Comparison of
Methods for Estimating
Pile Capacity

WA-RD 163.1

Final Report
August 1988

7‘ Washington State Department of Transportation
" Planning, Research and Public Transportation

24.154 in cooperation with the
RAGASZ United States Department of Transportamn
988 c.2 ) Federal Highway Administration =
» ‘:‘: ' i5 £} 5 e
. -i '.3 Y4 G ?:!



WASHINGTGN STATE DEPARTMENT OF TRANSPORTATION

[Duane Berentson, Secretary

i A.D. Andreas, Deputy Secretaty

1 James P. Toohay, Assistant Secretary forPianing, Research and
| Public Transportation

Committee )

William O. Kamps, Chair
Bemice Stem, Commissioner
Leo B. Sweeney, Commissioner

WSDOT Research Executive Commiltee

A.D. Andreas, Chair, Deputy Secretaryfim Tiransportation

E.W. Ferguson, District 4 Administrator

H. W. Parker, Assistant Secretary for Matimes Transportation

Robert C. Schuster, Assistant Secretagyfioritighways

James P. Toohey, Assistant Secretaryiter@@ming Research & Public
Transportation

WSDOT Research Technical Commilitees

Don Senn, Chair, District 2 Administrator

John Aspaas, District 4 Project Engineer

William P. Carr, Associate Research Dirsgtesr

John Conrad, District 1 District Operatiors Engineer

Rich Damell, District 3 Maintenance & (isexations Engineer

C. Stewart Gloyd, Bridge/Structures Engmesr

Wayne Gruen, State Traffic Engineer

Dennis Jackson, Roadway Construction Emgineer

Stan Moon, Location/Design Engineer

Dick Shroll, District 6 Maintenance Supefstendent

Ken Thomas, Operations Engr., Bellinghaas Public Works Dept.
George Tsiatis, Structural Engineer, Wadbimgton State University

: ) | Product E .
Del Vandehey, Chair, State Construction Engineer

Keith W. Anderson, Federal Program Mavager

Jim Buss, District 5 Construction Engirvesr

Newton Jackson, Pavement/Soils Engirear

Steve Kramer, Assistant Professor, Civil Emgineering, U of W
Bob Krier, Bridge Operations Engineer

Bob Spratt, District 2 Maintenance Engirmsr

John Strada, Materials Engineer

lanni Muyiti
Don Tranum, Chair, District 6 Administzatimr
Ron Anderson, Manager, District 6 ‘Maragament Services
Ken Casavant, Professor, Washington Sta University
King Cushman, Director, Pierce County Jzasit Development
Kris Gupta , Manager, Transportation Data Office
Charles Howard, Transportation Planfing Gffice
Jerry Lenzi, Manager, Muilti Modal Brandh
Jim Slakey, Manager, Public Transportatm
Ray Deardorf, Service Planning Manager. Ferry System

S L)
Stan Moon, Chair, Location/Design Engimeer
Jack E. Hanson, Location Engineer
Dennis ingham, State Maintenance Engimser
Dennis Jackson, Roadway Construction lamgineer
Kem Jacobson, Enginesring Superintendant, WSF
Bob Krier, Bridge Operations Engineer
Ed Schiect, Construction Engineer, Paving
Geraid Smith, District 1, Assistant {-90 Construction Engineer
Bob Spratt, District 2 Maintenance Engimser
John Strada, Materials Engineer

WSDOT Research Office

John Doyle, Director

William P. Carr, Associate Director

Keith W. Anderson, Federal Program Mamager
Julie Leverson, Database Coordinator

Carl Toney. Research Administrator

WSDOT Research Liaisons
District 1 John Conrad, Public Transportation & Planning Engr.
District 2 -~ ™Mave House, Project Development Engineer

District 3 'ty George, Assistant Locatiom Engineer
District 4 - ~ard N. Coffman, Maintsmamce Engineer
District 6 - - . #rt MacNail, Design Engineer

zed Larson, Design and Plamning Engineer

District 6 - ¢
WSDOT Librz- - Zarbara Russo, Librariam

Iransportation Research Council
I

Leo B. Sweeney, Chair
William J. Kamps, Vice Chair
Vaughn Hubbard

Bemice Stem

_Richard Odabashian

Albert D. Rosallini

" Jim Henning

Paul C. Gregson, Division Administrator

Private Sector

Milton "Bud" Egbers, President, Skagit Valley Trucking

Richard Ford, Managing Partner, Preston, Thorgrimson, Ellis, Hoiman
Tom Gaetz. Project Manager, David Mowat & Company, Bellevue
Lawrence Houk, Vice President, Lockheed Shipbuilding

Charles H. Knight, President, Concrete Technology

H. Carl Munson, VP for Strategic Planning, Boeing Co., Seattle
Michael Murphy, President, Central Pre-Mix Concrete

Richard Norman, President, Associaled Sand & Gravel, Everett

John Ostrowski, Public Works Director, Vancouver, WA

Richard S. Page, President, Washington Roundtable

Sudarshan Sathe, Dir., Technical Services, Polycarb Inc., Cieveland, OH
Gerald E. Weed, Public Works Director, Snohomish County

Universities

Gene L. Woodruff, Vice Provost for Research, UW

Robert V. Smith, Associate Provost for Research, WSU

Neil Hawkins, Associate Dean for Research, College of Engineering, UW
Reid Miller, Dean, College of Engineering, WSU

Colin Brown, Professor and Chair, Civil Engineering, UW

Surinder K. Bhagat, Professor and Chair, Civil Engineering, WSU

Duane Berentson, Secretary

AD. Andreas, Deputy Secretary

C.W. Beeman, District 5 Administrator

R.E. Bockstruck, District 1 Administrator

J.L. Clemen, Assistant Secretary for Finance & Budget Management
Don Senn, District 2 Administrator

R.L. Daniels, Administrator, Public Affairs Office

E.W. Ferguson, District 4 Administrator

W. H. Hamilton, Assistant Secretary for Aeronautics

W.. Hordan, State Aid Engineer

H. W. Parker, Assistant Secretary , Marine Transportation

R.C. Schuster, Assistant Secretary for Highways

A.T. Smeiser, District 3 Administrator

J.P. Toohey, Assistant Secretary for Ping, Res., and Pub. Trans.
M.D. Tranum, District 6 Administrator

D.J. Vandehey, State Construction Engineer

Representative George Walk, Chair - Legislative Transportation Committee

Eedoeral Highway Administration

M. Eldon Green, Region 10 Administrator

Otis C. Haselton, Region Office Research and T2 Engineer

Emest J. Valach, Director, Regional Planning and Program Development

Paul C. Gregson, Division Administrator

Barry Brecto, Division Office Programming and T2 Engineer
Charles W. Chappell, Division Transportation Planner

Mike Duman, Assistant Transportation Planner

G. Scott Rutherford, Director

Richard Fragaszy, Deputy Director, WSU
Joe P. Mahoney, Deputy Director, UW
Khossrow Babaei, Senior Research Engineer
Don Emst, Technology Transfer

Mark Hallenbeck, Senior Research Engineer
Alison Kaye, Word Processing Technician
Ed McCormack, Research Engineer

