this document downloaded from

vulcanhammer.info

the website about a
Vulcan Iron Works

Inc. and the pile

driving equipment it
manufactured

http:// ww.vulcunhumni

| L, — — ..-
| —

Terms and Conditions of Use:

All of the information, data and computer software (“information”)
presented on this web site is for general information only. While every
effort will be made to insure its accuracy, this information should not |
be used or relied on for any specific application without independent,
competent professional examination and verification of ifs accuracy, suit-
ability and applicability by a licensed professional. Anyone making use
of this information does so at his or her own risk and assumes any and all
liability resulting from such use. The entire risk as to quality or usability of
the information contained within is with the reader. In no event will this web
page or webmaster be held liable, nor does this web page or its webmaster
provide insurance against liability, for any damages including lost profits, lost
savings or any other incidental or consequential damages arising from the use
or inability to use the information contained within.

This site is not an official site of Prentice-Hall, Pile Buck, or Vulcan Foundation
Equipment. All references to sources of software, equipment, parts, service or
repairs do not constitute an endorsement.


http://www.vulcanhammer.info
http://www.vulcanhammer.org/

™I R

TECHNICAL REPORT K-84 2

LATERALLY LOADED PILES AND
COMPUTER PROGRAM COM624G

. N
Lymon C. Reese

.Civil Engineering Department
University of Texas at Austin
“Austin, Tex. 78712

Larry A. Cooley

U. S. Army Engineer District, Vicksburg
P. O. Box 60, Vicksburg, Miss. 38180

N. Radhakrishnan

Automatic Data Processing Center
U. S. Army Engineer Waterways Experiment Station
_P. O. Box 631, Vicksburg, Miss. 33180

April 1984
Final Report

Approved For Public Release; Distribution Unlimited

preparedtor U. S. Army Engineer Division, Lower Mississippi Valley

P. O. Box 80, Vicksburg, Miss. 39180




e o SR S D SIS

S S s 5 N W LI S e PG

TSR T L R - e ot R e

Destroy this report when no longer needed. Do not return
it to the originator.

.

The tindings in this report are not to be construed as an oféicial
Department of the Army position unless so designeted
by cther cutherizec cocuments.

This program is furnished by the Government and is acceptec anc used
by the recipient with the express understonding thet the Univec States
Government makes no warranties, expressed or impiied, concerning th

ccuracy, completeness, reliability, usebility, or suitedizisv for any
particular purpose of the informetion ond data contained in this pro-
gram or furnished in connection therewith, and the Unitec Steres shall
be under no liability whatsoever to any person by resson of cny use
made thereof. The program belongs to the Government. Thersiore, the
recipient further cgrees not to assert any proprietary rights therein ortc
represent this program to anyone as other thon a Governmen® srogram.

The contents of this report are not to be used for

advertising, publication, or promotional purposes.

Citation” of trade names does not constitute on

official endorsement or approval of the use of
such commercial products.

i e A



)

ELECTRONIC COMPUTER PROGRAM ABSTRACT

TITLE QF PROGRAM

COM624G- Laterallv Loaded Pile Anal

vsis (10012)

FROGRAM NO.
713-F3-2¢08n

PREPARING AGENCY U. D. Army Laglneer

auterways Lxperiment Station,

Autonmatic

Data Processine Center, P. O. Box 631, Vicksburg, M5 39180

AUTHOR(S; Ur. L. C. Reese and W. DATE PROGRAM CCMPLETED STATUS OF PROGR AW
Rur.dall Sullivan; Modified by S. Written 1976-77 agu|PHASE STAGE

“us.iel and L. Merrell Modified 1980,19 e

S varnd wa CABBS | WER ADPC Adapted 1982 COMPLETE cER

A. FURPOSE OF PRCCGRAM

Analyzes lateraily loaded piles in nonlinear soil media. Solves for deflec<zion,
shear, mcment, and reactions in a single pile under a variety of boundary

conditions specified at the top of

the pile.

‘B

PROGRAM SPECIFICATIONS

FORTRAN, Time-sharing.program.

C. METHGOS

Calculdtes the response of 2 laterally-lcaded pile in non-linear soils.
ethod of solution is a finite difference approximation to the governing

fourth order differential equation.

them following published recommendation for various types of soils.

Th= i

Scil behavior is modeled with p-y curves. j
The user can either input his own p-y curves, or have the program generaite .

can handle layered soils, several types of boundary conditions,
properties otf the pile as a functicn of depth.

The
znd var:

p

D. EQUIPMENT OQETAILS

H-66C0, CRC 6600, DPS-1

E. INPUT-QUTPUT

[nput may be entered from a prepared line-numbered data file or interactively

at execute time.

Qutput will be directed to an output file.

s &1 Ao

see

F ACDITIONAL REVMARKS

A copy of the program and documentation may be obtained from the

puter Progranms ilbrarv

Cor "FpL),
touljold-2531

or

WS R

elephone number commerce

-
-
pupRs
<

gineerin:
1

s e S

DR NG FCEi 281) W T 18 ORSTLETE,



¢

« 04712785 FILE - CONDIT 8:43 PAGE 1

C == ¥ MR ¥ MM 3 M I KK M 3 ¥ 3 M 03 06 5 3 ¥ 0 3 3663 3 3606360 H M 34 3€ 06 3 5 6 5 3 3 M3 3 3 36 X 3 26 3 3 3 K I I XK K K ¥

Cx ¥*
Cx CONDITIONS OF USE %
C# %
C!¥¥%%XXXX*XXXXXXXXXXXXXXXXX%X!X%%XXXX%X%XXXXXXXXXXXXXKX*XXX%XXXXXXXXXX%XXXX%XXX
C#* ) ®x
Cx THE FOLLOWING COHDITIONS REGULATE THE USE OF COMPUTER PROGRAMS %
C DEVELOPED BY THE CORPS OF ENGINEERS, DEPARTMENT OF THE ARMYX X
[ ¥
C+ 1. THE COMPUTER PROGRAMS ARE FURNISHED BY THE GOVERHMENT AND X
C# MAKES NO WARRANTIES, EXPRESS OR IMPLIED, CONCERMING THE *
C# ACCURACY, COMPLETENESS, RELIABILITY, USABILITY, OR SUITABILITY X
C FOR ANY PARTICULAR PURPOSE OF THE INFORMATION OR DATA CONTAINED *
Cs IN THE PROGRAMS, OR FURHISHED IN CUNMECTION THEREWITH, AND THE %
C+ UNITED STATES SHALL BE UNDCR NO LIABILITY WHATSOEVER TO ANY ¥
C+ SUCH INDIVIDUAL, OR GROUP ENTITY BY REASON OF ANY USE MADE *
C= THEREOF. ¥
C= *®
c+ 2. THE PROGRAMS BELOHG TO THE FEDERAL GOVERNMENT. THEREFORE, X
C+ THE RECIPIEHT AGREES HOT TO ASSERT ANY PROPRIETARY RIGHTS *
C+ PROGRAMS AHD ALL DOCUMENTS RELATED THERETO, INCLUDING ALL %
C+ COPIES AND VERSIONS INH POSSESSION THEREOF, WILL BE DISCONTINUED %
C+ FROM USE OR DESTROYED UPON REQUEST BY THE GOVERNMENT. 3
c- , *
Cs 3. THE PROGRAMS ARE TO BE USED ONLY IN THE PUBLIC INTEREST *
¢ AND/OR THE ADVAHCEMEHT OF SCIENCE AHD WIILL NOT BE USED BY THE X
Cx RECIPIENT TO GAIN UHFAIR ADVANTAGE OVER ANY CLIENT OR X
c+ COMPETITOR. WHEREAS THE RECIPIENT MAY CHARGE CLIENTS FOR THE *
C+ ORDIHARY COSTS OF APPLYING THESE PROGRANS, THE RECIPIENT AGREES *
C¥ HOT TO LEVY A CHARGE, ROYALTY OR PROPRIETARY USAGE FEE UPOH ANY *
cr CLIENT FOR THE DEVELOPMENT OR USE OF ANY PROGRAI1 RECEIVED, OR X
C# FOR ANY MODIFICATION OF SUCH PROGRAM BY THE RECIPIENT. ONLY *
C+ MINOR OR TEMPORARY MODIFICATIONS WILL BE MADE TO THE PROGRAMS %
C# (E.G., NECESSARY CORRECTIONS OR CHAHGES IN THE FORMAT OF INHPUT *
s OR OUTPUT) WITHOUT WRITTEN APPROVAL FROM THE GOVERHMENT. THE *
C PROGRAMS WILL NOT BE FURHISHED BY THE RECIPIENT TO ANY THIRD %
C+ PARTY UNDER AHY CIRCUMSTANCE. HOWEVER, INFORMATION OH THE *
Cr SOURCE OF THE PROGRAMS WILL BE FURHISHED TO AHYONE REQUESTING %
C- SUCH INFORMATLOH, : %
Cs ) *
Cs 4. ALL DOCUMEHTS AND REPORTS CONVEYING INFORMATION OBTAINED AS %
Cx £ RESULT OF THE USE OF THE PROGRAM(S) BY THE RECIPIEHT WILL *
Cx ACKHOWLEDGE THE CORPS OF ENGINEERS, DEPARTMENT OF THE ARMY, AS X
Cx THE ORIGIN OF THE PROGRAM(S) AND FOR AHY ASSISTANCE RECEIVED IN *
C THEIR APPLICATION, x
Cx»

CHHH¥%%%%X%%KXXX%%%%XXX%%*X%%%%%XX*XXX*XXXXXXXXX%XX%XK**XXXXKXKXXXXKXXXXKXXKK%KX




_ Unclassified
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

READ INSTRUCTIONS

REPORT DOCUMENTATION PAGE B BEFORE COMPLETING FORM

1. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIP{ENT'S CATALOG NUMBER

Technical Report K-84-2

& TITLE (end Subtitle) 5. TYPE OF REPQRT & PERIOD COVERED

LATERALLY LOADED PILES AND COMPUTER Final report

PROGRAM COM624G 6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)

Lymon C. Reese
Larry A. Cooley

N_ Radhakrishnan
8. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UNIT NUMBERS

University of Texas, Austin, Tex. 78712; U. S.
Army Engineer District, Vicksburg, Miss. 39180;
and U, S. Army Engineer Waterways Experiment

Station, ADP Center, Vicksburg, Miss. 39180 12. REPORT DATE

T1. CONTROLLING OFFICE NAME AND ADDRESS April 1984
U. S. Army Engineer Division, Lower Mississippi |13 NUMBER OF PAGES
Valley, P. 0. Box 80, Vicksburg, Miss. 39180 303

4. MONITORING AGENCY NAME & ADORESS(If different from Controlling Olfice) 1S. SECURITY CL ASS. (of thie report)

Unclassified

iSa, ggCLASS[F(CAT{ON/DOWNGRAD!NG
HE

16. DISTRIBUTION STATEMENT (of this Repor()

Approved for public release; distribution unlimited.

7. DISTRIBUTION STATEMENT (of the abstrac! entered in Block 20, If different from Report)

8. SUPPLEMENTARY NOTES

available from National Technical Information Service, 5285 Port Royal Road,
Springfield, Va. 22161.

19. KEY WORDS (Continue on reverse sids if necessary and identify by block number)

Piling (Civil engineering) (LC) Soil structures (LC)
Foundations (LC) Computer programs (LC)
COM624G (Computer program) (LC)

Soil mechanics~-Computer programs (LC)

Structural engineering (LC)

20. ABSTRACT (Continue on reverae aide ff necevsary and fdentify by block number)

When the soil immediately below the base of a structure will not provide
adequate bearing capacity, piles can be used to transfer load from the struc-
ture to soil strata which can support the applied load. This report deals -
with analysis of the lateral interaction of pile shaft and soil. Examples of
such problems encountered by the Corps of Engineers are single-pile dolphins

and baffles for grade control structures.
(Continued)

bD , FORwM 1473 EDITION OF | MOV 65 1S OBSOLETE

JAN T3 Unclassified

SECURITY CLASSIFICATION OF THIS PASE (Whon Data Entered)




Unclassified

SECURITY CLASSIFICATION OF THIS PAGE(When Dets Enlered)

20. ABSTRACT (Continued).

A computer program called COM624, along with documentation, was de-—
veloped at the University of Texas (UT) at Austin, to analyze laterally loaded
pile problems. Analysis performed by Program COM624 is dependent upon soil
parameters input to the program. These s0il parameters take the form of
curves which simulate the nonlinear interaction of the pile and the surround-
ing soil. The UT Report also presented criteria for developing these soil re-
sponse curves in various types of soils.

This report consolidates the information available on laterally loaded
pile analysis and provides supplementary data on Program COM624 (redesignated
as COM624G). 1t describes modifications made in the input procedures and the
addition of graphics options. Several examples of laterally loaded pile
problems encountered in the Corps are added. Also included is a procedure for
nondimensional analysis of laterally loaded piles which caa be used to perform
companion hand calculations to verify the results of the computer solutious.

Unclassified

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entored)




-PREFACE

This report reviews soil-structure interaction analyses of laterally
loaded piles and provides supplementary documentation on a computer program
COM624 developed by Prof. Lymon C. Reese, Nasser Al Rashid Professor, Civil
Engineering Department, University of Texas (UT) at Austin, and Mr. W. R.

Sullivan who was a graduate student at UT. Liberal use is made herein of ma-

terial previpously published by Prof. Reese and his graduate students.

Mr. Reéd L. Mosher and Mr. Michael E. Pace of the Computer-Aided Design
Group, Automatic Data Processing (ADP) Center, U. S. Army Engineer Waterways
Experiment Station (WES), modified the original program to run in the time-
sharing mode, added graphics options, and also restructured the input to the
program. The modified program has been designated as COM624G. Messrs. Mosher
and Pace prepared Appendix C which contains the input to the modified program.
Mr. A. E. Templeton, Vicksburg District (VXD), ran all of the computer and
hand-derived examples contained in this report. Contributions of all of the

above are gratefully acknowledged.
Funds for this work were authorized by the U. S. Army Engineer Division,

Lower Mississippi Valley (LMVD), as part of the analysis support provided by
the WES ADP Center. Mr. James A. Young, Geology, Soils, and Materials Branch,

LMVD, was the technical point of contact.
The work was accomplished during the period July 1981 through April 1983.

This report was written by Prof. Reese, Mr. Larry A. Cooley, Chief, Foundation

and Materials Branch, VXD, and Dr. N. Radhakrishnan, Special Technical Assis-

tant, ADP Center, WES.
COL Nelson P. Conover, CE, and COL Tilford C. Creel, CE, were Commanders

and Directors of WES during the course of the work and the preparation of this

report. Mr. F. R. Brown was Technical Director.




CONTENTS

PREFACE . e,
CONVERSION FACTORS, NON-SI TO SI (METRIC) UNITS OF MEASUREMENT
PART I: INTRODUCTION .

Need for Soil-Structure Interaction Analyses in Design of
Pile Foundations . .

Acknowledgments . . . . . . . . . . . . . . . ...

Example Applications .

Methods of Analysis .

Nonlinear Interaction Curves

Purpose and Scope . . . . . . . . .

PART II: BACKGROUND AND THEORY FOR LATERALLY LOADED PILE ANALYSIS .

Review of Basic Beam-Column Relations
p-y Concepts of Lateral Load Transfer
Solution of Governing Differential Equation .

PART IIT: CRITERIA FOR DEVELOPING SOIL RESPONSE CURVES FOR
LATERALLY LOADED PILES .- C e e e e e e e

Factors Influencing p-y Curves
Analytical Basis for p-y Curves
S0il Models for Predicting Ultimate Soil Re51stance

Experimental Techniques for Developing p-y Curves
Recommendations on Use of p-y Curves
Recommendations for p-y Curves for Sand

REFERENCES e e e e
APPENDIX A: NONDIMENSIONAL SOLUTIONS FOR ANALYSIS OF LATERALLY
LOADED PILES e e e e e

Introduction
Solution Procedure (Extracted from Reese and Sulllvan 1980)

Example Solution
APPENDIX B: EXAMPLE DESIGN PROBLEM .

Introduction
Example Design Problem

APPENDIX C: INPUT GUIDE FOR COM624G

Introduction .
Accessing the Program .
Boeing System . . .
Input Guide for COM624” .
Example Problems .

APPENDIX D: ADDITIONAL EXAMPLE PROBLEMS

Example 1
Example 2
Example 3

APPENDIX E: NOTATION

o
[\
0o L &~ B ~ W s |

29

30
31
35
43
47
80

89

Al

4
+

A2
Al6
BI

B1
Bl
C:
Ci
Cl
C2
C2

14

D1

D1
D19
036



CONVERSION FACTORS, NON-SI TO SI (METRIC) UN:i S OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI (metric)

units as follows:

Multiply By To Obtain
cubic inches 16.3871 cubic micrometers
feet 0.3048 meters

0.3048 meters per second

feet per second

feet per second squared 0.3048 meters per second squared

foot-kips (force) 4.448222 kilonewtons

foot-pounds (force) 1.355818 joules

inches 2.54 centimeters

inches per pound 0.1129848 newton meters

inches to the fourth power 0.4162 micrometers to the fourth
power

kips 4.4482 kilonewtons

kips per square inch 6.8497 megapascals

pounds per inch 175.1268 newtons per meter

pounds per cubic inch 27,679.9000 kilograms per cubic meter

pounds per square inch 6.8948 millipascals

pounds per cubic foot 16.0185 kilograms per cubic meter

pounds per square foot 4.8824 kilograms per square meter

tons (force) &.8964 kilonewtons

tons (mass) per square foot 9,764.856 kilograms per square meter



LATERALLY LOADED PJLES AND COMPUTER PROGRAM COM624G

PART I: INTRODUCTION

Need for Soil-Structure Interaction Analyses in
Design of Pile Foundations

1. Pile foundations are frequently used to support structures when the
soil immediately below the base will not provide adequate bearing capacity.
Piles transfer load from the structure to soil strata which can support the
applied load. The behavior of such a system depends on the interaction of the
piles with both the structure and the soil. Rational analysis of a problem
invelving pile design must take into consideration the effects of these inter-
actions. Equilibrium of forces and compatibility of displacements throughout
the total system must be achieved in the analysis. This report deals with
analysis of the lateral interaction of the pile shaft and the soil. The prob-
lem of satisfying equilibrium between the pile shaft and superstructure is
outside the scope of this report. A number of references are available on
this topic for the interested reader (CASE Task Group on Pile Foundations 1980;
Martin, Jones, and Radhakrishnan 1980; Awoshika and Reese 1971; Radhakrishnan

and Parker 1975; Haliburton 1971; and Dawkins 1982).

Acknowledgments

2. A major portion of the material presented herein is excerpted or
summarized from reports published by Prof. Lymon C. Reese and his students/
associates at The University of Texaé at Austin (UT). The computer program
presented herein (COM624G) was developed under the direction of Prof. Reese
and modified by the Automatic Data Processing (ADP) Center at the U. S. Army
Engineer Waterways Experiment Station (WES) to provide interactive capability
and graphics.

3. Excellent summaries of the methods used in analysis of laterally
loaded piles are available (Reese and Sullivan 1980, Reese and Allen 1977).
It is suggested that the user study these references before becoming deeply
involved in pile design using the method of analysis presented herein. Ex-

cerpts from these two references appear throughout this report and are ac-

knowledged where included.

L~




Example Applications

4. If a structure is supported on vertical piles and if all loads from
the structure are also vertical, then the loads transmitted to the piles will
all be axial. If some horizontal component of load is present, a lateral
force will also be tramnsmitted to the piles. If some of the piles are bat-
tered, an axial and lateral force will be transmitted to the piles regardless
of the direction of the applied load. For most structures, particularly hy-
draulic structures, both horizontal and vertical components of load are pres-
ent. The theory and the computer program presented in this report consider
the response of individual piles to lateral loads. The program is not di-
rectly applicable to problems where group effects must be considered, such as
pile-supported retaining structures where the piles are closely spaced. Sev-
eral methods to analyze such problems are available (0'Neill, Hawkins, and
Mahar 1980; Reese 1980; and Davisson 1970) but will not be addressed herein.
Axially loaded pile behavior ahd'a computer program for analyzing such be-
havior will be the subject of another report.

5. The method of analysis presented in this report is directly applica-
ble to problems in which the lateral response of singie-pile foundation ele-

ments is analyzed. Examples of such problems encountered by the Corps are

single-pile dolphins (Figure 1) and baffles for grade control structures (Fig-

ure 2). The method can also be extended and used in multiple-pile foundation
elements such as in the continuous frame pile-supported pumping station shown

in Figure 3. To solve problems of this type, the user must ensure in the

analysis that the predicted behavior of the structural frame is compatible

with the predicted behavior of each of the foundation elements. Thus, the

problem is analyzed in two parts: (a) a frame analysis using methods which

may vary from a finite element analysis to a moment distribution analysis de-

pending on the level of sophistication desired by the user, and (b) a laterally

loaded pile analysis. The analysis is performed on an idealized frame resting

on piles which are subjected to horizontal and vertical loads. The frame is
separated from the piles at the groundline as shown by the insert in Figure 3.
Final results of the aéalysis must show the lateral deflection, rotation,

shear, axial load, and moment . to have the same values at the points where the

piles connect to the frame.
6. Because analysis of this problem must be performed in two parts, the

LN




Oer=
Gol

O

[

"

o~ Yo Yoo

tmr 487 DIAM, W/ 3/4" THICK WALL

0=t

MOORING RING

RUBBER BUMPER /

==L

<t 48" DIAM, W/ 1-1/2" THICK WALL

T e e e s o o o B T e o e o o
D T i,

1
8
| S

R 48 DIAM. W/ 3/47 THICK WALL

Y B ™ U~ PR e
E

T e ST N 1S

Figure 1. Single pile mooring dolphin

6



‘T oeandiy

| ||
s : s
il Ea.,% g ol




101 JER L NU— T S
105 102::121~—‘w120”175'110 ~129
Sageen1 03 s 20wmme——1 1 1 oz 1 21
107y=104=F—" |7 5
19 24
14 3 a3 11
2 ” 39
SN 38
13 18
23
2 6 10
o} |
| 40 P
< 59 32
26\;.—-:35 36
§7 22
Smm 9
28
34
h 16 A5
e S ) == 7
SR 1 g } .
ie J.. ~
. .
L . -

Figure 3. Idealized continuous frame pile-supported
pumping station

analysis is iterative. One approach is to assume the reactions of each pile

on the frame, apply these reactions to the frame, and analyze. Results of

this analysis are then applied to the piles. Then the results of the pile

analysis are compared to the assumptions made for the frame analysis, the
inputs for the frame analysis are revised, and the process is repeated until
compatible forces, moments, and deflections result from both analyses. This

approach is discussed in more detail by Reese and Allen (1977).

Methods of Analysis

7. Many different methods have been used in énalysis of laterally loaded

piles, where the analysis in general consists of computing pile deflection,



bending moment, and shear as a function of depth below the top of the pile.
Figure 4 presents the results of a laterally loaded pile analysis. Several of
the methods of analysis are based on the theory of subgrade reaction in which
the soil around the pile shaft is replaced by a series of discrete springs.
Solution of the problem involves solution of a fourth-order differential equa-
tion. Most researchers utilizing this approach solve the equation using either
a closed-form or a power series solution which requires numerous simplifying
assumptions. The more critical of these assumptions are: (a) a constant or
linear variaﬁion of subgrade modulus with depth, (b) linearly elastic soil be-
havior, and (c) constant flexural stiffness of the pile. Examples of these
methods of analysis are given in Davisson (1970), Terzaghi (1955), Winkler
(1967), Broms (1964a), and Broms (1964b).

SOIL
LOADING DEFLECTION SLOPE MOMENT SHEAR REACTION
M 2 d3 4
- M= E1SY v=gr &Y p=erdy
VN % S =3 dx2 dx? dx?

R o /

Figure 4. Form of the results obtained from a laterally loaded pile
(Reese and Cox 1968)

8. An entirely different approach (Poulos 1971) assumes the soil to be
an elastic, homogeneous, isotropic half-space with a constant Young's modulus
and Poisson's ratio. The pile is modeled as a thin, rectangular, vertical
strip with soil pressures constant across the pile width. This method suffers
from the critical limitation of the other methods previously discuésed; i.e.,
the soil response is assumed to be linear.

