 0.95 2.892 0.74 2.15
1.19 1.682 0.78 1.31 3.364 0.78 2.62
:0.35 1.717 0.68 1.17 1.717 0.68 1.17
0.44 0.729 0.94 0.68 0.729 0.94 0.68
6.87 2.305 1.18 2.72 6.914 1.18 8.15

0.38  1.572 0.71 1.11  1.572 0.71 1.11

A OUTPUT, SHORT TONS

R VEEN LOAD TEST ULT LOAD

AD REDUCED TO END OF DRIVING BY EST SETUP

'0 METHODS AS NUMBERED ABOVE

.333%1 2 3 4 5 6 7 8 9
65. 82. 65. 63. 47. 50. 99. 28. 53,

OifZOO. 174. 118. 148. 122. 113. 297. 311. 127.
2. 164. 210. 109. 155. 119. 102. 370. 104. 114.

Figure 5. (cont)
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The constant k, represents the elastic compression of the pile
is a function of the pile 1load and its axial stiffng
distribution. For non-prismatic piles the average stiffness
used. Since the pile load is not initially known, the Hil
formula requires several cycles in which pile load is estimate

elastic compression computed, pile load computed, elast

compression recomputed, etc., until the computed pile load equa
the value of the pile load on which the elastic compression w
based.

The Gates and Janbu formulas do not require further explanation
PILCAP executes them exactly as described previously. The Jan
formula uses an average stiffness for non-prismatic piles. Th
PCUBC formula requires iteration similar to that required by th
Hiley formula. Again, an average axial stiffness is used for non

prismatic piles.

WEAP87 - PILCAP does not perform wave equation predictions; i
simply outputs the input results of separate WEAPB7 runs.
For each test pile, the WEAP87 program was run with estimated pil
capacities until the accompanying blowcount of one of the
capacities matched the actual final blowcount of the test pilef
The matching capacity was input to the test pile data file.

STUDY OF DYNAMIC PILE TESTING

Methods based on the dyﬁamic performance of a driven pile also .
include in-place measurements of the induced wave during driving,
i.e., the pile driving analyzer (PDA). LADOTD has recently
acquired limited experience with the PDA. It was used in the I-220
Cross Lake project and is currently being used in the I-310 Luling
Bridge Approach. The capacities measured in static load tests of
piles driven in the I-220 Cross Lake project were much less than
those predicted using the ENR formula. Since the piling were
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ng a follower, it was suspected that significant losses
vecurred between the pile and the hammer as a result.
a'DA was used to check pile capacity and to estimate the
ergy delivered to the pile., The incentive to use the PDA
T-310 Luling Bridge Approach was the difficulty or
to conduct static load tests with the required “end-on*
:Eion method {(i.e., pile driving from the structure as it is
'pilt, generally and in this case for environmental
Fec on reasons). In the beginning of the project, the LADOTD
=ed an in-house comparison of in-place test methods with pile
ts. Based on the results, the LADOTD is using the PDA in

static tests for construction of the I-310 approach to the

Bridge.

1§ing either a pile driving formula or the wave equation, a
amount of uncertainty accompanies the estimation of the
elivered to the pile by the hammer. The PDA is a dynamic
‘hat directly measures the force and acceleration at the top
nstrumented pile during driving. This eliminates the need
éume certain input values required to model the hammer and
ccessories. With a field computer and appropriate available
re, the measured information can be used as input to a pile
ty. calculation based on. single force balance theory (32).
approach is known as the CASE method. Assuming a uniform
ic pile and using wave propagation theory, the total soil
tance R acting during driving is:

11 R = 1/2[F(ty) + F(t,)] + mc/2L[v{t,) - v{t,)]
Ln : where:
F(t) = measured force as function of time
- v(t) = velocity of the pile top
L t, = a selected time during the blow
5. t, =%t + 2L/c
:H . : m = pile mass
Ne - c = wave transmission speed of pile
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The above total soil resistance is the sum of a stati
(displacement dependent) and a dynamic D (velocity depende
component :

R=8+D

The static resistance S is determined by subtracting the damp
force D from the total resistance. The damping force
approximated as:

D = J X Vige

where:
J = damping constant
Veee = Plle toe velocity
= 2V —(L/mc)R
Vi = Pile top velocity at time t,

The measured force and acceleration can also be used in a wave
equation analysis for predicting the pile’s static capacity
(12,13). Using the wave eguation, a predictor-corrector numerical
integration is performed with the known values of acceleration as
boundary conditions. Soil resistance properties are adjusted until
the computed output force equals the measured force (33,34). The
computer program CAPWAP (12) iteratively evaluates soil resistance
and damping values along the pile to determine the conditions -

required to produce the actual dynamic measurements.

Using the results of the CAPWAP analysis, the pile-soil model can
be analyzed further in a *simulated static test." The pile 1is
loaded incrementally, and displacements at the pile head and along
the shaft are computed. A load versus displacement graph is
produced. Applications of the PDA also include an analysis of the
integrity of the driven pile (35).

I-310 Advance Test Pile Program - The comparative study of dynamic
methods for the I-310 Luling Bridge North Approach involved seven

84-foot-long prestressed concrete test piles of various sizes and
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ynamic tests of those piles. The *"Special
onstruction contract for this job required the
. a wave equation analysis of all test piles
Ived hammer to the Bridge Design Engineer prior
The piles were driven with a Delmag D46-23
hémmer to an 80-foot tip penetration,
1f-pile-capacity, driving stresses, and hammer
oriducted using the PDA and the CAPWAP method.
made during initial driving and for a series
fter specified time intervals for all of
“test piles except one were statically loaded
é interval of approximately 14 days from the
:éAwquick—load test was used for testing the
36). Results of the test sequences used for
vestrike measurements made it possible to
s: of time-dependent changes on the soil
apacities. A study of the results of this test

nin the next section.

'MPLEMENTATION SOFTWARE

‘the project was the creation of a field use
eriient application of a superior dynamic
during production pile driving. Following the
amic: formulas and wave equation, two formulas
'were selected for inclusion in the field use
ent :is that the software developed can be

.microcomputer similar to an IBM AT. A
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departments in each state and the District of Columbia reqguesting

ANALYSIS OF DATA

REVIEW OF CURRENT PRACTICE

monitoring pile installation have been under consideration b
LADOTD, Other state transportation departments are conducting
similar evaluations. In recent years several states have complete
this task and implemented new methods.

In Louisiana production piles are furnished by the contractor in.
accordance with an itemized list established by the LADOTD enginee
(1}. The list includes the number, size and type, and location of
all permanent piles. The type and lengths (and tip elevations) of
the permanent piling are generally based on results of a Previously
conducted load test of a similar pile at the jobsite. LADOTD:
specifications state that "the order length may be revised by the.
engineer when driving conditions deviate from test pile results."
The Louisiana Standard-Specifications (1} also state that "if the
safe bearing capacity of permanent piles is to be determined by
formulas,* the ENR Formula "shall be used as a guide and shall be
correlated with the test pile driving and loading data.”

