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reface

While pile foundations have been used for centuries, design procedures
remained empirical unti relatively recently. The development of offshore
resources and large-scale transportation facilives i difficult soils initiated a new
era in deep foundations requiring design methodology based on solid theoretical
knowledge.

The Geotechnical Laboratory {GL), U.S. Army Engineer Waterways
Experiment Station (WES), has for vears maintained an active role in deep
foundation research in cooperation with various universities, industry, Minerals
Management Service, Department of Interior, and other interested agencies.

To continue this worthwhile effort, as well as consolidate the knowledge
accurnulated by universities, Government agencies, and private industry, this
workshop was conducted. A major aim of the workshop was defining of
directions for further research in deep foundations. The workshop took place
during 13 to 15 July 1993 at WES, under the leadership of a steering committee
consisting of: Drs. Charles Smith, M. W. O’Neili, and L. Reese.

The workshop consisted of presented papers, contributed papers, and
discussions on development of research topics. The presented papers, visual
aids, and contributed papers are published with the permission of the authors.

This report was prepared by Messis. John M. Andersen and W. Milton
Myers, Soil Mechanics Branch, Soil and Rock Mechanics Division, GL., WES,
under the general supervision of Dr. Don Banks, Chief, Soil and Rock
Mechanics Division; and Dr. Marcuson, Director, GL, WES,

The sponsors of the workshop were jointly U.S. Department of the Interior,
Minerals Management Service, Technology Assessment and Research Branch,
and WES.

At the gme of publicaton of this report, Director of WES was Dr, Robert W,
Whalin, Commander was COL Bruce K. Howarg, BN

The contents of thig repont &fe not 0 bo used for sdveriising, peblication, or
promoticnal purposes. Chation of wade names docs pot constitute an official
endorsement of approval of te uie of sueh consorcial produdig,



Conversion Factors,
Si Units to Non-Si Units
of Measurement

S units of measurement used in the conributed papers in this report can
be converied to non-S1 units as follows:

Multiply By To Obtain

kilonswton meters 0.1448 pound-feet

kilopascals .145 pounds per square inch

megapascals 145 pounds per sguare inch

megapascals HE kilograms per square
cantmeter

meters 3.2808 1 oot

millimeters 0.3937 1 ingh




CCORPS OF ENGINEERS
MATERIALS MANAGEMENT SERVICE WORKSHOP

EFFECTS OF PILES ON SOIL PROPERTIES
13 ~ 15 July 1883
Hosted by
Geotechnical Laboratory
U.S. Army Engineer Waterways Experiment Station
Vicksburg, Mississippi
Workshop Location:

Casagrande Building {Buiiding 3396}
15t Floor Conference Room

Time - Subject Speaker

t

Tuesday, 13 July 1993

0815 - (800 Regisiration and Get Lobby, ist Floor Conference
Acguainied Room, Casagrande Bidg,
0900 - 0905 Welcome g WES Dr. Robert W. Whalin,
Director of WES
0905 - 9910 Weicome and Infroduction Dr. W F. Marcuson I
i Workshop Bnrector, GL
910 - 0920 Workshop Theme Mr. Charles Smith, Minerals
Management Service
(892G - 0930 Orientation, Activiiies, and bir. William . Myers, WES
Introductions

SESSION ONE: The Nawre of the Pile-Soil Property Problem, Mr. Charles Smith,
Moderaior

0930 - 1015 Piles in Granular Soily D, Michael W, O'Neill,
University of Houston
1% - 145 Brzak®
1045 - 1130 Piles in Granslar Sodls - Cage Dy Reed Mosgher, WES
Suudy
1130 - 1215 Piles in Cohesive Soils Dy, Lymaon Reese, University

of Texgs at Austin
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Time Subjeet Speaker
1215 - 1330 Lunch Businessman’s Lunch -
Conference Room Via Goldie's
Trail Barbeque
1330 - 1413 Piles Subjected 1o Downdrag D, Jean-Louis Briaud, Texas
A&M University
1415 - 1445 Break*
{445 - 1530 Laboratory and Model Tests Dr. Andrew J. Whitlle,
on Piles and Soil Properties Massachusetts Institute
of Technology
1530 - 1615 Kwajalein Dry Dock Dr. Mike Holloway,
Case History Insitu Tech. Inc.
1615 - 1700 Questions and Discussion All
1800 - 1900 No Host Social Hour Park Inn Interpational

Wednesday, 14 July 1993

SESSION TWO: Research Status and Case History Experiences Concerning Piles and
Soil Properties, Dr. Lymon Reese, Moderator

(800 - 0830

083G - 0850

083G - 0920

0920 - 0930

0930 - 1500

1000 - 1030

1030 - 1045

Coffee and Conversation

Current Research on
Instrumnented Piles Including
Programs at Norwegian
Ceotechnical Institute

Pile Load Test Data Base
Break*

Equipment Experiences and
Research Needs

WES Centrifuge - Uses and
Crpabilities

Hreak™®

Highway Experience and
Fesearch Neads

WES Large Scale Swress
Chamber - Uses and
Capabilities

Lunck

Dr. Andrew Whittle

. Jean-Louis Briaud

D, Don Wamingron, Yelean
fron Works; Deep Foundations '
institute 4

Mr. Richard Ledbetter, WES

Mr. Cad Baly, Federal
Highway Adminisration

D, Bichard Peterson, WES

Monzour's Restagrant®
YVig WES bus




Time Subject Speaker

1330 - 1400 Current/Projecied Research at Dr. William M. Isenhower,
University of Arizona University of Arizona

1400 - 1430 Current/Projected Research at D, Frank Townsend,
University of Florida University of Flonda

1450 - 1445 Break*

1445 - 1513 Curreni/Projected Research st Dr. Roy E. Olson, University
University of Texas of Texas at Austin

SESSION THREE: Breakout Working Sessions and Research Needs Developmeny,
Mr. William M. Myers, Moderator

1515 - 1760 Working Sessions and Research Needs Development

Group One - Research Needs for Piles in Specific or Special Types Soils
Dr, Lymon Reese, Chairman
Geotechnical Laboratory
4ih Floor Conference Room, Casagrande Building

Group Two - Laboratory and Small-Scale Test Research Needs
Dr. A, I, Whitde, Chairman
Rock Mechanics Work Room
ist Floor, Casagrande Building

Group Three - Instrumentation and Full-Scale Test Research Needs
{including equipment CONCEms)
Dr. Jean-Louis Briawd, Chairman
Geotechnical Laboratory
Main Conference Room, Casagrande Buoilding

Croup Four - Research Needs for Speciaglized Types of Piles or Uther Decp
Foundation Elementis
D, Mike Holloway, Chairman
Pavement Sysiems Divigion Conference Room
ist Floor, Casagrande Building

1800 - 1806 Social Howr WHS Cafetoria #2
1900 - 2030 Deep Foundations Catfish WES Cafeterin #2
Bash*

Thursday, 15 July 1993

SESSION BOUR: Breakout Seszion Heports and Resesrch Topic Recommeadations,
o, Pyl F. Hadala, Asst Direpwor, GL, Moderator

(R0 - B30 Coffee and Conversation
D830 - 0500 Group One - Research Needs  Dir, Beese

for Piles in Specific or
Special Types of Soils




Time

Subject

Speaker

090G - 3930

J9E0 - 1000
1000 - 10306
103G - 1100
1100 - 1200
1200

Croup Two - Laboratory and
3rmall-Scale Test Ressarch
Needs

Break®

Group Three -
{nstrumeniation and Full-
Scale Research Needs

Group Four - Research
Needs for Specialized Types
of Piles or Other Deep
Foundation Elements

Research Plan Formulation -
Open Discussion,
Suggestions; Future Planning

Adjourn

Dr. Whitile

Dr. Briand

D, Holloway

Dx, Hadals

*Please note: No registration fee will be collected for the workishop, however, a
refreshment and meal fee of $25 per auendee will be coliccied 1o cover the
cost of break refreshments, lunch on Wednesday (beef-kabab, rice, vegeable,
salad, dessert, eic.j, and the DEEP FOUNDATIONS CATFISH BASH on
Wednesday night (genuine Mississippi Dela Farm-raised Catfish with all the
trimmings, plus social hopr).
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The Workshop on the Effects of Piles on Soil Properties was held 13 - 15
July 1993 at the U.S. Ammy Engineer Walerways Experiment Station (WES).
The Workshop was sponsored by the U.S. Department of the Interior, Minerals
Management Service (MMS), and hosted by the WES Geotechnical Laboratory
(GL}. Cooperation for the conduct of the Workshop siemmed from the
continuing imerest of both MMS and WES in design and construction of deep
foundations including past joint research on certain aspects of pile design. The
Workshop was held for the purpose of ascertaining whether a need existed for
further research on the effects of piles on soil propertics. A determination was
made as o potential rescarch topics that might best be explored to determine
how soil properties are influenced by the emplacement of piles or other deep
foundation clements and how such altered soil properties can best be wken into
account during design of deep foundations. A selection of potential research
needs or [opics conceming the effects of piles (or other deep foundation
elements) on soil properties was the goal of this workshop. Such needs might
be further defined and possibly later funded by MMS, WES, or other interested
agencies.

Conduct of Workshop

The Workshop was conducted in four sessions. Session One, moderated by
Dr. Charles Smith, MMS, consisted of a series of presentations that described
and illustrated aspects of the pile-soil property problem. Session Two,
maoderated by Dr. Lymon Reese, University of Texas at Austin, consisted of
presenations that detailed present research status of the pile-soil property
probiem and introduced several case histories involving interaction of piles and
soil properties.  During Session Three, moderated by Mr. W. Milion Myers,
WES, the Workshop participants divided inio four working groups 1o develop
rescarch reeds in a2 particular area of the pile-soil property problem.

Workshop atigndess participated in one or more working groups depending
upon therr interest in the theme being addressed by the group. Severa! hours
were spent by each working group in developing potential research needs and
sefined reszarch topics in each area of inerest. Subiects addressed by the four
working groups were as follows:

Evrocuction

il
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Group One Research Needs for Piles in Specific or Special
Types of Soils
Dr. Lymon Reese, Chairman

Group Two Labworatory and Small-Scale Test Research Needs
for Piles
Dr. Andrew J. Whinde, Chairman

Group Three instrumentation and Full-Scale Research Needs
for Piles Including Equipment Concems
Dr. Jean-Louis Briaud, Chairman

Group Four Specialized Types of Piles and Other Deep
Foundation Elements
Dr, Michael Holloway, Chairman

Session Four, moderated by Dr, Paul F. Hadala, WES, consisted of
reconvening the full workshop to hear reports from the four working groups.
During Session Four, discussion of the recommendations of each working
group took place, teniative recommendations of the Workshop were
formulated, and suggestions were accepted for the conduce and thrust of future
Workshops. The agenda followed during the Workshop is included on
page vii.

Workshop Attendees

Announcemenis of the Pile Workshop were provided 1o agencies, fimms,
academic deparments, and consultants chosen jointly by MMS and WES that
had interesi in the Workshop theme. The Workshop was open to all interested
partics with only those making preseniations specifically invited, Anendees at
the Workshop represented Government research and design-cornsiruct agencies,
academia, consulting firms, and industry. A List of workshop atiendees is
given in Appendix A,

orkshop Proceedings

This report presents the resulis of the Workshop, Available wrinen copies
of presentations made 21 the Workshop {principally during Sessions One and
Two} are included in this paper. A summary of the recommendations of each
of the four working groups is provided. Conclusions and recommendatiosns of
the Workshop, together with suggestions for future wOrkshops, dre given,
Appendix B contains three papers contributed 1o the Workshop by Dr. Andrew
4. Whittle, Department of Civil and Environmental Engincering, Massachusetts
Institute of Technology, and Dr. W.F. Van lmpe, Director, Soil Mechanics
Deparmment, Ghent University, Belgium. Other materials distributed during
the Workshop are included in Appendix C.