9. The method utilized in the lateraily loaded pile program, COM624G, is




based on the theory of subgrade reaction discussed above. However, the method
used for solution of the fourth-order differential equation is the finite dif-
ference technique. This solution method, which is presented in Part II, of-
fers several advantages over the conventional methods: {(a) the soil modulus
can be varied both with depth and pile deflection, (b) stratified soil deposits
can be analyzed, (c) the’pile stiffness with depth can be considered, (d) the

flexural stiffness of the pile can be varied, and (e) several types of boundary

conditions can be employed.

Nonlinear Interaction Curves

10. Program COM624G presents mathematical solutions of physical models
which are capable of describing the actions and reactions of the pile shaft-
soil systems. However, as with most geotechnical engineering applications,
the analysis is only as reliable as the soil parameters input to the problem.
In this case, the soil parameters take the form of curves which simulate the

nonlinear interaction of the pile and the surrounding soil.

11. A family of curves describes the behavior of the soil around a
laterally loaded pile in terms of lateral soil reaction versus lateral pile
movement for a number of locations along the pile. Each curve represents

lateral force (per unit length) transferred to the soil by a given lateral

movement at a given location.

12. Criteria used in developing these nonlinear pile shaft-soil inter-
action curves are presented in Part IIl. These criteria are thought to yield
conservative estimates of soil response; however, the user must always bear in
mind that the criteria are based on limited data and there are many inevitable
uncertainties in estimating soil response. Nevertheless, the criteria pre-
sented here represent the curreni state of the art; In Part IV of an earlier
report by Radhakrishnan and Parker (1975), soil criteria are provided for lat-
erally and axially loaded piles. The material presented herein updates these

criteria for laterally loaded piles. Soil criteria for axially loaded piles
presented in Radhakrishnan and Parker {(1975) will be updated in a separate
report.

Purpose and Scope

13. The primarv purpose of this report is to present background

10



information on laterally loaded pile analaysis and to provide supplementary

documentation of computer program COM624G. The subject area covered is rich

in technical literature, and no attempt is made herein to discuss the methods

of analysis in detail. However, enough theory and background are presented to

explain the basis of the method used in the computer program. Examples of

problems encountered by the Corps of Engineers are used where appropriate for

illustrative purposes.
14. Background and theory for laterally loaded pile analysis (the basis

for program éOMGZAG) are presented in Part II. Part II] presents criteria for

developing soil response curves. Appendix A presents a procedure for nondi-

mensional analysis of laterally loaded piles which can be used to perform com-

panion hand calculations to verify the results of the computer solutions. Ap-

pendix B presents a design example which illustrates the importance of engi-

neering judgment in analysis of laterally loaded piles. A user's guide for

COM624G is presented in Appendix C. A complete and well-documented user's

guide for COM624 is presented by Reese and Sullivan (1980). Appendix D pre-

sents examples of problems particularly applicable to Corps of Engineers proj-

ects. The notations used in the report are summarized in Appendix E.

11



PART T7: BRACKGROUND AND THEORY FOR LATERALLY TOADED
PILE ANALYSIS

15. Two steps are involved in obtaining the response of a given pile to
a lateral load: (a) the soil response must be determined as a function of
depth, pile deflection, pile geometry, and nature of loading; and (b) the
equations must be solved that yield pile deflection, slope, bending moment,
and shear. - In this part of the report, the theory involved in developing and

solving the equations will be reviewed. The procedures for developing the

nonlinear curves which predict the soil response will be presented in Part III.

Review of Basic Beam=-Column Relations

1. The method of analysis used in COM624G is based on the theory of a
beam on an elastic foundation. 1In this case, however, the beam is inserted
vertically into the ground instead of being placed horizontally on the surface
and is treated as a beam-column. The basic concepts of beam-column relations
are covered in detail in numerous engineering mechanics texts (see Higdon
et al. 1967); therefore, a review of them will not be presented here.

17. The basic relationships between deflection, slope, moment, shear,
PX)* of constant flex-

and load for a beam (Figure 5, without the axial load,

ural rigidity are

_dy
S = dx (1)
d2
M= g1 &4 (2)
2
dx
dM d3
V:-———IEI"“X (3)
dx 3
dx
and
2 4
q= g &gy Y (4)
dx 2 4
dx dx

For convenience, symbols and unusual abbreviations are listed and defined

in the Notation (Appendix E).



where

EI

p=~E.v

x

ax

Figure 5. Relationships between deflection,
shear, and load for a typical beam-column

slope

moment

flexural rigidity

shear

uniformly distributed vertical load on beam

deflection at point x along the length of the column

Writing these equations in terms of load and deflection gives

and

)
“

q = g~§ (5)
dx

y = é{-jjﬂdx ’ (6)
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The differential equation for a beam-column subjected to loads only at its
ends can be obtained by taking the equation for bending due to flexure and

adding to it the bending due to a constant axial load Px

d& 'dZ
EI -—{ +p Y=g (7a)
X 2
dx dx

If the beam-column is resting on or embedded in soil, a soil reaction p will

be resisting.the movement of the system and Equation 7a will be transformed to

erS¥ep = g4 (75)
where p is the soil resisting pressure applied to the beam.

p-y_Concepts of Lateral Load Transfer

18. When the basic beam-column is inserted vertically as a pile shaft,

the method of analysis in COM624G considers the soil surrounding the shaft as

a set of nonlinear elastic springs as depicted in Figure 6. This assumption

is attributed to Winkler (1967), and it states that each spring acts indepen~
dently; i.e., the behavior of one spring has no effect on any of the adjacent

springs. Intuitively, this assumption does not seem correct for describing

the nonlinear response of soils. Consequently, this approach has been criti-~

cized by some. However, available experimental data (Matlock 1970; Reese,

Cox, and Koop 1975) suggest that, for the range of boundary conditions a pile
is normally subjected to, the soil response at a point is affected only mar-

ginally by the changes in deflected shape.
.19. In the analysis, the response of the springs can be taken as either

linear or nonlinear. The approach in program COM624G is to treat the springs

as nonlinear with their response represented by curves which relate soil re-

sistance p to pile deflection y . In general, these curves are nonlinear

and depend on several parameters including depth, pile geometry, shear

strength of the soil, and type of loading (static or cyclic). The response of

a pile to sustained or dynamic loading is not treated in this report.
curve can be defined graphically by consider-
The

20. The concept of a p-y
ing a thin slice of a pile and surrounding soil, as shown in Figure 7a.

earth pressures which act on the surface of the pile prior to lateral loading

14



x

Figure 6. Model of pile-soil sys-

tem with soil represented as a

set of nonlinear elastic springs
(Reese 1978)



—~
t
(:\\\?gizij Ground Surface

b. Section A-A. Earth pres- c. Section A-A. Earth pressure
sure distribution prior to distribution after lateral
lateral loading loading

Figure 7. Graphical definition of p and y (Reese and
Sullivan 1980)
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of pounds per linear inch or pounds per linear foot. It is not a soil pres-

sure which is stated in units of pounds per square inch or pounds per square

foot.

2l1. A typical p-y curve is shown in Figure 9. The curve is plotted

in the first quadrant for convenience. The soil modulus ES is defined as

secant modulus to a point on the p-y curve as shown

-p/y and is taken as the

in Figure 8. Because the curve is strongly nonlinear, the soil modulus changes

from an initial stiffness E to an ultimate stiffness pu/yu . As can be

seen, the soil modulus ES i% not a constant except for a small range of de-

flections. The soil modulus has units of force per length squared, which is

the force per unit length of the pile per unit of movement of the pile into

the soil. The soil modulus should not be confused with Young's modulus which

has the same units but a different meaning.

/

/
/

e,

SOIL REACTION, p

i
|
|
|
|
|

Yy

PILE DEFLECTION, vy

Figure 9. Characteristic shape of p-y curve
(Reese and Sullivan 1980)

The soil modulus is introduced into the analysis with the

22.
relationship:
= - (8)
p=-Eyv
By substituting this relationship in Equation 7b, the basic equation for
laterally loaded piles becomes
d47 7'27 ,
er SY v p ST s By =g (9)
4 2 s
dx dx



are assumed to be uniform (Figure 7b). For this condition, the resultant
force, obtained by integrating the ?ressures‘ is zero. If the pile is given a

lateral deflection vy » as shown in Figure 7c, a net soil reaction P will

be obtained upon integrating the pressures. This process can be repeated in

concept for a series of deflections y , resulting in a series of forces per
unit length of pile p , which can be combined to define a p-y curve. In a

similar manner, p-y curves may be generated for a number of depths. A
family of p-y -curves for different depths is shown in Figure 8. The curves
are plotted in the second and fourth quadrants to indicate that the soil re-
sistance p 1s opposite in sign to the deflection y . The user should note

that p stands for a force per unit length of pile and is expressed in units

p = SOIL REACTION
i e y = LATERAL DEFLECTION

Y =
X = X,
{
X = Xq
I
Y X“‘xg
§
Y X = Xy

(a}

x = DEPTH BELOW GROUNDLINE

Figure 8. Possible family of p-y curves
(Reese and Sullivan 1980)
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Also,

_ am dy
V= ax | Px dx (10)
and
2
M= g1 &Y (11)
2
dx

Equation 9 is‘developed in the following paragraphs of this part of the report

and its solution is presented.

Solution of Governing Differential Equation

23. Computer program COM624GC utilizes central difference approximations
to describe the load-deformation response of laterally loaded piles. In the
following paragraphs, central difference approximations describing the elastic
curve of a laterally loaded pile will be derived and used in formulating a set

of simultaneous equations for describing the load-deformation response of a

laterally loaded pile.

Formulation of finite
difference approximations

24. The finite difference approach to the solution of laterally loaded

piles was first suggested by Gleser (1953). The idea was extended by a number

of investigators including Reese and Matlock (1956, 1960).
25. The first step in the formulation is the derivation of the central

difference approximations for the elastic curve (Figure 10). It can be seen

from this figure that the slope of the curve at station i may be approximated

as a secant drawn through the points on the curve of the two adjacent stations.

Mathematically, this step is expressed as

v =Y.l
(QX ;: Tatl  Ci-1 (12)
dx i 2h

where h denotes the increment length. For higher derivatives, the process

could be repeated by taking simple differences and dividing by 2h each time.
However, to keep the system more compact, temporary stations j and k are con-

sidered and the slopes at these points computed on the basis of the deflection



&
=

¢ Yi-1

-1
L

Yi

!

£
Yi+1

3

£~
yi+2

X

Figure 10. Geometric basis for central difference
approximations (Reese and Sullivan 1980)

of the station on each side. The second derivative for each permanent station

is then written as the difference between these slopes divided by one increment

length in the following equation:

), @
<§ﬁ¥> 3 dx K dx i
dxz h

C Yiep TPV (13)
2

Similarly, the third derivative is expressed as
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4
. Hx3 2h
V. - 2y. + 2y - Y.
- i+2 i+l - i=-2 (14)
2h
and the fourth derivative as
dy\ [y
4 dx3 de
(é_l) = k J
dx4 . b
i
C Vigg T WYy YOV by gy (15)
= h4

Formulation of finite difference
approximations for equations .of
bending of laterally loaded piles

26. In the development of the equations, consideration must be given to

the assumptions regarding the variation in pile bending stiffness (EI

For the case of pure bending and constant bending stiffness,

tive of moment is usually written as

dx dx

= R).

the second deriva-~

(16)

For the case of pure bending and a variable bending stiffness, the second

derivative of moment is expressed as

2 4 3
aM g dy 8 g ¥
2 4 dx dx

dx dx

However, in formulating the finite difference equations,
made that the moment was a smooth continuous function of x

second derivative of moment could be approximated by the

dy
5 (EI)
X

(17)

[

dx

the assumption was
and that the

expression




dn itl i i-l
(18)

where M, , M. and M. are .the moments at joints i+} i and i-1
it] ! i-1 ! ’ ’
respectively. For a variable stiffness, Equation 18 is a somewhat cruder ap-

proximation than Equation 20. However, it permits the bending stiffness to

vary from station to station.

27. Equations 9, 10, and 11 may now be written in finite difference form
by using the central difference approximations for the first and second of the
elastic curves. The equations will be written for a general point referred to
as station i. Station numbering increases from the bottom to the top of piles.
The equations obtained for station i, formulated from Equation 11, are as

follows:

Vioqg = 2V, ¥ V.
M. =R (Yinn Lt 1) (19)

i i\ ¥

where R = flexural rigidity (EI). Equations 8, 13, 16, 18, and 19 can be

emploved. and Equation 20 can be formulated from Equation 9.
v (R, ) +y.. (2R - 2R + P n’
i+274+1 i+l itl i b
+y (R + 4R. + R - 2P h2 + E h4> {(20)
1\ it} i i=1 X si
oy (org - m s ) ey RO g =0
i-1 i i-1 X Ti-27 i1

Equation 21 can be formulated from Equation 10 in a similar manner.

. : i 2
i T3 [yi+2(Ri+1) * yi+1( WRiwy T RN )}

2h
2\
+ - +y, -p +y. -R. (21
VilRiep = Ry yl‘l( )T Y CR) (21)
Solution of the finite
difference equations {extracted
from Reese and Sullivan 1880)
28. The final step is the formuiation of a set of simultaneous equa-
" the pile. The solution

tions which when solved vield the deflected shape of

to
[



requires the application of four boundary 2 ==
conditions, since Equation 9 is actually ] |
a fourth-order differential equation in 1 o e ot
terms of the dependent variable y . [f :

values of deflection are found, moment, i

shear, and soil reaction can be obtained

for any location along the pile by back-

substitution of appropriate values of de-
flection into appropriate equations.

29. The pile is divided into equal

increments of length h (Figure 11). In

addition, two fictitious increments are

%
)

added to both the top and bottom of the 3
pile. The four fictitious stations are

used in formulating the set of equatiouns, 5

but they will not appear in the solution

or influence the results. The coordinate

system and numbering system used are also

illustrated in Figure 11.

30. Using the notation shown in

Figure 11, the two boundary conditions at

the bottom of the pile (point 0) are zero

bending moment,

| SR T,

-2

d2y
bl & . 2
RO 5 0 (22a) .

dx 0
Figure 11. Finite difference rep-
resentation of a pile (Reese and
Sullivan 1980)

R QEX + P (gz> =0 (22b)
0 3 x \dx -

}
¥
]

and zero shear,

(22¢)

These boundary conditions are, in finite difterence form,



P b’ b h°
Yoo TY¥aP T R TN T R Y (23b)
0 0

respectively. Substituting these boundary conditions in finite difference

form in Equation 20 where i 1is equal to zero, and rearranging terms, results

in the following equations:

Yo T %Y1 " Po¥2 (24a)
where
2.
2R. + 2R, - 2P h
- 0 1 X
% ~ 7 3 (24b)
R.+R. . +E h =~ 2Ph
0 1 so X
R. + R
by = 0 i ; (24¢)
R.+R +E h =-2Ph
0 1 so X
4
_ gh
do = 7 7 (244d)

RO + R1 + Esoh - Zth

31. Equation 20 can be expressed for all values of i other than 0

and the top of the pile by the following relationships:

Vi T 4Yi4 T BV T Y (252)

2
-2b. ) +a. b, R. + 2R, - 2b R. + 2R. - P h7(1 = b, )
2 L~1R1-1 1-2 i-11-1 i i-1 1 i+l X ( i-1 )
a, = {25b)
1 C
i
R.
b, = 21 (25¢)
i c :



and

;T Riop T 2Rt bRy T AR ARy

4 2 y
-2, R.+R. ., +kh -Ph (2 - ai_l) (25d)

i
i C.
1

(25e)

4 2
b - di-l(;i-ZRi-l R S D TS ) - 4R

32. The top of the pile (i=t) is shown in Figure 11. Three sets of

boundary conditions are considered.

a. The lateral load (P ) and the moment (M ) at the top of the
piles are known.
The lateral load (Pt) and the slope of the elastic curve (St) at

o

the top of the pile are known.

The lateral load (Pt) and the rotational-restraint constant

1s)

(Mt/st) at the top of the pile are known.

33. For convenience in establishing expressions for these boundary

conditions, the following constants are defined.

J, = 2h8, (26a)
Mthz
J, = —— (26b)
2 R,
2
ZPthJ
J, = (26¢c)
3 R,
M
h 4 .
J, = - (264d)
4~ 2R_ S,
and
P h° .

25



34. The difference equations expressing the first of the boundary con-

ditions for the top of the pile are:

R P
t X _
;;5 Veog = 2900y ¥ 2V " Vo) t 3y (Veop = Yerp) = B (27a)
Re
2 (Yiog = 2v + Vo) = M (27b)

After some substitutions the difference equations for the deflection at the

top of the pile and at the two imaginary points above the top of the pile are:

Q)
e T Q. (28a)
1
_Jy t Gy - di (28b)
Yee1 © G
2
a.y. vy, + d
£l e+ t £
Ye42 b (28c)
t
where
G.H G
172 111
Q, = H, + +<1~—a ~—~)—~ (284)
1 1 G2 t G2 bt
0 = 3. + 8 (Jp =~ d ) . Hyldeoy = 9y) Lo
2 3 th2 GZ bt
{ U - -
+ dt_}\2 + at-2) dt-Z (28e)
= - 8f
6 =2 qe-q (28€)
= - ’?8
Gy = 1 - b (28g)
= - - U - 1 2 28h
# 2agp VAl b t-1%¢-2 (28h)
and
H, = =-a b . +2b _ + 2+ U(1 +b ) (281)
P t-2 (-1 L-1 [
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35. The difference equations for the second set of boundary conditions

are Equations 27a and 29:

-y =J - (29)

36. The resulting difference equations for the deflections at the three

points at the top of the pile are:

Q,
Ye T 5‘ (30a)
3
a, .y, = J. . +d
_%ee1t 1 t-1
Yee1 = G (30b)
4

ay -y, td

_ el t t
Yeeg = b, (30¢)

where
LA a a__
Gy =, v L e (308
4 to4 t

J . H J.a
12 17t ) .
Q, = J —— - (30e)

A 3 G& tha

and

04 =1 + bt-l (30f)

and the other constants are as previously defined.

37. The difference equations for the third set of boundary conditions

are Equations 27a and 31:

t~1 TG . (31)

38. The resulting difference equations for the deflections at the three

points at the top of the pile are:
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J, - T —-———~Jz‘) + 3 td (2+E-a _,)-d dt'win(l ’
_ 3 bt(G2 + JAGA) btwn- t-1 2 t=2 02 + JAGQ
Tt ay 1
H, + HH, - — H, + —
1 273 t 3 bt
g = VelCptJpa ) - d -0 Hy - dp g (T =9,)
t+1 62 + JAG& 37t 62 + J4G4

where

The other constants have been previously defined.

(32a)

(32b)

(32¢)

(32d)

39. Using the above equations, the behavior of a pile under lateral

load may be obtained by usiang COM624G.



PART II1I: CRITERIA FOR DEVELOPING SOIL RESPONSE
CURVES FOR LATERALLY LOADED PILES

40. The methods of constructing p-y curves as presented in this re-
port were developed at UT. The methods were derived largely from resﬁlts ob-
tained in field tests of piles under lateral loading. The approach was to
take the experimental field curves and correlate them empirically with simple,
basic soil mechanics theory and experience. By combining soil mechanics
theory with exberimental results, correlations could be made between soil
properties, pile diameter, and depth. This gives generality to the methods
used in construction of the p-y curves.

41. McClelland and Focht (1958) were the first to report p-y criteria
which considered the nonlinearity of the soil. Since their work, numerous re-
searchers have contributed to p-y curve development; however, most of the
developmental work has been performed at UT. A history of the development
will not be presented here; however, the interested reader can refer to Meyer
and Reese (1979) for more detailed information.

42. The methods presented herein represent the current state of p-vy
curve development; however, it is expected that this development will continue
as more field tests are performed and as more experience is gained. The user
must remain abreast of these changes in order to ensure that the analyses re-
flect the state of the art at the particular time they are performed.

43. Recommended methods for computing p-y curves are based on field
tests presented in five different references for four different types of soil

conditions. These are:
Soft clay below the water table (Matlock 1970).

a.
b. Stiff clay below the water table (Reese, Cox, and Koop 1975).
c. Stiff clay above the water table (Reese and Welch 1975).

d. Unified clay criteria developed for combined soft and stiff

clays below the water table, (Sullivan, Reese, and Fenske 1979).

e. Sands (Reese, Cox, and Koop 1974).

44. These references describe field experiments, the soil conditions in
which they were performed, the rationale and considerations involved in

evaluating the data, and conclusions from the experiments presented in the

form of recommended p-y curve criteria. As can be seen from the descriptive

names, the criteria were developed separately for clays above and below the




water table and for sands. Other seil types would be expected to exhibit
characteristics falling between the extremes of the soils and conditions in
these tests.

45. The criteria for the conditions listed in subparagraphs 43a, b, c,
and e have been combined into summary form and are presented in Reese and
Sullivan (1980) and Reesé and Allen (1977). The material presented herein is
extracted primarily from these two references. However, the user of COM624G
is strongly encouraged to study the references cited in paragraph 42 before
becoming deeply involved in the analysis of laterally loaded piles. Also, the
user should bear in mind that any one set of p=-y curves is strongiy related

to only one or two lateral load tests, and this fact should be considered when

using the curves for design.

Factors Influencing p-y Curves

46. TFactors that most influence p-y curves are soil properties, pile
geometry, nature of loading, and pile spacing. The correlations that have
been developed for predicting soil response have been based on best estimates
of soil properties determined from borings, laboratory tests, and field
in situ tests. Thus far, no investigations have been performed to determine
the effect which the method of pile installation has on these soil properties.
The logic supporting this approach is that the effects of pile installation on
soil properties are principally confined to a zone of soil close to the pile
wall, while a mass of soil several diameters from the pile is stressed as
lateral deflection occurs. There are instances where the method of pile
installation must be considered; e.g., if a pile is jetted into place, a con-
siderable volume of soil could be removed with a considerable effect on the
soil response. In such instances, the user must rely on experience in ad-
justing the p-y curves to account for the effect of pile installation.

47. The principal dimension of the pile which affects the soil response
is its diameter. All recommendations for developing p~y curves include the
term for the diameter of the pile: if the cross section of the pile is not
circular, the width of the pile perpendicular to the direction of loading is
usually taken as the diameter. Fiel& tests have been performed on piles with

a limited range of diameters. Experience indicates that, for the normal range

of pile diameters encountered in nractice, the criteria adequately represent
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the effect of pile diameter. However, additional research is needed on large-
diameter piles (30 in.®* and larger) to determine the effect of pile diameter

on large pile behavior (Meyer and Reese 1979). Stevens and Audibert (1979)
have presented evidence that, for piles 50 in. and larger, the observed ground-
line deflections are approximately half the predicted deflections.

48. p-y curves can be greatly affected by the type of loading. This
report summarizes recommendations for short-term static loads and for cyclic
(or repeated)‘loading. The curves do not consider any consolidation effects
that would occur under sustained loading. Nor do they consider cases where
the loadings are dynamic, as would occur during an earthquake.

49, Because the field tests were run on single piles, the p-y cri-
teria do not consider group effects. Unfortunately, the designer is often
faced with the problem of analyzing the lateral response of pile groups. Al-
though several methods are available in the literature, there is no one estab-
lished, widely used method which considers the group effect on soil response.
Four available methods which address group effect are presented in O0'Neill,
Hawkins, and Mahar (1980), Davisson (1970), Focht and Koch (1973), and Poulos
(1971a and b).

50. Another factor which can influence p-y criteria is the effect of
pile batter. The criteria were derived from experiments on vertical piles.
As the batter of a pile is increased, some point will eventually be reached
where the criteria for vertical piles are nc longer applicable. Infcrmation
for specific recommendations on this problem is not available; however, some
comparison studies performed by Meyer and Reese (1979) indicate that by apply-

ing adjustment factors recommended by Kubo (1967), reasonable estimates of

pile deflection for laterally loaded batter piles can be obtained.

Analytical Basis for p-y Curves

51. As discussed previously, the methods of constructing p-y curves

were derived from results obtained in field tests of piles under lateral load-

Results were then correlated with soil properties, pile diameter, and

Soil resistance-pile deflection

ing.

depth to give generality to the methods.

A table of factors for converting non-SI units of measurement to SI
(metric) units is presented on page 3.
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curves are generally considered to be composed of an initial elastic portien
and an ultimate failure value. Principles of the theory of elasticity are

generally applied for the definition of the initial portion. Several failure

mechanisms are postulated and used to define the ultimate values. The follow-

ing paragraphs briefly describe the analytical concepts which were correlated

with the experimental curves.
52. The theory of elasticity is only applicable to linearly elastic

materials; however, use has been made of the theory of elasticity and related

approaches in describing certain concepts which have been incorporated into

the nonlinear p-y curves.