Other state transportation departments have recently reviewed or
are reviewing their pile driving programs. Included in a 1985
Washington State Department of Transportation study by Fragazy et
al. (19) 4is a survey of the current practice of state
transportation departments with respect to use of dynamic formulas,
the wave eqguation, and the pile analyzer. A letter was sent to

information on the method(s) used for construction control of pile
driving. Of the 34 states responding, 21 states indicated that
they use the Engineering News formula in its original or modified
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0.-other dynamic formula. Several states indicated a
.ch to wave equation analyses due to the resulting
ccuracy. Comparative studies of pile driving formulas
by some states were found to be "either quite old...or

A few states had previously conducted a comparative
1éxload tests with formulas and/or the wave eguation.
es were conducting such a study at the time of the survey,
s-considering such an investigation in the near future.
heir study was not complete, Pennsylvania transportation
ndicated that they were finding that the wave equation
nalyzer underpredict pile capacity if the pile does not
relaxation.

-responding to the Washington State survey indicated they
ve equation. Only two states indicated regular use of
nalyzer, but they were very satisfied with it. It was
thelreport that although "these methods clearly are more
-to implement, and require more highly trained personnel,
rmediate step, using a more sophisticated equation, does
to have been considered.*

1ington State Department of Transportation procedure for
tion control of pile foundations, as presented in the
't al. report (20), is similar to that used by many other
. The Engineering News Record i1s used for estimation of pile
construction control of small pile driving jobs. This
majority of pile driving projects. For interstate
and larger projects, the wave equation and pile
used. Outside contractors are used when the pile
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analyzer are used in construction control. The Wisconsin formu:
is a modified ENR as follows:

Poiw = 2WH/ (S + 0.2)
where:
'P .ew = a@allowable bearing value, lb.
W = ram weight, 1b.
H = height of ram fall, ft.
S = penetration per blow, in.

The Mississippi DOT also uses the above expression (17).

The New York DOT (37) uses the wave equation analysis (WEAP), the
dynamic pile analyzer (with the CASE method and CAPWAP), and
occasionally a static test to estimate and verify pile resistance:
WEAP is used on all pile projects during the design process and
construction. In the design phase, WEAP is used to analyz
potential for overstressing the pile by driving, specifying limits
on hammer size or type, or specifying thicknesses and/or types of
pile cushions. The most common and routine use of the wave
equation is in construction. New York DOT requires contractors to
.submit the proposed hammer and pile system for approval. Using
WEAP, the contractor’s hammer is checked for its ability to drive
the pile without overstress. Also, a blowcount versus capacity
chart is prepared for inspector use.

The New York DOT utilizes the dynamic pile analyzer to determine
in-place capacity, monitor stresses, measure hammer performance and
pile integrity, and determine the length of existing embedded piles:
and sheeting. The pile analyzer is used on special projects that
have unique soil conditions or where soil parameters are difficult
to determine. This test is also conducted where soil conditions
are different from those assumed in the design, and to troubleshoot
pile driving problems. The CAPWAP analysis permits'refinemenq of
damping and quake parameters for the soil and increases the
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e predicted design capacities. New York DOT
o-be driven to a predicted ultimate capacity of
owable load. As a result of increased confidence in
dures, a lower safety factor is occasionally used
#rStatic tests are normally used only on large
h: capacity piles.

tially estimates the pile type and lengths with
testing information (21). Pay items for static
Ynamic load tests are established. The contractor
onsibility for determining the lengths of piles to

piles not driven to refusal or bedrock must be
énetration that satisfies the ENR formula. After
xperiences at the site, a decision is made between
tests (or both). Static load tests are generally
rirelatively large projects. The Ohio DOT has
amic tests since the mid-1970s. A Pile Driving
Te property of the Chio DOT at the conclusion of
ect: on pile capacity at Case Western Reserve
ce-that time, the usage of and reliance on dynamic
ly increased relative to static testing. The wave

used on selected projects.

a=DOT (38) found that the wave egquation analysis
20f not only increasing the Engineer’s confidence
-capacity is achieved but that the pile is not
ssed: and that the pile driving hammer is capable of
‘to the desired depth.-" Since 1977, the WEAP
has been used unofficially on pile projects to
ethods of correlating the wave equation computer
locad tests were practiced on at least four
w:/The wave equation has been used since 1980 to
ing. However, the ENR formula is still generally
dges with steel H-piles driven to rock. As part
wave equation analysis is performed using damping
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parameters and a side friction distribution corresponding to stat
bearing capacity computations. This gives an estimate of th
driving stresses and tests the ability of the hammer to drive ths
pile to the required depth. Specifications on the hammer, cap
block, and cushion material are submitted by the contractor for
approval two weeks prior to driving. The contractor is required to
conduct load tests and to restrike the test pile. Production pile
lengths are specified based on the load test results. After

determining the test pile capacity and restriking, a wave analysis

is conducted. The soil damping parameters are varied until the

wave analysis produces a capacity equal to that measured in the -
pile test. The soil quake of 0.1 remains unchanged. The ratio of;
side resistance to total capacity from the static analysis is used..
as input. Ultimately, a table or bearing graph of capacity versus
blowcount foot is generated, Field control of production plle.

driving is secured by providing bearing graphs to the resident
engineer and order lengths to the contractor. It is expected that
the acquisition of a Pile Driving Analyzer will further refine the
North Carolina DOT construction control and reduce the number of
pile load tests required.

In the FHWA Demonstration Project No. 66 manual (39), determination
of pile load capacity during installation using dynamic formulas is
cited as being unreliable and having large built-in factors of
safety. Thus it is recommended that dynamic formulas for
construction control be eliminated as experience is gained with the
wave equation analysis. The wave equation analysis coupled with
dynamic monitoring is recommended for construction control. Pile
load tests are recommended for big jobs to verify the predictions
made by the wave equation and in~place dynamic measurements. The
safety factors recommended for the various methods used in quality
control of construction are given as the following:
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~ Construction Control Method Recommended Safety Factor
.Static Load Test 2
' Dynamic Measurement coupled 2.5

with Wave Equation Analysis
-Wave Equation Analysis 3

PERFORMANCE OF DYNAMIC FORMULAS WITH LOUISIANA TEST PILES

EVALUATION OF CANDIDATE METHODS
The database test piles were grouped in certain categoties for the
purpose of computing the ratio means and covs. In addition to the
group of "all® test piles, there is a practically infinite number
‘of subsets possible. The hope in studying any of these subsets was
that the means and covs of the prediction ratios would indicate one
or more of the dynamic methods to be significantly more accurate
for that subset than for the entire group. The following groups
‘were selected:

Square concrete piles

Timber piles

Piles driven with single acting air/steam hammers

Piles bearing in clay

Piles bearing in sand.
The specific pile numbers in each group are given in Appendix A .