Amy O'Brien, Editor

Bev Odegaard, Program Assistant

Ron Porter, Word Processing Technician

Cy Ulberg, Senior Research Engineer
Duane Wright, Research Aide



0T Y

(e

02 114

COMPARISON OF METHODS FOR
ESTIMATING PILE CAPACITY
by

Dr. Richard J. Fragaszy, Principal Investigator
Dr. Jerry D. Higgins, Co-investigator
Mr. Douglas E. Argo, ReSearch Assistant

Washington State Transportation Center
Department of Civil & Enviromental Engineering
Washington State Unversity
Pullman, Wa 99164-2910

WSDOT Technical Monitor:
Alan P. Kilian
Chief Geotechnical Engineer
Materials Laboratory

Final Report

Research Project ¥Y-3400
Task 9

Prepared For
Washington State Department of Transportation
and in cooperation with
U.S. Department of Transportation
Federal Highway Administration

August 1988






WASHINGTON STATE DEPARTMENT OF TRANSPORTATION

TECHNICAL REPORT STANDARD TITLE PAGE

1. REPORT NO. 2. GOVERNMENT ACCESSION NO.

WA-RD 163.1

3. RECIPIENT'S CATALOG NO.

4. TITLE AND SUBTITLE

Comparison of Methods for Estimating Pile Capacityv

S. REPORT DATE

August 1938

6. PERFORMING ORGANIZATION CODE

7. AUTHOR(S)

Fragaszy, Dr. Richard J.; ‘Higgins, .Dr. Jerry D;
Argo, Mr. Douglas E.

8. PERFORMING ORGANIZATION REPORT NO.

9. PERFORMING ORGANIZATION NAME ANO ADDRESS
Washington State Transportation Center
Department of Civil & Environmental Engineering
Washington State University
Pullman, WA 99164-2910

10. WORK UNIT NO.

11, CONTRACT OR GRANT NO.

Y3400, Task 9

12. SPONS.ORING AGENCY NAME AND ADDRESS .
Washington State Department of Transportation

Transportation Building, KF-01
Olympia, WA 93504

13. TYPE OF REPORT AN PERIOD COVERED

Final Report

14, SPONSORING AGENCY CODE

15. SUPPLEMENTARY NOTES

This study conducted in
Federal Highway Administration.

cooperation with the U. S. Department of Transportation,

18. ABSTRACT

and Weisbach.

normalized values.

Gates formula.

A comparative study of ten pile driving formulas is described.
the Danish, ENR, Modified ENR, Eytelwein, Gates, Hiley, Janbu, Navy-Mckay, PCUBC,
The ultimate load for each of sixty-three pile load tests was
determined using the Q-D over 30 method to determine ultimate capacity.

The predicted pile capacity was divided by the measured capacity to obtain
Statistical analysis for coefficient of variation were
performed on the logarithm of the normalized capacities to determine which
formula provided the most consistent prediction of pile capacity.
formula proved to be the best and the widely used EilR one of the worst with a
coefficient of variation approximately 2-3 times higher than that for the

The Gates

17. KEY WORDS
Piles, pile formulas, pile capacity,
ultimate capacity, factor of safety

18. DISTRIBUTION STATEMENT

19. SECURITY CLASSIF. (of thus report) 20. SECURITY CLASSIF. (of this page)

Unclassified Unclassified

21. NO. OF PAGES 22. PRICE

62

FORM 310-022
DOT (11/786) -1218-

The formulas are







il

The contents of this report reflect the views of the authors who are
responsible for the facts and the accuracy of the data presented herein.
The contents do not necessarily reflect the official views or policies of
the Washington State Department of Transportation or the Federal Highway
Administration. This report does not constitute a standard, specification,

or regulation.



Iy



TABLE OF CONTENTS

DISCLAIMER PAGE . . . . . . « « « & « « « .

LIST OF ILLUSTRATIONS . . . . . . . .« . .

LIST OF TABLES . . . . « « « « « « « o & « o =

ABSTRACT

SUMMARY

CONCLUSIONS

RECOMMENDATIONS . . . . . « + « « &« « =« o s o & &

INTRODUCTION

PILE LOAD TEST RESULTS . . . . . . . .« . « « « .

METHODS OF

RESULTS OF

APPENDIX A

APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

B

F

G

H

REFERENCES

COMPARISON . . . . .« . « « « « & &

STATISTICAL ANALYSES . . . . . . . . .

PILE LOAD TEST INFORMATION . . . .

- MEASURED ULTIMATE CAPACITY . . . .

- FORMULAS USED IN THE STUDY . . . .

- FORMULA PREDICTIONS OF ULTIMATE LOAD

- SCATTER GRAPHS . . . . . . . . . . .
- HISTOGRAMS

- VALUES OF CLyng FOR ALL PILE SUBGROUPS

- NOTATION . . . . . . . . . .

iii

Page
ii

iv

vi

11
25
32
36
38
40
48
56
60

62






Figure

1.

LIST OF ILLUSTRATIONS

Plot of Predicted - vs - Measured
Capacity for the ENR Formula

Histograms for Raw and Transformed Data - ENR Formula

Plot of Predicted - vs - Measured
Capacity for the Gates Formula

Histograms for Raw and Transformed Data - Gates Formula

iv

Page

12

13

14

15






Table

LIST OF TABLES

CViog Values for Selected Pile Types and
Soil Conditions . . . . . . . . . . . . . . ..

Nominal and Upper Limit Safety Factors for 98% and 95%
Safety. Calculated for all piles (N = §3)

Nominal and Upper Limit Safety Factors for 98% and 95%
Safety. Calculated for Clayey Soils (N = 11)

Nominal and Upper Limit Safety Factors for 98% and 95%
Safety. Calculated for Cohesionless Soils (N = 41)

Comparison of Average Allowable Loads Based on Gates
and ENR Formulas . . . . . . . .

Page

17

18

20

21

24






ABSTRACT

A comparative study of ten pile driving formulas is described. The
formulas compared are the Danish, ENR, Modified ENR, Eytelwein, Gates,
Hiley, Janbu, Navy-McKay, PCUBC and Weisbach. The data from sixty-three
pile load tests, conducted in the Puget Sound and lower Columbia River
areas in Washington and Oregon, were obtained from the files of consulting
firms and state Transportation Departments. The ultimate load for each
pile load test was determined using three methods. As there was little
difference among the three methods, the least subjective one, the Q-D over
30 method, was used to determine ultimate pile capacity.

The predicted pile capacity was divided by the measured capacity to
obtain normalized values. Because these data are not normally distributed,
it was necessary to use the logarithm of the normalized capacities (which
are normally distributed) in statistical analyses. Calculations of
coefficient of variation for each formula show that the Gates formula
provides the most consistent prediction of pile capacity. The ENR formula
is among the worst of the ten formulas with a coefficient of variation
approximately 2-3 times higher than that for the Gates formula.

A second statistical method was used to determine the divisor
réquired to adjust each formula so that a given measure of safety is
obtained. When the same measure of safety is used, the range of actual
safety factors obtained is much smaller using the Gates formula, again
indicating that it is the best of t : ten examined. An economic comparison
shows that for the same measure of safety, replacement of the ENR formula
with the Gates formula would result in higher average predicted pile

capacities and, therefore, more economic pile foundations.