Initial Portion of p-y Curve

Terzaghi

53. In his classic paper "Evaluation of Coefficients of Subgrade Reac-

tion," Terzaghi (1955) proposed coefficients of lateral subgrade reaction

which used a straight-line relationship between deflection of the pile y and

resistance offered by the soil p . Terzaghi recognized the limitations of

this approach‘and stated that the linear relationship between p and y was

valid for values of p thet were smaller than about half the ultimate bearing

capacity of the clay.
54. For stiff clays, Terzaghi gave the relationship

- SsL
kh = 155 (1 fv) (33)
where
kh = coefficient of horizontal subgrade reaction
Esl = coefficient of vertical subgrade reaction for a l1-ft-wide beam

b = width of the pile, ft
Adapting the coefficient of lateral subgrade reaction to fit the soil modulus

E. yields
E = kb (34)

55. Terzaghi proposed that the coefficient of horizontal subgrade reac-

tion for piles in stiff clay was constant with depth and recommended the

values of Kk 1 given in Table 1.
8



Table 1

Terzaghi's Recommendations for Soil Medulus Esl

for Laterally Loaded Piles in Stiff Clay

Consistency of Clay

Stiff Very Stiff Hard
Value of q, tsf 1-2 2-4 4-7
Range for ﬁsi , pci 58-116 116-232 232-464
Proposed values for Esl , pei 87 174 348%

* Higher values should be used only if estimated on the basis of adequate
test results.

56. For sands, Terzaghi recognized that the stiffness increases with
depth (or confining pressure). Thus, the family of p-y curves recommended
for sand consisted of a series of straight lines with slopes horizontal at the
ground surface and increasing linearly with depth. The linear relationship

between p and y can be expressed in terms of ES as:

E = kx (35)
where
k = constant giving variation of soil modulus with depth
% = depth below ground surface
Table 2 gives Terzaghi's recommendations for k . Terzaghi also recognized

that, as for clay, the assumed linear relationship between p and y was

valid only for values of p smaller than about one-half the ultimate bearing

capacity of the sand.

Table 2

Terzaghi's Recommendations for Values of k for

Laterally Loaded Piles in Sand

Relative Density of Sand

Loose Medium Dense
Dry or moist k , pci 3.5-10.4 13-40 51-102
Submerged sand k , pci 2.1-6.4 o 8-27 32-64
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57. Even though Terzaghi's work assumed a linear relationship between
pile deflection and soil resistance, it provided a useful concept for defining
the initial soil reactions for the portions of certain p-y curves where the
soil reaction is less than half the ultimate soil reaction. This concept was
utilized in defining the p-y curves for stiff clay below the water table
(Reese, Cox, and Koop 1975), for the unified soil criteria (Sullivan, Reese,
and Fenske 1979), and for sands (Reese, Cox, and Koop 1974), except that the
values were adjusted slightly to reflect the results from the individual field

tests.

Skempton
58. Skempton (1951) suggested a relationship between load and settle-

ment for various footing shapes bearing on clay. By combining the theory of
elasticity with field observations from full-scale foundations, Skempton re-
lated settlements of footings to strains obtained from unconsolidated, un-

drained (Q) triaxial tests with the equation

p, = 2&b (36)

where
p1 = mean settlement of the foundation for the particular case

€ = strain in laboratory triaxial test for the deviator stress corre-
sponding to the mean foundation pressure under the footing

b = footing width

Equation 36 involves numerous approximations; nevertheless, because of the ex-

perimental evidence presented by Skempton, the method is frequently used in

predicting foundation settlements. However, further assumptions are necessary

before the equation can be used in predicting p-y curves. The concept is ex-
tended to the p-y curve for a laterally loaded pile by assuming that the

depth is such that the behavior is not affected by the free surface of the

soil.
59. As an example of the use of Skempton's concept, Equation 36 was ex-

tended to define the deflection of the pile, Voo at one-half the ultimate

soil resistance (Matlock 1970; Reese, Cox, and Koop 1975; Reese and Welch 1975;

and Sullivan, Reese, and Fenske 1979). The equation is

Ve = A8 oD (37)
J

[
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where

factor varying from 0.35 to 2.5 based on experimental'results from
the pile tests for the different soil conditions

o=
3}

€y = strain from an undrained soil test corresponding to half the maxi-
mum principal stress difference

McClelland and Fecht
60. McClelland and Focht (1958) presented work which paralleled the

work of Skempton (1951), although their work was not as strongly based on the
theory of elasticity as his. Their paper represented the first report of
experimental p-y curves from a full-scale load test. They attempted to re-
late soil resistance énd pile deflection directly to stress-strain curves from
consolidated undrained {(R) triaxial tests with confining pressure equal to
overburden pressure. To obtain values of soil resistance p from the labora-

tory tests, they recommended the following equation
p = 5.5b0’A (38)

where
b

H

pile diameter

H

o deviator stress (01 - 63)

A
To obtain values of pile deflection vy from stress-strain curves, McClelland

and Focht proposed

y = 0.5¢b (39)

where the 0.5 corresponds to a value of 2 suggested by Skempton.
61. McClelland and Focht's work has been superseded by additional re-

search on p-y curves because it has since been proven that the appropriate

soil modulus cannot be determined directly from a shear test. Nevertheless,

theirs was a very important step because it was the first effort to relate the

nonlinearity of p-y curves to an analytical approach utilizing soil shear

strength and stress-strain properties.

Soil Models for Predicting Ultimate Soil Resistance

62. This section reviews the concepts involved in determining the ulti-

mate resistance p ‘that can be developed against a pile near the ground
il
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surface and at some depth-below the surface. This review was extracted from
Reese and Sullivan (1980) and Reese and Allen (1977).

Saturated clay
63. Theoretical values for ultimate resistance against piles in satu-

rated clay employ the use of two models which assume that the clay around the
pile shaft fails as either a group of sliding blocks or a wedge, depending on
the depth below the surface. The soil is assumed to be saturated and to fail
under uudraiqed conditions so the shear strength is represented by cohesion ¢

with the angle of internal friction ¢ equal to zero.
64. The failure of the clay as the pile shaft moves laterally into the

soil is considered in two parts. At some depth in the ground, failure will
occur by flow of the soil around the pile without vertical displacement; i.e.,
plane strain conditions. This type of failure is depicted in Figure 12. Near

the surface, a wedge-shaped block of scil is assumed to form which is moved

upward and outward by the force of the pile. Figure 13 illustrates this theo-

retical wedge of soil.
65. The blocks in Figure 12 can be considered to be samples of unit

height which fail under plane strain conditions. If it is assumed that blocks

1, 2, 4, and 5 fail by shear and that block 3 develops resistance by sliding,

the stress conditions are represented by Figure 12b. If o, is taken to be

some small stress equal te the active pressure, then block 1 must move in the

direction of pile movement. 9, must be approximately 2c 1in order to cause

failure of block 1. If o© is considered to be the confining stress on block

2
2, then 03 must be approximately 4c I1f block 3 slides due to the stress
Iy then block 3 must have a resistance to sliding of 2¢ By assuming that

blocks 4 and 5 fail by the same line of reasoning as blocks 1 and 2 (i.e.,

o, = 6c), it can be found that Og = 10c¢ By examining a free body of a sec-
tion of the pile (Figure 12c), it can be concluded that the total force ex-

erted by the pile segment on the soil during failure is

p, = llcb (40)

66. The wedge in Figure 13 offers resistance to lateral movement of the

pile by means of cohesion along the sides and bottom and its weight. Summing
components of the forces in the horizontal direction, the resultant force Fp

is
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Fp = cabH tan o + {1 + m) cot o + % ysz + CaHz sec a (41)

where
¢ = average undrained shear strength

H = depth to the point under consideration

m = reduction factor to be multiplied by <, to yield the average
sliding stress between the pile and the stiff clay

y = average unit weight of the soil {submerged unit weight if the soil
is below the water table)

The remaining terms are defined in Figure 13. It is possible to take the par-
tial derivatives of Equation 41 with respect to the angle « and set the
equation equal to zero to find the angle at which the equation is minimized.
However, as an approximation, the angle « «c¢an be taken as 45° and m can be
assumed equal to zero. Differentiation of the resulting expression with re-

spect to H yields an expression for the ultimate resistance per unit length

of pile as follows:
P, = 2Cab + ybH + Z.SSCaH (42)

67. Equations 40 and 42 are approximate in that the two models give a
greatly simplified picture of how saturated clay behaves in resistance to lat-
eral loading. However, the theoretical expressions give a point of departure
for using the results of experiments to arrive at more realistic expressions;
The two equations can be solved simultaneously to find the depth at which the
failure would change from the wedge type to the flow-around type.

68. The expressions for determining the ultimate resistance of sand to
the lateral movement of a pile can again be divided on the basis of two dif-
ferent failure mechanisms (group of sliding blocks or wedge).

69. The model for computing the ultimate soil resistance at a depth
where the overburden is sufficient to enforce a plane strain condition is
given in Figure 14. The stress o, is obtained by assuming a Rankine active
failure condition. This assumption is based on two-dimensional behavior and
is subject to some uncertainty. However, the assumption should be adequate
for present purposes because the developed equations will subsequently be ad-

justed to reflect ohserved conditions from field tests. If 'Ol is imposed as
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a. Section through pile

T = otanéd

o3 O3 03 04 05 96

b. Mohr-Coulomb diagram representing states of stress of soil
flowing around 2 pile

Figure 14. Assumed mode of soil failure by lateral flow arcund the pile
{(Reese and Sullivan 1980)

the confining stress on block 1, the stress required to cause the failure of
block 1 along the dashed lines would be approximately
- 2 9) :
oy = o) tan® (45 + 2 (43)
where ¢ 1is the angle of internal friction of the sand. Assuming the states

of stress shown in Figure 14b, block 2 would be required to fail along the

dashed line because of the imposed stress of O3 . Block 3 could be assumed

Ié O e e e e e e e




to move as a rigid unit. Continuing this line of reasoning leads to the es-

tablishment of the net force on the segment of pile as

p = b(c6 - 01)

u
_ 8 4
p, = KabyH (tan” B - 1) + KobyH tan ¢ tan B (44)
where
Ka = Rankine active earth pressure ccefficient = tanz 45 - (¢/2)
H = depth to the point under consideration
B =45+ (¢/2)
Ko = at-rest earth pressure coefficient

70. The ultimate soil resistance near the ground surface is computed

using the free body shown in Figure 15. As can be seen in Figure 15¢, the

total ultimate lateral resistance Fpt on the pile is equal to the passive

force F_ minus the active force Fa . The force Fa is computed from

Rankine's theory using the minumum coefficient of active earth pressure.
is computed from the geometry of the wedge, assuming the
The directions of the

The

passive force Fp
Mohr-Coulomb failure theory to be valid for sand.

forces are shown in Figure 15b. By summing forces
F and Fp can be determined.

face of the pile. The equa-

in the horizontal and ver-

tical directions, the magnitudes of the forces

No frictional force is assumed to be acting on the

tion for F is
pt
K H tan ¢ sin B
ol ) tan B /b H i >
Fpt = Wi 3 tan (B = ¢) cos « * tan B - o) kZ T3 tan B tan «
¢ Kab
+ KOH _3%_@ (tan ¢ sin B - tan a) - > (45)

where
coefficient of earth pressure at rest

i

o]

a minimum coefficient of active earth pressure

71. The ultimate soil resistance per unit length
F ¢ with respect to the

of the pile at any

depth can be obtained by differentiating the force
depth H . The result of that differentiation is given by
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b. Forces acting on wedge ¢. Forces acting on pile
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+ in R
- XOH tan ¢ sin B . tan B
Py ¥ tan (B - ¢) cos ¢ tan (B - ¢)

X (b + H tan B tan o) + KOH tan B(tan ¢ sin B - tan a) - Kaé} (46)

72. The values of the parameters in Equation 46 must be estimated using

soil mechanics theory. Selection of the parameters will be discussed in the

subsequent section on p-y cCurves.
73. Equations 44 and 46 can be solved simultaneously to find the approx-

imate depth at which the soil changes from the wedge type to the flow-around

type. Again, it should be emphasized that the equations are not expected to

give perfect predictions of the ultimate soil resistance. However, correlating

the equations with experimental results allows practical use of them and lends

generality to the experimental results.

Experimental Techniques for Developing p-y Curves

74. The preceding paragraphs have described the basic theory utilized

in correlating observed experimental p-y «curves with theory. The following

section describes several methods for obtaining experimental p-y curves.

Direct measurement

75. Direct measurement of p-y curves in the field would involve mea-

suring the piie deflection at some predetermined points and then measuring the

soil response corresponding with the measured deflection. Deflection can be

installing slope inclinometer casings either on the inside or on

measured by
Alter-

the surface of a pile and taking readings with a slope inclinometer.

natively, sighting down a hollow pile from a fixed position at scales that
have been placed at intervals along the length of the pile has been used.

This method is cumbersome in practice, however, and has not been very

successful.
76. Measuring the soil respense p is considerably mecre involved and

difficult than measuring the deflection. The distribution of pressure acting

on the pile must first be determined and then the pressure diagram integrated

to determine soil response. Pressure meters of many different types are

available and have been utilized in measuring pressures (Bierschwale, Covle,

and Bartoskewitz 1981). This approach requires measurement of the soil
wloestimation of sorld

pressure atog few points aronnd the extervior of o prie o



between the pressure meters to obtain the pressure distrihutian.

W

pressure
Whether or not this procedure yields accurate pressure distribution is a sub-

ject of debate (Reese and Sullivan 1980; Bierschwale, Coyle, and Bartoskewitz

1981).

Experimental moment curves
77. The method used most successfully at UT for determining p-y

CUrves

involves the placement of electrical resistance strain gages at points along

the pile shaft. Before the field test is performed, strain readings are corre-

lated with moment by placing the pile horizontally on simple supports and ap-

plying known moments. During the lateral load test, strain readings are taken

at each point at each increment of load and converted to moment values by use
Deflection values are obtained by use of

-~ M

of the moment calibration curves.

Equation 47:

where
M measured moment
EI flexural stiffness of the pile

The deflection can be obtained with considerable accuracy using numerical pro-

H

i

cedures to doubly integrate the moment curves.
78. The computation of soil resistance is somewhat more difficult than

determining deflections. It is obtained by double differentiation of the

moment curves using Equation 48:

2

[ W
=

(48)

gl
it

N

dx

The difficulty in differentiating the moment curves lies in the fact that a
curve fitted through data points is not necessarily accurate except at the

data points and differentiation results can be erratic, particularly for

double differentiation.

79. Taking the family of curves showing the distribution of deflection

and soil resistance, p-y curves can be plotted as shown in Figure 16. The

curves can be checked by performing an analysis using the field loads and com-
paring the results with the experimental moment curves as iiiustrated in Fig-

re 7.
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Nondimensional methods
80. Nondimensional methods have been used fairly successfully to obta
The basis

curves from a lateral load test (Reese, Cox, and Koop 197&4).

p=y
The procedure does not result in

for this method is described in Appendix 4.

p-y curves which are as accurate as the curves obtained using strain gage

data. The main advantage is that costly instrumentation is not required.

81. Deflection and slope are measured at the top of the pile after each

increment of load is applied. The p-y curve is computed by first assuming a

variation of soil modulus with depth for a particular load and then performing

a nondimensional sclution. This procedure is repeated until the assumed varia-

tion of soil modulus yields computed results which agree with the measured de-

flection and slope at the top of the pile. When the calculated slope and de-

flection agree with those measured, the assumed variation is taken to be cor-
This "correct' modulus is used for the computer solution from which the
Given the soil modulus and the deflection,

rect.
deflection is obtained with depth.
the value of resistance at desired depths can then be computed.
curve at each depth being considered.

One complete

solution gives one point on the p-y
The entire procedure is then repeated for each load to obtain additional

points on the p-y curve.

Recommendations on Use of p-y Curves

82. Jdeally, fully instrumented testing should be performed for each
design involving laterally loaded piles. Unfortunately, the cost of load

tests can often only be justified for large projects. On projects where fully

instrumented lateral load tests can be justified, the tests should be per-

formed at the specific site using the pile types and installation procedures

to be utilized in construction. On intermediate-sized projects for which site-

specific data are needed, but a fully instrumented lateral load test cannot be

the nondimensional methods for obtaining p-y curves presented by

justified,
These methods are approximate; however,

Reese and Cox (1968) are recommended.
they require only pile head measurements which are relatively easy and economi-

cal to obtain and they provide project-specific data not available otherwise.

In certain situations, the designer may also consider using a combination of

instrumented pile testing and nondimensional methods. This can be accomplished

by utilizing the siope inciinometer to obtain pile deflections while using

FaN
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nondimensional methods to obtain soil resistance.
83. The p-y criteria presented in the remaining sections of this part

of the report are provided for the purpose of assisting the designer in situa-

tions where laterally loaded pile tests cannot be justified. The designer

must use the p-y criteria with extreme caution and a clear understanding of

their limitations. Under no circumstances should a design be undertaken with-

out a sufficient number of borings to define the subsurface profile and a suf-
ficient number of soil tests to define the shear strength and the unit weight

versus depth profile. Also, the designer should be ever mindful of the fact

that any one set of p-y construction methods presented herein is strongly

related to only one or two lateral load tests.
84. In performing analyses, the designer should, at a minimum, perform
parametric studies to investigate the sensitivity of the results to the input

parameters. For example, the load, boundary conditions, and parameters spe-
cific to developing the individual p-y curves should be varied to determine

the parameters most critical to the design. The results of the parametric

studies should then be considered in making design decisions. An example de-

sign problem is presented in Appendix B.

Curves for clays

85. The recommended p-y
major test programs on three different types of clay soils:
below the water table, (b) stiff clays below the water table, and (c) stiff
» In each test program, the piles were subjected
The test program

curves for clays were developed from three
(a) soft clays

clays above the water table.

to short~term static loads and to repeated (cvyclic) loads.

is described briefly for each set of p-v criteria in the following para-

graphs. In addition, step-by-step procedures are given for computing the p-vy

curves, recommendations are given for obtaining the necessary data on soil

properties, and example curves are presented.
86. The final portion of this section on clays presents a method that

has been developed for predicting p-y curves for clays below the water table

of any shear strength. This "unified" method (Sullivan, Reese, and Fenske

1979) is based on all of the major experiments in clay below the water table.

Response of soft
clay below the water table

87. Field experiments. The research program leading to the development

criterta for soft clay was carried out and reparted by Matlock (1970)

Ot Py



The research involved extensive field testing with an instrumented pile, ex-

periments with laboratory models, and parallel development of analytical meth-

ods and correlations.
88. There were two test sites:
the other at the mouth of the Sabine River, which forms much of the Texas-

The soils at. the Lake Austin site consisted of clays and

one at Lake Austin in Austin, Tex., and

Louisiana border.
silts, somewhat jointed and fissured due to desiccation during periods of low

water with vane shear strengths averaging about 800 pcf. The Sabine clay ap-

peared to be a more typical, slightly overconsolidated marine deposit with

vane shear strengths averaging about 300 pcf in the significant upper zone.
89. A steel test pile 12.75 in. in diameter with an embedded length of

42 ft was used at both test sites. The pile contained 35 pairs of electrical

resistance strain gages which were calibrated to provide extremely accurate
Gage spacings varied from 6 in. near the

determinations of bending moment.
Tests were performed (a) with the pile

top to 4 ft in the lowest section.
head free to rotate and (b) with the pile head restrained against rotation to

determine what difference there might be in the soil response due to different

boundary conditions. The free-head tests were performed with only a lateral

load applied at the mudline. The restrained head tests utilized a framework

to simulate the effect of a jacket-type structure, as shown in Figure 18.
Short-time static loading and cyclic loading were used in testing the pile.

The moment curves obtained in the tests were differentiated to determine soil

resistance and integrated to obtain pile deflection.

90. In addition to field experiments, some laboratory experiments were

performed which were of value in explaining the nature of deterioration of

soil resistance. These experiments were not utilized directly in constructing

the p=-y criteria, but were of use in explaining and interpreting the field

Principal conclusions from the tests are listed below:

data.

a. The resistance-deflection characteristics of the soil were
highly nonlinear and inelastic.

b. Within practical ranges, the degree of pile head restraint ap-
peared to have no effect on the p-y relationship.

c. Cyclic loading produced a permanent physical displacement of
the soil away from the pile in the direction of loading.

d. The permanent displacement of the soil away from the pile pro-

s
1

diced a slack zone in the n-v  relationship. Upon reloading
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the pile, this slack zone was reflected in bending moments
which were much higher than those produced by equal loads dur-
ing the initial cvclic series. '
During cyclic loading with a constant load, the deflections and
moments would gradually increase with each repetition, but the
rate of increase diminished to the point where the soil-pile
system practically stabilized and no further increases in de-
flections or moments occurred with continued repetitions of
load. It can be intuitively seen that some upper limit of load
must exist for auny pile above which the system would not sta-
bilize under cyelic loading, and this conclusion was borne out
by the tests. Below this upper limit, stabilization generally
occurred in less than 100 cycles.
The measurcd ultimate resistance near the surface was similar
to the theoretical ultimate resistance as expressed in Equa-

[ VoL
VIOt 9,
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1f the p-v data resu ting from the tests are plotted in non-

dimensional form on log-log paper, a relatively smooth straighr

(3]

line can be fitted to the data up to the value of ultimate re-

sistance. This result will be illustrated in the directions

for constructing the p-y curves.

91. The details of the experiments for the soft-clay criteria are dis-

cussed more thoroughly here than will be the case for the remaining criteria.

The discussion is primarily intended to provide the user with a clearer under-

standing of the experiments which provide the basis for the p-y criteria.

92. Recommendations for computing p-v curves. The following pro-

cedure is for short-term static loading and is illustrated by Figure 19a.

3. Obtain the best possible estimate of the variation of undrained

shear strength ¢ and submerged unit weight with depth x

Also, obtain the values of 850 , the strain corresponding to

half the maximum principal stress difference. If no stress-

strain curves are available, typical values of SSO given in

Table 3 can be used.

Tahle 3

Representative Values of 850

Shear Strength S50
¢ , psf percent
250-500 2
500-1000 1
1000~-2000 0.7
2000-4000 0.5
4000-8000 0

Compute the ultimate soil resistance per unit length of pile,

Rz

using the smaller of the values given by the equations below:

S IR S x)(ch) (49)
C b

o1
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Figure 19. Characteristic shapes of the p-y curves
for soft clay below the water surface (Matlock 1970)

where

Y' = average effective unit weight from the ground surface

to the p-y curve
¢ = shear strength at depth x

x = depth from the ground surface (o the p=y  curve

h = width ot the }'I'If‘
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Matlock (1970) states that the values of J were determined

experimentally to be 0.5 for a soft clay and about 0.25 for a
medium clay. A value of 0.5 is frequently used. The value of
P, is computed at each depth where a p-y curve is desired,
based on shear strength at that depth.

Compute the deflection Ysg at half the ultimate soil resis-

tance from the following equation:

Yoo = 2.5550b (51
Points describing the p=y curve are now computed from the
following relationship:
, \1/3
P- g5 <Gl‘) (52)
Py 750

The value of p remains constant beyond y = SySO

following procedure is for cyclic loading and is illustrated in

Construct the p-y curve in the same manner as for short-term

static loading for values .,of p less than 0,72pu

Solve Equations 49 and 50 simultaneously to find the depth X,
where the transition occurs. If the unit weight and shear
strength are constant in the upper zone, then

ocb (53)

e T (yb + Jc)

If the unit weight and shear strength vary with depth, the

value of X should be computed with the soil properties at

the depth where the p-y curve is desired.

If the depth to the p-v curve is greater than or equal to

X then p 1is equal to O.72pu for all values of vy

greater than 3y50

If the depth to the p-v curve is less than X then the

value of p decreases from C‘u72pU at y = 3y50
= 15y

to the value

given by the following expression at y 50

po= 0.7 (X_) ‘ (f
UL X
r/

(3
o~
—



The value of p remains constant beyond y = 15y50

94. Recommended soil tests. For determining the various shear strengths

of the soil required in the p-y construction, Matlock (1970) rccommended the

following tests in order of preference.

a. In situ vane-shear tests with parallel sampling for soil

identification.
Unconsolidated, undrained triaxial compression tests having a

o

confining stress equal to the overburden pressure, with ¢
being defined as half the total maximum principal stress
difference.