Chapter 1 intraguction



Hesearch Needs in Deep Foundations

Michael W. O'Neill’

Chair, Subcommittee on Research Needs for Pile and Pier
Foundations, TRB Committee A2ZK03: Foundations for Bridges
and Other Structures

introduction

Deep foundations constitute the foundation system of choice for most
highway structures, While they may be used needlessly in some instances only
because of tradition, deep foundations, usually in the form of piles or drilled
shafis, are essential from an economic perspective in cases where soft,
compressible or expansive soils are found near the surface, for scour-
susceptible river crossings, where large lateral loads are applied and where
they are inherently less expensive than altemative foundations (e.g., overwater
construction and Lmited workspaces). Despite recent advances in
understanding the fundamental mechanics of pile-soil imeraction, much of
which has been advanced through the research program of the Federal
Highway Administration, and the application of this understanding to design,
the design process for deep foundations for highway stuctures remains largely
empirical and fragmented-—and probably unnecessarily conservaiive. Further
advances in deep foundation design and construction practices are vitally
needed in the coming period of infrastructure rehabilitation if public funds are
i be used wisely,

Advances in deep foundation design must be accompanied by appropriate,
scientific research, paralleled by s vigorous program of echnology transfer.
“Research” is a tevm that is widely used but that is undersicod differently by
various components of the rescarch and operations community. Two types of
resparch are generally understood) basic and appdied, which the guthor would
prefer 10 call {8) visionary research and (b) rescarch o address bamediate
needs. Visionary research is not cost-cffective in the short term, and many
projects conducted as a visionary research are not cost-effective in the long

Professor and Chabrman, Departmenm of Civil and Envirenmental Engineering, University of

TE TI304-47%1.
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term because promising ideas do not always bear fruit. Visionarv research,
nevertheless, is absolutely necessary o permit the continuing progress of
immediate-needs research. Unfortunately, such research is clearly lacking in
the subject area of deep foundations because the problems of deep foundations
are ofien considered 10 be “mature” or “solved” because solutions, however
tmperfect, do exist and therefore do not receive the attention of companies and
agencies that fund cutting-edge research in the engineering sciences, For
exampic, In 2 recent workshop held under the auspices of the National Science
Foundation (/) the principal needs for rescarch were judged by a eam of deep
foundation researchers from the U.S. and Canada to be related 10 the “simpie”
computation of axial capacity of single piles. While many empirical and semi-
empirical methods have been proposed, as well as advanced methods based
upon complex constitutive models for soils and detailed models for
computation of siress changes in the ground caused by installation of piles and
drilled shafts, all methods have important limitations in relation to assessment
of swatic capacity. Visionary research is needed to address this problem in a
general manner that can eventually become useful to practitioners.

The mission of the Federal Highway Administration generally precludes the
performance of “high-risk” research, so the research needs described in this
repoit are not generally of the visionary type, although visionary components
are necessarily embedded in some of them, and some of the statements build
on the meager base of visionary research in deep foundations that has been
conducied in the past. Instead, the focus is mainly on immediate-needs
research. The research needs that are reporied were articulated and ranked
largely by practicing highway foundation engineers and applied research
engineers who have encountered specific probiems or classes of problems and
who desire sound and, 1o the extent possible, general solutions 6 these
problems. Although such research is essential 1o the national interest, it is also
vital that the foundation engineering profession persist with visionary research
so that the groundwork will exist for the performance and implementation of
immediate-needs research in the future.

From the perspective of the researcher, immediaie-needs rescarch problems
can be addressed through one of two methodologies.

a. Behavior-oriented methodologies.
&. Process-oriented methodologies.

Behavior-oriented research is research in which a result or an output can be
defined uriquely in terms of a single mathematical or siatistical model,
Usually, this “output” can be expressed in terms of formulae, graphs or ables,
ofien with considerable effort, which will lead the user of the research directly
to the answer he or she seeks. This is the classic research that universities,
companics and public agencies have corducied in foundation engineering for
decades. For example, detenmination of influence factors among piles in a
group of the correlation of static cone penstrometer values to pile capacity has
followed a behavior-orienied methodology.

Chapter 2 Presentad Pave
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Process-orented research, on the other hand, is fuzzy, in the sense that the
resulis of such research must be couched 1o terms of a set of interrelated
decisions {a process), some or all of which are not deterministic, that lead © 4
“best,” bui not necessarily unique, solution. The final cutput of such research
might be represented in the form of a suggested method of practice, a decision
tree or, on & more sophisticated level, expert system/decision support sysiem
sofiware. An example of such research would be the development of accep-
tance criteria for drilied shafis that are suspected of having structural defects.
There is usually no one definitive method of proving that the foundation is
suitable to functon as it was designed, but evidence can be weighied by com-
bining technology and experience. through a scientifically-developed decision-
making process, o arrive at a decision.

Both categories of infermediate-needs rescarch methodologies are vital 1o
the advancement of the state of the an and the state of the practice in deep
foundations, and both can be directed at problems involving the research
problem statements that are the subject of this report, which generaliy fall into
one of several calegories, outlined below:

_ a. Mechanics of deep foundation behavior.
&. Management of knowledge bases for piles and drilled shafis,
c. New design methodologies for deep foundations.
d. Site characterization for deep foundations.
e. Inmovative technologies for constructing deep foundations.
£ Quality assurance for the construction of deep foundations.
The former class of problems tends to be more amenable o behavior-oriented

research, while the latter classes involve o some degree the applicaiion of
process-oriented ressarched methodologies.

ajor RHesearch Accomplishments
of the Recent Past

Although deep foundations research has never been well funded, either i
the public sector or in the private sector, onnsiderable mesearch adapiable o
highway practice has been performed over the past three decades. A partial
listing of successful research whose resuits have found or are finding their way
into practice 18 given below:

. Uni load transfer functions and shnple numerical models for predicting
rationally the asial and lateral performance of trial degigns for piles and
drilled shafis,

Chapter 8 Preassoed Papers
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b Wave equation methods, dynamic instrummentation and related
computational models for assessing performance of pile driving systems
and, in many cases, verifying pile capacities.

¢. Metheds for tesung drilled shafis and piles for structural integrity.
d. Load and resistance factors for deep foundations.

¢. Rational methods for assessing pile capacity from soil and rock
properiies, especially correlations with in situ soil esting devices.

7. Drilled shaft construction wechnology.

£. Degradation of pile capacity due 1o cyclic axial or lateral loading.
h. Small-strain dynamic behavior of piles and pile groups.

i. Group action in axially loaded piles.

J. Behavior of piles in inegral-abutment bridges.

It is significant 1o point out that research in most of these areas has been
performed or sponsored by the Federal Highway Administration, National
Cooperative Highway Rescarch Program, and by various states under the
Highway Planning and Rescarch Program. 1t is also imporan © point out
that none of this research, the results of which form the fabric of raional
foundation engineering practice in the early 1990°s was the result of a single
project funded for a 24-menth period. Rather, the research was evolutionary,
progressing from theory to practice over a period of years, during which many
funding agencies sponsored various facets of the work, In most cases the
results of the research were not embraced by practitioners until afier a long
period of cxposure, sometimes cxpedited by formal demonstration projects.

Aecent Research Initiatives

A number of significani research initiatives are currently under way or
recently completed with the highway engineering community that are aimed at
addressing immediate nceds in the area of deep foundations. Not all of those
who proposed the problem statements documented here wers aware of these
xitiatives, so some problems were proposad that are now at least being
partally addressed. Among the more significant research inhtatives are studies
of:

st

. Drrag mitigation in piles and pile groups.

b, Critenia for predicting load transfer for drilled shafis in geomaterials
mtermediate between soil and rock.

4]

0

Diecision trees for itegrity evaluation of drilled shafis,

Chapter 2 Presented Papers



4. Computer modeling of installation of piles by vibration.
¢. Performance monitonng systems for SPT tests and sounding rods for
improved quantification of soil properies for assessing pile driveability
and capacity.
£, Compilation of a comprehensive data base for deep foundation ests.
g. Scientifically-based specifications for drilling slurries for drilled shafis.
A, Expedient pile and drilied shaft testing methods.
{1y Flat jack wsting,
{2} Rapid mass reaction testing.

{3} Booistrap testing (separation of toc from shaft with jacking
from head).

{4) Plug tesiing.

i, Assessment of unknown foundations using non-destructive testing
techniques.

J. Methodologies for using existing analytical methods for evaluating
seismic response of existing bridge foundations (in California),

These studies promise (o enhance the praciice of deep foundation

engineering in the coming vears. However, both complementary and wtally
new projects are also necessary in the transportation field.

Research Needs

Research needs identifled by others

CERF. In z seres of workshops conducied nationwide by the Civil
Engineering Research Foundation in the fall of 1990, 22 topics were identified
by some 75 geotechnical practitioners 4s having a high poority for research in
the geotechnical engineering area (23, Three of these topics directly apply o
deep fowndations:

a. Imiegrity wsting of piles and plers.

5. Drilled pier design

c. Dvnamic response of single piles under cyclic loads and pile capacity.

Bight other wopics relate (o deep foundations, mcluding:



[4:s)

a. Documentation of case histories.
b. Improved in-situ testing methods.

State-of-the-art and state-of-the-practice for earthguake engineering.

oy

. Development of database of papers and repons.

e. Innovative construction materials and methods.

J. Classification: systems for design reliability.

g. Improved contracmal framework.

h. Screening criterta for seismic retrofit of bridge foundations.

Clearly, many of the projects in progress or recently completed within the
highway engineering community, described in the preceding section, impact
these topical areas; however, others remain unaddressed.

NSF. In the fall of 1992, the National Science Foundation sponsored z
workshop on recent accomplishments and future trends in geomechanics in the
21st century (/). One of the ten target areas covered in that workshop was
deep foundations. In that workshop a group of researchers from Canada and
the United States identificd four principal areas for fruitful research, the first of
which has already been mentioned:

a. Prediction of pile capacity, perhaps incorporating.

(1) High-strain constitutive models.

(2} Interface modeling,

(3} Pore water pressure generation/dissipation models.

{4} Other time-dependent and load-dependent effects,

(53 Concurrent long-term testing,

» Clay, sand, sili, rock, frozen soils.

» Laboratory and field {National Geotechnical Experimeniation
Sites),

13

&. New methods of pile installation and new pile materials and ghapes,
including.

{1} Drilled-and-grouted piles.

(2} Auger-jer mies,

Chapter 7 Praseniad Papers



{3y Deep soil mixing columns.
{4y Insidc-tapered pipe piles

mprovements in site exploration and characterization for deep
foundations, inclading.

(1} Extension of use of in-situ tools and their interpretaiion relative
1o piles.

(2) Deveiopment of rapid and effective means for deep site
characterization for both regions and specific sites (for example,
to accommodate moving of structure locations without either
ignoring the differences in ground conditions between the new site
and the old site or requiring a complete, duplicate subsurface
investigation for the new site).

Probabilistic Methods in Pile Design and Analysis, to address,
{1y True probabilistic bases for LRYD design codes.

(23 Quamification of unceriainties in the design methodology
itself,

Several other topics for research were suggested, although they were judged
1o be of slightly lower importance:

a.

b.

Moritoring of the behavior of deep foundations under service loads.

Methodologies for requalifying deep foundations supporting existing
sEruciures.,

Improved predictions of pile driveability.

Incorporation of artificial inelligence in the design and construction of
deep foundations.

Quality control and quality assurance methods in drilled shaft
construction.

Influence of thermal regime in the ground on the behavior of deep
foundations {primanly onented towards deep foundations m frozen

soilsh

Again, there is some overlap among these perceived needs and rescarch
presently underway; however, the unaddressed issues from both the CERF and
NSF lists should serve o reinforce the needs articulated by members of the
gransportation community in the following section.