SUMMARY

In order to determine if the Washington State Department of
Transportation should replace the Engineering News Formula with some other
dynamic formula for estimation of pile capacity, a study has been conducted
of the relative performance of ten different pile driving formulas. Data
were collected from sixty-three pile load tests conducted in western
Washington and northwest Oregon. Pile types in this data set include open
and closed steel pipes, steel HP sections, timber, concrete, hollow
concrete and Raymond step tapered piles. Three methods of calculating
ultimate pile capacity based on the pile load tests results were used and
the results compared. Relatively 1little difference was found among the
three methods and the least subjective of the three (the Q-D over 30
method) was chosen to establish the capacities of the test piles.

The predicted capacity for each pile was calculated using the Danish,
ENR, Modified ENR, Eytelwein, Hiley, Gates, Janbu, Navy-McKay, PCUBC and
Weisbach formulas. Scatter graphs. of the predicted capacity vs. the
measured capacity were plotted for each formula. To perform statistical
analyses of the data, the predicted capacity was normalized by dividing it
by the measured capacity. Histograms of these values for each formula
showed that the data are not normally distributed. To allow statistical
comparisons, the logarithm of the normalized capacities were used, as their
distributions are normally distributed.

The coefficient of variation for each formula is an indication of how
much scatter there is in the plot of predicted vs. measured capacity. Low
values of the coefficient of ‘variation indicate that the formula, 1if

modified properly by a constant, predicts capacities close to the measured
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values. The results of these analyses show that the Gates formula is the
most accurate of the ten. It also shows that the ENR‘formula is among the
worst of the ten formulas compared. The coefficient of variation for the
ENR formula is approximately 2-3 times higher than for the Gates formula.

A second method of comparison was used which allows the calculation
of a divisor regquired to produce a specific measure of safety for each
formula. The measure of safety is determined by the percentage of piles
for which the measured capacity is expected to be lower than the formula
prediction. This method also provides the spread of actual safety factors
which would result from the use of each formula for a given measure of
safety. The larger this spread, the more piles there will be that are
overdesigned. The Gates formula was again found to be the best, and the
ENR formula ranked near the bottom.

An economic analysis was conducted which shows that for the same
measure of safety, use of the Gates formula will result, on the average, in

higher allowable capacities and, therefore, lower costs.



CONCLUSIONS

A comparative study of ten pile driving formulas has shown that the
Gates formula consistantly provides the best estimate of pile capacity as
measured by pile load tests. The Danish, ﬁiley, Janbu, PCUBC, and Weisbach
formulas also provide reasonable estimates of pile capacity for most pile
types and soil conditions. The ENR, Modified ENR, Eytelwein and Navy-McKay
formulas are significantly worse predictors of pile capacity.

Using statistical techniques, each formula can be modified by a
divisor to provide equal safety, as measured by the percentage of piles
which would have an actual capacity less than the allowable capacity
predicted by the formula. These same techniques provide a measure of the
actual maximum safety factor which results when the divisor is applied.
Although the magnitude of the divisor is not an indication of the quality
of the formula prediction, the difference between the divisor and the
actual maximum safety factor required for the given level of overali safety
is such an indication. Use of the Gates formula results in the smallest
range of actual safety factors, thus indicating that fewer pile capacities
will be grossly underestimated if the Gates formula is used compared to any
of the others.

This study has also shown that when the ENR formula is used by WSDOT
{(with a divisor of 6), it can be expected that more than 5% of the
predicted capacities will exceed the actual pile capacity. However, if the
Gates formula is used with a divisor such that only 5% of predicted
capacities will be higher than actual capacity, a slight increase in
average predicted capacity will result. The use of the Gates formula will,

therefore, result in lower costs and increased safety.



RECOMMENDATIONS

This study clearly points out the benefits which would result if
WSDOT abandons use of the Engineering News formula and replaces it with the
Gates formula, using the divisor applicable to the desired level of safety.
Both economic savings and increased safety would result. It is, therefore,
+he recommendation of the writers that this be done.

This study has also pointed out that adequate records of pile load
tests are not always kept. Because of this, it was not possible to include
in this study a comparison with wave equation methods. It is therefore
strongly recommended that ,in any future pile load tests, complete driving
records be kept, as well as sufficient details concerning the soil condi-
tions so that wave equation analyses can be performed.

Although it was not possible to compare wave equation methods with
formula predictions, wave equation methods have many uses beyond estimation
of pile capacity. Pre-qualification of hammers and identification of
potential pile damage are two examples. Because of these additional uses,
and evidence in the literature generally showing the superiority of the
wave equation over formulas, it is strongly recommended that WSDOT continue
use wave equation analyses on all but very small jobs. The Gates formula
{(or any other) should be viewed as an additional indication of pile

capacity, rather than the main or only method used.



INTRODUCTION

This report presents the results of the second phase of a three phase
study designed to improve the methods used by the Washington State Depart-
ment of Transportation (WSDOT) for construction control of pile driving and
estimation of pile capacity. In the first phase, a review of literature
and a survey of state highway departments were conducted. The results,
reported in Fragaszy et al (1), showed that the Engineering News formula is
still the method used by the majority of states to estimate pile capacity.
Wave equation and pile analyzer methods are used by a small number of
states, mainly in connection with their larger pile projects. The review
of literature included descriptions of several studies in which comparisons
were made between pile load capacity predictions using various dynamic
formulas and actual pile load test results. These comparisons brought out
two important points. The first is that the Engineering News formula
generally provides a very poor estimation of pile capacity compared to
several other formulas. The second is that there appears to be no formula
clearly superior to all others. Although a few formulas were consistently
among the best, none stood out as the obvious one to use in all situations.
Local soil conditions and pile type generally have a great impact on the
accuracy of each formula.

Because WSDOT uses the Engineering News formula, along with wave
equation methods and pile analyzers, it was decided that a study should be
conducted to compare formula predictions with the results of pile load
tests conducted in the Pacific Northwest. The objective of this study is
to recommend changes in WSDOT’s methods of estimating pile capacity to

improve safety and/or economy of pile supported structures. To achieve



this objective, an extensive effort was made to collect data from as many
pile load tests conducted in western Washington and northwest Oregon as
possible. For those tests in which complete data were obtained, calcula-
tions of ultimate load were made based on pile load test data. Using the
data from the pile load tests, the ultimate capacity of each pile was
calculated using each of the ten formulas. Details of the pile load tests,
the methods used to interpret the test data, and the formulas predictions
are presented in the next section of this report.

Following the description of ultimate load calculations, the next
section of the report describes the statistical analyses used to compare
the formulas. The last section presents the results of the statistical
analyses and a discussion of the results. Figures and tables illustrating
the results are presented in this section; complete results can be found in
the Appendices. Further details of the statistical techniques used can be

found in Argo (2).



PILE LOAD TEST RESULTS

Collection of data

To compare the accuracy of several pile driving formulas, it is
necessary to obtain the results of as many pile load tests as possible,
conducted in the area of interest. A consistent method of determining the
ultimate pile capacity from these pile load tests must be used and there
must be sufficient data regarding the actual pile driving to allow the use
of each formula.