Miniature vane tests of samples in tubes.

Unconfined compression tests.

Q. {0

Tests must also be performed to determine the unit weight of the soil.
An example set of p-y curves was computed for
The soil profile that was used

95. Example curves.

soft clay for a pile with a diameter of 48 in.
In the absence of a stress-strain curve for the soil,
The loading

is shown in Figure 20.

€5y was taken as 0.01 for the full depth of the soil profile.

was assumed to be hoth static and cyclic.
96. p-y curves were computed for the following depths below the mud-

line: 0, 1, 2, 4, 8, 12, 20, 40, and 60 ft. The plotted curves are shown in

Figure 21 for static loading and in Figure 22 for cyclic loading.

Response of stiff
clay below the water table

7. Field experiments. Reese, Cox, and Koop (1975) performed lateral

in diameter and 50 ft

load tests employing steel pipe piles that were 24 in.
The

long. The piles were driven into stiff clay at a site near Manor, Tex.
clay had an undrained shear strength ranging from about 1 tsf at the ground
surface to about 3 tsf at a2 depth of iz ft.

98. Recommendations for computing p-yv curves. The following procedure

is for short-term static loading and is illustrated by Figure 23.

a. Obtain values for undrained soil shear strength ¢ , soil sub-

merged unit weight Y and pile diameter b

b. Compute the average undrained soil shear strength ¢ over the

depth X
Compute the ultimate soil resistance per unit length of pile
the smaiter of the viines <rven by Uhe equations

Hsing

=
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(e P

2ch + y'bx + 2.83cx (55)

pCt
Iich (563

t

pcd

d. Choose the approximate value of As from Figure 24 for the

particular nondimensional depth.

A
|o
N g E _
; |
g
g — |
:
:
s
| |

12

Figure 24. Values of the constants As and
Koop 14975)°

A (Reese, Cox, and
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e. FEstablish the initial straight=-line portion of the p-v curve

p = (kx)y (57)

Use the appropriate value of ks or kc from Table 4 for Kk .

Table &
Representative Values of k for Stiff Clays

Average Undrained Shear Strength,*

tsf
0.5-1 1-2 2=4
ks (static), peci 500 1000 2000
204 400 804

kc (eyclic), pei

The average shear strength should be computed from the shear
strength of the soil to a depth of five pile diameters. It
should be defined as half the total maximum principal stress dif-
ference in an unconsolidated undrained triaxial test. (Also see

Table 6.)

3%

Compute the following:

1+

= g b (58)

Y50 T 59

Use an appropriate value of 550 from results of laboratory
tests or, in the absence of laboratory tests, from Table 3.

g. Establish the first parabolic portion of the p=y curve using

the following equation and obtaining P. from Equation 535

or 56:

p = o.spc<—i—\ ‘ (59)

Equation 59 could define the portion of the p~y curve from

the point of the intersection with Equation 39 to a point where

y is equal to ASYSO {see note after step jJ).
h. Establish the second parabolic porticn of the p-y curve,

60



89,

loading is

The following procedure is used for computing p-y

1.25
0.5 P~ Ay
p = 0.5p (- - 0.055p (520 (60)
cly c Ay

50 s 50

Equation 60 should define the portion of the p-y curve from

the point where vy 1is equal to Asyso to a point where vy is

equal to 6Asy50 (see note after step j).

Establish the next straight-line portion of the p-y curve,
- 0.5 _ v _ 0.0625 .
P = O.Spc(éAs) 0.411pC Yo pc(y 6Asy50) (61)

Equation 61 should define the portion of the p-y curve from
the point where y 1is equal to 6Asy50 to a point where vy

is equal to 18AsySO (see note after step j).
Establish the final straight-line portion of the p-y curve,

e
1l

0.5p_(64 )% - 0.411p_ - 0.75p A_ (62)

pc(1,225JAS - 0.754_ - 0.411) (63)

ael
i

Equation 62 should define the portion of the p-y curve from

the point where vy 1is equal to 18Asy50 and for all larger

values of y (see following note).

(Note: The step=by-step procedure is outlined, and Figure 23
is drawn, as if there is an intersection between Equations 57
and 59. However, there may be no intersection of Equation 57
with any of the other equations defining the p-y curve.
Equation 57 defines the p=-y curve until it intersects with
one of the other equations or, if no intersection occurs, Equa-
tion 57 defines the complete p-y curve.)

curves in which

cyclic (see Figure 25).

o |

Steps a, b, ¢, e, and f are the same as for the static case.

Choose the appropriate value of Ac from Figure 24 for the

particular nondimensional depth.
yp = A‘IACYSO

Compute the tollowing
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g. Establish the parabolic portion of the p-y curve,

y - 0.45y |20

P = Acpc b- 0.45yp

Equation 65 should define the portion of the p-y curve from
the point of the intersection with Equation 57 to the point

where y 1is equal to O.6yp (see note after step i).

h. Establish the next straight~line portion of the p-y curve,
p=20.936Ap - 0.085 p (y - 0.6y) (66)
cte s © p

Equation 66 should define the portion of the p=-y curve from
the peoint where y 1is equal to O.éyp to the point where vy

is equal to 1.8yp (see note after step 1i).

i. Establish the final straight-line portion of the p-y curve,
0.102
= 0.9364 - v (67
P e " Ty, P y

Equation 67 should define the portion of the p-y curve from

the point where y 1is equal to 1.8yp and for all larger

values of y (see following note).

(Note: The step-by-step procedure is outlined, and Figure 25
is drawn, as if there is an intersection between Equatiocns 57
and 65. However, there may be no intersection of those two
equations, and there may be no intersection of Equation 57
with any of the other equations defining the p-y curve. If
there is no intersection, the equation should be employed that

gives the smallest value of p for any value of vy

100. Recommended soil tests. Triaxial compression tests of the uncon-

solidated, undrained (Q) type with confining pressures conforming to in situ
The

pressures are recommended for determining the shear strength of the soil.

value of € should be taken as the strain during testing which corresponds

to a stress equalling one-half the maximum total principal stress difference.

The shear strength ¢ should be interpreted as half of the maximum total

stress difference. Values obtained from the triaxial tests might be somewhat

conservative but would represent more realistic strength values than any from

other tests. The unit weight of the soil must also be determined,
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10]. Example curves. FExample sets of p-v curves were computed for

stiff clay using a pile with a diameter of 48 in. The soil profile that was

used is shown in Figure 26. The submerged unit weight of the soil was assumed

to be 50 pcf for the entire depth.
was taken as 0.005 for the full depth of the soil profile. The slope of
curves was established by assuming a value of

The loading was assumed to be

In the absence of a stress~strain curve,

E50
the ipnitial portion of the p-y

ks of 1000 pci and a value of kc of 400 pci.
both static and cyclic.

102. The p=y curves were computed for the following depths below the
mudline: 0O, 1, 2, &, 8, 12, 20, 40, and 60 ft. The plotted curves are shown

‘in Figure 27 for static loading and in Figure 28 for cyclic loading.

COHESION C, PSF
0 1600 2000 3000 4000

° T [ ] 1

STIFF CLAY
w0 BELOWW.T.

20 = STIFFCLAY
ABOVE W.T.

3¢

50 =

DEPTH, FT

60 =

70 =

80 p=

S0 ™

100 b=
Figure 26. Soil profile used for example p-y curves
for stiff clay

O



SOIL RESISTANCE P, LB/IN.

6000

5000

4000

3000 -H/

2000

1000 2

O/N.

ML

Example

5.0

FEY
(93]

1.0 1.5 2.0 2.5 3.0 3.5 4.0
PILE MOVEMENT Y, IN,

p-v curves for stiff clay below the water table;
Reese criteria, static loading
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3000

720 IN.

2500
2000 -
{ 480 IN.

1500 b~ |}

1000

SO RESISTANCE P, LB/IN,

500

0 0.2 0.4 .6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
PILE MOVEMENT VY, N,

Figure 28. Example p-y curves for stiff clay below
the water table; Reese criteria, cyclic loading

Response of stiff
clay above the water table

103. TField experiments. A lateral load test was performed at a site in

Houston, Tex., where the foundation was a drilled shaft, 36 in. in diameter.

A 10-in.~-diam pipe, instrumented at intervals along its length with electrical-

resistance strain gages, was positioned along the axis of the shaft before

concrete was placed. The embedded length of the shaft was 42 ft. The aver-

age undrained shear strength of the clay in the upper 20 ft was approximately

2200 psf. The experiments and their interpretation are discussed in detail

by Welch and Reese (1972) and Reese and Welch (1975).

104. Recommendations fov computing p=-y curves. The following pro-

cedure is for short-term static loading and is illustrated in Figure 29:

a. Obtain values for undrained shear strength ¢ , soil unit

weight Yy , and pile diameter b . Also cbtain the values of

from stress~-strain curves. If no stress-strain curves

)

are available, use a value of € of 0.010 or 0.005 as given

in Table 3, the larger value being more conservative.
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emmm——

Figure 29. Characteristic shape of p-y curve for static loading
in stiff clay above the water table (Reese and Sullivan 1980)

b.

[Xe}

Compute the ultimate soil resistance per unit length of shaft
p using the smaller of the values given by Equations 49 and
50. (In the use of Equation 49, the shear strength is taken
as the average from the ground surface to the depth being con-
sidered, and J is taken as 0.5. The unit weight of the soil
should reflect the position of the water table.)

Compute the deflection Yeoq 4t half the ultimate soil resis-

tance from Equation 51.

Points describing the p-y curve may be computed from the re-

lationship below.

1/4
A o.s(—x-> (68)

Py Y50
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105. The

in Figure 30:

a.

(Reg

[Xe]

Beyond vy = léyso , P 1s equal to P, for all values of y .

following procedure is for cyclic loading and is illustrated

Determine the p-y curve for short-term static loading by the
procedure previously given.

Determine the number of times the design lateral load will be

applied to the pile.

For several values of p/pu s obtain the value of € , the
parameter describing the effect of repeated loading on deforma-
tion, from a relationship developed through laboratory tests

(Welch and Reese 1972) or, in the absence of tests, from the

following equation:

4
C = 9.6(P~> (69)

Figure 30.
stiff clay above the water tuble (Reese and Sullivan 1980)

16ygq 16ysg 16v50
+ + +
9‘6(y50)logNl 9.6(y50)logN2 9,6(y50)logN3

Characteristic shape of p-y curve for cyclic loading in

68



d. At the value o. p corresponding to the values of p/pu se-

lected in step ¢, compute new values of y for cyclic loading

from
= + )
Yo = Vg (YSO)C log N . (70)
where
V. = deflection under N c¢ycles of load
Vg T deflection under a short-term static load
y = deflection under a short~term static load at half
50 . .
the ultimate resistance
N = number of cycles of load application

e. The p-y curve defines the scoil response after N cycles of

load.
106. Recommended soil tests. Triaxial compression tests of the uncon-

solidated, undrained {Q) type with confining stresses equal to the overburden

pressures at the elevations from which the samples were taken are recommended

to determine the shear strength. The values of € should be taken as the

strain during the test corresponding to the stress equal to half the maximum
The undrained shear strength ¢ should be

total principal stress difference.
The unit weight

defined as half the maximum total principal stress difference.

of the soil must also be determined.
curves was computed for

The

107. Example curves. An example set of p-v

stiff clay above the water table for a pile with a diameter of 43 in.

soil profile that was used is shown in Figure 26. The unit weight of the soil

was assumed to be 112 pcf for the entire depth. In the absence of a stress-

strain curve, gy Was taken as 0.005. The p-y curves were computed for

both static and cyclic loadings. Equation 69 was used to compute values for

the parameter C for cyclic loadings, and it was assumed that there are to be

100 cycles of load application.
curves were computed for the following depths below the

0, 1, 2, 4, 8, 12, 20, 40, and 60 ft. The plotted curves are

108. p-y

ground surface:
shown in Figure 31 for static loading and in Figure 32 for cyclic loading.

Unified criteria for
clays below the water table

109. Introduction. As was noted in the previous section, no recommenda~

)tions were made for ascertaining the range of undrained shear strength in
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gooo 720 IN.

7000 i~
480 N,
6000 [~
5000 240 IN. S
96 IN.
2000 144 IN. <

SOIL RESISTANCE P, LB/,

0 . £ I i | A A i i i o J
2 3 4 5 6 7 8 g 10 11 12
PILE MOVEMENT Y, IN,

Figure 31. Example p-y curves for stiff clay above
the water table; Reese and Welch criteria, static
loading

which the criteria for soft clay versus those for stiff clay should be used.
Sullivan (1977) and Sullivan, Reese, and Fenske (1979) examined the original
experiments and developed a set of recommendations that yield computed be-
haviors in reasonably good agreement with the experimental results from the
Sabine River tests reported by Matlock (1970) and with those from the Manor,
Tex., tests reported by Reese, Cox, and Koop (1975). However, as will be seen
from the following presentation, there is a need for the user to employ some
judgment in éelecting apprepriate parameters for use in the prediction
equations.

110. Recommendations for computing p-y curves. The following pro-

cedure is for short term static loading and is illustrated in Figure 33:

a. Obtain values for the undrained shear strength ¢ , the sub-

merged unit of weight Yy' , and the pile diameter b . Also,
obtain values of 550 from stress=-strain curves. If no

stress-strain curves are available, the values in Table 3 can

be used as guidelines for selection of E'O
J
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SOIL RESISTANCE P, LB/IN,

7000 ~

6000 (= 720 IN,
5000 =~ P | 480 IN. ~,
2000 = 7 240N, -
3000 = | / 74 - 96 IN. -
i - e 48 IN.
2000 (= [lf / /
24 IN. 0 IN.
| ! | § i i | 1 | J

3 4 5 6 7 8 9 10 11 12
PILE MOVEMENT VY, IN,

Figure 32. Example p-v curves for stiff clay above
the water table; Reese and Welch criteria, cyclic

loading
b. Compute <, and év » for x < 12b ,
where
¢, T average undrained shear strength
g, = average effective stress
% = depth
c¢. Compute the variation of P, with depth using the equation
below:

(1) For x < 12b , P, is the smaller of the values computed

from
aV X
P, = 2+ E; + 0.833 5 Cab (71)
= «
P, = (3 + 0.5 b) cb (72)

(2) For x > 12b ,

p = 9cb (73)

4
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Table 5

Curve Parameters for the Unified Criteria

(Reese and Sullivan 1980)

Clay Description A F
Sabine River site 2.5 1.0
Inorganic, intact
¢ = 300 lb/ftz
€sg = 0.7%
OR = 1
S = 2
t
W= 92
PI = 68
LI =1
0.35 0.5

Manor,

Tex., site

Inorganic,
¢ = 2400
€y = 0.5%
OR > 10
St =1
W= 77
PI = 60
LI = 0.2

very fissured

2
1b/ft
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Table 5

Curve Parameters for the Unified Criteria
(Reese and Sullivan 1980)

Clay Description A

2.5

Sabine River site
Inorganic, intact

c = 300 lb/ft2

350 = 0.7%
OR = 1
S =~ 2

L
wL = ?2
PI = 68
LI =1

Manor, Tex., site 0.35

Inorganic, very fissured

2400 lb/ft2

c =
€cq = 0.5%
OR > 10
St = 1
W= 77
PI = 60
LI = 0.2




(=2

Table 6

Representative Values for K

Shear Strength k
¢ , psf pci
250-500 30
500-1000 100

1000-2000 300
2000-4000 1000
4000-8000 3000

(Also see Table 4.)

Compute the deflection at the intersection between the initial

linear portion and curved portion from the eguation

) ( O.Spu 3/2 12 6
Yk (ES) (yso)
L max
(yk can be no larger than 8y50 L)

(1) For 0 <y< Vi

p=(g) v (77)
max
(2) For Vi €V < 8y50
1/3
p = 0.5p, < \ (78)
750/
(3) For 8ysy <V < 30yg,
Pp = P
- R__u .
50
where
- -y 2 80
PR pu[F + G- E) 12b] (80)

(pR will be equal to or less than pu)

75



(4) For v > 30y,
50
p = PR (81)
111. The following procedure is for cyclic loading and is illustrated

in Figure 34:
Repeat steps a through h(1) for static loading.

a.
b. Compute

= . :
Per = 0-5p, 55 < 0.5p, (82)

c. (1) For yg <y < Y50

1/3
p=0.5p (- (83)
Y \Ys0

(2) For ySO < y < ZOySO

P - 0.5p
- CR u .
p = 0,5pu + lgyso (v yso) (84)
(3) For vy > 20y50 ,
P = Peg (85)

The procedures outlined above for both static and

112. Comments,
the curve defined by Equa-

cyclic loading assume that an intersection of
If that intersection does not occur, the p-y curve

a portion of the curve defined

tions 77 and 78 occurs.
is defined by Equation 77 until it intersects

by Equations 79 and 81 for static loading and Equations 83 or 84 for cyclic

loading.

113. Example curves. Example sets of p-y curves were computed using

Figures 20 and 26. The soil pro-

the unified criteria and the soil profiles in

file in Figure 20 represents a soft clay, and the profile in Figure 26 repre-

sents a stiff clay, both below the water table. The p=-v curves for both
soil profiles were computed for static and cyclic loadings using a pile 48 in.

in diameter and the following depths: O, 1, 2, 4, 8, 12, 20, 40, and 60 ft.

i was as-
50

sumed to be 0.02 from the mudline to a depth of 20 ft and to decrease to 0.01

114. For the soft clay profile in Figure 20, the value of
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at a depth of 90 ft. The value of A was assumed to he 2.5, and the value of

F was assumed to be 1.0, The value of Kk f{for computing the maximum value of

the soil modulus was assumed to be 200,000 pcf. Figure 35 shows the set of

2000 {—
720 //V.'\\
17580
1500
z
§ 250
1
g
5 480 IN. ~a
4
< 1000
=
1753
&
S
o 750
o
7] p
500 = / 48 IN. 96 IN, 144 I,
[ \\ N N 240N,
: S h|
250 M i

aIN. R o4 IN.
I { | T R I i j

0 25 50 75 100 125 150 175 200 225 250 275 30.0
PILE MOVEMENT Y, [N,

Figure 35. Example p-y curves for soft clay below
the water table; unified criteria, static loading

p=y curves for static loading, and Figure 36 shows curves for cyclic loading.
115. For the stiff clay profile in Figure 26, the value of 850 was
assumed to be 0.005 and y was taken as 50 pcf for the entire depth. The

value of A was assumed to be 0.35, the value of F to be 800,000 pcf. Fig-

ure 37 shows the set of p=-y curves for static loading, and Figure 38 shows

curves for c¢yclic loading.



1000
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800

600 h
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400

SOIL RESISTANCE P, LB/IN.

200

744 I,
TN 240 1M,

g I
0 5 10 15 20 25 30 35 40 45 50 55 60
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Figure 36. Example p-y curves for soft clay below the water table;
unified criteria, cveclic loading

720 IN.

8000

7000

6000
Z
= 5000 480 IN.
.
w
S
< 4000
o
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1%}
c
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)
%2}

2000
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1000 24 1N, \ /744 N, / 86 IN.
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7 ) g
i e s + } =: ; e ]

0 025 050 075 1.00 1.256 1,50 1.75 2,00 225 250 275 3.00
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Figure 37. Example p-y curves for stiff clay below the water table;
unified c -it»ria, static loading
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Figure 38. Example p-y curves for stiff clay below the water table;
unified criteria, cyclic loading

Recommendatiens for p-y Curves for Sand

116. As shown below, a major experimental program was conducted on the
behavior of laterally loaded piles in sand below the water table. The results
can be extended to sand above the water table.

Response of sand below the water table
An extensive series of tests was performed at a

117. Field experiments.
site on Mustang Island, near Corpus Christi, Tex. (Cox, Reese, and Grubbs 1974)

Two steel pipe piles, 24 in. in diameter, were driven into sand in a manner
The piles were then subjected

simulating the driving of an open-ended pipe.
One of the

to lateral loading. The embedded length of the piles was 69 ft.

piles was subjected to short-term loading and the other to repeated loading.
The soil at the site was a uniformly graded fine sand with an

118.
The submerged unit weight was 66 pcf.

angle of internal friction of 39 deg.
The water surface was maintained a few inches above the mud line throughout

the test program.

119. Recommendations for computing p-y curves. The following
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procedure is for both short=term static loading and cyclic loading and is 1l-

lustrated in Figure 39 (Reese, Cox, and Koop 1974).

Obtain values for the angle of internal friction ¢ , the soil

a.
unit weight Yy , and pile diameter b .
b. Make the following preliminary computations.
0. g= ¢ . g = . K = tan? ( ] 9)
o =3 B = 45 + 5 K0 0.4 ; Ka tan” (45 > (86)
c. Compute the ultimate soil resistance per unit length of pile
using the smaller of the values given by the equations below.
- Kox tan ¢ sin B . tan B
Pst ¥¥ o (B = ¢) cos « tan (B - ¢)
X (b + x tan B tan o) + Kox tan B (87)
X (tan ¢ sin B - tan @) = Kab
| f .
I X=X 4
| |
|
‘ e {2 K 3
i [
PP ! = XsXg
| ,
& ‘f:f { o
y ) ,j - X2 X
/ [m |
- Y~ " Pm y
| l !
| ! !
Yy : |
I z
b/s6C 3b/80
b
Figure 39. Characteristic shape of a family of p-y curves for static and
cyclic loading in sand (Reese, Cox, and Koop 1974)
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irn 1D

8 4 ,
= E - ; : ; 3 i
Psd Kahyx (tan R 1)+ Koh\x tan & tan  f (RR]
In making the computations in step ¢, find the depth X, at
which there is an intersection between Equations 87 and 88.
Above this depth, use Equation 87. Below this depth, use Equa-
tion 88.
Select a depth at which a p-y curve is desired.
Establish y, 2s 3b/80 . Compute P, from
P, = Asps or p, = Acps (89}
Use the appropriate value of Ks or KC from Figure 40 for
the particular nondimensional depth, and for either the static
or cyclic case. Use the appropriate equation for P from
Equation 87 or Eguation 88 by referring to the computation in
step 4.
0 1.0 g 2.0
N
£, (evcLie) %
1.0} -
E; (sTATICY
2.0 o e
3.0 = -
4.0 == -
x -
% ¥ 5.0, A=0.88
5.0 o P
6.0 1 f
Figure 40. Values of the coefficients A and Es

{Reese and Sullivan 1980)
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L8ied

(-

(-2 114

Fstablish v, as h/60 . Compute p from
! il

(90

Use the appropriate value of BS or BC from Figure 41 for
the particular nondimensional depth, and for either the static
or the cyclic case. Use the appropriate equation for 1

The two straight-line portions of the p-y curve, beyond the

point where y 1is equal to b/60 , can now be established.

¢ 1.0 2.0
\\ {
8. (Cyelic) §% #,»‘ ves (Szatie)
ol =
i
¢
2.0 jome d ™
y
3.0 — 7
4.0 fome i ]
i & ¥ 5.0, 8, = 0.55
e ; b - 0.5 .
!
. i 1 | .

Figure 41. Nondimensional coefficient b for
soil resistance versus depth (Reese and
Sullivan 1980)

Establish the initial straight-line portion of the p-y curve,
p = (kx)y (91)
Use the appropriate value of k from Table 7 or 8.
Establish the parabolic section of the p-y curve,
p = Cyl/m (92)
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Tabite 7
Regresentagive Values of k for

ok Submerged Sand
-

. . -
Relative Density
— . Relaliy

Loose Medium DeEEE
Recommended k , pci 20 60 125
Table 8

Relative Density )

Loose Medium Densé
Recommended k s pci 25 a0 225
Fit the parabola between points k and m as follows:
(1) Determine the slope of the line between points m and y
from
m= S M (93)
Yy m
(2) Obtain the power of the parabolic section from
n = 2. (94)
my
(3) Obtain the coefficient € from
~ p X
= 0 (95)
1/n
Y
(4) Determine poeint k from
= +n/n-1
== 96
yk (kx} (96)



{5) Compute the appropriate number of points on the pa: »nla

by using Equation 92.