Chapter 7 Presented Papers
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Research needs identified by the transportation engineering
comimunity

Procedures. Commitee AZKO3 of the Transporiation Research Board
developed a set of research problem statements for deep foundations in 1988,
based on a procedure similar to that followed for this report. Several problems
identified in that set of problem statements that did not reach the funding stage
within the FHWA in the ensuing four years were “carried over” and submitied
for perusal o the membership of Committee AZK03 (including private sector
and university members), & representative of each state DOT geotechnical
office or bridge division, interested individuals who had declared themselves as
friends of Committee A2K03 and all regional geotechnical engineers of the
Federal Highway Administration. In addition, members of the AZKO03
Subcomimittee on Pile and Pier Research Needs proposed new statements,
which were submitted 10 the above groups along with the camry-over
statements. No attempt was made to edit the statements in light of any current
or proposed research known by the author. The membership of this
subcommitiec consisied of

Roy Borden, North Carolina Staie Universiry
Jean-Louis Briaud, Texas A and M University
Joseph Caliendo, Florida DOT

Richard Engel, Ohio DOT

George Goble, University of Colorado

John Ledbetter, North Carolina DOT

James Long, University of Iilinois

William Lytle, Midlaniic Piling, Inc.

Gary Norris, University of Nevada - Reno
Michael O'Neill (chair), University of Houston

In this manner, a total of 19 research problem statements (5 carry-over angd
14 new) were developed and mailed, in the summer of 1992, 1
141 individuals in every siate in the United States and several Canadian
provinces. Each respondent was asked to study each statement and then 1o
rank all of the statements according to four cawregories, based on the urgency of
the research perceived by the respondent. Since solutions for some problems
may have existed ouiside of the ransportation geotechnical engincering
community but may not have been incorporated into highway practice, sach
megpondent was also asked whether he/she considered the 1opic more
appropriate for formal rescarch or for a project involving the synihesis of
existing information.

A copy of the instructions that were sent to the 141 responcenis, which
comains the 19 dedailed problem statemenis, is given in the Appendix. A ol
of 56 responses were received by 15 September 1992, Those responses are
summarized fater in this report. In addition 1o ranking the problem statements
according o urgency and research category (research or synthesis), each
respondent was asked o provide any new problem statements that he/she felt
were important but that were not included with the set of 19 that they
reeeived. Eleven such new statements were retumed. Those are reproduced in
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the Appendix as Statements 20-30. Obviously, since the remaining
respondents did not have the opportunity to rank these statements, no
comparison of rankings with the other statements iz show however, thess
staremers are discussed. A list of all respondents, aleng with their
gmployment category, 1s given i the Appendix, in Table AL

Problem names. The rescarch problem statemernis arc summarized
aceording to probless name in Table 1.

The camy-over statemenis were Staterment Nos. 1, 4, 10, 11, and 12,

Hesulis of urgency rankings. For each problem statement the ranking
numbers (1-4) were summed and divided by the number of respondenis
expressing an opinion on that particular problem, giving a2 mean ranking
ranging between | and 4. With the system used (most urgent = 1, research not
needed = 4}, the lowest mean ranking represented the project considered most
urgent by the respondents. This number was then subtracted from 4 and the
remaining differences divided by the value of the difference for the most
urgent problem, resulting in normalized prioritics ranging from 0 (lowest) ©
1 (highest). These priorities are presented in Figure 1 for the entire population
of respondents and in Figure 2 for only the siate DOT geotechnical and
materials engineer respondents. The resulis in the two figures are similar, but
some differences exist. Table 2 summarizes the rank order of the probiems
statemenis from Figures 1 and 2 that have a normalized priority of 0.80 or
above, which is interpreted to be the value associated with a general consensus
of high priority by the respondents. These ranking have been used in the
establishment of priorities for research in deep foundations by the FHWA.

Results of synthesis versus research evaluations. Those problems that
were considered by the respondents to be most amendable 10 research, rather
than synthesis, are indicated in Figure 3. It is clear that Problems 1, 3, 11 and
17 were considered the most amendable 1o formal research, while Problems 3,
6, 14, 13, and 1% were considered most amenable © solution by synihesis of
existing imformation.

Proposed Research Program in Deep
Foundations

The resuits of the comments by the respondents (o the survey indicaied that
problems exist in the following broad aress and that those problems should be
addressed through the performance of certain of the research projects described
in more detail in the Appendix (Problem Statemenss 12300 The broad problem
arcas of mos! significant concerm wore:

a. Improvements in integrity evaluation of piles and drilled shafts,
inchuding methods of quickly and inexpensively conducting guasi-static
loading tests on piles or drilled shafts and long-term deterioration of pile
materials (Satoments 1, 9, and 12}
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Table 1

Summary of Problem Statements by Name

Siatement
No. Problem Name
Original Statements
1 improved use of nondestructive testing methods to evaluate structural integrity
ard behavior characieristios of pifes and drilied shafis
2 Unit iateral load-deflection relations for drilfed shafts and driven pites in rock
3 Loading test detabase for deep foundations
4 Long-tarm observations of settiement of pligs groups
5 Determination of resitual loads In driven piles
& Artificial intefligence in the design and construction of driven niles and drfiled
shafls
7 Feasibifity of and design methods for load-bearing shest piie abutmenis
g Evaluation of LRFD) factors proposed by NCHRP for deep foundations
& Expedient static loading tests for ples and driled shafis
10 Increased use of Umber piling in brigge foundations
11 Group action in axially loaded drilled shafis
12 Corrosion of driven steel piles
13 Universal definition of faflure for pites in tension and compression from ioading
tast resulls
14 Evaluation of augured piles for load bearing in highway structures
i5 Fundamental behavior of driven pites in sand
18 tnproved use of nondestructive svaluation methads to evaluate loading behavior
of deep foundations
17 Capacity of bearing piles during esrthguakes
i8 Design methods for pile groups to resist dynamic lzters! loads
gi 19 Optirization of layouts for pile foundstions
5% Statements Proposed by Respondents
é 20 Penetration and driveability of steel H and pipe piles
j 21 End bearing resistance of steel H and open ended pipe plles
; 22 Effect of jetting on iateral stability of driven piles
23 Axially loaded performance of soilnixing colurns 2s deep foundation slements
?5 24 Axial urit load transfer characteristics of downdrag loads
§ = Unit lateral foad transfer behavior of augured piles and pile groups
8 Evaiuation of augurad piles for load bearing in highway structures {sdditiona!
opics}
27 Accurate estimate of plle Up slevations 2! existing bridgss
28 Bouisrabilty of rock, decomposed rook srdf residus] solis
P Deterrination of oriicel soow depths at hydrauic crossings
3G Drilled shafts or piles in highty variabls subsurface consisling of hared rock

derringled with soff claystons or 537 olay
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Normalized 0.50

Friority 6.40
§.30
9.20
0.10
6.60

Biatement MNumber

Figure 1. Normalized priorities - all respondents

1.00-1%
¢.904
6.804]
6.70-

G.6041
Mormalized 0.50.41

Priority o (o1t
0.304
0.20
g.1¢

§.60<°
T2 3 48567 89 1011213141518617181¢%

Statement Number

Flgure 2. Normalzed prioriies - state DOT geotechniosl angd materialg
2NGINeers
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Table 2
Summary of Rank Order of Research Priorities
Statement Number

Rank Order General Population State Geotechs
i E 1
Z z2 Z
3 17 3
4 18 g
5 G &
& & i7
7 3 18
& 14 12
] 12 7
10 7

& No ot no fESpONSE Of
other

No. of respondents
preferring both research
and synthesis

L No. of raspondents
preferring synthesis of
gxisting data

Number of
Respondents

e
[ B o

TNSwTHerOaoErNdTNOn 2 No. of respondents

Staternent Nuinbser preferring research

Figure 3. Category distribution by research or synthasis - alf respondents

&. Development of an accessibie knowledge base incorporating deep
foundation construction methods, problems and problem solutions and
behavior of piles and drilled shafis under load (Statemenis 3 and 63,

¢. Prediction of the behavior of deep foundations and design methods for
earthguakes and other dynamic loading evenis (Staterments 2, 11, 17 and
18y

4. Incorporarion of innovative technigques for deep foundation construction

{Bratemenis 7 and 14}

Arca 1 correlaies well with a similar concern expressed by the CERF study
articipanis {2) Topic 1 - CERF. Area 2 was addressed by CERF (Topic 4
of refated 1opics) and was one of the wpic identified ag 4 research need by

[
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NSF (/) {Topic 4 in the Hst of topics of secondary importance). Arca 3 was
also identified by both CERF and NSF, the lauter by implication through
requalification of foundations for existing structures, and Area 4 was
considered an imporiant focus for research by NSF. The problems identified
by the participants in this swdy, therefore, are consistent with research topics
of critical concem expressed recently by other groups outside of the
transponiation engineering community. It is the author’s opinion that, based on
this evidence, the above four arcas should be esiablished as areas for srrategic
research initiatives by the Federal Highway Administration. Specific
comments are offered below regarding the purpose and objectives of the
problem statements that were the most highly ranked by the respondents and
are therefore listed in connection with these sirategic inifatives.

Strategic initiative 1 - evaluation of the structural integrity
of deep foundations

Problem Statement 1. This stalement was motivated by the resulis of a
recently completed FHW A-sponsored study on methods of integrity testing of
drilled shafts, which indicated thar definitive procedures for detecting defects
that are of the order of 25 percent of the cross-sectional area of the shafi or
smaller are not presently available. An NCHRP inigative has begun that uses
existing non-destructive evaluation (NDE) methods to determine lengths of
piles and drilled shafis in bridges with unknown foundations, an application for
which existing technology is apparently well-suited. However, fundamentaily
new technigues of both testing and interpretation must be developed and
verified before the profession can confidently and consistently detect relatively
small but potentially critical defects. The FHWA should develop an ongoing
program of evaluation of new private sector technologies for NDE of piles and
drilied shafts, per Problem Staiement 1, while simulianeously funding, perhaps
in cooporation with other agencies, new, mnovative research in this arca. The
author considers the former component of this research o be “immediate-
needs” rescarch, while the latter component is clearly “visionary.” This
combined research should have the highest prionty for funding.

Problem Statement 9. The FHWA is presently encouraging organizations
with expedient deep foundation load festing methods to demonstrate their
cguipment and procedures on highway projects. However, doubts about the
ability of some of these procedures (o predict cormrectly the shaft and 1woe
capacitics persist. Independent, behavior-oriented siudies are necessary to
evaluate the offecss of method and velocity of Inading on lpad transfer
development and capacity. Since some expedient load esting methods can be
considered integrity testing methads, every attempt should be made 1o include
this project in the fanding cvcle, although its prionity is clearly lower than the
high priority attached 1o Swatement 1.

Probiem Statement 1Z. This siatemery is associgied with integrity
problems that develop not during construction but at & later date. It is logical
1o combine this problem statement with that of Problem Statement No. 26 and
with Problem Storement No, 0. The urgency of this research I8, according ©

Uhagter 2 Fresaned Papers



the respondents, lower than the urgency of the above two research problems.
Such research may be pursued by some combination of behavior and process
methodologies. 1is objective should be the recommmendation of a decision
process for requalification of existing deep foundations.