Due to the expense of pile load tests, no tests were done specifi-
cally for this project. All of the data for this research were gathered
from the records of various consulting firms in the Seattle-Portland area
and from the Oregon and Washington State Departments of Transportation. A
total of 41 reports of pile load tests conducted in the Puget Sound and
lower Columbia River areas were obtained. These reports contain 103
individual pile load tests. Of these, 38 load tests are not usable due to
incomplete data. This lack of data prevented the proper use of some or all
of the dynamic formulas, or it prevented an accurate determination of the
ultimate capacity of the test pile. Two other load tests were rejected
because the piles were damaged during driving. The remaining 63 usable
tests include 6 timber, 20 ptestressed concrete, 5 H-section, 4 pipe (open
and closed), 7 concrete filled pipe, 5 hollow concrete and 16 Raymond step
taper piles. 1Included in these tests are 41 piles.driven in cohesionless
soil and 11 in cohesive soil. The remaining piles were driven at sites
with layers of both cohesive and cohesionless soil. A complete summary of

the information for all piles that were used can be found in Appendix A.



calculation of Ultimate Pile Capacity

There are many different methods of reducing the data from a pile
load test to determine ultimate pile capacity. Each method will usually
result in a different prediction of ultimate pile capacity. Several
methods were used by the various firms and agencies which conducted the
load tests used for this study. It was, therefore, not possible to use the
reported ultimate loads to compare with formula predictions.

Tovcalculate ultimate pile capacity for each pile load test, three
methods, commonly used by WSDOT engineers, were chosen. The three methods
are the Q-D over 30 (Qp3p) r the elastic tangent (Qgr) and the double
tangent (Qpr) methods The proceduré for each method is given in Appendix
B. The ultimate pile capacity was calculated by each method and a compari-
son made to determine which method to use for the comparison with formula
predictions. The results of these calculations, also presented in Appendix
B, show little difference among the three methods. Therefore, the least
subjective method, Qp3g, was chosen for the comparison.

The predicted ultimate capacity was calculated using each of the ten
formulas. The specific form used for each formula is presented in Appendix

C and the ultimate capacities which were obtained are shown in Appendix D.



METHODS OF COMPARISON

The most important quality of a dynamic equation is that it be
consistent in its prediction of the pile capacity. A formula which is
consistently high or low can easily be corrected by the application of a
multiplying factor. However, if the equation is erratic, it is very
difficult to adjust it to a usable form. Thus, the scatter in the
predictions of each formula needs to be compared, not just the value of the
average prediction.

Scatter graphs were plotted of the predicted vs. measured capacity of
each formula. This was done to give a visual indication of the scatter.
There were a few points which plotted outside the limits of these graphs
(600 tons), but including these points would have compressed the graphs too
much. A 45 degree line, indicating the_points where the predicted and
measured capacities are equal is also shown on each graph.

The predicted ultimate loads were divided by the measured capacity,
and histograms were plotted of these ratios to determine if the data are
normally distributed. Because the data were not normally distributed, the
ratios were transformed by wusing the common logarith of each ratio.
Histograms plotted from these transformed data are normally distributed;
therefore, the transformed data were used for statistical analysis.

The first method used to quantify the scatter of each equation was
the goefficient of variation of the transformed data. The coefficient of
variation is defined as the standard deviation divided by the mean. If the
data are normally distributed, the coefficient of variation provides a
normalized value for each equation which can be directly compared with the

coefficients of variation of the other equations. Since the data for this
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study are log-normally distributed, the coefficients of variation were
computed for the logarithms of the data, thus the term CViog will be used
to refer to these values. The closer CViog is to zero, the more consistent
the formula is.

A more practical method of comparison is taken from Agerschou (3) and
is based on limiting the percentage of unconservative formula predict;ons;
i.e., the percentage of formula predictions which are higher than the
actual pile capacities. For a given level of safety (e.g., 98%, which
corresponds to limiting the percentage of unconservative predictions to
2%), a divisor is calculated which is applied to the ultimate capacity
predicted by the formula. Although the divisor looks like a safety factor,
and is called a "nominal safety factor" by Agerschou, it is not a safety
factor in the usual sense of the word. It is a factor based on statistical
analysis which allows the adjustment of the formula prediction to produce a
given level of safety. A safety factor, on the other hand, is an arbitrary
factor which hopefully makes up for lack of knowledge about the soil and/or
pile and uncertainties in the design procedures. The two, therefore,
should not be compared.

The upper limit of actual safety factors which would result is also
computed by Agerschou’s method. This value shows the extent of overdesign
which must be accepted to assure a given level of safety. Use of a formula
with a high upper limit will result in significant overdesign for many
piles. In the following section the required divisors for two levels of
safety, 98% and 95%, are presented along with the resulting upper limits to

the actual safety factors which result,
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RESULTS OF STATISTICAL ANALYSES

Examples of scatter graphs and histograms are shown in Figs. 1-2 for
the ENR formula and Figs. 3-4 for the Gates formula. A qualitative feel
for the data can be obtained by examination of these figures and the
remaining scatter graphs and histograms shown in Appendices E and F,
respectively. It should be clear from these figures that none of the
formulas can be considered accurate predictors of pile capacity. It should
also be clear that there are significant differences in accuracy among the
ten formulas. A comparison of the histograms or scatter graphs for the ENR
and Gates formulas, for example, should leave little doubt which is the
better formula. The Gates scatter graph shows a reasonably close fit to a
straight line relationship. The majority of the points fall slightly below
the 45 degree 1line, indicating that the equation under predicts the
measured capacity. The ENR formula, in contrast, significantly over-
éredicts pile capacity in the 160 - 260 ton capacity range. However, if a
reduction or safety factor is applied to lower the predicted capacities in
this range, the formula would significantly under-predict capacity of many
of the piles.

Several equations show a trend of curving upward farther away from
the 45 degree line for piles with increasing measured capacity. These
formulas are ENR, modified ENR, Danish, and Weisbach. The Janbu, PCUBC,
and Eytelwein formulas appear to plot near the 45 degree line on the
average, but the graphs indicate considerable scatter.

In an effort to determine which formulas are most accurate for
different pile or soil types, the values of CVpog were calculated for

several different groupings according to pile or soil type. The values for
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eight different groups are presented in Table 1, and the rest may be found
in Appendix G. In all but one of the different groupings, the Gates
equation is ranked first, and it is a very close second for the piles in
cohesive soils. The PCUBC, Hiley, Weisbach, and Danish formulas group
quite tightly together, but they have larger values of CVyag than does the
Gates formula. The Janbu formula is in this same group with the exception
of the piles in cohesionless soils. The ENR, Modified ENR, and Eytelwein
formulas have consistently larger values of CVigg than the equations above,
and the Navy - McKay formula is consistently last by a large margin.

The divisors required for 98% and 95% assurance that the actual
safety factor will be greater than or equal to 1.0 based on Agerschou’s
method are shown in Tables 2-4. Table 2 provides these quantities using
data from all pile locad tests. It shows, for example, that the ultimate
capacity predicted by the ENR formula should be divided by 9.06 to obtain
allowable capacity, if it is required that 98% of the time the actual
capacity will be greater than the allowable capacity. If this divisor
(9.06) is used, the resulting actual safety factors will range as high as
14.36! In contrast, the Gates formula prediction should be divided by
1.21, resulting in actual safety factors up to 3.6. Tables 3 and 4 present
the same calculations, using data from only clay sites and cohesionless
sites, respectively. As expected, the same general trends are evident from
the analyses presented in Tables 2-4 and from the coefficient of variation

analyses.