Note: The step~by-step procedure is outlined, and Fig-
ure 39 is drawn, as if there is an intersection between
the initial straight-line portion of the p-y curve and
the parabolic portion of the curve at point k . However,
in some instances, there may be no intersection with the
parabola. Equation 91 defines the p=-y curve until there
is an intersection with another branch of the p=y curve,
or, if no intersection occurs, Equation 91 defines the
complete p-y curve. This completes the development of
the pey curve for the desired depth. Any number of
curves can be developed by repeating the above steps for

each desired depth.

Triaxial compression tests are recommended

Confining pressures

120. Recommended soil tests.

for obtaining the angle of internal friction of the sand.
should be used which are close or equal to those at the depths being considered

If samples cannot be obtained, correlations between d and

in the analysis.
Tests must be performed to deter-

results from penetration tests can be used.

mine the unit weight of the sand.
curves was computed for

121. Example curves. An example set of p-y
The soil pro-

sand below the water table for a pile with a diameter of 48 in.

file used is presented in Figure 42. The submerged unit weight was assumed to

be 57.5 pcf, and k was taken to be 80 pci. The loading was assumed to be

both static and cyclic. ‘
122. p-y curves were computed for the following depths below the mud

line: 0, 1, 2, 4, 8, 12, 20, 40, and 60 ft. The plotted curves are shown in

Figure 43 for static loading and in Figure 44 for cyclic loading.

Response of sand above the water table
123. The procedure described in the previous section can be used for

the water table if appropriate adjustments are made to the unit
angle of internal friction of the sand. Some small-scale experi-

performed by Parker and Reese (1971), and recommendations for p-y
The results of the

sand above
weight and

ments were
dry sand were developed from those experiments.

curves for
Reese experiments should be useful in checking solutions which were

Parker and
obtained using results from the test program for full-scale piles.

§ymmarz
124,

in developing scil respen

This part of the report has described procedures which can be used

se curves for laterally loaded piles in soft clay,
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Figure 42. 8Soil profile used for example p-y
curves for sand below the water table; Reese
criteria

stiff clay, or sands. Most of the material covered in this part of the report

was extracted from reports of work done and documented at UT by Prof. Reese

and his associates. The examples are selected from Corps of Engineers' files.

125. It must be emphasized that develcpment of proper soil-response

curves requires experience and a feel for the problem. At best, the procedures

described in this part should only be used as guidelines. In every case, a
user is responsible for developing these curves, and it is assumed that he

will apply judgment in using the guidance provided here.
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APPENDIX A: NONDIHENSIONAL SOLUTIONS FOR ANALYSIS OF
LATERALLY LOADED PILES

Introduction

1. The principle of dimensional analysis is usually applied to physicai

models; however, Reese and Matlock (1956)* applied the principle to mathemati-

cal models as well. They used the principle of dimensional analysis to produce

a set of nondimensional coefficients which can be used to solve the governing

differential equation for laterally loaded piles.
2. The development of the nondimensional solution method was a result

of extensive experience gained at The University of Texas at Austin through

manual use of the difference equation method. Parts of the method were done &

few times for each boundary condition, using a range of values for the vari-

ables. It was found that these solutions could then be applied to many similar

problems. The theoretical legitimacy of this method of approach was confirmed

by applying the principles of engineering similitude to derive the method.

At the time of the development of nondimensional methods of analysis,

3.
The nondimen-

computers were available to few engineers outside of research.
sional methods were developed because they included many of the advantages of

the fipite difference sclutions, yet could be performed relatively easily by

using a hand calculator. Their primary advantage was that the nonlinear soil

response could be taken into account through successive iterations of the solu-

tion. The main disadvantage was that a predetermined variation of seoil modulus

with depth wmust be assumed. Today, the nondimensional methods are important

because they: (a) provide a hand solution method to verify computer results

by the finite difference technique, (b) provide a better understanding of the
mechanics of the response of a pile under lateral loading, and (c¢) can be used
on occasion to obtain results for use in design if a computer is not available.

4, Readers are referred to Reese and Sullivan (1980), Reese and Allen

(1977), Reese and Matlock (1956) and Matlock and Reese (1960) for the concept

and theory of nondimensional solutions and the details of the solution pro-

cedure for analyses of laterally loaded piles. This appendix presents a

References cited in this appendix are included in the References at the end

of the main text.
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step-by-step procedure and an example solution. including the manual genera-

tion of a p-y curve using soft clay criteria.

Selution Procedure (Extracted from Reese and Sullivan 1980)

5. The solution procedure is described below for three sets of boundary

conditions at the top of the pile: (a) pile head free to rotate, (b) pile

head fixed against rotation, and (c) pile head restrained against rotation.
These boundary conditions are shown in Figure Al along with the sign conven-
tion used in the solutions.

6. Limitations imposed by the nondimensional solutions are as follows:

a. The effect on bending moment of the axial load cannot be

investigated.
b. A constant value of flexural rigidity of the pile must be used.
¢. The nondimensional curves included herein are valid only for the

case of a linearly varying soil modulus with zero at the

groundline.
Case I: Pile head free to rotate
7. The solution procedure for Case I is as follows:

curves at various depths by procedures recom-
curves

a. Construct p-y
mended in the main text, with the spacing between p-vy

being closer near the ground surface than near the bottom of the

pile.
b. Assume a value of T , the relative stiffness factor, from
T =3 (A1)
where
EI = flexural rigidity of pile
k = constant relating the secant modulus of soil reaction
to depth (ES = kx)
¢. Compute the depth coefficient z = 1L/T . (A2}
d. Compute the deflection v at each depth x along the pile

where a pe-y curve is available from

PTT3 “TTZ
_ T A3
v EA T Y By T (43)
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1)

=

12

where
deflection coefficient {(from Figure A2)

A =

y

PT = shear at top of pile

T = relative stiffness factor

By = deflection coefficient (from Figure A3)
MT = moment at top of pile

The particular curves to be employed in determining the AV

and By coefficients depend on the value of Z computéd in

step c.
curve, select the value of soil resistance p that
at the depth of the

From a p-y
corresponds to the pile deflection value vy

p-y curve. Repeat this procedure for every p-y curve that is

available,
Compute a secant modulus of soil reaction ES using the equation

E =2
sy

Plot the ES values versus depth. (

From the Es-versus-depth plot in step f, compute the censtant

k which relates Es to depth (k = Es/x). Give more weight to

the ES values near the ground surface.

Compute a value of the relative stiffness factor T from the

value of p found in step g. Repeat steps b through g using
the new value of T each time, until the assumed value of T
agquals the calculated value of T .

When the iterative procedure has been completed, the values of
deflection along the pile are known from step d of the final

iteration. Values of soil reactions may be computed from the
basic expression

p=EY

Values of slope, moment, and shear along the pile can be de-

termined from

PtT HLT
- o L Ab
S=A 57t B 7 {AL)
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i

M, |
Ath + BV T—- (Aé)

The appropriate coefficients to be used in the above equations

may be obtained from Figures A4 through A9.

Case II: Pile head
fixed against rotation

8. Case II may be used to obtain a solution for the case where the

superstructure translates under load but does not rotate and where the super-

structure is very stiff in relation to the pile.

a.

fey

[f=N

1D

Perform steps a, b, and ¢ of the solution procedure for free-

head piles (Case I),.
Compute the deflection v at each depth along the pile where a

pP=y curve is available from
¢ (AT)

The deflection coefficients Fy may be found by entering Fig-

ure Al0 with the appropriate value of Z ax

The solution proceeds in a manner similar to steps e through h
for the free-head case (Case I).

Compute the moment at the top of the pile MT from

M o= A8)
Jt FNTPtT (

The value of FMT may be found bv entering Table Al with the

appropriate value of z““_X
iad

Compute values of slope, moment, shear, and soil reaction along

the pile by following the procedure in step i for the free-head

pile.
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Case III:

'
Tahle Al
Moment Coefficients at Top of \ .

Pile for Fixed=-Head Case N

___zmax FMt

2 -1.06

3 -0.97

4 -0.93

5 and above -0.93

Pile head

restrained against rotation

9. Case III may be used to obtain a solution for the case where the

superstructure translates under load but does not rotate.

3.

o

1g)

Perform steps a, b, ¢ of the solution procedure free-head piles

(Case I).
Obtain the value of the spring stiffness ke of the pile super-
structure system. The spring stiffness is defined as
M
£
Ky = == (A9)
8 St
where
Mt = moment at top of pile
St = slope at top of pile
Compute the slope at the top of the pile St from
PTT2 MTT
= —_ 0
S¢ T As¢ ET T Bse B (A10)
where
Ast = slope coefficient (From Figure A&4)
Bst = slope coefficient (from Figure A5)

Solve Equationé A9 and A10 for the moment at the top of the pile

n
JL

Perform steps a through 1 of the solution procedure for free-

head piles (Case 1).

BEES
08l



t0. This process completes the solution of the laterally loaded pile

coblem for three sets of boundary conditions. The solution gives values of

deflection, slope, moment, shear, and soil reaction as a function of depth.

To illustrate the nondimensional method, an example solution is presented next.

*

Example Solution

11. The following paragraphs present an example analysis using the non-

dimensional method and a comparison of the results with the computer solution

of the same problem.

Problem statement
12. Figure All illustrates the problem to be solved by the nondimen-

This same problem, as solved

sional method as well as pertinent soils data.
A comparison of

by COM624G, is presented in Appendix D as example problem 1.
the two solutions is presented following the nondimensional solution.
Nondimensional seolutien

13. The solution will proceed in the step-by-step manner described for

Case 1.

14. Step 1. Compute and construct p=y
the example problem as generated by COM624G (using the soft clay criteria).are
These same curves are generated
The compu-

curves, The p=yv curves for

presented in Appendix D, example problem 1.
manually in the following steps to illustrate the hand procedure.
tations follow the step-by~step procedure given for soft clay criteria in

Part III of the main report. Computations for both static and cyclic curves

are presenged; however, only cyclic curves are utilized in the pile analysis.
The depths for which curves are to be computed are: 0, 16, 32, 48, 80, 128,

154, and 240 in. Only the static and cyeclic curves for x = 48 in. are com=

puted in the following example:

a. Static curves:
(1) Obtain the variation of shear strength and submerged unit

weight with depth and determine 850 (See Table 3,

Part II1 of the main text.)

The following properties are used:
¢ = 500 psf = 3.47 psi
y' = 30 pcf = 0.0168 pci

1

I

Alb
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= 0.010
= 16 in.
48 in.

o]
o
i [

*®
1

(2) Compute P, using the smaller of the values from

(3 + g— x + Qgﬁ %)cb

=
3

.‘n—onn-o-‘o‘m-u—-hﬂwﬂ-—---e—‘-uocnononn.no-—-&.

p, = [3 + Q0168 oy i’-gé (A8)J3.47(16)

3.47

= 262,7 1b/in.

P, = 9(3.47)(16) = 499.7 1b/in.

Therefore, use -
p, = 262.7 1b/in.
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(4) Compute points describing the pP-y curve:

1/3
E. =g <.X_)
Py Y50

p is constant beyond y = 8y5O .
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400 =

300 P

200

P-LB/IN,

100

STATIC

Figure Al2. Computed static and cyclic p=-y curves for

jo

3vso 8vso
Y-[N.

x = 48 in.
(5) The computed static p=y curve is plotted in Figure Al2.
Cyclic curves:

(1) The cyclic curve is the same as the static curve for P

less than 0.72pu .
(2) Solve for X

x = 6¢chb
r  y'b + 0.5¢

D O D D R @ R CD G e T D O T e B D D D Y G QP En 6T G G5 U e €D 6P D D G 60 €5 0D I &N €2 G Ob o O D OF ob @ W D 6 I W o & O M 2 6% o @

6(3.47)(16)
r  0.0168(16) + 0.5(3.47)

K
i

166.2 in.

Ed
i

@ en e o e o e 08 D A s 6T TP SN 0D W W 6D W Hs D D T D LD W W W W D W T W P LT D T D OO D UD D TP I T R DD DD DD DD D O

(3) If x> X, P = 0.72pu for y > 3y5O .
{(4) If x < X5 P decreases from O.72pu at y = Byso
p in the following equation at y = ISySO :

L

r

Al9
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0.72(262.7) 8 _ = 54.6 1b/in.
166.2

3
1]

e
§

= 15y50 = 15(0.40) = 6.0 in.

0.72p = 0.72(262.7) = 189.1 1b/in.

g}
]

y = 3y50 = 3(0.40) = 1.2 in.

(5) The computed cyclic p-y curve is plotted in Figure Al2.

¢. The remainder of the p-y curves for the other values of ¥
are computed using the same procedure. These computed curves

are presented in Figure Al3.

400 r’

e x=240N.

350 |
N~ x = 154 IN.
0~ J /4 0
f o X = FI8IN,
250 = / /
200 P~}

SO RESISTANCE P, LB/IN.

: : : : Ny : -
0 ! 2 3 a 5 6 5 8
PILE MOVEMENT Y, IN.

Figure A13. Plot of p=-y curves for example problem
solved by nondimensional method; soft clay criteris,
cyclic loading

15. Step 2. Assume T : T = 95 in.
16. Step 3. Compute 2 ax

- Lo 720 _
Zmax © T a5 - 198

A20



hs of ©, 16, 22, 48, 80,

an o e
Z e ‘y

ion ! at a

3
s

ant
Opv

170 Step 4. Compute the detle
T2E, 154, and 240 in. using Equation A3 and Figures A2 and A3. The computa-
tions are presented in tabular form in Table A2.
curves (Figure A13) the values of p

18. Step 5. From the set of p-y
values computed in step &4 (see the

are determined corresponding to the vy
tabulation in Table A2).

19. Step 6. Compute the Es
in Table A2).

20. Step 7. Prepare a plot of Es
In fitting the straight line to the plotted points, more weight should be given
value is determined as the

value at each depth (see the tabulation

versus depth as shown in Figure Al4.

to the points near the ground surface. The Kk

slope of this line:

E
- _s . 500 _ .3
k = el Vo R 3.52 1b/in,

21. G&tep 8. Compute T

10
. EI _ 5/(3.14)10°° _ _
T=5 == {f =52y =97.9 in.

Step 8 completes the first iteration of the sclution procedure.

P

Before pro-

ceeding to the next iteration, the results thus far should be examined to pro-

vide guidance in further computations. It is evident from Figure Al4 that

ES = kx is not a good representation of the variation of the soil modulus

with depth.
However, the constraints of the method required that the line pass
Es = kx . Figure Al4 also

A straight line through the origin does not fit the plotted

points.

through the origin to satisfy the assumption that

reveals that the solution has not been found because the k value of 4.0 pci

of 3.52 pci that was obtained. Cor-

that was assumed is not equal to the Kk
value obtained.

respondingly, the assumed value of T was not equal to the T

From compariscns, it appears that the value of k will decrease and T will

increase with successive jterations. The iterations are continued until the

desired degree of convergence is achieved. In the example problem. the compu-

tations were continued for three additional iterations. The additional compu~
tations are shown in Tables A3-AS5; the corresponding plots of ES VErsus X

arc shown in Figures A15-A17. For this example, the computations were con-

until the deflections at the groundline agreed within 5 percent for the

A2l
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versus X
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Figure Al4. Plot of Es
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Figure Al5.
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TRIAL 2

Plot of ES versus X
second iteration

for example problem;
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Figure Al6. Plot of Es versus x for example problem;
third iteration
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last two iterations.

However, the number of iterations for a particular prob-

lem should be determined by the user after giving due consideration to the

degree of accuracy required and to the limitations inherent in the method.

After the final iteration is complete, continue with step 9.

22. Step 9. The final step in the computation procedure is to deter=

mine the results of the analysis as follows:

a.

i

Q.

The value of deflection vy and soil reaction p along the
pile are known from step & of the final iteration (Table A5).
These results are presented in Figures Al8 and Al9 and are com-
pared with the computer solution of example problem 1 from Ap-

pendix D. ’
Compute slope S versus depth from Equation A4:

N
4

P.T tT

+ B

S = AS BT s BT (A4 bis)

where As and BS are slope coefficients taken from Fig-

ures A4 and AS, respectively. Results of the computations are

presented in tabular form in Table A6 and in graphic form in

Figure A20.
Compute moment M versus depth from Equation AS:

M= AmPtT + Bth (A5 bis)

and B~ are moment coefficients taken from Fig-

where Am
Results of these computations

ures A6 and A7, respectively.
are presented in tabular form in Table A7 and in graphic form

in Figure A21. Also plotted in Figure A21 are results from the

computer solution.
Compute shear V versus depth from Equation A6:

B M,
V=AP + — (A6 bis)

vt T

where Av and BV are shear coefficients taken from Fig-

ures A8 and A9, respectively.

are presented in tabular form in Table A8 and in graphic form

Results of these computations

in Figure A?22.
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Figure A18. Plots of deflection

LEGEND

e NONDIMENSIONAL SOLUTION
=== == ema COMPUTER SOLUTION

v versus depth X

for example problem
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Figure A19. Plot of soil resistance p versus depth x for
example problem
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Table A6

Computed Slopes

Depth Depth Slope Slope
in. Coefficient Coefficient Coefficient Slope
« AS , from BS , from PTT2
X £ 7 Figure A& Figure A5 S = As El + B
0 0.0 -1.625 -1.750 -0.0124
16 0.16 =1.600 -1.625 -0.0125
32 0.32 ~-1.560 -1.425 -0.0126
48 0.47 -1.510 -1.285 -0.0124
80 0.79 -1.350 -0.975 -0.0116
128 1.26 -1.000 -0.575 -0.0090
154 1.52 -0.800 =0.400 =-0.0073
240 2.36 -0.260 -0.048 -0.0026
480 4.73 0.035 0.025 0.0003
720 7.09 0.000 0.000 0.0000
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Figure A20. Plot of slope versus depth for example
problem



Tahle A7

Computed Moments

Depth Depth Moment Moment Moment
in. Coefficient Coefficient Coefficient in.=1b
Lo X Ag , from BM , from AP T+ B
X T Figure A6 Figure A7 M Mt
0 0.0 0.00 1.00 -8.27 x 10°
16 0.16 0.16 1.00 =-3.07 X 105
32 0.32 0.32 0.99 2.21 x 10°
48 0.47 0. 44 0.98 6.19 x 10°
80 0.79 0.65 0.92 1.35 % 106
128 1.26 0.77 0.75 1.88 X 106
154 1.52 0.76 0.63 1.95 X 106
240 2.36 0.49 0.25 1.38 X 106
480 4,73 -0.01 -0.02 -1.59 X 104
720 7.09 0.00 0.00 0.0




MOMENT, IN.-LBS x 10%

-200 =100 0 100 200
} 1

DEPTH X, N,

500 = LEGEND

NONDIMENSIONAL SOLUTION
=mee COMPUTER-SOLUTION

600 p=

700 ¢~

Figure A21. Plot of moment versus depth for example
problem
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Tabhle AR

Computed Shears

Depth Depth Shear Shear Shear
in. Coefficient Coefficient Coefficient 1b
A , from , from M
z=% M V=AP +B ==
X T Figure A8 Figure A9 vt v T
0 0.00 1.00 0.00 32,000
16 0.16 0.97 -0.02 30,400
32 0.32 0.89 =-0.07 29,050
48 0.47 0.78 -0.13 26,019
80 0.79 0.50 -0.26 18,118
128 1.26 0.05 -0.43 5,104
154 1.52 -0.15 -0.47 =970
240 2.36 -0.43 -0.39 -10,582
480 4,73 0.0 0.02 =163
720 7.09 0.0 0.00 0
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Figure A22. Plot of shear versus depth for example
problem
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23. Tables A9 through All present forms which are in

venience of the user when making nondimensional analyses.

Comparison between nondimen-
sional and computer solutions

24. Comparisons between the nondimensional solution and the computer

solution (Appendix D, example problem 1) are presented in Figures Al8, Al9,
and A21. Figure Al8 presents a comparison of deflection versus depth. As is
shown, the maximum varjation occurs at the ground surface and is approximately

12 percent. Figure Al9 presents a comparison of soil resistance versus depth.

The maximum percentage difference occurs at the ground surface and is approxi-

mately 10 percent. The maximum numerical difference occurs at the depth of

maximum soil resistance (120 in.) and is approximately 12 1lb/in. Figure A2l
The maximum variation is ap-

presents a comparison of moment versus depth.
The maxi-

proximately 6 percent and occurs at a depth of approximately 100 in.

mum moment occurs at a depth of approximately 150 in. and the two methods

yield essentially equal results.
25. The comparisons presented above indicate good to excellent agree-

ment between the nondimensional and computer solutions. However, the user
should be aware that the variations presented above apply only to this par-
ticular problem and variations for other problems may be larger or smaller.
When considering whether or not the nondimensional solution yields a satis-

factory degree of accuracy, the user should consider the variables inherent in

computing the response of a laterally loaded pile.
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Table A}l

Nondimensional Analysis of Laterally Loaded Piles with

Pile Head Fixed Against Rotation

= - L - i 2
Pt = 1b Mt = in.-1b El = 1b=in.
Trial k = 1v/in. (or T 8 in.)
- assumed : assumed
k — max T
Soil Migiius
Depth Depth Deflection Deflection Resistance 2
in. Coefficient Coefficient in. 1b/in. 1b/in.
3
L . X Fy s, from . PtT p , from _— P
X T Figure A10Q Y v EI p=v Curve s v
E . 1/5
_ s .3 . _ (EI -
T x Ib/in. Tobtained B (k ) e 18
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APPENDIX BR: EXAMPLE DESIGN PROBLEM
Introduction

The behavior of a laterally loaded pile is a complex function of

1.
In many cases, complexity of

soil and pile parameters and loading conditions.
behavior combined with the uncertainty of loading conditions requires the de-
signer to investigate a range of parameters and loading conditions before ar-

riving at a final design. This appendix presents a design problem in which
soil and loading conditions are not known with certainty and illustrates some

of the decisions that must be made by the designer. Meyer and Reese (1979)%*

present an excellent study on the effects of variations in soil parameters on
computed pile behavior which should provide the user with further insight.

From the example in this appendix and the study by Meyer and Reese (1979), the
user should be aware of the sensitivity of the analysis to variations in param-
eters and loading conditions and the necessity for sound engineering judgment

based on a thorough understanding of the design variables and analysis

procedures.

Example Design Problem

2. The example problem, which is illustrated in Figure Bl, 1is taken

from design studies of mooring dolphin facilities for Columbia Lock and Dam on

the Ouachita River in central Louisiana. The example considers one particular

load case for a single-pile delphin.

Loading case
3. The loading case presented in the example is one of several cases

that might be analyzed. The specific case is for collision impact between the

end of a barge and the dolphin.
ing forces from current and wind, berthing impact from the end and side of a

Other cases that might be analyzed are moor-

barge, and collision impact between the end and side of a barge and the

dolphin.

References cited in this appendix are included in the References at the end

of the main text.
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Computat ion ol Toads

4. Loads for the case presented were computed as f{ollows:

a. Energy. Barge impact energy was computed from

2
% (B1)
where
= impact energy, f{t-1b
= dissipation factor
weight of barge (tow and cargo), 1b
= velocity, normal to the dolphin, at impact, ft/sec

< £ mm om
7

acceleration of gravity, ft/sec

el
H

The factor f reflects the energy dissipation created by the

swing of the vessel about the dolphin after impact and is calcu-
lated from

! (B2)

where
d = distance from point of contact, measured tangent to the
point of contact, to the center of gravity of the

barge, ft
L = length of the barge, ft

Equation B2 for the dissipation factor reveals that, for end im-

pact, an 80 percent reduction in energy iz effected.

b. Normal force. Barge impact force was computed from

[@Z38]
I

max

where
Pmax = maximum normal force reguired to resist impact, b
E = impact energyv, ft-1b
5 = deflection of dolphin, ft
5. Computing the force Pumx involves an iterative procedure in which
a deflection is assumed, a trial Pmax is computed, the analysis is performed
using the trial Pn to obtain a new deflection, and the procedure is

1ax



The

forces, moments, shears, etc., are then taken from the final iteration. Pmax

versus & , plotting the

continued until the trial deflection and the computed deflection agree.

can also be determined by computing a curve of Pmax
curve, and integrating the area under the curve by trial until an energy bal-

ance is obtained.
6. Because of the dependence of Pmax
deflection is a function of the bending moment and stiffness of the pile, a

on deflection and the fact that

pile with a larger section modulus will not necessarily have smaller bending
stresses than a pile with a smaller section modulus.