As defined in the previous chapter:

R3 = Test Failure Load / Formula Predicted Capacity

R4 = Test Failure Load / Formula Allowable times 2.0

R5 = Test Failure Ld divided by Setup / Formula Predicted
Capacity

R6 = Test Failure Ld divided by Setup / Formula Allowable

times 2.0
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Logically, RS and R6 are the "best" ratios to examine for )
methods except the Gates formula. If setup effects hadg bee
correctly calculated, if the Van der Veen failure lecad was th
"appropriate” one for correlation with the final blowcount, ang j

the particular dynamic method used an accurate structural modej
then the mean of R5 would be 1.0 and the cov would be zero. If the!
predicted ultimate capacity is taken as twice the allowable loag

R6 should be examined.

For the Gates formula, R3 and R4 should be the more logica) |
measures, since setup effects are already included (on the average)
by correlating blowcounts with load test results.

Table 6 represents 56 square concrete piles. The ENR meap
predicted pile capacity is close to the mean load test value if jtg:
predicted capacities are taken as twice the customary allowableg :
(R6) instead of the theoretical six times (R5). In contrast, the
Hiley formula performed better if its theoretical ultimate is useqd -
(3 times customary allowable). The Gates, Janbu, and PCUBC algo
performed better when theoretical capacities were used instead of
capacities adjusted to twice the customary allowables. FoOr dynamjc
methods with customary safety factors of 2.0, such as the WEapg7,
there is no difference between R5 and R6.

In comparing R3 with R5 or R4 with R6, it is evident that the
proposed setup factors brought the ratio means closer to unity for
all cases except R3 to RS for the ENR. This indicates a beneficia]
average performance of the setup factors.

The cov values for all methods are very high, indicating poor
performance of the methods for individual cases. Comparing the coy
values for R3 and R4 with those of RS and R6, it can be seen that
the setup factors being used did not greatly improve individua]
performances. For the Hiley formula, the setup factors actually
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RSO E Ry PP SR

TABLE 6
SQUARE CONCRETE PILES: PILE FORMULA CAPACITIES

R - Ratios”

Mean cov Mean cov

R3 R4 R3 and R4 R5 R6 RS and R6
0.599 1.797 0.61 0.348 1.044 0.60
1.598 2.398 0.50 0.953 1.429 0.53
2.239 3.359 0.46 1.361 2.041 0.54
2.186 4.918 0.55 1.264 2.844 0.51
2.972 5.944 0.52 1.730 3.460 0.50
2.605 2.605 0.64 1.461 1.461 0.58

R3 = Test Failure Load / Formula Predicted Capacity

= Test Failure Load / Formula Allowable times 2.0

= Test Failure Ld divided by Setup / Formula Predicted Capacity
= Test Failure Ld diﬁided by Setup / Formula Allowable times 2.0
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Table 7 represents twelve timber piles. As indicated by th

Table 8 represents 61 piles driven with single-acting air/s
hammers. Most of the piles in this grouping are also covera
Table 6. Comparing the cov values of R3 and R4 with those -

and R6, it can be seen that the proposed setup factors perfo
better for this pile group.

Table 9 represents 43 piles bearing in clay. B2gain, most of
piles are also in Tables 6 and 8. Performance of the setup fa¢
was mixed. Table 10 represents 12 piles bearing in &

Performance of the setup factors was very poor.

the results of Louisiana load tests. It is the authors’ opin
that further study of additional load test results would lead-:
the same conclusion, if those load test results are similar
information to the ones studied (as most are). The real need j
for a higher quality database within which more of the test pil]
characteristics are measured and recorded.

‘The results of this and other studies indicate that for the ENR
the pile capacity is closer to being twice the customary allowabl
load; using a predicted capacity six times the customary allowable
{the theoretical wvalue) results in large overpredictions in
virtually every case. In contrast, for the other formulas with
customary safety factors greater than 2.0, a betterhestimate of
pile capacity is obtained using "unadjusted® theoretical values.
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TABLE 7
ILES: PILE FORMULA CAPACITIES

P

R - Ratios’

Ccov Mean cov
R4 R3 and R4 R5 R6 R5 and R6
308 0.30 0.389 1.168 0.30
43 0.24 1.280 1.920 0.24
464 0.24 1.471 2.206 0.24
758 0.24 1.497 3.369 0.25
112 0.24 1.841 3.683 0.25
728 0.24 1.553 1.553 0.26

e Load / Formula Predicted Capacity

soad / Formula Allowable times 2.0

Ld divided by Setup / Formula Predicted Capacity
Ld: divided by Setup / Formula Allowable times 2.0
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TABLE 8

PILES DRIVEN WITH SINGLE ACTING AIR/STEAM HAMMERS :
PILE FORMULA CAPACITIES

R - Ratios’

Cov
and R4

R5

Mean
R6

R5 and R

0.391
1.084
1.438
1.381

1.172
1.626




_ TABLE 9
pILES BEARING IN CLAY: PILE FORMULA CAPACITIES

R - Ratios’

Mean COov Mean cov
R3 R4 R3 and R4 R5 R6 R5 and R6
619 1.858 0.60 0.360 1.079 0.53
609 2.414 0.42 0.993 1.489 0.50
032 3.048 0.46 1.258 1.888 0.54
204 4.959 0.49 1.298 2.921 0.48
828 5.657 0.47 1.678 3.355 0.49
2.728 2.728 0.60 1.5289 1.529 0.48

J..= Test Failure Load / Formula Predicted Capacity

ilure Load / Formula Allowable times 2.0

Test Failure Ld divided by Setup / Formula Predicted Capacity
Test Failure Ld divided by Setup / Formula Allowable times 2.0
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, TABLE 10 :
PILES BEARING IN SAND: PILE FORMULA CAPACITIEgG

R - Ratios

Mean cov Mean
R3 R4 R3 and R4 R5 R6 RS;q

ENR 0.469 1.408 0.56 0.367 1.102
Hiley 1.498 2.247 0.58 1.091 1.636
Gates 2.450 3.676 0.63 1.925 2.887
Janbu 1.873 4.213 0.47 1.421 3.198
PCUBC 2.473 4.945 0.47 1.822 3.644
WEAP8B7 1.977 1.977 0.61 1.563 1.563

R3 = Test Failure Load / Formula Predicted Capacity
Test Failure Load / Formula Allowable times 2.0 ,
Test Failure Ld divided by Setup / Formula Predicted Capa
Test Failure 1.4 divided by Setup / Formula Allowable times




IES

R5:

factors used to reduce test loads to end of driving
reatly improved the accuracy of formula predictions: on
i.e., formulas were much closer at predicting end of
ities, as they should logically be). As evidenced by
‘of R6 to R4 for the ENR and R5 to R3 for the other
42tio means were much closer to unity for all pile groups:
.- none of the methods became *unconservative mean
even for the end-of-driving capacities (i.e., end-of-
pacities were on average higher than the dynamic
These results and the logic behind the approach
aiithors to conclude that the setup factor approach
etained. However, the only slight improvement in ratio
es that more work is required to improve the individual

of the setup factors.

ncof this study’s ratio means and covs to the means anc
mllarly calculated ratios from two other recently
udies (17,19) shows that the results are very similar.
ue for "Test Failure Load \ ENR allowable * 2.0" was
22 by Briaud (17); a value of 1.47 can be calculatec
for the pile data given by Fragazy (19). The covs fo
ed. ratio were 0.46 and 0.54, respectively. Othe:
ﬁeétigated also had high covs (18).