Discussion
The results of this study follow the trend of similar comparative

studies which have been done elsewhere. The same formulas which have fared



Table 1 CVygg Values for Selected Pile Types and Soil Conditions

ALL PILES (N=63) ALL EXCEPT TIMBER (N=57)
RANK FORMULA CViog RANK  FORMULA CVi0G
1 Gates 0.14 1 Gates 0.13
2 Hiley 0.20 2 Danish 0.19
2 PCUBC 0.20 2 Hiley : 0.19
4 Danish 0.21 2 Janbu 0.19
4 Weisbach 0.21 2 PCUBC 0.19
6 Janbu 0.29 2 Weisbach 0.19
7 Modified ENR 0.30 7 ENR 0.28
7 Eytelwein 0.30 7 Eytelwein 0.28
9 ENR 0.32 9 Modified ENR 0.29
10 Navy-McKay 0.91 10 Navy-McKay 0.58
All PILES IN ALL PILES IN
COHESIONLESS SOILS (N=41) COHESIVE SOILS (N=11*)
RANK FORMULA CVio0G RANK  FORMULA CViog
1 Gates 0.11 1 PCUBC 0.18
2 Danish 0.21 2 Gates 0.19
2 Hiley 0.21 3 Weisbach 0.20
2 PCUBC 0.21 4 Hiley 0.21
5 Weisbach 0.22 4 Janbu 0.21
6 Modified ENR 0.27 6 Danish 0.22
7 Eytelwein 0.29 7 Eytelwein 0.31
8 ENR 0.30 8 Modified ENR 0.35
9 Janbu 0.33 9 ENR 0.38
10 Navy-McKay 0.92 10 Navy-McKay 0.65

*Sample size is too small to provide reliable results
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Table 1 Continued

H-SECTION (N=5%*)
RANK FORMULA
1 Gates
2 PCUBC
3 Danish
3 Weisbach
5 Janbu
6 Hiley
7 Modified ENR
8 Eytelwein
9 ENR
10 Navy-McKay

RAYMOND STEP TAPER

RANK

[

COWO®ANMNN NN

FORMULA

Gates

ENR

Hiley

Danish
Weisbach
Eytelwein
Janbu
Modified ENR
PCUBC
Navy-McKay

CVi06

0.08
0.11
0.13
0.13
0.14
0.16
0.20
0.24
0.25
0.34

{N=16)

CVioG

.09
.16
.16
.17
.18
.19
.19
.20
.22
.77

OOOOOOOOOO

SQUARE AND OCTAGONAL
CONCRETE (N=20)

RANK

=

TIMBER

RANK

[

OC W WWAJdh b b WN

O W ®WNAHAWU & WN B

FORMULA

Gates
Weisbach
Danish

Janbu

PCUBC

Hiley
Eytelwein
Meodified ENR
ENR
Navy-McKay

(N=6%*)
FORMULA

Gates

PCUBC

Hiley

Danish
Weisbach
Modified ENR
Eytelwein
ENR
Navy-McKay
Janbu

*Sample size is too small to provide reliable results

CViroG

.18
.20
.21
.22
.22
.23
.31
0.36
0.39
0.68

Co oo ocoo

CViLoG

.18
.23
.25
.30
.32
.37
.46
.49
0.60
0.90

CoOoOo0oo0co0oo0o0oo
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FORMULA Divisor Upper limit of
for 98% safety safety factors
Gates 1.21 3.61
PCUBC 1.78 5.99
Hiley 2.53 6.17
Danish 3.16 6.76
Weisbach 3.72 6.93
Eytelwein 7.03 12.19
Modified ENR 5.29 12.37
Janbu 3.11 12.86
ENR 9.06 14.36
Navy-McKay 33.08 278.54
FORMULA Divisor Upper limit of
for 95% safety safety factors
Gates 1.06 2.80
PCUBC 1.49 4.19
Hiley 2.11 4.29
panish 2.61 4.62
Weisbach 3.07 4.71
Eytelwein 5.48 7.40
Modified ENR 4.12 7.49
Janbu 2.41 7.73
ENR 6.95 8.44
Navy-McKay 18.87 90.59

Table 2. Divisor and Upper Limit Safety Factors for 98% and 95%

Safety.

Calculated for all piles

(N = 63)



FORMULA Divisor Upper limit of

for 98% safety safety factors
PCUBC 1.63 5.11
Gates 1.36 5.52
Weisbach 3.55 6.13
Hiley 2.30 6.31
Janbu 2.35 6.66
Danish 3.29 7.25
Eytelwein 7.70 13.57
Modified ENR 6.41 18.68
ENR 11.90 25.18
Navy-McKay 35.37 150.19
FORMULA Divisor Upper limit of

for 95% safety safety factors
PCUBC 1.39 3.69
Gates 1.15 3.92
Weisbach 2.97 4.27
Hiley 1.92 4.37
Janbu 1.94 4.56
Danish 2.70 4.88
Eytelwein 5.94 8.07
Modified ENR 4.79 10.41
ENR 8.63 13.23
Navy-McKay 21.45 55.25

Table 3. Divisor and Upper Limit Safety Factors for 98% and 95%
Safety. Calculated for Clayey Soils (N = 11)



FORMULA Divisor Upper limit of

for 98% safety safety factors
Gates 1.01 2.73
Hiley 2.46 6.40
PCUBC 1.81 6.52
Danish 3.09 6.69
Weisbach 3.72 7.14
Modified ENR 3.86 8.51
Eytelwein 5.34 9.29
ENR 7.38 11.49
Janbu 3.43 17.42
Navy-McKay 23.90 187.59
FORMULA Divisor Upper limit of

for 95% safety safety factors
Gates 0.92 2.24
Hiley 2.05 4.42
PCUBC 1.50 4.49
Danish 2.56 4.58
Weisbach 3.06 4.82
Modified ENR 3.12 5.55
Eytelwein 4.27 5.96
ENR 5.79 7.06
Janbu 2.58 9.85
Navy-McKay 14.18 66.02

Table 4. Divisor and Upper Limit Safety Factors for 98% and 95%
Safety. Calculated for Cohesionless Soils (N = 41)
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best in other comparisons (Danish, Gates, Hiley, Janbu, PCUBC, and
Weisbach) also are ranked high in this study. Of these, the Gates formula
clearly is the best, ranking first in all but one comparison (clayey scils)
where it was a close second. The ENR, Modified ENR, Eytelwein, and Navy-
McKay formulas can easily be seen to be very unreliable.

This study clearly points out two important aspects of the question
of whether WSDOT should abandon use of the ENR formula. The first is that
other formulas clearly do a better job of predicting pile capacity, in
particular the Gates formula. The second is that the current safety factor
(divisor) used with the ENR formula may not provide the level of safety
desired. Based on the data from all pile load tests, a divisor of 6.95
would be required to assure that the predicted capacity was greater than
actual capacity 95% of the time, and a divisor of 9.06 would be necessary
for 98% assurance. Although the data set for some of the subgroups, such
as timber piles, is small, use of the data from all piles provides a large
enough sample to have confidence in the validity of the results.

Based on this study it seems apparent that the ENR formula should not
be used in Western Washington and Northwest Oregon. If use of a formula is
desirable, the Gates formula provides the most consistent estimation of
pile capacity and should be used in preference to any other. The Gates
formula is not significantly more difficult to use than the ENR formula and
requires only a calculator with common logarithm and square root functions.
The data required are the same: the set in inches, and the energy of the

hammer in foot-pounds.
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Economic Effects of Using the Gates Formula

To evaluate the economic effects of changing to the Gates formula,
comparisons of allowable load using several different assumptions were
made. The average allowable load for all piles (N=63) based on the Gates
formula was calculated using the divisors for 98% and 95% assurance. This
was also done using the ENR formula. In addition, the average allowable
capacity for the ENR formula was calculated using a divisor of 6.0, the
current WSDOT practice. In this way, a comparison can be made using the
same measures of safety for both formulas and also using two specific
measures of safety for the Gates formula and the current method used for
ENR. The results of these four analyses are presented in Table 5.