Design conditions
7. Surveys indicated the mud line to be at el 40," as indicated in Fig-

The top of the dolphin was set by the design criteria which required

ure BIl,
The low-

8 ft of stickup above the 10-year frequency high-water stage (el 70).
water stage is el 52 which is controlled by the minimum upper pool of the lock.

The design considered the force Pmax to be applied 3 ft above the water sure

face. Because of the dependeace of Pmax
dependent on bending moment and pile stiffness, it was necessary to perform
applied as a low-level force (3 ft above low water) and
The example presented herein

on deflection, which in turn was

analyses with P
max

as a high-level force (3 ft above high water).

considers only the high-level force. Another important variable in the design

was the velocity of the barge upon impact.
for the design, 2 velocity of 1.0 ft/sec was selected as the best estimate.

Based on the hydraulic analysis

Design seil parameters
8. Borings at the site indicated the soil to be silts from the river

Below this, sands are indicated to extend

bottom down to a depth of 15 ft.

beyond the penetration of the piling. Because p-y criteria are not

avgilable for silts, it was necessary tc make a design decision as to the ap-

propriate p=y criteria to use. The decision was to use soft clay criteria

for the silts, then vary the criteria to determine the influence of the varia-

Sand criteria were used for the sands. The soil

tion on the pile behavior.
Figure B3 pre-

profile used and the design parameters are shown in Figure B2.

sents the generated p-y curves. Cyclic p=v curves were used for both |

soils.

All elevations (el) cited herein are in feet referenced to the National
Geodetic Vertical Datum (NGVD).
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Nesign analvses

9. The various conditions investigated under the load case are tabu-

lated in Table Bl. Results of the analysis are presented in tabular form in

Table B2 and in graphical form in Figures B4 and BS.

Conclusions
10. As can be seen in Figures B4 and B5S and Table B2, the results from

an analysis can vary considerably depending on the input assumptions. For

this particular example, the variation in shear strength of 140 percent did

not have a significant effect. -The couditions which exhibit the most iaflu-

ence are the assumed 10 ft of scour and the increase in the barge velocity,

with the combined effect of scour and increased barge velocity vielding the

most critical condition. As shown in Table B2, the factor of safetv for the

combined condition drops drastically. This response is caused by the fact

that the location of the maximum moment dropped into a segment of the pile

which had a reduced section modulus. Obviously, this pile would not have an

adequate section modulus if the conditions of scour and/or increased barge

velocity were considered realistic. The final decisions in an example of this
type must be made by the designer after considering the degree of certainty

with which the design conditions are known.
11. A detailed input and output for computer analysis of one load case

is presented in Appendix D, example 2.

Table Bl
Description of Conditions Analyzed for Load Case IIIA

Condition
No. Description of Condition
1 Analyzed with a barge velocity of 1.0 ft/sec, groundline at
mud line, and conventionally generated p-y curves
2 Loaded as in Condition 1 except 10 ft of scour assumed below
mud line
3 Loaded as in Condition 1 except 40 percent reduction in esti-
mated strength of the silts
& Loaded as in Condition 1 except 40 percent increase in esti-

mated strength of the silts

5 Velocity of barge assumed to be 1.5 ft/sec. All other fac-

tors same as in Condition 1

6 Same as Condition 5 except 10 ft of scour assumed below mud

line

B7



Table B2
Summarx“pf Analzsis

Pile Head
Conditien Deflection

No.

1
2
3
4
5
6

Yield strength of

in

20.3
28.4
20.9
19.6
28.1
41.0

stee]

——— e

= 00

Deflection
at
Groundline
in.
—_n.
7.5
12.3
7.9
7.2
10.7

18.2

kst

Maximum
Bending
Moment

Factor
of

Safety+
1.62
0.98
1.62
1.62
1.21
0.67
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APPENDIN C: INPUT CUIDE FOR COME24G

Introduction

1. COM624G is a computer program that facilitates analysis of laterally

loaded piles for various boundary conditions. The program was originally

writien by Prof. L. C. Reese and W. R. Sullivan at The University of Texas at

Austin and was labelled COM624 (Reese and Sullivan 1980).% In the COM624G ver-

sion of the program, the input format was changed, a conversational mode for

inputting data loads added, and graphical options were provided for plotting

both input and output data. The program was also double-precisioned for use

on the Honeywell DPS=-1 computer.
Messrs. Michael Pace and Reed L. Mosher of the Automatic Data Processing

These modifications were programmed by

Center, U. S. Army Engineer Waterways Experiment Station (WES).
2. Complete documentation of COM624 is provided in Reese and Sullivan

(1980), and the reader should refer to this source for detailed information on

the program. This appendix provides an input guide only to COM624G. The

order of the input data by major groups (identified by a keyword) is immate-
rial, although input within each major group should be together in sequential
All major groups are not required for problem solution, and within

order.
The optional data are indicated by in-

each group some data are optional.

closing them in parentheses.

3. Example problems are included at the end of the input guide. These

problems are the same as those used in Reese and Sullivan (1980) for COM624
and are included so that verification is pessible.

Accessing the Program

To run COM624G on the WES or Office of Personnel Management, Macon,
Then

&,
Ga., computer systems, sign on to the particular system.
* FORT
* QLD WESLIB/CORPS/I0012,R
* GCS2D.
“ device - TK4 (4014)
ALP (Alphanumeric Terminal)

References cited in this appendix are included in the References at the end

ot the main text.



I1.

I1I.

Cybernet System

5. /OLD,CORPS/UN = CECELB

/CALL ,CORPS,10012

Input Guide for COM624G

Keyword [Line Number] (Optional Information)
Title
TITLE One line for identifying the individual problem in a computer

run. It may be any alphanumeric information up to 72 charac-
ters including the line number and embedded blanks.

[LN] TITLE

[LN}] Any alphanumeric information up to 72 characters.

System Units

UNITS One line identifying the units to be used in the program.
This information is only used to insure proper unit identi-
fication on output {(i.e., no conversions are made in the

program).
[LN] UNITS
[LN] ISysTM (IDUM1 IDUM2 IDUM3)
ISYSTH ENGL - for English units (L=inches, F=lbs.)

i

METR - for metric units or any other system

]

Alphanumeric information describing the system of
units selected. (i.e., feet and kips, em and

grams, etc.)

(IDUr1 IDUM2 IDUM3)

Pile Descriptions

PILE Two to eleven lines that describe the pile geometry and
properties.

{LN] PILE NI NDIAM LENGTH EPILE XGS

[LN]

XDIAM(I) DIAM(I) MINER(I) (AREA(I))
(I = 1, NDIAM)

LK

st Group
NI = Number of increments into which pile is divided
NDIAHM = Number of segments of p:le with different
diameters
LENGTH = Length of pile
EPILE = Modulus of elasticity
XGS = Depth below top of pile Lo ground surface

c2



IV.

2nd Greup

[OR ¥

XDIAM = Depth below top of pile

DIAM = Diameter of pile at XDIAM

MINERT = Moment of inertia at XDIAM

(AREA) = Cross-sectional area of pile (Lz) (If left blank,

computed assuming a pipe section)

Soil Description

SOIL Two to ten lines that describe soil system and its
properties.

[LN] SOIL NL

(LN] LAYER(I) KSOIL(I) XTOP(I) XBOT(I) K(I) (AE(I) FR(I))

(I =1, NL)
Ist Group
NL = Number of layers of scil.
2nd Group
LAYER(I) = Layer number
KSOIL(I) = Code to control the type of p-y curves
= 1 to have p-y curves computed internally using
Matlock's (1970) criteria for soft clay
= 2 to have p-y curves computed internally using
Reese's and Welch's (1975) criteria for stiff
clay below the water table
= 3 to have p-y curves computed internally using
Reese's and Welch's (1973) criteria for stiff
clay above the water table
= &4 to have p-y curves computed internally using
Reese et al. (1974) criteria for sand
= 5 to use linear interpolation between input p-y
curves
= 6 to have p-y curves computed internally using
Sullivan et al. (1979) unified clay criteria
XTOP(I) = X-coordinate of top of laver
XBOT (1) = X~coordinate of bottom of laver
K{I) = Constant {F/LS) in equation E_ = Kx. This is
used to define initial soil moduli for the first
iteration and to determine initial slcpe of p-v
curve where KSOIL = 2. 4, or 6
(AE(1)) = Factor "A" in uniform clay criteria
(FR(T)) = Factor "F' i1n uniform clay criteria. (Leave

blank unless KSOIL(I) = o)
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V.

VI

VII.

Unit Weight Profile (Optional)

WEIGHT One to eleven lines that describe the effective unit weights
of soil in the soil profile.

{LN] WEIGHT NGI
[LN}] XGI(I) GAMI(I)

I =1, NGI
Ist Group
NGI = Number of points on plot of effective unit weight
versus depth
2nd Group
XG1(I) = X-coordinate below top of pile to point where
effective unit weight of soil is specified
GAM1(I) = Effective unit weight of soil corresponding to

XG1

Soil Strength Profile (Optional)

Strength Two to eleven lines that describe the variation in strength
properties of soil with depth.

[LN] STRENGTH NSTR
[LN] XSTR(I} CI(I) PHII(I) EE50(I)

(I = 1, NSTR)
1st Group
NSTR = Number of points on input curve of strength
versus depth
2nd Group
XSTR(I) = X-Coordinate below top of pile for which C, 0O,
and eg, are specified
Ci(I) = Undrained shear strength of soil corresponding to
XSTR(I)
PHII(I) = Angle of internal friction in degrees correspond-
ing to XSTR(I)
EE50(I) = Strain at 50 percent stress level corresponding

to XSTR(I)

Input for p-y Curves (Optional)

[LN] PY Up to 930 lines that define the p-y curves for soil response
to lateral load.

[LN] PY NPY NPPY
[LN}] XPY(I)

[LN] YP(I,J) PP(I,J)
(I = 1, NPY; J = 1, NPPY)
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Ist Group
NPY
NPPY

2nd Group
XPY(I)

3rd Group
YP(1,J)
PP(1,J)

(Defines

VIII. Boundary Conditions
BOUNDARY Specifies
[LN] BOUNDARY KBC

[LN] KOPSUB(I)
(I = 1, NRUN)

Ist Group
KBC

NRUN

2nd Group
KOPSUB(I)

PTSUB(I)
BC2SUB(I)

PYSUB(I)

PTSUB{I)

Number of p-v curves (maximum 30)

Number of points on p-y curves (maximum 30)

)]

X-distance from top of pile to input p=y curve

the p-y curve at distance = XPY(I).)

Deflection of a point on a p-y curve

Soil resistance corresponding to YP

]

at the Pile Head
the boundarv condition at the pile head
NRUN

BC2SUB(I) PXSUB(I)

f

Code to control boundary condition at top of pile

1§

1 for free head (user specified lateral load and

moment )

= 2 for sperified lateral load and slope at pile
head.  (Slope is 0 for fixed-head pile)

= 3 for a specified lateral load and rotational re-
straint at the pile head

= Number of sets of boundary conditions (load

cases)

= Pile head printout code

= 0 if only the pile head deflection and slope,
maximum bending moment, and maximum combined
stress are to be printed for the associated

loads

= 1 if complete output is desired for the associ-
ated loads

= Lateral load at top of pile

= Value of second boundary condition
= Moment (if KBC = 1)
= Slope (if KBC = 2)

= Rotational stiffness (if KBC = 3)
= Axial load on pile (assumed to be uniform over

whole length of pile)



IX.

XI.

Distributed Lateral Load on Pile {Optional)
LOAD Describes a distributed lateral load applied to the pile.
[LN] LOAD NLD NW(J)

[LN] XW(J,I) WW(J,I)
(I =1, NW); (J = 1, NRUN)

NLD = Load case number
NW = Number of points on plot of distributed lateral
load on pile versus depth for specified NLD
XW(I) = X-coordinate where distributed loads are
specified
WW(l) = Distributed lateral load
For Cyclic Load (Optional)
CYCLIC Specifies if the loading is cvelic or static.
[LN] CYCLIC KCYCL RCYCL
KCYCL = 0 for cyclic loading

1 for static loading

Number of cycles of loading (need only for p-y
curves generated criteria for stiff clay above
the water table)

i

RCYCL

Control of ocutput

OUTPUT Describes the amount of output to be printed.
[LN] OQUTPUT KOUTPT INC KPYOP NNSUB
[LN] XNSUB(I) ... XNSUB(NNSUB)
KOUTPT =‘O if data are to be printed only to depth where

mement first changes sign

1 if data are to be printed for full length of
pile

= 2 for extra output to help with debugging

1

INC = Increment used in printing output
= 1 to print values at every node
= 2 to print values at every second node

= 3 to print values at every third node, etc.
(up to NI + 1)

KPYQOP = 0 1if no p~y curves are to be generated and
printed for verification purposes

= 1 if p-y curves are to be generated and printed
for verification

NNSUB = Number of depths for which internally generated
p=v curves are to be printed (maximum 505)

Ct



2nd Group

XNSUB(I) = X-coordinate at which internallvy generated p-v
curves are to be generated for printing

XII. Program Control

CONTROL  Specified maximum number of interactions and tolerance of
solution convergence maximum deflections.

[LN] CONTROL MAXIT YTOL EXDEFL

MAXIT = Maximum number of iterations for analysis of load
case

YTOL = Tolerance on solution convergence

EXDEFL = Value of deflection of pile head that is con=

sidered grossly excessive and which stops the
run. Default to pile diameter

XIII. Termination of Input Segquence

END Terminates the input sequence and initiates the analysis.

[LN] END

Example Problems

6. Pile properties and the soil profile to be used in all four problems

are shown in Figure C1.

Example problem 1
7. A free-head pile will be analvzed for lateral loads of 5,000, 10,000,

15,000, and 20,000 1b. An axial load of 100,000 1b will be used, and no
moment will be applied at the pile head. The p-y curves shown in Figure Cl

will be used in this analysis.
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DISZTRIE. LATERAL
LOAD VS, DEFTH
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EX. PR,

UNITS--ENGL

0o

(Load Case 1)

NCL. OF ITERAT IONS: =
MAXIMLIM DEFLECTION ERROR =

FILE LOADIING CONDIITION
LATERAL Loan AT

TP U T
*##*%#%ﬁ#*%*##

I FROM DDCUMENTATIDN DF D,

&

o

e GOVE =0 =

FILE HEALD

AFFLIED MOMENT AT FILE HEAD

AXIAL LOAD

X LEFLEC MOMENT

IN LES=-IN

HEhNdsy **##%%%%% TEEFF PR
O, V. 422E 00 o,

12,00 0,414 oo O ARE 08

24,00 O, = = Q0 Qs 1 25E [

=l 00 Q191 Qe

-t g

Q0

42, OO0 SO Q0 0, e (873
SO, 00 O, DAEE a0 (eNe) e = 3
T Q0 Q0 0, 274E O

4,00 O, 2OE

(&1} Q. GLEE Qe

LS, OO 0.7?4E~03~0.13SE
CAE 00 O, 71IZE-0n Do PZIE
GO Q0 O, 423

L7200 0,53

L4, OO0
L QO O, ]
TS, O0

& e

S 0.4311E
J 04138
PO, 411E

AT FILE HEaLD

TOTAL
STRESS
LES/IN®#&2
%*%%#ﬁ%%ﬁ
Qe 27EE 04
Q.227E 04
Q. 274E Q4
C.424E Q4
0.473E 04
O.SZEE Q4
O, S4H4E 04
Q. E97E Q4

04
Q4
04
4
4
04
04
4

Q. 412E
QL4128

0. 411E
C.411E
0. 411E

18

IN

Q.5
e

0.1

LI (Tt

DIZTR.
LA
LEZ/IN

FRPER Ry

0.

Q.

O

N

e

e

o

.

O,
[N
(%18
.,
[9IN
(RN
Q.
Cy

FRO. CoMezq By (.o,

INFORMAT I &N
R L X R P

QOE 04 L R=

LEBS=IN

QQE Ok LBS

UGN
Mo
LBS/IN##2
* %*%#ﬁ*§§§

O,
0,
Qe
O,
b
e ZLPE
O. 240E ¢
Q429 O3

O POOE

Oz

O

FLEXURAL
RIGIDITY
LES=]N#x>
BEFESEEEES
0. Z04E 13
Q. R04E 11
Q. 304C 11
Q3048 14
O Z04E 3
G 204E 51
s 11
i3

TO4E

C.IIZE 14
Q. Z1ZE 11

i1
11
11
O.ZIZE 11
QeZIZE 113
C.ZIZE 13



DUTEUT VERIFICATION
—Q 2VaE-OZ IN-LEBT

THE MAXIMUM MOMENT IMBALANCE FOR ANY ELEMENT
O ZZE~0% LET

THE MAX. LATERAL FORCE IMBALANCE FOR ANY ELEMERN

L

OLS0000E Q04 LR

Q. IN-LBZ
=0, F1710E=-02

COMPUTED LATERAL FORCE AT FILE HEAD
COMPUTED MOMENT AT FILE HEAD
COMPUTED SLOPE AT FILE HEAD

#oun

WZE-0Z IN-LES

THE OVERALL MOMENT IMBALANCE
WHE-QY LRSS

THE COVERALL LATERAL FORCE IMEALANCE

CUATFUT SUMMARY

Q. 452K OO0 IN

Q. 475E Q46 IN-LBEE
Q,EXIE 04 LBS/IN#®>
C.LIZE 04 LBE

PILE HEAD REFLECTION
MAXIMUM BENDING MOMENT
MAXIMUM TOTAL STRESS
MAXIMUM SHEAR FORCE
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{Load Case 2)

N,

CF ITERATIONS

MAXIMUM DEFLECTION ERROR

o
=

FILE LOADING CONDITION

X

IN
L2337 23
(SR
12,00
24,00
S, OO
45, 00
40,00
2,00

7.
24,00

TS, OO
TG, OO

APPLIED

DEFLEC

IN
HEBRERESE

Q. 11I2E 0L O
O, 10%E O3 0, 12%E
Q. 998E Q0 Q, 2%2E

00 O, 227
Q0 Q. S14AE
OO0 O.4645E
QO Q. 7462E
OO GO, BLEE

TO4E
Q. 8146E
Q. 720E
Q. LA4LE
Q. 5A7E

Oa

O, SOTE~OZ~0, 42
Qo 1POE-Q2~0,
0. 17ZE-QZ=0, 200E
Q. 1S4E-Q2=-0, 122
Oe 124E-02~0, 43T7E
0, 11 4E-02~0, 2S4E
Qe ¥REE-QR~Q, 74ZE
O, 7IZE-OZ O,

MOMENT

LEBS=IN
E-X-3-20-3-2-2-X-3

O
Chéee
[R7S
Qb
Cod=
Cim
[RY2S

&
14
4
04
]

s

o *an

o2

T

Q. W2IE-QZ

LATERAL LOAD AT PILE HEAD
MOMENT AT FILE HEAD
AXIAL LOAD AT FILE HEAD

TOTAL
STRESS
LES/INSsZ
E-L°2 -2 -X-X-F-L-F-3
Q. 272E 04
Q. Z77E 04
Q. 476E. Q4
O, 574E ©4
Q. L72E 04
Q. 77LE Q4
G 3H1E Q4
14

Q4
Q4
Q4
Q4
Q4
04
Q4
04

O, 4158
0.414E
0. 412E
Q.412€
0.411E
0. 413E
O.411E
0. 411K

IN

0.

LI I

ISTK.
LAl
LEZ/IN
E-X-2- 3 <F-X X EL 3
Qe
o

0.
Qo
Oe
Q.
Qe

-

e

(:' e
0,

3

O, 1QQE 05

O, 1O0E QA

LERE

LEzZ-IN

=T

LBz

TR RIRI IR
LBZ/INesZ
R ERES

(%28
.
0,
e
Q.
. EVE
O, 172E
O.Z1ZE

O, 770K
Qo ¥w0OE
O, TI0E
O FI0OE
Q. FVOE
0, VIOE
O, 9¥QE
O, YUOE

FLEXURAL

WIGIDI

TY

LRI-IN®#Z
T TR

Q. ZO4E
O, 2O4E
0. Z204E
0O, 204E
O, 204E
O, 2Q4E
0O, Z04E
O, 204K

O.212E
Q. 212E
0.212E
G, 212E
O, 21 2E
O.Z1Z2E
QO Z12E

e

Q.12

11
il
11
11
11
i1
i1
11

11
i1
11
i1
11
11
11
11



CITHUT VERIFICAT TN
-0, E4E-OZ IN-LE-

THE MAXIMUM MOIMENT IMEQAQLANCE FOR ANY ELEMENT
Qe $OTE-OZ LB

THE MAX. LATERAL FORCE IMBALANCE FOR ANY ELEMENT

Mo

O, TOOQ0E OS LEw
(AR IN=-LBE

=0, 749 RTE-QL

COMPUTED LATERAL FORCE AT FILE HEAD
COMPUTED MOMENT AT FILE HEAQD
COMPUTED SLOFE AT FILE HEAQD

Honon

0, 102E-02 IN-LEZ
=, LISE-O2 LB

THE OVERALL MOMENT IMEALANLCE
THE OVERALL LATERAL FIRCE IMBALANCE

[}

CUTPLT SLIMMARY

Q. §13E ©1 IN

O 1OZE 07 IN=LBZ

Q. 1448 O LBS/INssZ
G, 102E Q% LE=

FILE HEAD DEFLECTION
MAXIMUM BENDING MOMENT
MAXIMUM TOTAL STRESS
MAXIMUM SHEAR FORCE
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(Load Case 3)

NO, OF ITERATIONES
MAXIMUM DEFLECTION ERROR

L]
o
3 e

FPILE LOADING CONDITION
LATERAL LOALY AT FILE HEARD
AFPLIED MOMENT AT FILE HEAD
AXIAL LCADN AT FILE HEAD

O.limg'gg LES
i LEE-IN
O, 1 f:)(:)E 14 LB.E;

(LI I 1}

X . DEFLEC MOMENT TOTAL NISTR. SOIL FLEYLIRAL

STRESE LAl MODULLE RIGIDITY
IN IN LEZ~IN LB/ IN#sZ LES/IN G LES/IN##Z LBE~IN#=l
FEEPEFREEST DTSR RE SRR ERER
11
i1

FEBEEEE FEPEEBERE RERERHEEN ERbEEREEw
O, O, 226HE O O, 0.27’5 O848 O 0.