-310 TEST PILE PROGRAM

North Approach to the Luling Bridge is an elevate
‘crosses environmentally sensitive wetlands. In orde
the construction activity and to cause the leas
‘ito-this area, an end-on constructien technique we
In~this method, the elevated rocadway is advanced -k
wthe previously completed section. The customar
r-performing static load tests of roadway bent pile

rmltted for environmental reasons. Thus, a higher thc
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usual reliance on dynamic methods was required..

considered for monitoring the pile performance and
included--the pile driving analyzer (PDA) and the
(Transient Dynamic Response Testing Technique). A co
load test results with electronic cone penetrometer te
was also considered. The ECPT soundings were to be used
to establish pile tip elevations at the bent locations;

In order to verify the proposed pile evaluation techn
advance test pile program was conducted at a nearby,
site. The test site was located in St. Charles Paris
intersection of US 61 and I-310, North Approach to the
Bridge. The location and arrangement of the piles are:’s
Figure 6. The approximate locations of the two soil borin
along the I-310 centerline and near the test site are als;
and are designated as B38 and B39. Figure 7 shows the borir
and driving records for the placement of all test piles. Th
profile consists of soft to stiff gray clays from the surfa
approximate elevation of -80 ft., where a fine silty—sand-oﬁ
All piles were installed at modest blowcounts.

Seven prestressed concrete piles were driven as part
preliminary testing program. Each Pile had a total length
ft.; two piles were spliced (54 ft. bottom and 30 ft. top).
Piles 1 and 2 (TP1, TP2) are 54 in. x 5 in. cylinders, Test Pi
{(TP3) is 24 in. square, Test Piles 4 and 5 (TP4, TP5) are 30¢
square, and Test Piles 6 and 7 (TP6, TP7) are 36 in. x 5 1
cylinders. TP5 and TP7 were spliced. The piling were driven wi
a Delmag D46-23 open end diesel hammer. This hammer has a ¢
weight of 10.14 kips and a rated energy of 107.18 kip-ft.
reduced fuel pump setting for the hammer was recommended to lim
tension during easy driving. The hammer cushion consisted o
laminated aluminum and Conbest. The pile cushion was made o
layers of plywood and/or red oak; the area and thickness was

72



/
/
7
L.
Fi
7
ll
//
B3g -
/" & 1-310
STA. 485400
P7
’ --
d .,/,‘&
P52
7=
5/&
' TEST SITE
ADVANCE TEST PILES
B38 I-310 LULING BRIDGE
¢t 1-310 NORTH APPROACH
STA. 478400 v LR TO SCRCE




BORING B38 HAMMER BLOW COUNT. BL/FT BORING

5TA. 479+00 0 102030 400 1020730 400 10 20 30 40 50 5TA
GR DORG CL. B
O""“" Ou= 280 psT FI 81 SHN
To1o4 qu= 200 peft . : S of o =
GRAY CL
1 . gzﬂv CLAY Y HAY
-zo0 | LL~ B7, Pi- 88 w7
}_ -4 Qu+ 340 psT qQu= 380
I_L -30_|
’ T Qu=- B80 pof
- 40 J
% e gu~ BB0 par
— 4 \ | Q= S20 |
E -S0 Ga— 2680 pmT I
S SR CLAY \{ '
T W= 287 vz
L..]U B ::fs.: F:a-o'?pnr iy By L S BRZO
i > b SI SA CLAY
T qQu= 5400 paf \ N W= 203
7o | . \\ ~U ti= 368, PI=3
Su- 1740 pa UX: J T % F
T e 1280 pot S 7lb
sk T TR TEA
-80_[_ qu= 5280 A
Ne 20
FI SI SAND = =0
= — oo FI SI SAND
4 N= 50
-100_|

Figure 7. Bore Hole/Pile Driving Record

74




e-type. Dynamic measurements with the PDA were
Eﬁal;pile installation and subsequently in a
’estrikes. The restrike tests were conducted
periods that varied from 1 to 22 days. For
quick-load tests were conducted at the end of
Jgeries of static load tests were conducted on

setup periods.

requires placement of a small loadcell centrally
ophone near the circumference of the pile head.
nd loadcell are connected, the loadcell is
Hand—held hammer. According to the Special
b, "data is obtained for determining the pile
" Results of this test did not support its
'términation of pile capacity. However, during
hock method did prove helpful in evaluating the
n'piles. For TP5, the shock tests indicated that
¥ed about 5 ft. below the splice. A review of the
o indicated that TP5 cracked during driving.
ere conducted by CEBTP Limited, 2201 Wisconsin
0 Washington D.C. 20007. A 30-inch sguare
5a, was driven and tested in place of TP5.
urements with the PDA were taken by Goble Rauche
tes, Inc. (GRL). Field evaluations of pile
‘tresses, and hammer performance were conducted
Method with the PDA measurements. Results were
lgzdriving contractor, Louisiana Paving Company
C {microcomputer version of CAPWAP) analyses
ed-to confirm and extend the field evaluations
hspred force and velocity, the CAPWAPC procedure
résistance parameters of a soil model similar

in the wave equation.




Static load tests were performed by DOTD personnel on: a
after the series of tests involving dynamic n@asuremé
hammer restrikes. TP2 was not tested with the PDA in a
restrikes, but this pile was tested under a series of stat
tests over different periods of time. For the "quick tes
method used, 5-to-10" ton "load increments -were applieqé
settlements and applied loads were recorded immediately béf
after the application of each load increment. The pi
considered "failed"” when the load on the pile could only be h
constant pumping of the hydraulic jack and with the pile
driven into the ground. In evaluating the test results;
personnel defined failure as that load where the slope oOf
load-settlement curve became greater than 0.5 in. per ton (36

The results of the field tests are summarized in Table 11. T
include the dynamic tests and analyses with the PDA by GRL (40)

the static load tests by the DOTD.