When both formulas are used with 98% assurance that the allowable
capacity will be higher than the actual capacity, the Gates formula gives
an average allowable capacity of 95.4 tons vs. 69.2 tons using the ENR
formula. This is an average increase of 38%, with no additional risk. The
allowable capacity is higher using the Gates formula for 55 out of 63
piles. when 95% assurance is used, (a more realistic value) tae Gates
formula gives an average allowable capacity of 108.9 tons, vs. 90.2 tons
using ENR, an increase of 21%.

Since WSDOT currently uses a factor of 6.0 with the ENR equation, the
average allowable load using this value was calculated. The average
allowable capacity in this case is 104.5 tons, approximately 4% less than
that obtained with the Gates formula using 95% assurance.

The economic benefits of switching to the Gates forfnula clearly
depend on the choices made in the selection of the divisor. If the
comparison is made between the ENR formula as it is currently used, and the

Gates formula with 95% confidence, the economic benefits are small, but



positive If the comparison is made using the same level of safety, the

economic benefit of switching to the Gates formula will be substantial.

Table 5 Comparison of Average Allowable Loads
Based on Gates and ENR Formulas

Divisor Used Average Allowable Load
(tons)
98%1 95%1 Current? 98% 95% Current
ENR 9.06 6.95 6.0 69.2 90.2 104.5
Gates 1.21 1.06 1.01 95.4 108.9 113.9

1 4givisor, based on data from all piles

2 divisor currently used for ENR formula, equivalent to 92.5%




APPENDIX A

PILE LOAD TEST INFORMATION

Abbreviation Key

HP
Ccp
op
FP
sC
oC
ST
T

The definitions of the symbols used in this section may be found in

steel H pile

closed steel pipe pile

open steel pipe pile

concrete filled steel pipe pile
square prestressed concrete pile
octagonal prestressed concrete pile
Raymond step taper pile

timber pile

Appendix H.

25
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Parameters used in the dynamic formulas for this study.

J eh Eh (in-1b) W (1b] wp [lb) Lp lin]  Ap [in"2) & (psi) s [in/bl)
! Hasser Rated Wejght ¥eight Length Area of Modulus of Inverse of
! Efficiency Energy of Ras of Pile of Pile Pile Elasticity Blow-count
A S H HHHHHH H HH T H M L
Pile WP-1! Incosplete
Pile HP-2! Incosplete
Pile HP-3! 0.85  234000.00 6500. 00 3604, 00 816.00 15.51 29000000, 00 0.17
Pile HP-4! 0.80 180000, 00 5000. 00 957.60 350.00 16.80 29000000. 00 1,00
Pile HP-S! 0.80  312000.00 8000, 00 2898.00 720.00 12.40 29000000, 00 0.31
Pile HP-b! 0.80  234000.00 6500. 00 3570.00 1020.00 12.40 29000000, 00 0.28
Pile WP-7! 0.85 230400.00 6500. 00 3180.00 720.00 15.50 29000000. 00 0.32
Pile CP-{! 0.80 1080000.00  30000.00  45120.00 1920,00 82.54 29000000. 00 0.05
Pile CP-2i 0.80 1080000.00  30000.00  40890.00 1740, 00 82.54 29000000. 00 0.04
Pile CP-3! Incosplete
Pile CP-4! 1.00 447600.00  14000.00 4256, 61 720.00 20.76 29000000, 00 0.11
Pile CP-Si Incosplete
Pile CP-é! 0.80  312000.00 8000, 00 1006. 55 360,00 9.82 29000000, 00 0.16
Pile OP-1! Incosplete
Pile 0P-2! Incosplete
Pile 0OP-3: 1.00  447600.00  14000.00 4256. 461 720.00 2.76 29000000, 00 0.4
Pile OP-4; 0.90  651600.00 6600.00 5925.40 1560.00 13.40 29000000.00 0.3
HHHHH I
Pile FP-1i 0.85 293400.00 8000, 00 546,68 624,00 31.22 29000000.00 0.19
Pile FP-2; 0.80  312000.00 8000. 00 6283.19 600,00 113.10  3173361.50 1.00
.Pile FP-3i 0.86  360000.00 5070.00 231.13 495.60 13.86 29000000.00 0.10
Pile FP-4! Incomplete
Pile FP-5! Incoasplete
Pile FP-b! 0.85  294000.00 8000, 00 2243, 20 960.00 8.25 29000000, 00 0.24
Pile fP-7) 0.90  451600.00 6400.00 2720.90 1320.00 S5.94 29000000, 00 0.39
Pile FP-8! 0.90  451600.00 6600.00 2362.23 1404,00 5.94 29000000, 00 0.09
Pile FP-9! 0.90  851400.00 6600, 00 2180,52 1296.00 5.94 29000000, 00 0.3
WHMHMHOOHHHGONHQHQCHQQHOMI»'G{}OHQGMHCOQ{{HHHHGO00000!0!“.000"“""lHl{!H
Pile SC-1! Incosplete
Pile SC-2! Incomplete
Pile SC-3! 0.80  312000.00 8000. 00 4000. 00 300,00 144,00  3000000.00 0.20
Pile SC-4: 0.80  312000.00 8000.00  11200.00 840,00 144.00 3000000, 00 0.69
Pile SC-5i 0.80 390000.00  10000.00  10890.00 600,00 196.00 3000000, 00 1.50
Pile SC-6: 0.80 390000.00  10000.00  11980.00 650,00 196,00  3000000. 00 1.30
Pile SC-7! Incosplete
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! e K ({(PCUBC) €1 (in] €2 (in] C3lin} Cd Lasbda n
! Elastic .25-steel Hiley Hiley Hiley Janbu Janbu Coefficient
! loss ENR . 10-others of Rest.
mmmmm#ﬂm#m"unn&mnmquuuuuomouomnommHnuumﬂﬂnuo
Pile HP-1! Incomplete
Pile HP-2! Incomplete
Pile HP-3! 0.10 0.25 0.00 0.41 . 0.83 12.28 0.77
Pile HP-4! 0.10 0.5 0.00 0.07 . 0.78 0.14 0.77
Pile HP-S! 0.10 0.25 0.00 0.48 .1 0.80 5.28 0.7
Pile HWP-6! 0.10 0.25 0.00 0.7 0.83 6.8 .77
Pile WP-7! 0.10 0.25 0.00 0.41 . 0.82 2.9 0.77
Pile CP-1! 0.10 0.25 0.04 0.42 0.10 0.98 268,06 0.55
Pile CP-2! 0.10 0.25 0.04 0.39 0.10 0.95 449.43 0.55
Pile CP-3! Incosplete
Pile CP-4! 0.10 0.25 0.00 0.72 0.10 0.80 “u.97 0.77
Pile CP-5! Incoaplete
Pile CP-b4! 0.10 0.25 0.00 0.27 0.10 0.77 12.00 0.65
Pile 0P-1! Incosplete
Pile 0P-2! Incosplete
Pile 0P-3: 0.10 0.25 0.00 0.72 . 0.80 .M 0.77
Pile OP-4! 0.10 0.25 0.00 1.04 . 0.88 .21 0.7~
Pile FP-1! 0.10 0.5 0.00 0.3t 0.10 0.85 4.7 0.77
Pile FP-2! 0.10 0.25 0.10 0.17 0.10 0.87 0.26 0.63
Pile fP-3! 0.10 0.5 0.00 0.50 0.10 0.82 B.3 on
Pile FP-4! Incosplete
Pile FP-5! Incosplete
Pile FP-5! 0.10 0.25 0.00 0.72 0.10 0.79 17.4 0.77
Pile FP-7! 0.10 0.25 0.00 1.04 ¢.10 0.80 31.96 o.n
Pile FP-8! 0.10 0.25 0.00 0.94 0.10 0.80 378.35 0.77
Pile FP-9! 6.10 0.25 0.00 0.8 0.10 0.80 3.5 0.77
Pile SC-1! Incomplete
Pile SC-2! Incosplete
Pile SC-3! 0.10 0.10 0.25 0.20 0.10 0.83 4,48 0.75
Pile SC-4! 0.10 0.10 0.17 0.28 0.10 0.96 1.03 0.83
Pile SC-S! 0.10 0.10 0.06 0. 40 0.10 0.91 0.14 0.58
Pile SC-6! 0.10 0.10 0.06 0.11 0.10 0.93 0.16 0.58
Pile SC-7! Incomplete