Strategic initiative 2 - deveiopment of knowiedge bases
for assistance in design and construction

Problem Statement 3. The need for an accessible datz base of loading
tests received very strong support from state DOT geotechnical engineers.
Such a data base has the potential 1o expand greafly a given designer’s
judgment of the hikely behavior of a deep foundation system in a given soil or
rock profile that may not otherwise be available. The FHWA is presently
developing such a data base; however, & number of other data bases already
exist in various forms. There i1s a need 1o scrutinize these cuiside data bases
and 1o caprure within a single data base those loading tesis for which adequate
geotechnical site characterization information, construction informartion and
loading data exist. This process will eliminate most of the data within existing
data bases, as severe gaps exist in the knowledge base for perhaps 90 percem
of all loading tests, but the remaining entries should be invaluable © both
rescarchers and designers, In addition 1o performing the consolidation and
scrutinization function, investigators in this project should develop a clear
statement of what daia should be obtained in a pile or drilled shaft loading
test, especially geotechnical data, so that future tests coniain enough useful
information to be entered into the data base. This “immediate-needs” project
combines elements of behavior and process methodologies and should be
performed by a research team that is very experienced in pile and drilled shaft
load 1esting, site characterization and daty base management,

Problem Statement 6. This problem staiement is closely related to
Problem Statement 3 in that its intent is to make knowledge (in this case
judgmental or expert knowledge) direcily available to the designer and the
construction engineer. The average urgency rating placed this problem fifth
among state DOT geotechnical and materials engineers and sixih among all
respondenis.  However, the responses were highly bimodal, Most rating this
problem very low in urgency indicated that “we need real intelligence, not
artificial intelligence” or that anificial imelligence will 1ake the geotechnical
engineer completely “out of the loop.” On the contrary, the iment of expert
systems or decision support sofware in both design and consiruction is o
engure that the designer and construciion personmnel have a comprehengive
checklist of factors to consider in the solution of problems and the advice of
experts, who are impartial, on methodologies to address those problems,
Often, this advice will consist of recommendations 10 obtain more approepriate
geotechnical information before procesding o 2 decision, which will reinforce
the importance of geowechnical mput, not urdermine it The use of artificial
inteiligence o support decision making in the foundation engineering process
has significan cconomic potential. Jeffres, for example (1) indicated that
perhaps 2 10 percert cost savings could be realized on most projects i

engineers had beter models for sol-suucture imieraction, but that 2 30 percent
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savings is possible if methods can be developed 10 mitigate consgruction
problems arising from disagreements. unforeseen subsurface conditions and
similar construction operations problems. Construction-oriented decision
support systems for both piles and drilled shafls can be of assistance in this
effort. 11 is recommended that this project, which is grounded in process
methedology, and which has both immediate needs and visionary components,
include the development first of an overall shell that encompasses both design
and construction methodologies in addition to details relating to driven piles,
drilled shafts. and innovative deep foundations. Modules can then be added as
the need arises and as funds are available in cach of the subjects. i is
suggested that the first modules be construction modules, particularty
construction diagnostcs modules.

Both of the projects in this strategic initiative should receive support, but
their urgency is tower than that for Problem Statement 1 (above) and Problem
Statement 18 {combined with 2, 11, and 17) (below).

Sirategic initiative 3 - modeling the dynamic behavior of deep
foundation systems and their interaction with the superstructure

Problem Statement 18, An area presentdy {(November, 1992) being
considered for research funding by the FHWA is the mathematical modeling of
the lateral and rotational stiffness of bridge substructures, primarily to consider
how bridge foundations will respond to seismic loads, ship impact loads and
flooding events (scour and hydraulic loading). This is essentially ideniical t
the intent of the research proposed in Statement 18, except that the planned
FHWA research will also consider the role of the superstruciure in resisting
and distributing the loads. Such a research program must expand ©
incorporate the objectives of Problem Statement 2, which seeks 1o model the
iateral loading behavior of piles socketed into rock, which are ofien
compornents of foundation systems subjected o seismic, impact and flood
loads. Problem Statemenis 11 and 17 are also necessary predecessor studies in
order to develop appropriate inputs for the mathematical modeling-implied in
Problem Statement 18, All of these statements represent “bnmediate needs”
research that are associated with behavior-oriented research methodologies and
can be performed by organizations capable of pursing traditional rescarch
methodologies. Problem Statement 19, on the other hand, should be deferred
until the mathematical model for Staternent 18 is completed, since that model
can he used effectively in this related project.

Strategic initiztive 4 - innovative techniques for deep foundation
construction

Problem Statement 7. As indicated in the problem siztement, ihe polental
exists for considerable cost savings with this innovative consiruction fechnique.
‘The research approach 1o this problem would need o be comprehensive, with
both behavior and process components, as suggested in the problem statement,

£y
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in order o provide convincing information o designers thas this type of
foundation system carries no exira risk,

Problem Statement 14, Augured piles are used widely in Europe and
cisewhere as bearing piles for transportation structures.  Concerns over their
structural integrity, procedures for reinforcement against lateral loads and
procedures for design exist in the United States and have generally inhibited
their use. In appropriate subsurface conditions augured piles can produce
considerable cost savings in foundations. Because of the nature of the
problem, that is, considerable information and experience available overseas, it
is probably more appropriaie that the project be pursued as & synthesis of
available knowledge than as a traditional research project.

Both of the above statements have about egual urgency in the view of the
respondents. These research problems should be considered at a lower priority
than Problem Statements 1, 18, 9, 3, and 6, but some funding should be
applied to encouraging the development and/or adaptation of innovative
techmologies, including the technology indicated in Problem Statement 23,
which could conceivably be combined with Problem Statement 14 inio a
preliminary synthesis study, leading perhaps to more definitive studies at a
later date.

Problem slatements not Included In strategic research inltiatives

Problem Statements 4, 5, 8, 13, 15, 16, 20, 21, 22, 24, 25, 27, 28, 29, and
30 were not included in the swrategic initiatives for various reasons. In some
cases, the problems addressed can be included in problem statements that arc
included (e.g., Statement 22 could be addressed in a research project ensuing
from Statement 18, Statement 25 has the same purpose as Statement 14, and
Statement 30 can logically be subsumed by Statement 6), others are very
importani but perhaps betier belong in research arcas other than foundations
(e.g., Statements 28 and 29, which should be referred to soil mechanics and
hydraulics researchers), and others have already been the subject of major
research projects that are either ongoing or recently compleied (e.g.,
Statements 20, 21, 24, and 273,

Potential deep foundations research plan

A summary of 2 possible FHWA rescarch plan incorporating the various
miiatives and problems (as subscts of the infdatives) is given in Table 3
Each research project that addresses a problem is assigned a period of
36 months {or mors) for completion, which 15 more reaglistic than the 24-month
periods that have been emploved in the past. The first project (Problem 18) is
assigned a 42-month period because #t involves input from four other projects
that should run in perallel with, or as part of, this project.  An asscssment
period is indicaied at the end of the each project, followed by 3 period in
which additional research may be needed in order for the primary research o
be of optimurm use. The obiective of the assessment should be 10 decide
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Table 3
Potential Deep Foundations Research Plan

FY 83 FY 84 FY 85 FY g6 FY 87 FY 98

! initiative 3, Problem 18 (2, 11, 17, 19)

| initiative 4. Problem 14 (23) |

| iniilative 1, Problem 1

|_initiative 2, Problem 3

|_initiative 1, Problem 8

E initiative 2. Problem § {30}

| initiative 1, Problem 12 (10, 26)

§ Enftiative 4, Problem 7

(Numbers in parentheses indicate problems to be combined with
primary problem)

Beriod of review and evaluation

D ‘ Technology transfer effort and/or {ollow-up research
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whether a project requires further investigation or development, in keeping
with the observation that genuine advances in echnology require long penods
of continuous support 1o find their way imoe the design office. Programs to
transier the technology developed for the indicated project into highway
practice shouid also be developed and executed during this period.

The exact order in which each of the research projecis is performed will
depend upon the progress of research conducted by other organizations, which
should be monitored continually, and available funding. However, the order
suggested is based on a balance of ranking by the respondenis to the survey
described in this report, anticipated rescarch effort, and existence of
preliminary efforis already underway within the FHWA,

For those projects requiring field testing, maximum use should be made of
the newly-formed system of National Geotechnical Experimentation Sites
funded joindy by the Federal Highway Administration and the National
Science Foundation.

Heferences

Anon. (1991). Report No. 91-F1002 E, Regional research needs in
geotechnical engineering, Executive Summary on Regional Geotechnical
Workshops for the National Science Foundation, Civil Engineering
Research Foundation, Washington, DC.

Zaman, M. M. (1992}, Proceedings, U.8. Canada workshop on recent
accomplishments and future trends in geomechanics in the 21st Century,
October 21 - 23, 1992, Natonal Science Foundation, Washington, DC.
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Research Needs in Deep Foundations
(continued)

Appendix A:
Correspondence Accompanying Survey Problem
Statements and Listing of Respondents
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m University of Depantment of Cavit and Cutien College

Houston Environmental Engineering of Engineering
rouston, Texas 772044751
{743 M43.4250
BAX: (713} 743.4260

June 16, 1982

Dear Highway Geotechnical Professional,

Approximately every three vears, Committee AZKO3 of the
Tranisportation Research Board, on Foundations for Bridges and
Other Structures, conducts a survey on research needs in the
subject area of deep foundations. This survey is conducted
by first collecting candidate research problem statements
from members and friends of Committee AZK03, editing those
statements into consistent formats, and then asking
knowledgeable and influential highway engineering personnel,
such as yourself, to rate the statements. A packet
containing the statements that have been generated this vear
is enclosed in the attached packet. He ask vou to review
these statements, to complete the varing form that follows
the statements,. and return the rating form within two weeks
aftexr vou receive this materizl. Your response will be
collated with other responses and reported to the TRB. We
expect that this report will be used to help determine the
pricrities for funding of FHWA and NCHRP research in deep
foundations over the next three yvears,

You may be of the opinion that much information may
already exist in the USA or abroad about a particular problem
but that it is not in a form that can be readily used by you.
If 'so, we request that you categorize the problem statement
with the letter § in the last column of the rating form, to
indicate that support of the problem should be considered for
synthesis (literature review and manual development) rather
than for research. Otherwise, please enter B in the last
column, indicating that the statement should be considered to
be a zesearch statement {acquisition of new knowledge). If
you don't have an opinion, leave blank.

We ask you to rate each prcoblem statement on the rating
form according to your perception of the urgency with which
you feel the research needs to be performed. HRatings are 1
{very urgent} - 4 {(research is not necessaryl. Batings in
Category 4 should include problem statements {2) for which
you Think adeguate solutions already exist, (b} for which
thners is no practical need for & solution, and (o) for which
you doubt that a solution can be found. HAgain, if vou don't
have an oplinion on 2 particulsar problem statement, leave the
r tha

rating fo hat statement blank.

To provide you with some perspective, in the front of
the packet you will find & table that outlines the maior
rezesrch projscts In the area of gectechnology that have bheen
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sponsored directly by the FHWA in the past several years,
including proijects in the area of deep foundations. In
addition to the research projects listed in that table, two
new projects, one related to improved predictions of soil
properties for piling analysis using the SPT and one related

te the behavior of drilled shafts in intermediate
geomaterials {soft rock and hard soil}y hazve begun. These Iwo

RzmjﬁﬁiﬁmﬁﬁrP funded as & dzr@ct result of 4 Survey sxmziag

éEKQQ S0 wour *ﬂsut is extremelv lmaortaqt

While the committee members who proposed the problem
statements are recognized as experts in the area of deep
foundations, we are by no means collectively aware of all of
the problems in deep foundation engineering for highway
structures that require research, and we all have persocnal
biases., Therefore, a problem statement for a very important
research or synthesis problem may well have been left out. .
If such is true in your opinion, please complete and return
the attached blank problem statement form so that such
problem statements can be transmitted to the TRE and to the
FHWA. Indicate whether you think the problem should be
attacked as “research® or “synthesis.® Please remember that
research or synthesis problems should be able to be
approachad in an organized manner.

Thank you Ifor your time. As a busy person myself, I
realize that it is sometimes an annoyance to £ill out survey
forms. But this form is very important to the future of
highway foundation engineering, so please let us hear from

you .
Q:::::EE;I Committee AZKO3
Michael W. Q° Neill
Chairman, Subcommittee on
Regearch Needs for FPiles and
Piexrs
enclosure {packet of problem statements, blank statement form

and rating form}
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TRE Committee AZRI3 Survey of Research Neads
in Deep Foundations, 1982

Sratemant Numher ir i Gory

~ most urgent, {(Besearch
intermediate, or Synthesis:
- not urgent,

=~ not needed)

L 6 I 5 )
{

WO i e fon Lon b flat §io i

Your name {optional):
Your principal job function (check onej:

«State DOT geotechnical or materials engr:
«Federal DOT geotechnical or materials engr:
*State DOT bridge design engineer:
sState DOT research engineer:
*Consulting sngineser:

*University professor:

+Qther {please state}:

Flease mail the completed form 1o

Hichael W. C'Neill

Profeszor and Chalrman

Department of Civil and Bavironmental Inginesezrin
University of Houston

Houston, TX 77204-4743

e

within {wo weeks of receipt. Thank vou.
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Proposed New Problem Statement

Your Name:

i MName of Problem:

il. The Problem

I Objectives:

IV. Current Activities:

V. Urgency:

26
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Problem Statement No. 1

I. Name of Problem. Improved Use of Nondestructive Testing Methods 1o
Evaluate Structural Integrity and Behavior Characteristics of Piles and Dnlled
Shafis.