Measured Pile Capacities - The increase in pile capacities wi

time are depicted graphically in Figure 8. Pile capaci
increased by at least a factor of four over measured or estimaté
capacities at the end of initial driving (EOD). Unfortunately
this rapid increase in strength, togethér with the fact that stati
and dynamic testing were in most cases performed several day$s
apart, limits the ability to compare PDA pile capacities directly
with the static load test results. However, in viewing Figure 8,
the increase in pile capacity, as measured by both the PDA and load
tests, does produce a smooth, fairly continuous curve with time.
The failure loads for the load tests performed at the end of the
test series for the large displacement piles (i.e., TP3, TP4 and
TP5A) do appear to be greater than failure loads projected off the
PDA measurements. The static test failure loads for the
cylindrical piles do, however, seem tc fall on a curve projection
of the PDA values. In general, the test results of the load tests
and the PDA-computed capacities are in agreement within an
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an agreement of 10 to 15 percent between static
amic pile testing, when the available static

mobilized, has been cited (41). However, the
s can be significantly in error when a poor best
"~ {*Match” refers to . the program-computed and the

e head force waves.)

nd predictions were conducted on TPl concurrent
A TP2; both TPl and TP2 are 84-ft-long, 54 in. x
piles, in similar soil environments. At the end
ving of these two piles, the PDA 1ndlcated a TP2
ately 5 percent less than TPL. The differences
les’ capacities measured at later times did not
egular pattern; however, the test loads for TP2
ower than the PDA-predicted capacities for TPl

Figure 8.

Li’methods used in the field control of pile
rmine the ﬁile capacity at the time of the test.
tatic ldad tests, dynamic measurements of the stress
driving formulas. As shown in Figure 8, the test
‘te experienced a significant gain in bearing
eriod of time from EOD to the final load tests.
capacities at EOD, as measured by the PDA for the
final measured pile capacities ranged from 4.4 to
apacities. Thus in some cases these setup values
ce those used in this study for analyzing the pile
with the Louisiana historical test pile database.

cussed, setup is a gradual increase in capacity
'°or other soils with low permeability. The gain
e can continue over long periods of time, with the
ses generally occurring within the first few days.
the test piles of this study also indicate the
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Rt AT

e and shape of the pile. In comparing setups

les.

G ST L e

9, the gains in capacities for these test piles
iﬁear when plotted against the log of time. It
fiat the time-dependent increase in a pile’s
‘after some time, t,, beyond the initial driving
f ‘bearing capacity based on measurements from
n redriving performed at times t < t, have
e unreliable. Thus the EOD estimates of pile
icluded in Figure 9. The resulting linear fits
o5 seem to indicate similar patterns of capacity
lar pile types. For example, consider the
ties for the cylindrical piling, TPl, TP2, TP6
gh there is a difference in the magnitude of the
¥ the different size piles, the rate of increase
‘ies is similar. The differences between the TPl
s may also be influenced by the different testing
. PDA test of TP1 and the static load test of TP2.
er displacement piles” also had a common pattern of
& that was different than the pattern for the
S§. The regression formulas for the variations in
with the log,, of time for the seven piles are as

235.32 + 114.34 logy,, t
161.83 + 141.86 log;y £t v
87.85 + 115.69 logy, €
91.58 + 115.49 logy, t

v wow W9
LR
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presented in Figure 11l. Although the pile
WIth the PDA measurements are similar (84.5

nd TP2, respectively). the displacements of

statlc test are greater than those of TPl for

However,_keeplng 1n mlnd a possible load-
ce between the two plles, Flgures 12,713, and’
ed static load curves of TPl to the measured

at corresponding setup times.

: load-settlement curves have been proposed as
riting or eliminating the conventional static
it was suggested that "CAPWAPC ultimate pile

’gépondlng displacements should be checked

e pile head settlement, particularly for
eaﬁ}ng piles and in large quake soils {(41)."

rmance and Driving Stresses - As measured by
.'ctually transferred to the pile was much less
ammer’s rated energy of 107.18 kip-ft. The
‘the end of driving varied between 9 and 24
tests, the maximum cransferred energy of 36

,lng the 6/12/87 test of Tp4, Table 11. However,
e the hammer at

g, it was necessary to operat
der to limit the tensile driving stresses that

crete piles during easy driving. All seven of

e installed with moderate blowcounts to a tip
tely 80 feet. By varying the hammer fuel setting
;r being used, the combustion pressure and stroke
d.or decreased. 1In a "Wave Equation Analysis*®

epared by Goble Rausche Likins (GRL) for Louisiana
pile driving contractor, it was recommended that
‘be reduced several levels until the blowcount
»d minimum value that varied with the plle type.
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.The maximum compressive driving stress of 3.17 ksi occurred ji
on 6/17/87. Driving stresses in all of the other piles were
than 2.5 ksi and in many cases they were less than 2.0 ksi (Ta
11). The highest tensile stress of 1.26 ksi occurred in TP& at
end of driving. The original TP5 experienced structural dam
during driving and was replaced. Both the PDA and the shockit
measurements had indicated that the original TP5 was shattered
forty feet from the top, approximately 6 feet below the splice
. crack at twenty-six feet below the top was also detected. Th:
pile had been driven with a higher hammer energy setting than th
recommnended by GRL.

WEAP versus Field Measurements - Prior to beginning work, a wa
equation analysis for all test piles was performed by GRL (43
This was submitted to the Bridge Engineer through the contracto
Louisiana Paving Co., Inc., as required in Special Provision IT
5-105, State Project No. 450-36-06. The pile driving equipme
information was provided by the contractor. Based on the: wavg

equation analysis, the pile driving system was approved. The
contractor was required to use the approved system. The speciai
provisions for this job required that any variation in the driving
system be verified by a revised wave equation analysis and be
approved in writing.

In the GRL report, eight wave equation analyses “"were performed to
investigate the suitability of a Delmag D46-23 hammer on the fou
different types of test piles." The analyses were conducted twice
for each pile type in order to investigate the driving stresses,
including tension, that would develop in the concrete piles during
easy driving. Each pile was analyzed for driving with the fuel
pump setting of the hammer at its highest level and then analyzed
for a reduced fuel setting. : o

The wave equation analyses were performed using WEAPRG. Input
parameters used are summarized in Table 12. The 54- and 36-inch
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‘Skin 0
: Toe 0
‘Thickness

. Area (in?)
{ft)
Mod.. (ksi)

tiffness:

Elastic Mod. (ksi)

TABLE 12
IN ADVANCE TEST PILE PROGRAM (Ref. 43)

cylinders of prestressed concrete
cylinders of prestressed concrete
Square prestressed concrete
Square prestressed concrete

Conbest

1 in,

23 in.

280 ksi
116,200 k/in

.20 s/ft (Cohesive Soil)
-15 s/ft (Sandy Soil)
PILE TYPES
54" X 5" 36" x 5" 30" x 30" 24" x 24
0.1 0.1 0.1 0.1
0.1 0.1 0.25 0.20
7.8 5.7 7.0 3.05
(in) 6.0 6.0 8.0 8.0
30 30 30 30
770 486 900 576
84 84 84 84
6000 6000 5000 5000
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diameter cylindrical piles were considered to be unplugged during

driving. ~ It was assumed that spliced piles behave similar to
unspliced piles; thus the splices were not modelled. Damping
factors of 0.2 sec/ft (side or skin) and 0.14 sec/ft (toe) were
selected for cohesive and sandy soils, respectively. Other input
parameters are presented in Table 12.