Parameters used in the dynamic formulas for this study.
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APPENDIX B -~ MEASURED ULTIMATE CAPACITY

There are many different ways to determine the ultimate capacity of a
pile from the load verses deflection data that are obtained from a pile
load test. In order to provide a uniform reference for comparison, the
same methoa of determining ultimate capacity should be used for all piles.
Therefore, all measured capacities for this study were determined using
each of the following three methods which were suggested by the staff of
the Washington State DOT.

The first method is called the Q-D over 30 or "Qp3p" method. This
method has three main steps:

1) Calculate the elastic compression of the pile assuming that all
of the load is transferred to the tip of the pile, and plot
this line on the load-deflection graph.

2) Plot a line parallel to the elastic compression line which
intersects the Y axis at a distance from the origin equal to
the pile tip diameter divided by 30.

3) Locate the point where the line plotted in step 2 intersects
the load-deflection curve. The load at this point is the
ultimate capacity of the pile.

The second method is called the elastic-tangent or "Qgr" method.
This method has four steps:

1) Calculate the elastic compression of the pile assuming that all
of the load is transferred to the tip of the pile. Plot this
line on the load-deflection curve.

2) Draw a line which is parallel to the elastic compression line

and tangent to the load-deflection curve.
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3) Draw a line tangent to the plunging portion of the load-
deflection curve with a slope of 0.05"/ton.

4) Locate the point where the two lines plotted in steps 2 and 3
intersect. The load at this point is the ultimate capacity of
the pile.

The third method is called the double tangent or "Qpr" method. This
method has three steps:

1) Draw a line tangent to the initial portion of the load-
deflection curve.

2) Draw a line tangent to the plunging portion of the load-
deflection curve with a slope of 0.05"/ton.

3) Locate the intersection of the two lines drawn in steps 1 and
2. The load at this point is the ultimate capacity of the
pile.

Examples 1, 2, and 3 in Figure Bl illustrate each of these methods.
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measured ultimate capacity.




MEASURED PILE CAPACITY FROM PILE LOAD TESTS

Pile Qp30 QeT Qpr Pile Q30 QT Qor
Number (tons) (tons) (tons) Number (tons) (tons) (tons)
HP-3 142 140 137 0C~-10 127 124 124
HP~4 79 73 71 oc-11 124 119 121
HP-5 122 119 118 0C-14 152 144 144
HP-6 182 178 172 0C-16 85 73 73
HP -7 149 153 148 HC-~1 256 234 236
cp-4 247 237 236 HC-2 296 292 288
CP-6 123 116 116 HC-4 300 265 220
oprP-3 212 201 200 HC-5 300 285 2490
oP-4 225 219 209 HC-6 310 274 255
FP-1 145 135 130 ST-1 151 147 146
FP-2 7 80 79 ST-2 148 143 143
FP-3 300 313 318 sST-3 155 153 152
FP-6 122 113 110 ST-4 142 138 135
Fp-7 221 204 198 ST-5 140 133 132
FpP-8 261 252 243 ST-6 144 142 140
FP-9 169 154 148 ST~7 240 231 227
sC-3 105 98 100 ST-8 163 161 163
SC-4 102 99 100 ST-9 300 290 288
8C-5 88 80 78 ST-10 290 279 269
SC-6 55 49 51 ST-11 213 208 208
sSC-8 140 128 126 £T-12 209 203 201
sC-10 130 122 120 ST-15 169 204 209
sC-13 188 180 180 sT-17 162 179 179
SC-14 241 23 229 ST-22 155 153 152
SC-15 255 246 245 sST~23 168 182 181
SC-16 85 73 73 T-1 168 163 160
sC-17 195 200 203 T-6 70 66 63
oCc-1 518 512 473 T-7 66 62 58
oc-2 450 440 4490 T-8 49 42 40
oCc-3 620 610 610 T-10 48 47 46
oC-6 243 237 233 T-11 57 51 51

oc-9 248 241 237



APPENDIX C

FORMULAS USED IN THE STUDY
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ENR

Mod. ENR

Hiley

Gates

Janbu

Q

enEh
S + 2
ehEh W+ n2w
S + 2 W+w
ehEh W+ nzw

s+(C +Cp+C3)/2 W+ w

27 ,/ehEh(l-log s)

= 0.75 for drop hammers
= 0.85 for other hammers
(kips), s (in), E (ft-kips)

)
Ky=Cq |1+ [J1+—
Cd

Cq = 0.75 + 0.15 —
W

~ ehEhL

AEs2



epkp

Danish Q, =
ehEhL
S +
2AE
W + Kw
epkp
h™h W+w
PCUBC Q, =
QL
S+ —
At
K = 0.25 for steel piles
= 0.10 for all other
piles
ehEh
Eytelwein Q, = ——— (drop hammers)
W
s 1+ —
W
ehEp
qQ, = (steam hammers)
W
s + [0.1 - -]
W
-SAE 2e,EpAE  [SAE;2
Weisbach Q= — ¢ +[___]
L L L
ek
Navy-McKay Q, = h“h
W
s |1+403 —
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APPENDIX E - SCATTER GRAPHS
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Scatter graph for predicted versus measured capacity for
the Modified ENR formula.
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Scatter graph for predicted versus measured capacity for
the Hiley formula.
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Scatter graph for predicted versus
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PCUBC - ys = QD30
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Scatter graph for predicted versus measured capacity for
the PCUBC formula.
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Scatter graph for predicted versus measured capac1ty for

600

400

200

EYTELWEIN - vs - Qp3o

+ t
-
.
-« . +
++ +
s
“.- .
-
P
+ +
+
LR
.
s
4
+
rﬁl‘rﬁ"*‘v:11171v1.117‘|.|x1rj
A 401) 600

MEASURED CAPACITY (tons)

the Eytelwein formula.

45



(tons)

PREDICTED CAPACITY

400

e}
(>}
O
[ G W A NS Y G GNNN UOUN SR S U TN W WA N S |

TTITYXIYTIYT’I-'I[

T ™
0 200 400 600

MEASURED CAPACITY (tons)

Scatter graph for predicted versus measured capacity for
the Weisbach formula.