12, CGQ ,,~sz Gl O, 196E Q6 U,q SE G4 O, [
24,00 0 LFIE 0L Q. 2YIE QL O L Q4 O, (2 11
o OO0 Oﬁ177E 01 O.SEYE Q& 0,7*- T4 O, O, &l 11
4, Q0 O I61E QI Q.735E Q4 Q.E73E Q4 O, Q. Q. Z04E 13
D, WEOE G4 Q, 10OZE 0% O, Q. 721E OZ 0. Z04E 1

L0, 00 0. 144E 01 i
7200 Q. 1Z1E O Q. 116E O7 Q117 Q% ¢, O, 104E O O, 204L 11
4,00 Q. 116E QL Q. L33E G7 Q. 12%E 0% O, GO, 138E O3 Q,304E 11

Q0,00 O, ZLZE-QI~Q . Z17E OS5 O, 4324E 04 O, JHE Q3 0 2iE 1§
AL2.00 O, :

L4, 00
lomls o OO
LG, OO0
Lla ), OO

S3 0, 2128 1)

ZE-QI=0, 1738 0% O, 430 G4 O,
O.Z1ZE 11

4E-QZ=0, 1Z3E 0% QL. 425E 04 O,

7RE-Qz~=0, 100E 0% O.422E 04 ¢, : Q. 2122 1
QE-QZ=0,717E 04 Q,41VE Q4 O, G ™¥QE O 0. 21ZE 113
QLE=Q2=Q ATLE 04 0. 414E Q4 ©, CG.IOE O 0, Z12E 11
.2;4E~H 10 ZO4E Q4 Q. 414E 04 O, G w20E O O . Z12E 13
FOOE-QI-0, 167E 04 Q. 4132E Q4 O, Q. 220E 02 O, 21ZE 11
E7EE=QZ=0,73¢E O O.411E 04 O, Qe wo0E OZ O, 2128 {1

o

H.h-nE—ﬂ-—n 190E 02 O0,.411E 44 0O, O, %0E O O, Z12E 11
Ta&d, 00 Q. ZI4E-02 O, O.411E Q4 O, DLUVOE O O,L1ZE 11
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CUTFUT VERIFICATION
0., 1 20E-01 IN-LEZ

THE MAXIMUM MOMENT IMBALANCE FOR ANY ELEMENT
-0, 167E-02 LES

THE MAX. LATERAL FORCE IMBALANCE FOR ANY ELEMENT

non

Q. 150008 0% LB
. IN-L B
-, § 27 IZE-O1

COMPUTED LATERAL FORCE AT FILE HEAD
COMPUTED MOMENT AT FILE HEAD
COMPUTED SULOFE AT FILE HEAD

-0, 44ZE-02 IN-LE=

=0, J2ZE-02 LB

THE OVERALL MOMENT IMBALANCE
THE CVERALL LATERAL FORCE IMBALANCE

o

LUTRUT SUMMARY

0. 226E 01 IN

0, 177E 07 IN-LEZ
0.227E O% LEBI/IN#xD
G164 O LERT

FILE HEAD DEFLECTION
MAXIMUM BENDING MOMENT
MAXIMUM TOTAL STRESS
MAXTIMUM ZHEAR FORCE

[T ]



2 ' LI LS B veosy 860588~ 86L22 B5Eyy BOSELI- gpspa-
NI ‘NOTL133143¢ GeooLLY @ 60e0LLT- 2EINL ST *IuNssINg
HI~S8T °InN3uow
€ *OM 3599 quoq
‘08§t

35339 -39 A8 vesuon

———
ﬁeeb
- 899
0
el
@
-
of 44
4~
B
o
k4
.
Q
o
- 8k2 @
9
v
o
1_
FOYT
z
- @

‘084 “Wwod 4o NOTLwiN3IUNI0g HOus ¥ “oud -u3
Ilillllll&llllll:;lf!lollt)liflillifllll!l!l!tlllllll!lérIlrlI9!!!l!IElll!IfI!Itiitll!lt!ltlllfl}t!lllllil!!ll!fli!iil{lll!l!llilil




(Load Case 4)

NO, OF ITERATIONT = o,
MAXIMUM DEFLECTION ERROR = O, =12E-Q3

FILE LOADING CONDITION
LATERAL LOAD AT FILE HEALD

AFFLIED MOMENT AT FILE HEAD

AXIAL LOAD

X LEFLEC

IN IN

FRERFEHE FEFEFELER

Q. O, 454E
12.00 Q,427E

24, Q0
2l OO
42, 00
L0, 00
72,00
24,00 Q,2535E

ozl O QO s

AL82, 00

LT Q0
LS4, 00 O,
GRE QOO

e OO0

0, 7z

Q1

ZE=-0Z2-0,2%4E
Q. LPSE-0Z-0, 157K
Q.714E-02=0, 1
O, 723E~-02~-0.3324E
TEOE=-02~-0, 470
O 722E=~Q02=~0, 209K

E-Qo=-0,522

AT

MOMENT

LEZ~IN
FHREREEREE
0,

Q. 270E Q4
3 Qb
Q. ZOYE Q&4

Q7
Q7
07
Q7

0. 10O2E
0. 125E
Q. i&1E
Q. 1ESE

0%
0%
O
04
04
Q4

e

SO0OE

ey

Z0,00 O, 732E~02 O,

FILE HEARLD

TOTAL
STRESE=
LEZ/IN®&Z

EREEREEER ERPEREEEE

0. 272E 04

0. 424 04
O, LY0OE Q4
Q.2vEE Q4
Q. 1I0E QS
O, 12LE O
Q. ITLE O
O, 16%E 05

04
(14
4
04
04
04
04
04

O, 422E.
O.431E
O, 425E
Q. 4Z0E
0. 4146E
0. 41ZE
0. 411E
0. 411E

c27

IN

O,
[N

‘e

O,
O,
Q.
0.
0.
.
Q.
Q.

[

0,

DIZTR.
LA
LES/IN

0, 200

O

LEES
LES—-IN

O, 100E

(R

LB

ST
MODIL LN
LES/IN®s
PR EEERERN
e
0,
e
Q.
Q.
Q. Z24E Q2
Q. 2%E 02

Q. 469E QZF

O, wwOE (X
O, FROE
Q. 7208 QF
Q. VO QX
O, 9v0OE 02
O, 20E QX
SOE O

QL FROE OZ

O, 212E
Q. 212E
0.1 ZE
0. 21ZE
0. 212k
Q. Z1ZE
Q. Z12E
0. 212k

LEXLIRAL
RIGIDITY
LES-IN=&T
P EEREEe
Q. 204E 1
O, 204E 11
D, TN4E 11
11
14
11
11
11

13
i1
11
11
11
11
11
i1



GUTFLUT VERIFICATION

THE MAXIMUM MOMENT IMBALANCE FOR ANY ELEMENT
LATERAL FORCE IMBALANCE FOR aNY ELEMENT

SIFE-01 IN-LBZ

~0.

e DELE~QZ LEE

0non

THE MAX.,
COMPUTED LATERAL FORCE AT FILE HEAD = O, ZOOO0E 0% KRS
COMPUTED MOMENT AT FILE HERL = Q, IN-LEZ
= -0, J4RIVE-OL

COMPUTED SLOPE AT FILE HEAD
THE OVERALL MOMENT IMEALANCE = Q.S4LE-OZ IN~LEBX
THE COWVERALL LATERAL FORCE IMBALANCE = ~0, 42QE-Q2 LEBS

CUTRUT =SUMMARY

0. 4%4E Q1 IN

LE Q7 IN-LEZ

E 0% LBS/IN#sZ
SE 0% LEE

FILE HEAD DEFLECTION
MAXIMUM BENDING MOMENT
MAXIMUM TOTAL STRESS
MAXIMUIM SHEAR FORCE

oo og
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EX. FRC, 1 FROM DOCUMENTATION OF COM. FRIO, COMEZE Ry L.C. REEZE, 1+

T UMM ARY TAERLE

RERFBHFHFH PRI TR PER SR L 2L

LATERAL BOUNDARY AXIAL Max, MAX.
LOAD CONDIITION LOAD YT =T MIOMENT TTRECS
(LB BOZ CLES) (IN) (IN/ZIN) CIN=-LE) LES/IN#s2)}

Q. S0O0E Q4 G, O 100E Qb6 O 452E QO~0, 21T7E~-02 O, 47SE Qb O, 2Z1E 4
O, JO0E 0% O Qe 100E Q4 O, JTI8E QL1=0, 749E=02 O, 103 Q7 0. 144E OS
Q. 1S0E Q% O, D IQQE Q4 Q,226E QL-=-0, 137E~-Q1 Q31778 OF O.027E O
Qe Z00E QS Q. G LOOE Q4 0, 4S46E O1=0, Z43E~-01 0,206 OF 0,353 0%
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Example problem 2
8. A free-head pile with no applied moment and a lateral load of

10,000 1b will be analyzed. An axial load of 100,000 1b will be applied at
the pile head. p-y curves will be generated internally using the soft clay

criteria for the soft clay, sand criteria for the sand, and unified clay

criteria for the medium clay (A = 1.0 and F = 0.7 for the unified criteria).

Qutput will include points on the p-y

Loading will be assumed to be cyclic.
150, 200, 250, 300, and 500 in.

curves at x coordinates of 60, 80, 100,
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1o TITLE
S0 EX. FRO,
ZOOLUNITE
40 ENGL

SO FILE 120 2 7z0
OO 14 1047

700180 16 732
SOOnDIL oo

POl 1 a0 240 30

100 2 4 240 2460 5
110 3 & 360 800 100
120 ZTRENGTH 4

130 £0 2.5 O ,02

.
140 2480 2.% 0, 02

150 240 0 30 ,0%
1460 Za] S T o el

174 26 QO L0L
1ag = [A TS ]
190 WEIGHT &
200 A0
210 240

Z20

O

-
o U

PRI

240 . Q26
ST0 OO0, 0246

ZHO CITRPUT 102 1 &
270 A0 EBG 100 150
2RO BOUNDARY 1 g
201 10000 O 1,.ES
SO0 CYDLIC O O
210 CONTROL 100
S20 END

SO0 24

ZOO 200

2 FROM DOGCUMENTATION OF CoM,

1.0 .7

200 500
(Boundary Condition at Pile Head - KBC,NRUN)
(KOPSUB(I),PTSUB(I),BC2SUB(I),PXSUB(I), Where I =

FRO. COMEZA BY L.C. REESE, 175
(Pile Properties - NI,NDIAM,LENGTH,EPILE,XGS)

(XDIAM(I) ,DIAM(I) ,MINERT(I)
Where I = 1,NDIAM

(Soil Description - NL)
LAYER(I),KSOIL)I),XTOP)I),XBOT(I),K(I}, (AE(I),FR(I))

Where T = 1,NL
(Soil Strength Profile - NSTR)
XSTR(I),C1(I),PHII(I),EE50(I)

Where I = 1,NSTR

(Unit Weight Profile - NGI)
XG1(I),CaM1(I)
Where I=1,NGI

(Output Control - KOUTPT,INC,KPYOP,NNSUB)
(XNSUB(I) .... XNSUB(NNSUB)

1,NRUN) |

(Cyclic Load Indicator - KCYCL,RCYCL)
(Program Control - MAXIT,YTOL,EXDEFL)

€32



cianut kcho)
LNIT DATA

E R SR

STEM OF

T 14

LUNIT:E

2y
{ CHAR. )

(I

s#eer PILE DATA

CREMENTZ
- IVIDED

N I
FILE I

120

DIAMETER
OF FILE
Q. 1460E Q2
Qe LEOE Q2

TOF OF
SEGMENT
(&

D, 1Z0E Oz

#eees ZOIL DATA.

MUMEER OF LAYERS

CURVE
COnE

F=Y
CIONTROL

LAYER
NUMBER

DR (SIS

Do

searsd UNIT WEIGHT DATA.

FOINTS FOR FLOT
UNIT WEIGHT
LEFPTH

&

N,
LF EFF.
Vi

DEFTIH BELCGW TOF
TO P INT

DL A00E O
O, Z40E OZ
O, 240E QX

N
WITH DIFFERENT
CHARACTERIZTICE

Oy &
G, 240E O
Q. 2O O

Hde &St i

TREHE

EEGMENTZ

-

MOMENT OF
INERTIA
O, 105 Q4
O, 7I22E O

AR

TOF OF

LAYER
QOE Oz
8]
)

EFFECTIVE
LNIT WEIGHT

O 2onE-01
O, D 20E~-O1

BOTTOM
oF LAYER
O, 240K
O
L SQO0E

FEREEHR

LENGTH  MODULUSES OF DEFTH

oF ELASTICITY
FILE

Q0. 7208 OF 2P0

g

O [Eea O, HO0E

8 e 5

CROzS-SEDT,
AREA
Q. FSYE 02

O, 243F O

FACTOR  F

”Q”

sl
CONET,

INITIAL
ML T

iz O, 200 OZ [N s
O3 O, 250 o e Gy
[N O, 100E O GO, 1O0E L O,
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O, DeasfE 02 O, Z20E-0t
Y, ZAOE O3 O, ‘_/_‘(_)L 1]
~HHE (] O, ZEQE~-01

Zaeues FROFILE [RATA. #etse

NO, FPOINTE FOR

STRENGTH FARAMETERS
V. DEFTH

S

DEFTH BELOW LINDRAINED SHEAR

TOF OF FILE STRENGTH OF oIl

QO &O0E O 0. ZTOE Of
e S40E O3 G, Z50E Of
U,~4UE (R Oy

3 0.

O Q. 700E O

)] Q. 7008 O3

wEPEE (F=Y OOTA, #axes

N, F
F=Y TURVES
[#]

gaerr DLTRUT DATA, sxsuxs

ANGLE OF INTERNAL SZTRAIN AT S0%
FRICTION IN RADIANE STREZS LEVEL

O, D, FOOE=(1
Q, Q. 200E-01

S248E OO0 O, ZOOE -]
-.\_4E Qo Qo 20QE=014
0. Qo 1QQE=Q1
O, O, 1O0E -1

DATA CUITRUT =Y NGO DEFTHS T
CHITFUT INCREMENT FRINTOUT FRINT FOR
COnE CODE CoOnE =Y (CURVES
i = i &

LDEFTH FOR
FRINTING
FeY CLURVES
H,LUUE Qz
Ve ZQOE O
Q,lQQE ax
SOE O32
0,200[ (R
O, Z50E O3
Gy, ZOO0OE Q?
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vy
0

prebiem 3

A fixed-head pile will be analvzed under a lateral load of 10,000 1>

-xampl

9.
and an axial load of 100,000 1b.
using the soft clav criteria for both clay lavers and sand criteria for the
x = 500 in.

p=y curves will be generated internally

sand layer. A p-y curve will be output at
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Example problem 4
6 . . ,
=12 107 in.-lb will

load of 100,000 1b.

10. A pile with a rotational restraint of HS/SL
be analvzed under a lateral load of 10,000 ib and an axial
p-y curves will be generated internally using soft clay criteria for the soft
clay, sand criteria for sand, and the criteria for stiff clay below the water

table for the medium clay. Coordinates of a p-y curve at x = 500 in. will be

output.
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(Program Control - MAXIT,YTOL,EXDEFL)

(Soil Strength Profile = NSTR)

140 BOUN 2 1

10 1 10000 1.E4 1LES
160 CONTROL 100 ,Q01 24
170 STRENGTH &

{0 &0 g

(XSTR(I),Ci(I),PHII(I),EES0(T)

where I = 1,NSTR

(Unit Weight Profile - NGI)

LO L QF
240
L4¢
TS
D EAG Q4
OO B00 L0246

10 CYCOLIC O o (Cvelic Load Indieator - KCYCL,RCYCL)
Z20 END

XG1(I),GAM1(I)
where I = 1,NGI
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NUMBER  CONTROL CODE LAYER OF LAYER  MODHILT CONET, A nEw
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DEPTH RBELCW TOF EFFECTIVE
T POINT UNTT WEIGHT

U LHOQE Q2 O, 200E~-O1

O, 240E QX O, 2O0E-O]

0. Z40F OF O, Z20E-0]
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N, POINTS FOR
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DEFTH BELOW
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#ruxs F-Y DATA.

NOL OF
F~-Y CURVEZ

0

sseaes OUTHRUT DATA.

CIITFUT
OUTFUT INCREMENT
LoD CODE
i 20

DATA

DEPTH FOR
FRINTING
F-Y CURVES

Q. 5008 O

weeue FILE HEAD

N, OF

OF

BOUNDARY
CONLITTION
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1

(ROUNDERY

&3 R H ¥

LSRR AR T

N, DERTHS TO
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1 i
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CRATA., Prere

SET:
BoonDinkRy
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[ 93]
O
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O 100E=01
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FILE HEAQD LATERAL LOALD AT VALLUE OF ZECOND
FRINTOUT CODE TOF OF FILE BOUNDARY CONDITION
i Q. 100E 0% 0, 1008 07

seeds CYCLIC ATA., w###é

CYCLICCD) NG CYCLES
R ZTATIC(1) OF LIADING
LOADIING
%] Q. 10Q0E O

#exst FPROGRAM CONTROL DATA. #»wses

MAX. NO. OF TOLERENCE ON FILE HEAD DEFLECTION
ITERATIONE ST ION FLAG(STOPT RUN)
ICONVERIGENCE
100 Q. 100E-O2 Qe 240E Oz

seped LOAD DATA, #sexx

BOUNDIARY NG, POINTS FOR
SET NG, DISTRIB, LATERAL
LOAD VI, DEFTH

{ 0
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DENERATED F~Y LURVESL

THE NUMBER OF CURVES

THE

DiaM
IN
14,000

DEFPTH
IN

440, Q0 8]

QA= AT =0, 320

=0, A0

NUMBER OF POINTI ON EACH CURVE

LB

i

o CAVEG
/A INwsZ
. 7E ©1 Q. 4E Q1
Ys IN
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Q020

O, O3

Q. QS
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C. 11
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0157
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G 197
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Col
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STRESS LOAD MODULUS  RIGIDITY
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[IURIESURE BRI & S SR 4 SN
. TN Dttt M T IMEALGNLE EDR ANY ELEMENT = O, J0OAE -0 IN~LES
R, L ThwAe VORCE TMEALANCE FulR ANY ELEMENT = =0, 1ASE-OL LR
cabe iUl LeTUmRL FORCE AT FLILE HEAD = QL 1O000E O LES
COREUTED ROTATIONAL 2TIFFNESS AT FILE MEAD = 0 LOQOQE 07 IN-LE
= =0, ZE7I0E-QL

VOMEPLTLD LLE AT FILE HEAD

THE OVERSLL MOMENT IMEBALANCE =
O UVERALL LATERAL FORCE IMEALANCE =
SUTEUT SUMMARY
Il HERD DEFLECTION = O, 13%E 01 IN
MAXIMUM BENDING MOMENT = O, 115E a7 IN~LEE
MAXIMUM TO AL =TRELE = O, 140E O% LEBI/INw®=D
THEAR FORCE = O, 10%F O% LB

MAX IrMLmM

EX. FRO. 4 FROM DOCUMENTATION OF COM. FRO. COMEZ4 BY L,o, REESE. 19
::(:)a
STUMMARY T&EkBLE
FEEER IR R R LR R SRR FER BSOS
LATERAL BOUNDARY  AxIal MAX. MAX .
LOAD CONDITION  LOAD YT 8T MOMENT STRESS
(LES) BC2 (LEE) (IN) (INZIN)  (IN-LES) (LES/IN¥=2)
o lipE+ie L 1ISE40] = BI7E-@Z L 11SEefl7 . 161E+ES

LOBEHES | LOEE+®7
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APPENDIX It ADDITIONAL EXAMPLE PROBLEMS

Example 1

1. This example is provided to illustrate program sequence and also for

comparison to the problem analyzed earlier by nondimensional methods in Ap-

pendix A. Pile properties and soil description are shown in Figure DI1.

Prompts, data and output echoes, and graphics are presented as they would ap-

pear at the user's terminal. Input is from a data file, and p-y curves will
be generated for verification at x coordinates of 0, 16, 32, 48, 80, 128, 154,

240, 480, and 720 in.

D1



DEPTH, 1N,

{ a1, =-627.130 in.-18

P, = 32.000L8
Kty
’ 7 17
327
/ I
"""‘“;’-Ch
w —7-2-8;;—-&-#-
| &) / 124 ne—-L
Q.
S H
200 b= 7 // 24078 | !
o L / L =720 IN.
200 " E=29x 105 PSI
4 = 1082.76 IN.?
8 / ! D=16IN.
iTe]
H
400‘L © %
4807 4
500 j= /
Se
e}
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[ /
600 }= S ///
171 /////
° ] 720" ¢

800 L

Figure DI. Pile and solil properties

22



10 TITLE

COMEARICON SOl UTION FOR EXAMEBLE SOULVED BY NON-DIMENTIONAL METHID

20
IOOUNITS
40 ENGL

1 (Pile Properties - NI,NDIAM,LENGTH,EPILE,XGS)

SO OFILE 7201 720 v Es
(XDIAM(I),DIAM(I),MINERT(I), Where I=1,NDIAM)

HOQ 1A 1Q22, 79
7O SOOIl (Soil Description - NL)

OO L O 720 25 (LAYER(I),KSOIL(I),XTOP(I),XBOT(I),K(I) Where I = 1,NL)
O WEIGHT X (Unit Weight Profile - NGI)

100 O 0174 (XG1(I),GAMI(I)

110 720 ,0174 Where I = 1,NGI

120 STREMNGTH 2 (Soil Strength Profile ~ NSTR)

120 @ 2,472 O .01 XSTR(I),C1(I),PHI1(I),EE50(T)

140 720 2.472 ¢ .04 Where I = 1,NSTR

1S90 GUTRUT § 2 1 10 {Output Control - KOUTPT,INC,KPYOP,NNSUB)

140 0O 14 22 4% 50 128 154 240 400 720 (XNSUB(I) ... XNSUB(NNSUB)

170 BOUN 1§ {Boundarv Conditions at Pile Head - KBC,NRUN)

1 32000 ~227150 O (KOPSUB(I),PTSUB(I),BC2SUB(I),PXSUB(I), Where I = 1,NRUN)
(Cvelic Load Indicator - KCYCL,RCYCL)

(Program Control - MAXIT,YTOL,EXDEFL)

130
190 CYCLIC O QO
200 CTONTROL 100 001 40
2160 END
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ENTER ANOTHER NEME~
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LaYer CiE LAYER [ D) (LT O U] e e
OLTIOE D b, ROR 0l 0,
HATA, #+&sw
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LINTIT WEIGHT
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Q. 720 O O, 174E-01
sreer PROFILE DATA. w#sws
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Yo, DEFTH
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Qe 720E O
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WILL CHATPUT 0 TO THE TERMINALS
ENTER Ty Fy R B
=R

ENTER NAME FOR OUTFUT FILE
=0UTEX

FILE R RBOTH™
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(P-Y curves generated for verification)

GENERATED FP-Y CURVES
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17
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Lxample ¢

2. This example is taken from the example design of a single-pile

dolphin at Columbia Lock and Dam on the Quachita River presented earlier in
The analysis presented here is for one particular load case for a

Appendix B.
Pile properties and soil stratifi-

single-pile dolphin as shown in Figure D2.

cation are shown in Figure D3.

EL 78.0 -~ /4" TOP £ (Tve)
10 YEAR ¢ ‘tﬁ
EL7200 = & ] 5
=

! 3 SPACES AT 5.0
Y=
% &

= ;.0‘

NORMAL POOL Q%

EL 43.0 e A8 DIAM. 1/ 347 THICK WALL

MUD LINE
L 40.0

DESIGN MUD LINE
EL 30.0

= 48 DIAM, W/ 1-1/27 THICK WALL

t
{
EL ~4.0 ;

== 48" DIAM, W/ 34" THICK WALL

£L =300 j

Figure D2. Example design problem;
single-pile mooring dolphin




EL 78.0

N e PO P ke ‘ DEPTH  MATERIAL DESIGN
eLrzol : SiLT PARAMETERS
P A "L C = 400 PSF
LOW LEVEL FORCE P G eonT N v = 115 PCF
o | 210 K1PS S1 = 1285 IN, tap = 0.02
EL §5.0 g
EL 43.0 ¢ 070 1%
MUD LINE .
£EL 40.0 i
DESIGN MUD LINE | D.M.L.
EL 3200 |
48" DIAM, (1-1/2° WALL!
I, = 59287 IN 4
S, = 2470 IN.3
|  SAND > = 30°
EL -4.0 ¢ >15 (SM-SP) ¥ = 120 PCF
b Ko = 0.4
438" DIAM, (3/4” WALL! K=40PCI
13= 31077 IN4
S3 = 1295 IN,3
EL -30.0 ¢
LOADING

Figure D3. Pile and soil properties: single-pile mooring dolphin
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1240 0 30 .01

TITLE

COLUMBIA LOCK & DAM - SINGLE PILE DOLPHIN

UNITS

ENGL

PILE 100 3 1236 29.E6 516 (PILE PROPERTIES-NI,NDIAM,LENGTH,EPILE,XGS)
26384§1g;;s7 } XDIAN(I),DIAM(I) ,MINERT(I)

where I=1,NDIAM

924 48 31077
SOIL 2 (SOIL DESCRIPTION-NL)

11516 696 25 (LAYER(I),KSOIL(I),XTOP(I),XBOT(I),K(1)
2 4 696 1240 40 where I=1,NL)

WEIGHT 4 (UNIT WEIGHT PROFILE-NGI)

516 .0304

696 .0304 \ -

696 .0333 (XG1(1),6AM1(I) where I=1,NGI)
1240 .0333

STRENGTH 4 (SOIL STRENGTH PROFILE-NSTR

516 2.778 0 .02
696 2.778 0 .02 T (T , =1, NSTR
cot 0 50 o1 ~g——— (XSTR(I).C1(I), PHI1(I),EE50(I) where I=1,NSTR)

OUTPUT 1 21 10 (OUTPUT CONTROL-KOUTPT,INC,KPYOP,NNSUB)
516 540 564 588 612 636 695 708 1116 1236 (XNSUB(I)....XNSUB(NNSUB))
(BOUNDARY CONDITION AT PILEHEAD-KBC,NRUN)

BOUN 1 1

1 134000 0 O (KOPSUB(I),PTSUB(I),BC2SUB(I),PXSUB(I),
where I=1,NRUN}

CYCLIC 0 ¢ (CYCLIC LOAD INDICATOR-KCYCL,RCYCL)

CONTROL 100 .001 100 (PROGRAM CONTROL-MAXIT,YTOL,EXDEFL)

END
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(Input Echo for Mooring Dolphin Analvsis)
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setes PILE HEAD (BOUNDASRY)
BOUINDARY NC, OF 2ETS
CONDITION OF BOUNDARY
CanE CONDITIONS
b 1

FILE HEARD
FRINTOIT CODE

LATERAL LOAD AT
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(P-Y curves for Mooring Dolphin Analysis)
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40,43 O, 272E OO0
e =0 O 1L0E QO

0. LS7E-01

0.2
[ I
0.
G, LT

0.V

f:) e
[N
0.