The soil resistance parameters were determined in the CAPWAPC
analyses (40). These are summarized for all seven piles in Table
13. The soil resistance, soil quake, and damping were determined
through a trial and error Dprocess that matched the measured FDA
pile top force and velocity in the CAPWAPC program with the wave
equation soil model. Differences between the assumed input
parameters of the WEAP analysis and the results of the CAPWAPC
analysis can seen by comparing the values of Table 12 with the EOD
values of Table 13. A graphical plot of the assumed side and tip
values for soil damping and gquake with those determined in the
CAPWAPC computation are shown in Figures 15 and 16. In some cases,
there is a significant difference between the *measured" and the
assumed soil parameters. Some of the damping and guake parameters
found in the CAPWAPC analyses at this site are much greater than
those values commonly assumed in a wave equation analysis. The
significant variation in the measured soil resistance values of the
clays with setup time is also presented with the restrike soil
parameters of Table 13.

The WEAP results were presented in the form of bearing graphs and

tables. The variation of predicted ultimate capacities, maximum

stresses (compression and tension), energy delivered, and ram
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.Figure 15. CAPWAPC/WEAP Damping Values
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stroke versus the blowcount were included. It was noted in the GRL
report that the static resistance of the pile may not be as high
during driving as after a waiting period but that the ultimate
capacity values used in the wave equation pertained to the time of
driving. Although a 6-inch-thick plywood cushion was modelled for
the cylindrical piles and an 8-inch-thick cushion for the square
piles, relatively high tensile stresses were predicted for the 54-
inch pile and it was recommended that an 8 inch cushion be used on
all piles. It was further recommended that the hammer‘s fuel pump
setting be reduced until the blowcount reached the minimum values
for the *Reduced Fuel Setting" shown below:

Pile Type 545" 36 "x5" 30"x30" 24"x24"
Minimum Blowcount 30 25 25 20

at Higher Fuel Setting

{(Blows/Ft)

Minimum Blowcount 60 40 33 25

at Reduced Fuel Setting

The wave equation analyses were performed more as an investigation

of the driving performance of the hammer and pile than as a
predictor or guide for pile capacity. However, the analysis did
require specification of the static capacities of the piles and it
did precede the actual driving of the piles. Therefore, this
analysis was used herein to compare wave equation predictions with
the actual PDA measurements by GRIL.

Information documented in the pile driving records for these test
piles was typical of other DOTD test piles. The only information
concerning the hammer operation was an estimate of the ram stroke.
The type or thickness of cushion was not included. The WEAP
predicted energy delivered was compared to the energy measured by
the PDA and CASE methods, Figure 17. Two sets of data points, one

set for each fuel setting, are plotted in this figure. The WEAP

energy values for the cylindrical piles driven with the reduced
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are in better agreement than are the WEAP energy
he higher fuel éetting. This may indicate that the
a§mconcerned with the potential for pile cracking and
ed care in driving these large cylindrical piles (TP1,
a?TP7), as recommended by GRL. However, in examining
nput as predicted by WEAP with that measured by the
for the square piles (TP3 and TP4), the higher fuel
in better agreement. This is not the case for test pile
fr, TP52& was a replacement for TP5, which cracked during
6TD records indicate that the TP5 pile was driven by the
at a "high hammer energy which was against their
ﬁon in a report sent to the contractor by his company
mmending that the low energy be delivered to the pile
sistance of the soil is weak.* The average PDA-measured
- was delivered in driving the replacement pile, TPSAa,
Qé agreement with the WEAP prediction for the reduced
g of the hammer, i.e., 15 kip-ft for the PDA and 15.4
e WEAP analysis.

pile capacities were also compared with the CASE
i.e., PDA measurements. Bearing graphs for the piles
luced in Figures 18, 19, 20, and 21. Pile capacities are
r each of the test piles at the end of driving in
The WEAP capacities correspond to the hammer being
;t the reduced, designated "2*, and high, designated "4*,
ing. The operation of the hammer at the reduced fuel
?esulted in a higher blowcount requirement to attain a
j-’soil resistance since less energy was being put into the
he range of predicted pile capacities for each pile and
l setting are shown. In examining Figure 22, the WEAP-
capacities are in most cases more than twice those
by the CASE method at the end of driving. There is an
ter difference when comparing the WEAP analyses at the
Uel setting to the CASE capacities.

99




1600
1500 +
1400

1500

. 1200

Z100F

1000

000

800 F

700

600

500 | S B

400

300

200+

100 cm//

D 1 t i t 1 1 1 1 1 E
a 25 B0 75 100 126 160 175 200 225 2b0 275 300

BLOW COUNT, BL/FT

o TP1/2 FUELA4 o TPi/2 FUEL 2

T T

T

k

O\
\

PILE CAPRCITY,

I 1

Figure 18, WEAP Analysis TPl and TP2: 54" x 5" Prestressed Concrete
Cylinder '

100



o

P

1500

1400
1300
{200
1100

X
1000

PILE CAPARCITY,

8a0

800

700
600
500
400
300

200

100

T

o TPB/7 FUEL4

Figure 21.

100

o
[8]]
[&]]
o
~J
o

WEAP Analysis TP
Concrete Plles

a TPe/7 FUEL 2

|25 160 175 200 225 250 276 300

BLOW COUNT, BL/FT

¢ and TP7: 36" x 5" Prestressed

103




1600 F
N 1400

1300
, 1200
21100
1000
000 f

O TPB/7 FUELA4

T

T

1
k

T

800 - o n
500+ //i///
400 F O

300
200 b

100-‘”

0 0 25 BOD 75 100

PILE CRPACITY,

N

a Figure 21. WEAP Analysis
Concrete Piles

800} 0/////0
700 /////////’/’

o TP6/7 FUEL 2

—

—

O

75 160 175 200 225 250 275 300

BLOW COUNT, BL/FT

ppé and TP7: 36" x 5" Prestressed

103




. 5b0
600
480
400+
360
300
250
200 a
150
100

m SQUARE PILE
O CYLINDER PILE

PILE CAPACITY WEAP METHOD. kips

! 1 1 1 1 I 1 I 1 1

0 50 100 150 200 250 300 350- 400 450 500 550 600
PILE CAPACITY CASE METHOD, kips

Figure 22. WEAP Predicted and PDA Measured EOD Pile Capacities

i

104




.ompares the WEAP capacities corresponding to the
“the end of driving to the load tested capacities. The
'.ests were performed at times ranging from 22 to 35
he piles were initially driven as shown in Table 11.
ange of WEAP-predicted pile capacities are shown for
ith the hammer operating at two different fuel settings.
ion must be given to the fact that this WEAP analysis
ed mainly as a means of determining hammer acceptability
performance of the pile.) 1In reviewing the predicted
of the hammer and pile, the analysis of the energy
énd-the potential for pile damage seem to have been
rate. The predicted pile capacities do not appear to
11 with those measured in the CASE method or with load
es. However, there probably was little effort to ensure
f the WEAP input parameters were matched by actual field
nditions. The fact that the pile cushions and details of
ion of the hammer are not documented supports this
Additionally, the hammer was reportedly operated
ions contrary te those recommended; this is possibly
of the cracking of TP5. Since a wave equation analysis
more details on the pile driving system, additional care
ring and directing the field operations would assist in

‘application.