46



NAVY-McKAY - ys - QDJO
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Comparison of histograms for raw and logarithm transformed data

respectively for the Hiley formula.



Modified ENR/QD30
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APPENDIX G - VALUES OF CVLOG FOR ALL PILE SUBGROUPS

H-SECTION

RANK FORMULA
Gates
PCUBC
Danish
Weisbach
Janbu
Hiley
Modified ENR
Eytelwein
ENR
Navy—-McKay

O WO~ UWWLWIN -

—

OPEN PIPE

RANK FORMULA

N

5*

€V og

0.08
0.11
0.13
0.13
0.14
0.16
0.20
0.24
0.25
0.34

Hiley

Danish

Gates

Janbu
Weisbach
Eytelwein
Modified ENR
PCUBC

ENR
Navy—-McKay

COVOXPOO & W |

-

SQUARE CONCRETE

RANK FORMULA

0.10
0.10
0.11
0.14
0.15

Gates
Weisbach
Danish

PCUBC

Janbu

Hiley
Eytelwein
ENR

Modified ENR
Navy—-McKay

COVWOONOUVWWIN -

o

CvLOG

0.16
0.16
0.18
0.19
0.27
0.28
0.29
0.47

CLOSED PIPE

RANK FORMULA

e

Modified ENR
ENR
Eytelwein
Navy-McKay
Danish

Janbu

Gates
Weisbach
PCUBC

Hiley

(e BRVe BRI ALY IRV IF N (SR N )

—

CONCRETE FILLED PIPE

RANK FORMULA
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N = 2%

cv

0.01
0.02
0.02
0.04
0.05
0.05
0.06
0.06
0.07
0.09

N = 7*

cv

0.08
0.09
0.14
0.15
0.15
0.17
0.17
0.17
0.19
0.27

Gates

Hiley

Janbu

Danish

PCUBC

ENR

Modified ENR
Weisbach
Eytelwein
Navy-McKay

QW RO WD -

—

OCTAGONAL CONCRETE

FORMULA

N

cv

L

0.22
0.24
0.25
0.27
0.27
0.28
0.33
0.35
0.39
0.57

Gates
Weisbach
Danish

Hiley

Janbu

PCUBC
Eytelwein
ENR

Modified ENR
Navy-McKay

C OO WNhPF-

s

values for selected pile types.

9

o¢

* Sample size is too small to provide reliable results.
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HOLLOW CONCRETE N = 5% RAYMOND STEP TAPER N = 16
RANK FORMULA CVLOG RANK FORMULA cv
1 Danish 0.05 1 Gates 0.09
1 Gates 0.05 2 ENR 0.16
1 Weisbach 0.05 2 Hiley 0.16
4 ENR 0.07 4 Danish 0.17
5 Janbu 0.08 ) Weisbach 0.18
6 PCUBC 0.09 6 Eytelwein 0.19
7 Hiley 0.15 6 Janbu 0.19
8 Modified ENR 0.16 8 Modified ENR 0.20
9 Eytelwein 0.20 9 PCUBC 0.22
9 Navy-McKay 0.20 10 Navy-McKay 0.77
TIMBER N = 6*

1 Gates 0.18

2 PCUBC 0.23

3 Hiley 0.25

4 Danish 0.30

5 Weisbach 0.32

6 Modified ENR 0.37

7 Eytelwein 0.46

8 ENR 0.49

9 Navy-McKay 0.60
10 Janbu 0.90

CVLOG values for selected pile types.

* Sample size isg too small to provide reliable results.



ALL PILES

RANK

—

QO NN DDN -

FORMULA

Gates

Hiley

PCUBC

Danish
Weisbach
Janbu
Modified ENR
Eytelwein
ENR
Navy—-McKay

H-SECTION AND
ALL PIPE

RANK

—

OV OO PN -

FORMULA

Danish

Janbu
Weisbach
Modified ENR
ENR
Eytelwein
Navy-McKay

SQUARE AND OCTAGONAL
CONCRETE

RANK

FORMULA

[

O OVWOONO W -~

CVLOG

Gates
Weisbach
Danish

Janbu

PCUBC

Hiley
Eytelwein
Modified ENR
ENR
Navy—-McKay

N =

0.36
0.39
0.68

20

ALL EXCEPT TIMBER
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N =5
CVL

0.13
0.19
0.19
0.19
0.19
0.19
0.28
0.28
0.29
0.58

7

RANK FORMULA
1 Gates
2 Danish
2 Hiley
2 Janbu
2 PCUBC
2 Weisbach
7 ENR
7 Eytelwein
9 Modified ENR
10 Navy-McKay
H-SECTION, AND OPEN

AND CLOSED PIPE

RANK

FORMULA

cv

—

O WO~ & BN -

Gates

PCUBC
Weisbach
Danish

Hiley

Janbu
Modified ENR
ENR
Eytelwein
Navy—-McKay

ALL CONCRETE

RANK

FORMULA

c.08
0.14
0.14
0.15
0.15
0.15
0.22
0.26
0.26
0.35

N =2

CVpog

[

O W OO~y WIWWN -

Gates
Weisbach
Danish

Janbu

PCUBC

Hiley
Eytelwein
Modified ENR
ENR
Navy-McKay

values for selected pile categories.

0.16
0.18
0.20
0.20
0.20
0.22
0.30
0.33
0.35
0.59

* Sample size is too small to provide reliable results.

5



ALL PILES IN
COHESIONLESS SOILS

RANK FORMULA

1 Gates

2 Danish

2 Hiley

2 PCUBC

5 Weisbach

6 Modified ENR
7 Eytelwein
8 ENR

9 Janbu
10 Navy-McKay

CVLOG values for

* Sample size
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N = 4] ALL PILES IN N = 11*
COHESIVE SOILS

wien I Pmwn  ovg
0.11 1 PCUBC 0.18
0.21 2 Gates 0.19
0.21 3 Weisbach 0.20
0.21 4 Hiley 0.21
0.22 4 Janbu 0.21
0.27 6 Danish 0.22
0.29 7 Eytelwein 0.31
0.30 8 Modified ENR 0.35
0.33 9 ENR 0.38
0.92 10 Navy-McKay 0.65

Sclected pile categories.

is too small to provide reliable results.
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APPENDIX H - NOTATION

= cross—sectional area of pile

= cross—sectional area of cushion block

= gtatic supplement factor in Rabe’s formula (14)

= temporary compression loss in the cap, pile, and soil
in Rabe’s formula (14)

C2,C3 = coefficients for Hiley formula (12)

= efficiency of striking hammer (<1.0)

= Young’s modulus of elasticity for pile

= Young®’®s modulus of elasticity of the cushion block

= manufacturer’s hammer energy rating

= height of free fall of hammer

a coefficient to account for elastic compression plus

other losses in Redtenbacher®s classical formula
= length of pile
= axial length of cushion block
= hammer efficiency factor (13)
= range of the mean
= sample size less one
= coefficient of restitution for hammer cushion
= uyltimate bearing capacity of pile in soil
= gstandard deviation of the sample
= pile penetration for last blow (pile set)
= value of the student’s t distribution
= weight of pile

= wyeight of hammer



X

z

= mean of the sample

= 0.1 for steam hammers;

1.0 for drop hammers
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