; : 0, 4428
BV D=0, LSLE-OL 0,27 1E 0% 0. Qe
Fed Q=0 VI4E~01 0O, ZT1E QO Q.
e S0=0, 114E OO O Z01E O O, 1S5E 0% O, 0.
2L S2=0. 1IS5E QO Q. 1Z4E 02 Q, {04E O O, .l
The=(3, TOTE OO O, S12E .

V=0, WIIE~-O] 0. 4278

GL.Y0OLE

OLTOLE

.
1057, 650, TEAE-OL O, 142E O, 0. POLE
112,400, S2ZE-Q1 0. 294E 0. 0. TOLE

1127, 12=0,40%0-Q1-0,7035E G, FOLE

1141.34=0, Z25E-01~0. 21 2E K GLVOLE
1186, 56-0, 4S2E-Q2-0, ST2E o GO0 E
321,08 Q. wubE-Ql—0, ST4E 04 O, 1T0E O O, O mQlE

1256, 00 O, HEZE-01 O, 0, O, G VOLE

DUTFUT VERIFICATION

THE MAXIMUM MOMENT IMEALANCE FUR ANY ELEMENT = Q.70 00 1
THE MAX. LATERAL FORCE IMBALANCE FOR ANY ELEMENT = -0.S47E-01 L
COMPUTED LATERAL FORCE AT FILE HEAD . 13400E 046 LEZ
COMPUTED MOMENT AT FILE HEAD
COMFUTED SLOFE AT FILE HEAD

[

il

-0, ZDLELE-OL

THE CVERALL MOMENT IMBALANCE = =0, WIIE OO0 IN-LBE

THE OQVERGLL LATERAL FORCE IMBALANCE -0, 11IE-04 LET

i

CATRUT SUMMARY

OL1vYE Q2 IN

FILE HEAL DEFLECTION =

MAX IMUM BENDUIING MOMENT = O,294E OF IN-LEI
MAXIMUM TOTAL STREDD = O,Z71E 0T LEL/INs+Z
MAX IMLUM SHEAR FORCE = O, 134 O4 LERE
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TIUUMMARY TARLE
R T I LT

PMAaX. MAX.
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{(INZINY  (IN=LES) (LES/INesxl)

LATERAL BOUNDARY AXIAL
LORL CONDITION LOAD

(LES) BCZ2 (B3 CIN}
(4, 1T4E Q& 0, (AN QoLP9E Q2~0.2S7E-01 G, &P4E QO3 0. I7IE T
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Example J

The pile shown in Figure D4 will be analyzed under various loads and

The soil profile used is shown in Figure D5.

3.
pile head boundary conditions.

Four variations will be analyzed in a single run.

Free-head pile: p=-y curves by
soft clay criteria, Example 3a

4. The pile is treated as a free-head pile with an applied momeat of
Lateral loads of 25,000, 30,000, and 35,000 1b, along with an
p-y curves will be generated in-

300,000 in.-1b.
axial load of 15,000 1b, will be analyzed.
ternally using the soft clay criteria and cyclic loading. The strain at

50 percent of the maximum deviator stress is assumed to be a constant 0.02 to
a depth of 336 in. and to decrease linearly to 0.01 st a depth of 1176 in.

Free-head pile: p-y curves
by unified criteria, Example 3b

5. This problem is identical with Example 3z except that the p-y curves

will be generated by the unified criteria with cyclic loading, and a lateral

load of 25,000 1b will be analyzed. Values of A =2,5, F=1.0, and

k = 116 pci are assumed. Output will include points on the p-v curves at

% coordinates of 96, 120, 144, 192, 240, 336, 576, and 960 in.

Fixed-head pile: pe=y curves
by unified criteria, Example 3c

6. This problem is identical with Example 3b for unified criteria ex=
A p=y curve will be output

cept that the pile head is fixed against rotation.
at a depth of x = 576 in. for verification.
Rotational restraint at pile

head of 1.5 X 106 in.-1b, Example 3d
This problem is identical with Example 3b for unified criteria ex-

7.
cept that the boundary condition at the pile head will be one of rotational re-

straint with Mc/st = 1.5 % 106 in.-1b. A p-y curve will be output at a depth

of x = 576 in. for verification.

Comparison of
Examples 3a, 3b, 3¢, and 3d

8. Comparisons between soil

resistance, moment, and deflection for ex-

amples 3a, 3L, 3¢, and 3d for a lateral load of 25,000 lb are shown in Fig-

ure D6.
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P, = 15,000 LB

X e % - 96

DIAM, = 24"
> | =5675.7 IN.4

x = 830"

DIAM. = 24*
| = 34258 IN4

x = 960"

Figure D4. Pile properties for
example problems
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o Tk

20 FREE HEALDN FILE ~ F-y CORVE:S EBY Z0FT DLAY il TERIA {
20OUNI TR

O ENGL

S0 FILE we 2 o9s0 9 E4 94 (Pile properties - NI NDIAM,LENGTH,EPILE,XGS)

GO G 24 S47S.7  (XDIAM(I),DIAM(I),MINERT(I)
70 530 24 475,55 UWhere I = 1,NDIAM
SO OS0IL 1 (Scil Description - SL)

P01 1 W6 1174 114 (LAYER(I) ,KSOIL(I),XTOP(I),XBOT(I).K(I) where I = 1,NL)
160 WEIGHT 4 (Unit Weight Profile - NGI)

131¢Q w4 (QO1Sw
120 326 01597
1530 336 L0246 XG1(1), GAM1(I)

140 Ry T Where I = 1,NGI

180 00 Q304

160 1176 Q204

170 ‘11asnu,7p+ % {Soil Strength Profile - NSTR)

120 Th L. IEY Q.0 .02 XSTR(I),CL(I),PHIL(I),EE50(D)
IWG IEA 1, O, L0 Where I = 1,NSTR

SO0 13174 AL250 0.0 08

(Boundary Condition at Pile Head ~ KBC,NRUN)

210 BOUNDARY §0Z

IOy IS.EX ZLES 1.5E4  KOPSUB(I),PTSUB(I),BCISUB(I),PXSUB(I)
B0 1 ZOLET OZLES 1.SE4 Where I = 1,NRUN

240 1 ;-.&’ Z.ES 1.9E4

IEGOCYCLIC O (Cvclic Load Indicater -~ KCYCL,RCYCL)
(Output Contrel -~ KOUTPT, INC,KPYOP, NNSUB)

CUTRUT 2 . 02

Ta L0 1AL mE 40 e 574 wen (KNSUB(I) ... XNSUB(NNSUB))

CONTROL 1G0 Lo

ENLD

TITLE

FREE HEALDL - ILE = F=Y CURVES BY UNIFIED CRITERI&

SUIL 1 o . (So0il Description ~ NL)

1 & 94 117, 114 Z.% 1.0 (LAYER(I),KSOIL(I),XTOP(I),XBOT(I),K(I) Where I=1,NL)

BOUNDARY &t (Boundary Condition at Pile Head = KBC,NRUN)

<SE4 (KOPSUB(I),PTSUB(I),RBC2SUB(I),PXSUB(I} where I=]1,NRUN)
L (Output Control - KOUTPT, INC,KPYOP,NNSUB)

240 B3¢ ©7& P50 (XNSUB(I), ... XNSUB(NNSUB))

a1 a0 (Program Control ~ MAXIT,YTOL,EXDEFL)

I 25.EZ T.E%

CUTRUT 1 2
ThOLZO 144 T

ENMD

290 TITLE
400 FIXED HEAD 2 ILE - FP-Y CURVEER BY LUNIFIED CRITERIG

-
[RUNU VR S

41Q BOUNDARY =2 1 (Boundary Condition at Pile Head - KBC,NRUN)
420 1 25.E3 0.0 1.5E4 (KOPSUB(I),PTSUB(I),BC2SUB(I),PXSUB(I) Where I=1,NRUN)
430 OUTHFUT 1 21 8 (output Control - KOUTPT, INC,KPYOP,NNSUR)
440 74 (XNSUB(I) ... XNSUB(NNSUB))
T EMD
460 TITLE
X S E4 IN-LBE

470 ROTATIONeL RESTROINT AT FILE HEAD oOF 1,
A0 BOUNDARY 2 1 (Boundarv Condition at Pile Head - KBC,NRUN)
A4%Q 1 Z5.EZ 1.5E4 1. SE4 (KOPSUB(IL),PTSUB(I),BC2SUB(I) ,PXSUB(I) Where I-1,NRUN)

SO0 END
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(Input Echo for Problem | - Free head pile - P-Y curves by Soft Clay Criteria)

#wgee LINIT UATAR., ##xuw

TYSTEM OF UNITE
(LI T 14 CHARL. )
ENGL

e PILE DATA., +#ux+es

NC, INCREMENTS N, SEGSGMENTES LENGTH  MODULUES OF LEFTH

FILE IS DIVILDED WITH DIIFFERENT oF ELASTICITY
CHARACTERIZTICT FILE

b Oy DEOE O O, 29%0E O e OFE OO0

RIS
= <

TioF OF DIAMETER FUIMENT OF CROSZ-2ECT
SEOMENT F PILE INERTIA AREA

[N 0. 2408 O O, SACE 04 Q728 OZ

G 220E 0X Q. Z40F O Q. ZEZE 04 QO 5L04E OZ

s s TIIL DATAE.,  #xexs

MNUMBER OF LAYERS
1

LAYER F=Y CURVE TOF OF BOTTOM INITIAL =01l FAOTOR  FAUTOR
NUMBER  CONTROL CODE LAYER OF LAYER MODULT CONST. ThA hE
1 1 O.PEOE OZ OU113E 04 O.114E OF Q. Q.

wesde LINIT WEIGHT DATA, »wsxs

N FOINTS FOR PLOT
OF EFF. UNIT WEIGHT
VI, DEFTH
&

DEPTH RELOW TOF EFF
[ FOINT LN

DL TAEQE Q2 0Ll

0 B0 0.

RN RN (RIS

O, DO0E us [

0, OO OF [N




e L 12E 4 U, ZOdE~O1]

seeite PROFILE DATA., wowee

MO, POINTS FOR
ZTRENGTH FARAMETERS
) Vi, DEPTH

DEFTH BELOW UNDRAINED SHEAR ANGLE OF INTERNAL STRAIN AT SOY%
ToP OF FILE STRENGTH OF S0IL FRICTION IN RADIANS STREZS LEVEL
Qo FEOE Q2 Q137 Of Q. QL ZO0E~C Y
QO I3LHE Q3 e $IUE 0} [ Q. Z2QQE=QY
G, 1LSE Q4 Q. L2EE Q1 e LG LOUE=OY

weepse P-Y [ATA, w#%xse

NG, OF
Fe=Y CURVES
O

woess COUTPUT DATA. #4ds

OATA CUTRUT F=Y NG, [DEFTHD TO
DUTFUT INCREMENT FRINTOUT FRINT FOR
CODE CIonE CODE =Y CURVES
i = i k=

DEFTH FOR
FRINTIMG
P=Y CURVES
Q. PEOE 02
D IR0E O3
O, 144E OF
QO IPZE O3
O, Z40E O
Q. 236E 02
. S74E Q%
Q. VAQE O3

#eereer PILE HEAQD (BOUNDARY) [DATA., Htsxse

FIUNTARY N, F ZETE
CONDIITION O BOUNDARY
CODE CONDIITIONS



FILE HEARLD
FRINTOUT CoDE

LATERAL LOAD AT
ToF OF FILE

i O, ZT0E 0%
1 O, BO0E O%
i O, YSOE O%
gEeeer CYOLIO DATAR, Hexan
CYCLICO) N, CYCLES

OR ETATIC(L)
LOADTIMG
Q

s HROGRAM

MAX, INO, OF
ITERATIONS

100

3% 3 3

BOUNDARY
SET N,

3

EQLINDARY
SET NG,

=
.

BOUINDARY
SET N,

%

=

ILOAD

OF LOADING

O, 100E O

TOLERENCZE ON
SO T ION
CONVERGENCE
O, 1OQE-QOZ

DATA. FEsax
NO. FPOINTZ FOR
DIZTRIE. LATERAL
LOAD VE, DEFTH
(;)

NC, FOINTZ FOR
DISTRIEB. LATERAL
LOAD V=, DEFPTH

Iy}

FOINTT FOR
LATERAL
DEFTH

N,
DISTRIE.
LAl v,

(8]

CONTROL DRTA.

FILE HERLD
FLAG(ZTOR:

VALUE OF B OND
ROUNDARY CONDITION
0, ZTO0OE Qb
G, SO0 O4
O, 200E Q6

oKt Rt

FUAND

O 400E @2

DEFLECTION

AX 1AL

N Fl
O, 1508
e 1SOE
O, 150K

(RT3

LE
0%
O

O



(P=Y Curves generated for verification - Problem 1)

CENERATEDR F-Y JUHVES

THE NUMBER OF CRRVES =
THE NUMBER OF POINTZ ON EACH CURVE = ]

b €

DEFTH DIAM c CAMMA =0
IN IN LES/INesZ LEZ/IN#*Z
<. 24, GO0 0,18 O, E=01 Qo ZOOE-0]

Y IN FaLBE/IN

e O,
e 010 10, Q0%
1, 200 21.501%
0, &0 T i
O, w00 4% 4 L
L.I00 0,004
1. 8500 S:¢Ea€
PR 18] C7 . 240
e 100 L0 2T
2. 400 A%, 001
2. 70
e 00
e ZOO
T LDD
S, L0
13, GO0 Cre 30
24, Q00 <.

DEFTH LilaM [ SAMMA ESO
IN IN LBS/ INe&D LEZ/INseX
24, 00 24,000 OLLE Ol O, 2E=01 Qo ZOOE =]

i

Ve IN S LES/IN

e Q.

Ce Q10 15, S
Qe I0C Y. &
0, EO0 4, w27
O, BO0 7. 144
1.200 Lile ™17
1. 500 &7.77%
1800 L.z
2o 100 7S EZ0
e B0 77,271
2,700 Sl 445
T OO0 e, DD
ILOEOO0 o, 14E
g.QUU SO, 74
L 00 =7.725
*5 GO0 i, 4
24, Q00 il.

Dad



LEFTH LilAM i SAMMA L0
IN IN LEZ/IN®®L LB/ INs#+D
4z, Q0 24, 000 e 1E O O, ZE~01 Qe ZOOE~0]

Y. IN FolEZ/IN
Q. (R
O.010 T 14l
Q. 200 a47.770

O, £00 &0, 127

O, OO0
1,200
1.500 Sl 4
1. 200 [

Z. 100 @133

2,400 Ve T40

2. 700 WY Dl

e

3,000 i0Z.vig
L, E00 106240
S AQ0 1Qw, sk

CEOO 75.447

hRRY
P R

o

3, 000
28,000

e
P RS

LEFTH LIam o GAMMA 50
IN IN LRSS/ IN®®2 LBRZ/ INsT
T, QO 24, 000 O.1E 01 O, ZE-0O) O, ZO0E-01

Yy IN Fa.LBZ/IN
[ [

=,
Y

O.010 20, 2z

0, = L8 OE0
Qo L0 S0, LSS
000 : T
1,200 101,57
1500 109, °

§ . SO0
2. 100
=e A00
26 700
e 1D
00
L0
L4000
OO0

(R 1% %4

BURPUN AN F
o @ o

-
)

[
(]

B o

DEFTH DAM s SAMMA £SO
IN IN LES/IN#*2  LES/IN#®3
144, 00 24,000 O.1E 01 O ZE-0L 0, Z00E-01

Yy IN FoLEL/IN
O, G
G, 010 e, 47
O, 200 S0, QY



R RTR
RININ)

00

1. S0
1

e YOO
Ze 400
e 200
2,000
e RO0
2 L00
2 L0

13t QO

24, 000

Lilam .
IN LEZ/ IN®+Z

24 OO0 GL1E Oy

DEFTH
IN
240, 00

D, 00
O 200
QL LO0

SO0
Etaly

10

26, 000

DIaM L
IN LEBL/INssZ
24, OO0 0, ZE

DEFTH
IN
420, 00

1

D46

l:vQMMA
LES/INssS
. -0y

Sy
[P ol

A MMA
LES/IN® s
O ZE=Oy

L N
PSPV I S
— by
[ SR

o

O
I

O ;;.\(_';E - ;
Foopss on
N
B0, 002

11%,
138,

0

REAR N

DL

DGO

210,170

214,

ES0
0. 171E~O3

Py LES/ZIN

d b

DOCINS SN SN

Fal sa oea

-



427, L7
452,012
422,012
472,012

DEFTH O1AM L SAMMA ESQ
IN IN LEBZ/ IN#=2 LBS/IN®s2
2E4, OO =4, 000 O, S8 0O Qe ZE=O1 O, 1 26E-0O]

Yy IN FoLBT/ZIN
Q. ,
O, OO& 103,008
Qe J 3w 240, 131
0. 277
Qo Sildn
Q. 7%4
0,74

H
. !
O IR
1 l;

o

LUBESCI P :j DOORR
LR S - B O SR R B e

O SO

o
Ll O SY I S S IP VO
o
S 1Y I

. &4
. 04

15, 02

D&a7
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FREL HEAD FILE - =Y CURVED BY -0OFT Loy CcRITERIA

LINI TS ~—ENGL
O TR OT INFORMAT I ON
2R X2 8- 222X X222 X 2030 X4 -3 F-2 - XXX F-F X

(Load Case 1 = Problem 1}

19

NC, OF ITERATIONS =
MAXIMUM DEFLECTION ERROR = Q. 647E-Q3 IN
FILE LOADING CONDITION
LATERAL LOAD AT FILE HEAD = Q,2R0E 0% LRD
AFFLIED MOIMENT AT FILE HEAD = Q. IOOE 06 LEI-IN
AX1AL LOALY AT FILE HEALD = 0, 150E 0% LEZ
X DEFLEC MOMENT TOTAL DIZTR. oIl FLEXLUIRAL
ZTRE=ZZ LAl MO LS RIGIDITY
IN IN LES~-IN LES/IN®#2 LES/IN  LES/IN#xZ LBZ-INseZ
HEFhds HFRERPFEEY SRR E BRLPEBEREYT LERTEEHELST RSN Ld FEHPELEIEEE
e O, 854E Of Q. Z00E Q6 O, 30468 O O, O, e 164%E 12
20,00 Q4258 01 O .S04E Q& O, s27E Q4 O, . G 14SE 12
4G, OO0 3 DL O IZIE ©7 0. Z94E Q4 Q. O, Q. lLSE 12
L0 OO0 ZAVE QL QU 1R1E Q7 0. 400E 04 ©, (XN 145E 12
S0, 00 “ou41€ QO Q.23ZE Q7 O .5OT7E 04 O, G, O, 1&5E 12
1O, Q0 Q. 3148 01 O, 07 0. 4148 Q4 O, O, Z2%E 02 0. 1645E {2
120,00 0.2375 D S DE Q7 Q.714E 04 Q. O, ZVIE Q2 Q. 14%E 12
140,00 Q. 261E ©1 O . Z73E 07 Q. 210E 04 Q. O, ZLEE Q2 Q. 1465E 12
320,00~u.g155—n;~u 12IE Q4 O, 9T4E O
S48, 00 2 IX=0, 111E Ok O 1T9E QA
TG, OO0 =0, 544E QS ”.1025 O
Ve LIC .,;U~E QZ=-0.141E OS5 1218 O4
FOO, 00 O, 147E-0F 0. 107E 0% ’“_415 e
VLG, 00 O, ITE-04 O, 213 0% LIOXE 07
HAQ, O0=0, 1ZRE~O% O, 472E 04 .7/E s
FEOL OO O, LITE~OY O, G.ETIE 11




CUTPUT VERIFICATION
THE MAXIMUM MOMENT IMEGLANCE FOR ANY ELEMENT = 0.26SE-01 IN-LEE
THE MAX. LATERAL FORCE IMEBALANCE FOR ANY ELEMENT = -0, 273E-02 LB

O, 290008 OF RS
HOE Q4 IN-LEES

Oy 200

EIR IS 4._—..;:5E—f:> i

COMPUTED LATERAL FORCE AT FILE HEAL
COMFUTED MOMENT AT FILE HEAD
COMPUTED SLOFE AT FPILE HEALD

—0. 1 Z34E~-01 IN-LEBEZ

-0, 7S0OE~-0T LBI

THE OVERALL MOMENT IMBALANCE
THE CQVERALL LATERAL FORCE IMBALANCE

Hof

QUTRUT SLUMMARY

Q.4%4E ©1 IN
Q.56 07 IN-LRT
Q. 12L{E QS LRI/ IN#®2

0. 2528 0% LBZ

FPILE HEAD DEFLECTION
MAXIMUM BEMDING MOMENT
MAXIMUIM TOTalL STRE=SS
MAXIMUM SHEAR FORCE

Wiououn
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(Load Case 2 = Problem 1)

NG, OF ITERATIONS = 14
MAX IMUM DEFLECTION ERROR D, EESE-03

t
i1
'..
[
m

L

FILE LOADING CONDITION

LATERAL LOAD AT FILE HEALD = ..JHHE O LES
AFFLIED MOMENT AT FILE HEAQD = O, ZQ0E 04 LBT-IN
AXIAL LOAD AT FILE HEAD = 1S0E 0% LBZ

X DEFLED MOMENT ToaTAal DIETR. SOk FLEXURAL
STRES® LA pCIDE IS RIGIDITY

IN IN LERE=IN LEBS/ IN®xZ LES/ZIN  LBS/INsSsZ LBI-IN®%Z
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ROTATIONAL REZTRAINT AT FILE HEAL OF 1.9 E& IN-LEE
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APPENDIX E:  NOTATION

Definition

Symbol Definition on Page
A Factor 35
b Width of the pile 32
Footing width 34
Pile diameter 35
c Cohesion 36
C Parameter describing the effect of repeated loading on
deformation 68
<, Average undrained shear strength 39
EI Flexural rigidity 13
ES So0il modulus 18
H Depth to the point under consideration 39
k Constant giving variation of scoil modulus with depth 33
Ka Rankine active earth pressure coefficient (minimum
coefficient of active earth pressure) 41
kh Coefficient of horizontal subgrade reaction 32
KO At-rest earth pressure coefficient 41
Esl Coefficient of vertical subgrade reaction for a 1-ft-
wide beam 32
LI Liquidity index 73
m Reduction factor to be multiplied by c, to yield the
average sliding stress between the pile and the stiff
clay 39
M Moment 13
Mi Moment at joint 1 22
ﬁt Moment at the top of the pile 25
MO/S, Rotational-restraint constant at the top of the pile 25
oY

N Number of cycles of load application



Definition

Symbo1l Definition on Pag:”
OR Overconsoclidation ratio 73
p Soil resisting pressure applied to beam (soil
resistance) 14
PI ~ Plasticity index 73
Py Lateral load at the top of the pile 25
P, Ultimate soil resistance 35
P, 8xial load 12
q Uniformly distributed vertical load on beam 13
R Variation in pile bending stiffness 21
S Slope 13
St Slope of the elastic curve at the top of the pile 25
St Sensitivity 73
v Shear 13
wL Liquid limit 73
b Depth from the ground surface 33
v Deflection at point x along the length of the pile

{pile deflection) 13
Ve Deflection under N c¢ycles of load 69
Ve Deflection under a short-term static load 69

Yso Def%ectien ugder a short-term static load at half the
ultimate resistance 6%
) Deflection of dolphin, ft B3
£ Strain 34
e Strain at half the maximum principal stress difference 35
pI Mean settlement of the foundation 3a
36

Stress



Symbol

Definition L

Average effective stress

Deviator stress

Average unit weight of the soil (submerged unit weight
if the soil is below the water table)

Average effective unit weight from the ground surface to
the p=y curve

Angle of internal friction

Nefinity

on Page
71

35

39

52

36
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