I1. The Problem. There are 2 number of sttuations in which the structural
wntegrity of driven piles and drilled shafts may be in question after consiruction.
For example: (1) In drifled shafis intensive use of rewnforcing sicel may
potentiaily impede the outflow of concrate into the annular space between the
remforcing cage and the side of the borehole, producing a potentially important
defect. Conventional low-strain sonic, ultrasonic or gamma logging methods in
use today in the USA cannot reliably detect such defects unless they are very
farge (perhaps 23 percent of the cross section of the drilled shaft). (2) In the
shurry displacement method for installing drilled shafts, which 1s becoming quite
popular due to cost factors, cuttings can potentially settle out of suspension in the
shurry and become entrapped between the concrete and base of the shaft or
between the concrete and the reinforcing steel, producing serious defects.

(3} Piles driven to potentially high refusal by developing toe bearing in rock may
have defective toes due to structural fatlure. (4} In river or marine environments
scour may remove soil from around piles or drilled shafis that may be needed (o
assure stability.

HI. Objectives. Conventional methods that have proved to be suceessful for
large defects should be studied fundamentally and modified so that either smalier
defects can be detected or the behavior or piles or drilled shafts can be directly
mferred. New methods, not previously emploved in the USA, should be sought
out {e.g., x-rav holographic mapping fechniques) and evaluated. Finally, the
reliability of the new method(s) should be demonstrated to be high. so thar it will
be possible to use results from tests in the evaluation of acceptance of
constructed drifled shafis and driven piles. Having such methods available will
increase the designer’s confidence in the integrity of deep foundations and should
result in the use of lower factors of safety, leading to lower cost.

IV. Current Activities. FHWA has just recently completed a major research
effort (DFTHG61-88-2-00040), in which conventional low-strain integrity testing
methods, such as those enumerated i 1, above, were applied to drilled shafts
constructed with known defects. The results were encouraging but not
sonclusive. Additional work needs 1o be done to wentify other methods, enhance
the most appropriate conventional methods and develop systems simpie enough
for rouline uge.

Y. Urgency.
Problem Siztement No., 2

1. Name of Problem. Umit Lateral Losd-Deflection Relations for Drilled Shafis
znd Driven Piles in Rock,
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fi. The Problem Many deep foundations for bridges and walls are socketed
wto rock beneath strata of weak soil. Such foundations are often subjected to
large lateral loads and must be designed for this loading condition. Present
practice uses sumplified beam models, such as the pont-of-fixity model.
However, such models can give misleading results and fail to take proper account
of the nonlmear behavior of both the concrete and the rock. On the other hand,
design models, such as COM 624P, that use the so-catled p-v (unit lateral load
deflection) functions are readily available for analvzing drilled shafts or driven
piles in soil, but adequate means to define the p-y curves in rock do not vet exist.
Therefore, practice continues to develop around inappropriate design models
that, for the most part, result in extremely overconservative foundations.

HI. Objectives. p-y relations for various types of rock need to be developed so
that existing models for laterally loaded pile analysis that use p-v methods, such
as COM 624P, can be employed confidently by designers. Important effects such
as rock structure, stress relief, in-tact strength and stress-strain behavior should
be wputs; however, approximate means for evaluating these inputs based on tests
that can be conducted routinely by state DOT’s also need to be developed in
order to make the research usable.

1V, Current Activities. The Kansas Highway Commission has developed
criteria for p-v relations in small drilled shafis in shale and sandstone through
loading tests. Other work cutside of the transportation engineering community
{for example, contract work for EPRI by Comel! University) has been conducted
recently to address the general problem theoretically.

V. Urgency.

Problem Statement No. 3
1. Name of Problem. Loading Test Database for Deep Foundations

il. The Problem. Before methods of analyses and design are accepted for
specitving deep foundations, the ability of the method to produce a safe and
economical design should be established. A common procedure for assessing
these methods is to compare predicted behavior with measured behavior. The
types of foundations could imclude driven piles, drilled shafts, auger-grout piles,
muni-piles, and drilied-and-grouted piles.

Uncertainties associated with predictive methods are also illuminated by
comparing pregicted and measured behavior for a large number of tests. Ideaily,
a convenient and readily aceessible collection of carefuily documented ayaal
loading tesis on deep foundations would provide the rescarcher, design engineer,
or licensing agency a convenient tool for evaluating new and existing methods.

The results from this collection of waal loading tests represents 2 unigue
opportunity {o evaluate current methods for predicling aaal behavior, 16 improve
the design methods, and to provide for an accessible data base so thet design
methods can be evalugied rapdly. Use of a database is especislly mmportant in
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the evaluation of resistance factors for the development of new LRFD factors for
foundations.

I11. Objectives. The objectives of the research effort are to collect, mterpret,
and transcribe a large amount of loading test data ito an electronic, reiational
database and use the database (o evaluate methods for predicting behavior of
deep foundations. The database will be used to evaluate the abilitv of current
methods to predict axial behavior of deep foundations. An additional objective
of this research is (o make the database available publicly so that other
researchers, design engineers and licensing agencies can use the database for
their purposes. An easily accessible database can potentially enhance and
encourage the development of technology and new methods of deep foundation
analysis, design and construction by making avmlable the detailed resuits of past
loading tests.

iV, Current Activities. Several deep foundation data bases of varving detail
have been developed or are cwrrently being developed. These include databases
by the FHWA at Turner-Fairbank, University of Hhnots, Umiversity of Florida,
Umniversity of Texas, Comell University, Texas A and M University, University
of Houston, and perhaps others. These databases were developed for differing
purposes and are not consistent in detail or format.

V. Urgency.

Problem Statement No. 4
I. Mame of Problem. Long-Term Observations of Settlement of Pile Groups.

1I. The Problem. Most pile group designs are based on capacity considerations
and include very littie settiement analysis. However, capacity is often of minor
concern, whereas settlements is of major concern. While many studies have been
conducted to investigate and predict the short-term settiement of pile groups,
very little design guidance exists concerming the long-term settiement.
Furthermore, many pile groups driven through sofi soils into dense soils or rock,
while they may not settle appreciably, may develop considerable drag loads due
io settlement of the soil. 1o such as case the stresses in the piles become a major
concer, and settiement may also be 2 concern if the bearing capacity at and near
the toe 18 not sufficient to resist the drag loads.

111, Objectives. The objectives of the research effort are (1} to perform long-
term observations on groups of piles metrumented 1o measure the distribution of
load along the piles and the patterns of stresses, deflections and pore pressures in
the surrounding soil, and (2} to correlate the observations to good-quality,
comprehensive iz site tests, such as 3P, CPT, CPTLL PMT, and leboratory tests
on undisturbed soil samples for soil parameters, moluding compressibility
Daramelers.

IV. Current Activities. Currently, research funded by the NCHRP 1s being
compieted at Texas A and M University relating to the use of bond-breakers on
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the mutigation of drag loads in piles and pile groups. Otherwise, no formal
research 1s known to be in progress.

V. Urgency.

Problem Statement No. 8§
I. Name of Problem  Determinatdon of Residual Loads m Driven Piles,

1. The Problem. It is imperative to known the actual distribution of loads
along a pile both aller the pile is driven and at the time of fatlure. Interpretation
of results from static loading tests and high-strain dynamic tests (c.g., using
CAPWAP) are affected by the distribution of residual foads developed in the pile
during and after installation. Neglecting residual loads can fead to errors in
estimations of toe and shaft resistances by more than 100 percent. which has lcad
the profession to support improbable concepts such as “critical depth.” These
concepts, which have found their way mto mainstream design rules, have an
important effect on determunation of pile lengths.

Hi. Objectives. The objectives of the research effort are (1) to perform static
and dynamic full-scale tests on piles mstrumented with gages to sense load and
strain, so that the true load distribution can be determined. These tests should be
performed on piles that have a strong likelihood of exhibiting residual stresses
{e.g., long, relatively flexible piles). (2) to determine the true distribution of
static resistance in test piles as well as the distribution of residual load. {3) Fine-
tune means 1o evaluate theoretically the resistance of a pile when the true
resistance disiribution along the pile is known.

IV, Current Activities. No formal activities in this subject area are known to
exist currently.

V. Urgency.

Problem Statement No. &

L. Name of Problem. Artificial Intelligence in the Design and Construction of
Driven Piles and Drilled Shafis.

3. The Problem. Perhaps the single most pressing problem affecting the design
and constroction of deep foundations is the failure of state DOT g 10 erploy
knowledge that bas been acquired through formal research and dwough
expariences acquired both within the agency and by others. As a result,
foundation costs remain excessive, and occasionally designs are inadequate. The
problem s especially prevalent in the construction of deep foundations and in the
evaluation of existing piles and drilled shafts. in which resident engineers and
mspectors are not knowledgeable of proper construction methods and cosi-
effective remediation of problems that arise during construction or rehabilitation,
An effective way of making this knowledge known to practitioners in 2 way that
they will use it is by means of the decision support svstem, a user-friendly
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micrecomputer program containing a knowledge base and a set of rules
developed by experts and verified independently by other experts. This method
of mass technology transfer is very effective. especially for vounger personnel,
who have had considerable experience learning through computers. and should
be abie to break the barnier of “if it is not done in my state (or district), { don’t
want to hear about it.”

ifl. Objectives. The objectives of this research would be to (1) review existing
expert systems and neural network programs that address design, construction
and rehabilitation, both 10 the USA and ¢lsewhere, and to adapt those that are
feasible for use m DOT technology transfer, (2) to adapt or develop a shell
program that would maximize user friendliness while permitting the proper logic
to be emploved (probably fuzzy logic), and (3} to develop the composite software
svstem and to have 1t verified by recogmized experts in design and construction.
[A related objective would be to have an arm of the FHWA,, perhaps the National
Highway Institute, develop a course that could be given in house in each state to
farmibanize staie personnel with the software. |

IV. Carrent Activities. No formal activities in this subject area are known to
exist currently, although some research on expert svstem in deep foundations is
Known to be underway at Clemson Untversity, Auburn University and the
University of Houston.

V., Urgency.

Problem Statement No. 7

Name of the Problem. Feasibility of and Design Methods for Load-Bearing
Sheet Pile Abutments.

I, The Problem. According to FHWA statistics. 41 percent of the nation’s
578,000 bridges are either structurally deficient, thereby requiring replacement,
or functionally obsolete. requiring either widening or structural replacement.
Many of these bridges have short spans, and rehabilitation can benefit from the
application of technology that produces cost-effective abutments. Steel sheet
piling can carry both lateral and vertical loads, thus affecting considerable
gconomy over separate wall and bearing-pile systems. Further economy can be
realized by the fact that shoring and cofferdams can be ebiminated during
construction, thus accelerating the process. Cost savings nationally could
potentially exceed $1,000,600,000.

EIE. Objectives. The objectives of this research would be to (1) acquire
informmtion on the design and performance of load-bearng steel sheet ke
abutmenis m both the USA and elsewhere, (2) condugt erther anebyical or
experimental studies (or a combination) 1o nvestigate the effscts of sheet nile-
soll inmteraction, use of tebacks, appheation of combined loading and silar
effects, 50 4s to provide a rational basis for design methods, and (3) to develop a
straightforward design method that can be confidently applied by design
CRZINeers.
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IV, Current Activities. None, although somc load-bearing sieel sheet pile
abutmenis are known (o be in service in New York state.

V. Urgency.

Problem Statement No. 8

1. Name of Problem. Evaluation of LRFD Factors Proposed by NCHRP for
Deep Foundations

H. The Problem. NCHRP Study 24-4 has recently proposed new resistance
factors for the design of pile and drilled shaft foundations. 1f LRFD for
foundation design is adopted by AASHTO, a major new philosophical approach
to the design of bridge foundations will undoubtedty be put into practice by
many states in diverse geological settings. While the resistance factors proposed
were based on a rational analysis of the best available data, and they were
calibrated against safety factors for some typical conditions, more detailed
evaluation remains to be done. For example, site specific calibration of
resistance factors against presently emploved safety factors at many diverse sites,
assessment of the effect of specific design methods on the choice of resistance
factors and the testing of resistance factors at sites where both statistical variation
of soil and foundation behavior are known important issues that need to be
addressed before the new factors are accepted and placed into use. Additionally,
ihe hypothesis that, with the use of LRFD, overail costs of bridge construction
will be reduced should be investigated fully.