Predicted versus Measured Pile Capacities - The PILCAP

s used to generate predictions of test pile capacities by
ic formulas. These were compared to those capacities
in the PDA tests at the end of driving and the static load
;the end of the series of tests for each pile. Figure 24
atter plot of the formula-predicted pile capacities with
nding CAPWAP values that were computed with the end of
PDA measurements. All of the pile capacities computed by
ulas exceed those determined with the PDA readings. This
ified with the computation of the R5 ratios of the Failure
the End of Driving to the Formula Predicted Capacity in
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Table 14. The end of driving capacity should correspond Lo the
predicted ultimate capacity. However, all of the formulas
overpredict capacities measured with the PDA. The ENR gives the
greatest deviation from the measured EOD capacity.

A comparison of four of the formuia prediéted capacities to the
failure load measured in a static test is shown in Figure 25. 1In
some cases there ig better agreement when comparing the measured,
1oaded capacities that have developed over the longer setup time.
this is not compatible with the intent of the formula to model the
dynamic resistance of the pile capacity corresponding to that which
exists at the time of driving. It 1s, however, consistent with
studies that have compared load test results with the performance
of the pile driving formulas applied without restrike blowcounts.
The ENR capacities again overpredict the measured failure loads
much more than the other methods. In this comparison, the modified
ENR shows the best agreement .

DEVELOPMENT OF IMPLEMENTATION SOFTWARE

SELECTION OF METHODS

Development of microcomputer software suitable for field execution
of one or more dynamic methods was one of the main objectives of
this project. Although the described evaluation failed to identify
one formula that was greatly superior to the others at predicting
historical load test results, the authors believe that a
reevaluation of the methods using a yet unavailable high quality
database would indicate a preference for the wave equation
approach. This opinion is based on the greater flexibility of the
wave equation (more input options), its sounder theoretical base,
and its successful use by many others. Therefore, it was decided
that one of the project tasks would be to facilitate field use of
the WEAP87 program. There is an interactive data file creation
progranxwhich.accompanies WEAP87; however, it is not gsufficient for

use in the environment intended herein. It was decided to also
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TABLE 14

R - Ratios”

Mean CoV Mean Cov

R3 R4 R3 and R4 R5 R6 R5 and R6
0.674 2.021 0.52 0.091 0.274 0.32
1.127 3.380 0.35 1.158 0.473 0.23
1.406 2.108 0.41 0.194 0.291 0.23
2.539 3.808 0.20 0.369 0.553 0.27
2.740 6.164 0.64 0.355% 0.808 0.34
3.628 7.257 0.60 0.480 0.961 0.31
2.113 2.113 0.38 0.317 0.317 0.46

R3 = Test Failure Load / Formula Predicted Capacity

Test Failure Load / Formula Allowable times 2.0

Test Failure Ld divided by Setup / Formula Predicted Capacity
Test Failure Ld divided by Setup / Formula Allowable times 2.0
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vide for field microcomputer execution of the ENR and Hiley
ymula predictions of pile capacity. It was very simple to
lude these formulas and they provide a continued basis for

mparison.

PROGRAM PCAP

The "batch* file, which controls the execution of the various
rograms, is named PCAP (Pile CAPacity). This program is begun by
imply typing "PCAP" from the directory in which the programs
reside. The essential four lines of this file are given below.
PILINP

WEAPB7

PILOUT

PRINT PILE.CUT

'Program PILINP requests input of information on the pile, driving
hammer, and soils, either interactively using keyboard and screen
or from a previously created data file named PILINP.DAT. If input
is given interactively, the program will create file PILINP.DAT for
possible later editing and/or repeated use without having to re-

input.

Interactive Data Entry Program
when interactive data entry is selected, screen prompts are

sequentially given for input of required information. First, the
user is prompted for several pieces of -information regarding
location of the pile, project number, and date of driving. Next,
a classification of the pile as timber, precast concrete, steel,
composite, mandrel-driven, or other 1is requested. Other
information specific to the classification is then requested so
that a complete description of pile properties is accomplished.

Following the pile description, the user is requested to input
information on the driving hammer and accessories. Air/steam and
diesel hammers are handled by the program; however, diesel hammers
must be selected from those listed in the WEAP87 hammer data file.
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Information requested includes the hammer rated energy; ram weight;
hanmmer efficiency; pile cap weight, stiffness, and coefficient of
restitution; and pile cushion stiffness and coefficient of
restitution. Next, the final blowcount is requested.

Following blowcount input, an estimated setup factor, or
ihformation needed for the program to compute setup factor, is
requested. Finally, some information needed to complete the WEAP87
input is requested. This includes quake and damping factors.

Creation of WEAP87 Input File

The information input is used to create two information f£iles. One
file is simply a listing of all the information with descriptive
headings, named PILINP.DAT. The other is a standard input file for
WEAPS87, called WEAPIN.DAT, which incorporates all the input
specifications of pile, hammer, accessories, etc. Several
candidate ultimate capacities are program-calculated using the ENR
prediction as a "ballpark” estimate. WEAP87 calculates the
blowecounts corresponding to these ultimate capacities. Then, the
output program uses curve fitting to these (capacity, blowcount)
points to determine the WEAP87 predicted ultimate capacity for the
actual final blowcount.

Qutput

Program PILOUT produces screen and printed output showing the
predicted ultimate pile capacities by WEAP87, the Hiley, and the
ENR methods. These are capacities corresponding to the time at
which the input final blowcount was recorded {generally at end of
driving). Using the input or calculated setup factors, "long term®
capacity predictions of the three methods are also calculated and
output. Safety factors may be applied to these capacities to
obtain allowable design loads. PILOUT also outputs all of the
input pile and hammer descriptive information accompanying the
predicted capacities.
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CONCLUSIONS

Until recently, the only dynamic analysis employed in the ..
of pilés by the Louisiana Department of Transportation se
have been the Engineering News Record formula. This simple f
has been and is currently used by the field engineer as a gui
monitoring the driving installation of piles and validating
soil bearing capacity. It is the only dynamic method form

specified in the Louisiana Standard Specifications For Roads
Bridges. Computation of the ENR allowable capacity;
systematically computed for each foot of penetration and inclﬁ@
in the field pile-driving record. The ENR-predicted pile capaci
becomes an issue only if the specified depth of penetration is n
achieved or if the pile’s ENR-computed capacity at the specifi
penetration is less than design requirements.

During this study, many individuals within the Louisiana DOTD hav
expressed their thoughts regarding the limitations and.shortcominé
of this reliance on the ENR and the need for a more comprehensivq
program utilizing more modern dynamic methods. - This need becomes
even more obvious on a job such as the I-310 Luling Bridge Approach
where static load tests are either very difficult to conduct or not
possible. The Louisiana DOTD move toward these advanced dynamic’
methods is current with the efforts being made by many state
departments of transportation. The results of these efforts have
recently begun appearing in the literature. Many of the
conclusions that were formed through this study were probably
anticipated by some. However, it is hoped that this study will
formalize these views and provide an impetus for locally improving
the dynamic program in pile driving.

To say that the evaluation of static capacity and the dynamic-
analysis of a driven pile is “"complex" is an understatement.
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1y, the necessity for reliance on historical data in the
on of methods further complicates the process. Available
on is very incomplete and often hard to interpret. Based
evaluations of the pile driving records and literature

d, the following observations and conclusions are made:

state departments of transportation are at this time using
formula in one form or another (although there 1is

ant interest and desire to move towards a more consistent

+.0f the available historical data files of test piles are
mmuch of the information needed to completely describe and
ely analyze the dynamic performance of the hammer and pile.

sed on comparative analyses of various pile driving formulas
storical data from the Louisiana DOTD files, none of the
dynamic formulas stands out as being more reliable than any

thers.

Most of the studies reviewed in the literature that involved
ynamic analysis of driven piles generally emphasize the
ority or desirability of an analysis based on the wave

on.

hE’hammerwpile-soil model of the wave eguation provides a
et representation of the real system. The wave equation
. is provides an accurate assessment of the hammer and pile
. Its ability to predict pile capacity is not as
. However, predicted pile capacity is improved by a
ete follow through in the field to insure that the conditions
the equipment and operation of the hammer are the same as those
which the analysis was based. -
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6. The wave eqguation analyses that were conducted for the
historical data files did not perform much better than the othe
dynamic formulas; its performance varied. However, much of the:
information required for the wave analysis was missing and had to -
be assumed.

7. Locally, past utilization of dynamic analyses for pile
foundations has been limited in scope. A dynamic analysis should
be included in the design and selection of the pile and hammer and
should also be used as a tool for monitoring and verifying the pile

capacity and integrity during its installation.

8. The pile driving analyzer (PDA) performed well in predicting
and/or measuring pile capacity for the I-310 Advance Test Pile
Study. It was also very accurate in identifying damage due to pile
driving and in monitoring pile and hammer performance. It has been
promoted as being able to provide a simulated static load-
settlement curve also, but the results derived from the I-310 data
were inconclusive and should be used with caution. The PDA does
have the potential for complementing or replacing static load
tests. Operation of field equipment and interpretation of the
measurements require skilled personnel.

9. Setup was found to significantly affect the pile capacity of the
piles in the I-310 Advance Test Pile Program. Setup values
exceeding those commonly suggested in the literature, and as high
as 11, were estimated. Pile capacities of piles driven in soils
with high setup potential are difficult to predict using dynamic
formulas. A program including a series of pile restrikes and/or
static load tests can be wused to determine the setup
characteristics of a site. There were some indications that the

pile type and size also influence the pile setup relationship.
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RECOMMENDATIONS

In order to enhance the design synthesis and quality control in the
construction of pile foundations, it is recommended that the
Louisiana DOTD formally develop a more comprehensive pile
foundation program that will include the ~various dynamic
methodologies. The following specific items are proposed as a
means for achieving this goal:

1. Use greater detail in documenting test pile driving accessories
and hammer operation. .A formal end of driving report should be
required. With the availability of more complete test pile data
files, the creation of a quality database for future review and
evaluation of dynamic methods can be continued. Test piles should
be loaded at least to three times the design load, and preferably

to failure.

2. Use of the wave equation should be increased and systematically
included in the selection of the pile types, selection and ceontrol
of the hammer, and in planning the inspection program. Pile
driving contractors should be required to submit a wave equation
analysis that verifies the ability of their equipment to adeqguately
drive the piles. The construction specifications should require
that driving equipment and methods employed in the field match the

assumptions made in the submitted wave equation analysis.

3. LADOTD field personnel should be provided with bearing graphs
from dynamic analyses conducted for the pile(s) and hammer{s) to be
used on the job. These graphs should include documentation
concerning the equipment or other conditions on which it is based.
The field engineer should have the means to produce alternate
graphs 1in case variations in ocecur. Movement toward more
familiarity and reliance on capacities predicted by the wave
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equation is recommended but will require a field computer. A
computer program for use in the field, PCAP, was developed during
this study. PCAP includes the application of WEAPS87, the ENR and
Hiley Formulas for field computations.

4. The pile driving analyzer should be given further consideration
for complementing or eliminating static load tests. & detailed
analysis of the I-310 Luling Bridge Approach pile driving program
should be conducted and formally reported. An approach utilizing
the PDA in restrike tests should be developed for assessing setup.
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APPENDIX A
LISTING OF PILE GROUP FILE NUMBERS

oncrete Piles

are 56 prestressed, precast sguare concrete piles in the
se. Most are 14 or 16 inch prismatic piles without holes.
nit weight was taken as 150 pounds per cubic foot; pile
. of elasticity was taken as 4000 kips per square inch. The
ing pile numbers are included in this group: 011, 012, 013,
15, 017, 018, 019, 026, 027, 028, 030, 031, 032, 036, 037,
39, 040, 041, 043, 046, 048, 050, 051, 055, 056, 057, 058,
60, 061, 062, 063, 064, 065, 074, 075, 076, 077, 078, 079,
g6, 087, 088, 089, 090, 091, 092, 093, 094, 095, 096, 097.

‘Piles

are 12 timber piles in the database, mostly class B piles
forty to sixty feet long. Pile unit weight was taken as 60
= per cubic foot; pile modulus of elasticity was taken as 1800
er square inch. The following pile numbers are included in
roup: 053, 054, 066, 067, 068, 069, 070, 072, 082, 083,084,

. Driven with Single Acting Air/Steam Hammers

e are 61 piles in the database which were driven with single
g air/steam hammers. The following pile numbers are included:
013, 016, 017, 018, 018, 027, 028, 030, 031, 032, 034, 035,
037, 038, 039, 040, 041, 046, 048, 050, 051, 053, 054, 055,
057, 058, 059, 060, 061, 062, 063, 064, 065, 066, 067, 068,
070, 072, 073, 074, 075, 082, 083, 084, 085, 086, 087, 091, -
‘093, 094, 095, 096, 097, 099, 100, 101.

e are 43 piles in the database which are bearing in clay and
clay side soils. The following pile numbers are included:
017, 031, 032, 034, 035, 041, 046, 050, 051, 053, 054, 055,
, 061, 062, 064, 065, 066, 067, 068, 069, 070, 072, 0783,
, 083, 084, 085, 086, 087, 088, 089, 090, 092, 093, 086,

, 100, 101.
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Piles Bearing in Sand

There are 12 piles in the database which are bearingfin
have side soils which are sand and/or clay. The follo

numbers are included: 011, 014, o1is, 016, 026, 028, 039
059, 081, 091, :