HI. Objectives. The objective of the research is to verify or modify
appropriately the resistance factors developed in NCHRP Study 24-4 so that
AASHTO can confidently adopt the factors and publish an LRFD method of
deep foundation design that will be accepted by state DOT’s.

IV, Current Activities. None known.

V. Urgency.

Probiem Statement No, &

. Name of Problem. Expedient Static Loading Tests for Piles and Drilled
Shafts

1. The Problem. While static methods of pile design have advanced
considerably during the past vears, and while dramatic advances have been made
ir: the high-strain dynamuc testing of piies and drilled shafis, there remains 2 need
to conduct static loading tests. However, the costs for such ?ssmg are presenily
m the range of $50 - $100 per ton of maximum load, which is often (oo high to
Justity static loading tests m the case of smalier construction projects and for
conducting fundamental research on pile-soil imeraction, especially for
prototype-sized drilled shafts, whose capacities can exceed 1,000 tons. Thereisa
need to develop or adapt expedient testing methods that are capable of applving
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high static loads to piles and driled shafls, that give reliable results and that are
mexpensive.

I11. Objectives. The objectives of this research are (1) to identify and evaluate
existing low-cost static testing expedients, (2) to evaluate the reliabiiity of the
results obtained from such expedients and develop modifications, if necessary,
and (3} to proposc new expedient testing methods if existing expedient testing
methods, as modified. are not considered feastble and reliabic.

IV, Current Activities. None known by government agencies, but privaie
industry in the USA and elsewhere is known to be developing expedient static
testing methods.

V. Urgency.

Problem Statement No. 10
1. Name of Problem. Increased Use of Timber Piling in Bridge Foundations.

il. The Problem. Infrastructure rehabilitation will require that repair and
expansion of existing bridges be performed as cost-effectively as possible. In
this regard timber piles have potential economic advantages over other types of
piles in certain applications. Although state highway enginecrs currently seldom
specifv timber piles, there is ample evidence that such piles perform very well
structurally for long pertods of ime. Furthermore, economic pressuic is
increasing to use products produced in the USA. Uniike steel piles, timber piles
are still a domestic product.

Past research has been conducted into the behavior of timber piles, but some
resulis, especially regarding allowable stresses, has been contradictory.

Ifi. Objectives. The research should have as iis objectives assessment of the
structural integrity of timber piles under varied conditions of installation and
loading and the assessment of long~term behavior of timber piles under varied
environmental condittons. The principal cutcome should be a clear and concise
document that outlines proper instailation procedures, aliowable siresses and
addresses environmental effects on the design of timber piles that could be
incorporated into design manuals or decision support systems o allow rapid
dissemnination of the acguired knowledge to state DOT designers.

IV, Curvent Activities, The Amoerican Wood Preservers Instituie has
previously sponsored small research efforts at the University of Colorado to

asiermune allowshle stresses in tumber piles.

Y. Urgenecy. |

Problem Statement Mo, 11

oy L

1. Name of Problem. Group Action in Axially Loaded Dnilied Shafis.

]
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1. The Problem. A major advaniage of drilled shafls is that one drilled shaft
can be emploved to replace a group of driven piles. However, in some large
structures, the size of a single drilled shafi becomes infeasible, so that groups of
drilled shafts must be used. As drilled shafts become more popular, the use of
drilled shafts in groups will likely increase. However, there is no sound basis on
which to account for group action m axially loaded drilled shafts. Research from
driven piles is largely unusable in this respect due to the differences in soil
stresses produced by driving piles versus boring piles. Without fundamental
guidance on the subject, extreme conservatism is likely to be practiced by
designers. but in some cases apparcnt overconservatism may actually result in
madequate designs.

1. Objectives. Rules for the effects of group size, depth, spacing, construction
method and soil properties on group settlement, distribution of load among and
atong the drilled shafis and efficiency shouid be developed. This objective could
be accomplished entirely by using sophisticated analytical tools. but it is essential
that appropriate experimental modelling be carried out to veniy the effects that
are produced by the analytical model(s).

1V, Current Activities. None known.

V. Urgency.

Probiem Statement No. 12
I. Name of Probiem. Corrosion of Driven Steel Piles.

1. The Problem. Many older bridges are supported on driven steel piles.
Whether foundation rehabilitation is needed may depend largely on whether such
piles are substantially corroded. Some research studies have concluded that
corrosion in driven steel piles is not a problem as long as a substantial portion of
the pile 1s below the water table. Yet, there have been a number of instances in
which corrosion has been observed when apparently “safe” piles have been
exposed. There are no applicable guidelines for nvestigating a site to determine
whether corrosion is likely to have occurred or will occur with new construction.
As aresult, protection is often recommended by corrosion engineers who are
unfamiliar with the corrosive behavior of sicel piles, which can result in solutions
that are overly conservative and expensive.

iII. Objectives. The primary objective is to develop reliable criteria which will
allow ihe design engineer to determing the likelihood of corrosion in exisiing
piles or i piles to be driven and to quentify the probability that the amount of
corrosion will be detrimental 1o the foundation now or at some time in the future.
This obsective should include recomenendations for in it andior laboratory tests
that wiil be appropriate for assessing probable corresion of steel piles on a
specific site.

iV, Current Activities. None known,
V. Urgency.
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Problem Statement No. 13

1. Name of Problem. Universal Definition of Fatlure for Piles in Tension and
Compression from Loading Test Results.

1. The Problem. Information transfer regarding the capacity of tested piles
suffers from inconsistent reporting of pile “capacity,” or failure load.
Inappropriate definitions of failure mav also impact the design of piles based on
the results of loading tests, Without consistent and universal definitions of
failure, it becomes difficult to advance the state of the art in the determination of
static capacity from both static and dvnamic loading tests, since capacity 1s a
nebulous term. The lack of agreement on the definition of fatlure is predicated
on a lack of understanding of the fundamental mechanisms of failure n the pile-
soil system and how they are reflected in load-movement relationships. These
mechanisms vary among soil and rock types, and among pile types, as well.
There is also disagreement on whether the definition of failure load should be
based upon development of vield conditions m the soil or rock or upon a
settlemnent that is dependent on the expected performance of the superstructure
that the pile supports.

ilf. Objectives. The objectives of this study are (1) to determine first if it is
feasible to develop a universal definition of failure and (2) to proceed to develop
that definition if feasible.

V. Current Activities. None known.

V. Urgency.

Problem Statement No. 14

I. Name of Problem. Evaluation of Augured Piles for Load Bearing in
Highway Structures.

f1. The Preblem. Augured piles (piles that are constructed by drilling a
borehole with a continuous fhight auger and grouting or concreting the hole as the
auger is withdrawn) have been used for decades as bearing piles in the private
sector but are almost never used in that manner in highway construction and
other segments of the public sector. Lack of usage in the public sector siems
from a perceived lack of quality control and lack of appropriate methods for
compuiing sialic capacity. There are many instances in which augured piles
could be coonomicaily superior 1o sither driven piles or conventional drilled

shafis, so that further study of augured piles i warranted.

11, Objectives. The obiectives of the research are (1) to evaluate methods of
augured pile construction arcund the world and to determine which quality
controls and quality assurance techriques will be needed to make augured piles
acceptable in the bridge engineering community, and (2} to evaiuate or develop
design models for predicting the capacity of augured piles in the major soii types.

o]
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IV, Cuorrent Activities. None known.

V. Urgency.

Problem Statement No. 18
1. Name of Problem. Fundamental Behavior of Drven Piles in Sand.

f1. The Problem. Predicting the static capacity of driven piles in sand is an
mnprecise science, even if accurate soil parameters are available. This is because
fundamental effects of pile installation on pile-soil interaction are still not well
understood and therefore design models are at best highly approximate. Many
important issues have not been addressed from a fundamental perspective. For
example, in H piles, under what conditions do partial plugs develop between the
flanges and in pile piles and how do these plugs affect shaft and toe resistance?
How do the 77 sifu stresses and the presence of fines in the soil matrix affect
plugging in open pipe piles” Under what conditions do these plugs develop
under static loading conditions when they do not develop during driving? How
do the shape of the pile, the displaced volume of the soil and the stress and
compressibility conditions of the soil affect {ateral effective stresses in the soil
and thereby the final unit shaft and toc resistances? How does pile installation
affect the angle of pile-soil friction, particularly in lavered deposits and as a
function of the penetration of the pile? Can relatively simple models such as the
expanding cavity mode! be used to predict shaft and toc resistance? None of
these questions has satisfactory answers, so that design methods remain
approximaie and largelv empirical.

HI. Objectives. The objectives of the research are (1) to identify the most
important fundamental effects of pile-soil interaction in sand for those tvpes of
piles most frequently emploved in highway bridge construction, (2) to study
these effects both analytically and experimentally, and (3) to offer improved
candidate methods for computing static capacity of this limited class of piles
based on the results of this research.

IV, Current Activities. None known; however, a research project on improved
assessiment of the SPT to obtain soil properties for the design of piles is
underway at the University of Colorado.

Y. Urgency.

Froblem Statement Mo, 18

L. Name of Problem. Improved Use of Nondestructive Evaiuation Methods to
Evaluate Loading Behavior of Deep Foundations.

i1, The Problem. At present, the only effective means of evaluating the loading
behavior of deep foundations is through high-strain dynamic testing or through
static loading tests. These tests are expensive and are time consuming 10 set up
for purposes of evaluating the capacities of piles or drilied shafts that are
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suspected of having inadequate capacity. Recently develop non-destructive
evatuation methods, whose principal purpose is to detect defects, may also be
capable of being used to infer stiffness and. either directly or indirectly, capacity.
If appropriate enhancements of these techniques and/or modifications to methods
for their interpretation can be developed. capaciues of piles or drilled shafis
suspected of having defects can be assessed, and the importance of the defect on
bottom lme performance evaluated quickly and economically.

II1. Objectives. The objectives of the research will be (1) to determine which
NDE methods can be adapted to capacity evaluation, (2) to adapt one or more
such methods, and (3} to compare the results of static loading tests with results
obtained using the adapted method, using piles and drifled shafis that have
previously been tested at Nauonal Geotechnical Experimentation Sites and
elsewhere.

1V. Current Activities. None known,

V. Urgency.

Probiem Statement No. 17
I. Name of Problem. Capacity of Bearing Piles During Earthquakes.

II. The Problem. The transportation engineering community is now becoming
aware of the need to ensure the stability of bridges and their foundations in all
parts of the country against earthquake loading. Expenience from the Mexico
City Earthquake of 1985 and the Loma Prieta Earthquake of 1989, among others,
have suggested that loss of pile capacity mav occur during seismic events in both
clay and sand. Such loss of capacity may be the result of buildup of pore water
pressures 1o the point where they influence pile capacity but do not produce
liquefaction, to the redistribution of effeciive stresses in the soil mass and/or to
the degradation of soil fabric. Most existing information related to loss of
capacity due to vibratory loading is based on experiments that considered loading
of the pile through the structure or the pile head. not through the soil, as occurs
during earthquakes. Since the degradation characteristics of soils near piles are
likely to be very different where loading is applied through the soil, special
attention needs to be given to this form of loading before design guidelines can
be developed.

il Objectives. The objectives of the research are to adapt or develop analytical
procedures to forecast capacity changes in driven piles and/or drifled shafis in
sands and clays dunng seismic evenis, 1o conduct experiments o7 1o accass
existing data o use in verifying the analyiical procedure(s) and to use the
analytical procedures (o develop recommendations for engineers who are
producing new designs or evaluating the safety of foundations for existing
struchures.

V. Current Activities. None known.

V. Urgency,
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Probiem Statement No. 18

1. Name of Problem. Design Methods for Pile Groups to Resist Dvnamic
Lateral Loads.

1. The Problem. Heavily loaded bridge foundations ofien consist of groups of
dniven piles or drilled shafts. Approximate methods have been developed in the
past by several academic researchers to analvze groups of piles subjected to
lateral shears and overturning moments due to static loads or to slow cvelic
loading. However. design methods are not generally available to analvze pile
groups subjected to dynamic loads, such as impact loads from ships, rce loads
and seismic events. In particular, there is a need to develop methods that are as
simple as possible for forecasting deflections and rotations at the interface
between the piles and superstructure and distributions of shears, moments and
axial thrusts among the piles in the group.

1L Objectives. The objectives of the research are to mvestigate existing
methods for analysis of laterally loaded pile groups and to adapt such methods to
the analysis of dynamic loading (both loading through the pile cap and ioading
through the soil). Using these analytical methods parametrically, and other
information, design methodologies are to be developed and reported.

IV. Current Activities. None knows.

V. Urgency.

Problem Statement No. 19
I. Name of Problem. Optimization of Lavouts for Pile Foundations.

1. The Problem. In modern bridge design, many, perhaps several hundred,
loading cases may need to be checked for each structure. Each of these cases
resuits in different patterns of Joading on the foundation. The local foundation
loads (reactions) themselves, however, depend in turn on the lateral, vertical and
rotational {(and perhaps torsional) stiffness of the foundation if foundation-
structure inferaction is considered in the analysis of the bridge superstructure. If
the foundation consists of a group of piles, economy of design can be realized if
the tavout of the piles is optimized for each loading condition, such that pie-head
reactions in the most heavily loaded piles are minimized. In some cases, only
though developing different pile layouts for different loading conditions can it be
assured that a particuler loading condition is truly aritical. While it is possible o
develop trial layouts and stiffness valves for each loading condition by hand, it is
very time consuming and expensive to do so, and optimum pile {ayouis mav not
be assured.

ill. Objectives. The objectives of this rescarch are to develop methods to
optimize pile group lavouts, in terms of indexes that relate to minimum cost of
pile installation, for any given pattern of loading. These methods should
consider state-of-the-art methods for assessing stiffness characteristics of the
individual piles and of the group as a whole. The developed methed, which
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might be based on principles of neural networks or some other analytical
procedure, should be programmed so that it can be used by knowledgeable
geotechmeal and structural engmeers with the aid of a microcomputer.

iV, Current Activities. None known.

V. Urgency.

Problem Statement No. 20 (proposed by V. A. Diyaljee, Alberta
Transportation)

1. Name of Problem. Penetration and Driveability of Steel H and Pipe Piles.

tl. The Problem. In designing driven pile foundations the geotechnical
engineer has to determine the depth at which the piles have to be terminated as
well as to determine whether the piles can be driven to the predetermined toe
elevation. Without test pile installations the ability of piles to attain a
predetermined depth is generally judged from the phvsical soil characteristics -
type, strength, compressibility, moisture content, etc., location of deposits,
whiether on fand or in a river environment, absence or presence of large-sized
matenial - gravel, cobbles. boulders, energy to be applied by pile hammer, fype of
hammer, etc.

In the absence of dyvnamic measurements, which are prohibiitve on small-
sized projects, SPT data is normally used to judge the penetrability and
driveability of such piles. However, this approach is not universaf and
correlations that may exist are site specific. Judgement and experience along
with SPT blow counts and soil stratigraphy review are perhaps the factors that
play a significant role in this important aspect of foundation design/construction.
The use of SPT blow counts cannot be universal for obvious reasons. In sandy
soils high blow counts may not deter piles from penetrating to great depths if
such driving s in soils that are water lain, e.g., a river environment. In such
imstances penetration may accrue from “liquefaction” of the soil around the pile.
However, if the same deposit is not in a water lamn condition the depth of
penetration may be much shallower.

The question of pile capacity also becomes a concern. Many construction
personnel regard easy driving as sign of very low capacity since “set up™ ete. is
not assessed durng driving. The designer on the other hand has to make these
Jjudgements that the desired toe elevation will provide the required capacity.
Despite the fact that such capacities can be determined from dynamic
measurements (PDA} for example, such measuremenis do not always provide
definitive answers.

Efl. Objectives. The cbjcctives of the research would be o 11y to determine
from energy relationships and soil characteristic some way in which depth of
penetration can be aclueved, thereby allowing the right recommendaiions for
harmer sizes and energy output. This would allow the geotechnical engineer 1o
have a much more active role in pile foundation design and construction. At the
time it s f2lf that while the geotechnical engineer 15 reliod on 1o provide
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capacities from a design aspect, his rofe 1s very passive in relation to
contractipehity and related problems which should be directly linked to the
behavior of the foundation soil.

iV. Current Activities. Not known,

Y. Urgeney. 1

Problem Statement No. 21 (proposed by V. A. Diyaljee, Alberta
Transportation)

I. Name of Problem. End Bearing Resistance of Steel H and Open Ended Pipe
Piles

I1. The Problem. One of the concepts frequently debated by geotechnical
engineers engaged in pile design is the assessment of end bearing resistance
provided by steel H and pipe piles. The use of full section area. arca enclosed by
the flanges in the case of H piles. partial area, etc., have all been identified in the
literature from time to ime. However, a designer has to make judgements for his
site in relation to how he conceives the behavior of the soil during and afier
driving. Lack of proper knowledge or understanding of what proportion of base
area to utilize for such piles has lead to the use of extremely long piles m some
instance since toe resistance valves used may have been conservative.

Hi. Objectives. There is a need to conduct research into assessing the oe
resistance of steel H and pipe piles in a variety of soil types (with} both model
tests and full-scale tests. This information can be assimilated with theoretical
studies to perhaps develop guidelines of the practicing engineer that can be used
with much more confidence than presently exists.

IV, Current Activities. Not known.

V. Urgency. Z

Problem Statement No. 22 {proposed by Nerth Carolina DOT)
[. Name of Problem. Effect of Jetting on Lateral Stability of Driven Piles

I, The Problem. Many piles for bridges are driven with the help of jetting.
Such foundations are alwavs subiected to large material loads and must be

designed for this loading sitation.

1. Objectives. p-vy relations for silty or sandy soils need (o be developed such
that existing models can be modified for jetting conditions.

IV, Current Activities. Not known.

V. Urgency, 1
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Problem Statement No. 23 (proposed by Daniel O. Wong, McBride-
Ratcliff and Associates)

1. Name of Problem. Axiallv Loaded Performance of Soil-Mixing Columns as
Deep Foundation Elements.

1. The Problem. The soil mixing techmique 1$ gaining popularity m the U.S,
The method is particularly attractive under contaminated soil conditions. Soil
mixing columns have been used as deep foundation elements to support large
loads. However, there is no sound design procedure for prediction of load
capacity of such columns that results in a conservative design approach.

[1i. Objectives. Develop design methods for evaluation of compressive and
uplift foad capacities of soll-mixing columns as deep foundation elements. Also,

develop an understanding of unit load transfer characteristics of such foundation
clements.

IV. Current Activities. Not known

Y. Urgency. 2

Problem Statement No. 24 {(proposed by Daniel O. Wong, McBride-
Ratcliff and Assoccilates)

I. Name of Problem. Axial Unit Load Transfer Characteristic of Downdrag
Loads.

if. The Problem. Downdrag loads are a concern for deep foundations
supporting {abutments in} embankments or for (piles) embedded in soft
materials. More understanding of the axial load transfer characteristics can lead
to design with more confidence and certamty.

IIl. Objectives. Provide design unit load transfer values for downdrag
considerations under various types of soil.

1V, Current Activities. Notknown

Y. Urgeney. ]

Problem Statement No. 28 {proposed by Danie! O, Wong, MoBride-
Ratcliff and Associates)

I, Mame of Problem. Usit Latersl Load Transfer Behavior of (Augured) Piles
and Pile Uroups.

1. The Problem. Limited by their size and construction control, (augured) pile

are not used as often as they (could) be, but the method 1s certainly gaining
attertion as more understanding is obtained. While Problem Statement No. 14
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concerns load bearing characteristics of {augured) piles, the lateral load
{behavior) of this type of deep foundation also needs more understanding,

111 Objectives. (Obtam) p-v relationship for (augured) piles in major soil types
and assess group action under lateral loads.

EV. Current Activities. Not known.

V. Urgency. 2

Problem Statement No. 26 (proposed by James J. Brennan, Kansas
Doy

I. Name of Problem. Evaluation of Augured Piles for Load Bearing in
Highway Structures (additional topics for Statement No. 14,

1. The Problem. Augured piles are difficult to reinforce with traditional
reinforcing cages to resist lateral loads. In addition. the use of flv ash as a
grouting agent in the (augured) pile mix design raises the possibility of alkali-
silica reactions with opaline aggregates.

1IE. Objectives. Evaluate the potential for alkali-silica reactivity in grout mixes
for (augured) piles that contain opaline aggregates and determine construction
methods that allow the use of traditional reinforcing cages in {augured) piles.

1V. Current Activities. The Kansas DOT is presently considering undertaking
research to evaluate the potential for alkali-silica reactivity in (augured) piles
utilizing opaline aggregates.

V. Urgency. _Not specified

Problem Statement No. 27 {proposed by Randy Ray Cannon, South
Carolina DHPT)

i. Name of Problem. Accurate Estimate of Pile Tip Elevations at Existing
Bridges.

fl. The Problem. The FHWA requires 2 scour analysis for every bridge over
water, even existing bridges. Many bridges in South Carolina are small, cheap
bridges butit by Maintenance forces on rural routes. Detailed plans were not
made and detailed recorded were not kept for piles tp elevations, bearing, etc.
Even with an accurate scour analvsis, we do not know the depth of nile
penetration and therefore cannot determine scour susceptibiity.

111, Objectives. Develop an economical and accurate method of determining
existing pile penetration at any bridge site. One method that has been sugzested
is using a device simifar to the dynamic pile analyzer and inducing a shock wave
mto the pile to estimate pile lengths.
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iV, Current Activities. According to our information the North Carolina DCT
has dorne some work on using PDA s 10 estimate pile lengths; however, we have
not contacted them about their research as of this time.

V. Urgency. ;

Probiem Statement No. 28 {proposed by Randy Ray Cannon, South
Carolina DHPT}

I, Name of Problem. Scourability of Rock. Decomposed Rock, and Residual
Sonls. )

i1, The Problems. The FHWA requires a scour analysis for every bridge over
water. The onlv geotechnical property used in the current design methodology is
the gramn size of material that 1s subject to seour. In manv locations scourable
material overlavs residual soils, decomposed rock or rock. There have been
bridge foundation failures due 1o the scour of very dense materials or rock. The
most conservative method would be to assume that the dense soil will scour as
looser matertals; however, this idea does not appear (o be realistic, and very deep
and expensive foundations can result from this assumption. There are no reliable
estunates of the rate of scour of rock with very low {approaching 0 percent)
RODs and very low recovery rates.

I Objectives. Recommend a scour rate based on RQD or a similar easily
obtainable parameter for rock, and scour rate based on SPT for dense residual
soils and decomposed rock. A new in-situ (ool many need to be developed for
very dense residual soils and decomposed rock.

IV. Current Activities. According to our information the FHWA has initiated a
study of scour m rock.

V. Urgency. {

Problem Statement No. 29 {proposed by Richard Sheffield)

I. Name of Problem. Determination of Critical Scour Depths at Hyvdraulic
Crossings.

i1 The Probiem. Current FHWA and USGS guidelines determine scour depths
around bridge foundations with regard to hydrauhic properties of the stream and
grain size of the soils. No sHowance is made for the consistency (hardness) of
the soils or geological charactenistics of the formational soils. As a result,
excessive scour depths have been determmed for many bridge sites within 2
geological formation that has not eroded for years.

115, Objectives. Develop a2 workable guideline that can be used for scowr-

critical bridge sites that not only fakes into account bridge geometry and
hydrautic characteristics, but also geology and dramage area cnifena.
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V. Current Activities. None indicated.

V. Urgency. 1

Problem Statement No. 30 (proposed by Bill Russman, Arizona DOT)

I. Name of Problem. Drilled Shafts or Piles in Highlv Variable Subsurface
Consisting of Hard Rock (Limestone or Sandstone} Intermingled With Soft Clay-
stone or Suff Clay,

I1. The Problem. How should the shaft (or pile) be analvzed for axial and
lateral resistance to determine the toe focation? Also, since exploratory borings
cannot be drilled everywhere, what assumptions can be made about the “rock”™
{rLe., assume evervihing 1s soft claystone?). What special provisions should be
developed for construction - alterations in shaft length, contractor drilling in one
type of rock when another was ¢xpected. claims (changed conditions), etc.
HI. Objectives.

a. Review procedures used by varnous agenciss.

&, Perform lateral load tests.

¢. Develop specialized exploration technigues.

iV, Current Activities. None known.

V. Urgency. I
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Table A1
List of Respondents to Survey

Name of Respondent

Employment Category

Alampail, §

Alexander, Douglas

Arcart, Donaid J

Benda, Christopher

Beuvie, Donald

Brennan, James J

Briaud, J-L

Cannon, Randy Ray

Cheney, Richand

Cochran, David

Divaliee V A,

Dunn, Philip

Clias, Vigtor

Feltenius, Bengl

Fennessy, Thomas

i

* Fontaine, Leo

Fuits, Kenneth W,

PUORN DA ECIE 5 S 14T PO PPRR IR NG ST Py R SO PN B Y

Geary, Georgene

ks

Graham, James S

Greer, Daryt

Hasan, Shafi

Ho, A.

Holder, Samuel T,

Houram, Nabil M.

Khan, Wasi

Lens, John

Mansfield, Jack

Mikkelson, Jorg

pMuroz, Andy, Jr.

Nevels, James B, Jr.

{rYNeill, Michael

('Rourke, Patrick

Ohere, Edumund J.

b Fen F e (A3 s fen Jen Jea Jea B s fod fes iy

dom, George H.

Pagee Paul

Patars i1

Prysook, Bag

Russman, Ol

Sardn, Dennia 3

Eneffisld, Richard

Continued)
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Table A1 (Concluded)

Name of Respondent

Employment Category

Thommen, G. R.

1

Walkinshaw, John |

Wargo, Richard

Weaver, Monte

Wong, Daniel O,

Zandi. Firoor

Rl AV LT R £ T )

Anon.

Anon,

Anon.

PN [ U e

Anon,

h

Angn.

Anon.

Anan.

oy

Anon.

Anon.

AnNon,

T I [N

Employment Categories;

- State DOT geotechinical or materials engineer.

. Federal DOT geotechnical or materials engineer.
. State DOT bridge design engingser.

- State DOT research engineer.

. Consulting engineer (private sector).

. University professor,

Other,
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Topics Concerning Pile Driving
Equipment and Pile-Soil Interaction

Don C. Warrington, P.E’
Vuican lron Works, Inc.
Ueep Foundations Institute

introduction

This report summarizes the present situation of the current state of pile
driving equipment in use as it relates to pile-soil interactuion. The repor
reviews the currert situation and offers suggestions for further action 1o
advance the productivity of pile driving in general and the equipment in
particutar.

Background

Although the interaction of pile and soil is something not always considered
by pile driving equipment manufacturers, its reality and the understanding of
the reality are important factors in the application of the equipment and its
etficacy in driving piles. The interaction of pile and soil is indeed the central
question with driven piles. The entire purpose of driving piles is to increase
the load capacity of the foundation by mobilizing more of the soil for load
bearing purpose than spread footings or ring foundaiions. Since pile driving
equipment is used in the installation of piles, we can concentrate on pile-soil
mteraction during installation.

The central role of pile driving equipment is to get the piles in the ground
o the desired depth. However, from the middle of the last cenwry onwards
the role of the equipment has taken a dimension that is missing from that of,
say an €xcavaior in a spread footing. It is the role of ¢ measuring device of
the pile’s bearing capacity. In its most elementary form, the hammer's energy
output and other driving systemn factors combined with a measurement of the
pile’s reaction to driving are used to determine the bearing capacity of the pile,
Historically the most widespread application of this has been the Engineering
News Formula. This simple equation, with the more complicated Hiley and
other formulae, established the impact pile driver as 2 simple measuring device
for Dearing CApAciy.

The central defect in this approach was the theory of dynamic formulse
themselves. Especially with the development of longer concrete and stesl
piles, the pile could not be accurately modeled as a rigid mass. The soil
modeling implicht in these models was rudimentary (o say the least. It wwok
the development of the cleconic digital computer and the skififul application

* Viee Chairmsn, YVuloen bron Works, Ine., 2403 Lemmox Cours, Chentanooga, TN 37421-1855,
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of existing theory by E. AL L. Smith of Raymond to produce the tool that
would overcome the main shorieomings of dynamic formulae -- the wave
eguation,

The later development of the wave equation, from a theoretical program
mnto an accepted method of pile driving behavior, through its TTT and GRL
developments and its transformation into a field instrument with CAPWAP and
by TNO, is well documented. The wave equation has given the pile driving
universe a reasonably accurate ool to determine both the driveability and
capacity of piles, depending upon how the various methods are applied.

While these developments were taking place with impact hammers, the
Russians were developing the vibratory and impaci-vibration hammers.
Vibratory hammers operate on a different principle from impact hammers,
Instead of developing high peak forces and this pushing the pile past the soil,
the vibratory hammers actually modify the soil properties below the weight of
the system and thus allow the system (0 penctrate into the ground. The
interaction of pile and soil s thus different from impact 1o vibratory driving
and is in reality more complex. This has made establishing a method 10 relate
the performance of the driving system with the bearing capacity of the pile a
more difficult wask with vibratory hammers than with impact ones. Analytical
methods ave been developed that take 2 variety of approaches (o solving the
problem, but none of these has progressed as far as those used now with
impact hammers,

One more item that deserves mention is the existence of methods (o
determine pile capacity that do not rely o the method by which they are
driven. Such methods are numerous and include those of Meyerho!f, Nordiundg,
and Tomlinson. These methods are used widely in foundadon design.
Equipment independent methods are especially favored with offshore platform
piling. The severe uplift experienced by these piles and the conditions under
which they are driven puts both the analysis and the installation of these piles
in classes by themselves.

Present Situation

Generally speaking, impact pile driving equipment for larger projects is first
sclected using a wave equation analysis, followed by a pile load 1est program
with a pile driving analyzer. Once this phase of the project is complete, the
hammer is ceriified. It is virwally impossible 1o substitute another piece of
equipment. Often it is difficult to change any other part of the driving system,
such as the cushion material. This has the effect of making a job “captive” 1w
a certain piece of equipment, which can present problems if the SOuipsnent
breaks down or more is needed to keep the job progress acceptable. A more
serious problem arises if the equipment chosen is acceprable during the piie
load test program but then encounters soil conditions thar make it madeguate
for the remaining piles.
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With vibratory hammers, the most common way of employing equipment to
assist in the determining bearing capacity is o drive the piles to nearly their
desired depth and then finish the job with an impact hammer. Although this
method is satisfactory, i requires an additional piece of equipment in the field.

Another factor that complicates this situation is the strong evidence that impact

driven piling and vibrated piling do not have the same bearing capacity (at
least in the short term), even if the soil is idemtical. These effects, however,
may be reduced or eliminated over time.

Conclusions and Recommendations

Although the role of the equipment in determining the bearing capacity of
piles and thus their interaction with the soils has come 3 long way in the last
century of so, there is still much improvement that s possibie and indeed
desirable, if pile foundations are to continue o be a productive and economical
type of deep foundations. Since the issues for impact and vibralory eguipment
are differens, they will be dealt withy separately.

%

impact hammers

a. Although the spring/dashpot model for soils has done well over the
years, it needs (o be reexamined in view of further developments in the
modeling of soils, either towards refinement or replacement. This is
especiaily true with the development of finiie element methods, and it is
also wue for pile analvzers as well. The values for these parameters
need o be ted more effectively o the soils being penetrated rather than
the blanket values that have been employed since the beginming of the
wave eguation analysis.

b. The entire process of soil properniics entry and use in the wave equation
analysis needs to be sutomated as much as possible w reduce errors at
the analysis level.

¢. The methods by which hammers are centified need 1o by made more
flexibie to allow equipment substiutions duning the job. It is ironic that
the advance in technology and in the behavior of piles during driving
has in some ways added 1o the rigidity of hammer selection and use.
This could be effected by minimum snergy or enthru requirements, or
by mere zdvanced pile analysis methods and equipment that would
allow more comfigens sebstitorion of hammers during the job.

d. Methods that would ke equipment oul of u3¢ 28 3 measurement wol
shoruld be developed whenever possible. This would add 1o the
flexibility of hammer selection and substiution. Although eguipment
has been used ay a measuring ool for a long dme, the varanoens in
hammer performance due to design changes, lubrication, cushion
material wear and other operating variations do not make pile drivers the
optinem mansuring devics,
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Vibratory hammers

a. A comprehensive model of soil response to piles vibrated by vibratory
hammers needs to be developed at the first opportunity. This cannot be
over-emphasized; the development of such undersianding and 1ts
guantification is absolutely esseatial to using vibratory hammers o drive
bearing piles, and for driveability studies. Once this has been done, then
the development of analytical methods and their field correlation is
possible. Too much research has concentrated on empirical or semi-
empirical methods, While these have added o our understanding of
vibratory pile driving, without a more gengral model the long term
development of methods w predict pile driving performance during
vibration will be limited. One possible source of information on this
would be seismic research, The phenomena wimessed during vibratory
pile driving are similar and in some cases the samc as thosc seen during
SEISMIC ZCLivily,

b. Methods that are independent of the equipment iiself for pile capacity
arc as desirable with vibratory equipment as they are with impact
equipment. The variations between resistance or capacity for impact
driven piles, for vibrated piles. or even for those which are jacked in the
ground need o be understood thoroughly before this is carred out. I
the capaciiy or resisiance differences between vibrated and impact driven
piles are reduced or eliminated over time, this needs 1o he established,
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The Action of Soft Clay Along Friction
Piles Bay Mud Revisited

Lymon C. Reese'
Department of Civil Engineering
University of Texas at Austin

introduction

Research at Berkeley more than three decades ago gave new insight inio the
behavior or axially-loaded piles in clay. Numerous experiments and anaivtical
studies performed since, many of which have been supporied by the oil
industry with respect to offshore platforms, have added significanily to 2 betier
undersianding of the problem. Yet, the prediction of the “real” behavior of
such piles with effective-stress methods remains far bevond the present
capabilities of geotechnical engineers.

" A brief discussion is presented to clucidate the factors involved in the
interaction beiween a pile and the clay with a view of establishing fundamental
concepts. Models are described that serve as guidance 1o further research.
Some results of studies at Berkeley and elsewhere are presented that are
relevant 16 an improved understanding.

The thrust of the paper is to lay out the kinds of experiments that must be
performed if the problem of an axially-loaded pile in clay is 1o be solved
rationally. Further development of methods to predict the load versus
settlement of a pile in soft clay must await the collection of a body of reliable
data from field measurements.

The discussion that is presented is built around the behavior of a single pile
for simplicity but the concepts presented apply o a group of closely-spaced
piles. Also, for simplicity only the load transfer in side resistance is
considered. End bearing is important, of course, but for 2 pile in soft clay the
load carried in end bearing is frequently a small fraction of the Ioad camied in
side resistance.

Effects on Soll of Installing a Pile

Bored piles are not well adapted for use in soft clay 0 it can be reasonahly
assumed that the pile will be driven by an impact hammer. The interaction of
an elastic pile and the inelastic soil under the last blow of the hammer will
likely resuli in the dismnbuotion of 2 residual load nonuniformiy aiong the
length of the pile.

Rid, Chair Emenitus &t the University of Texae 21 Austin, Civil Engineering
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immediate effects of piie driving

The first effect is the displacement of a volume of soil nearly equal o the
volume of the material that is inserted.  Soil displacement around a driven pile
fas been discussed by a number of authors, for example by Zeevaert 1950
[1] and Hagerty and Peck 1971 [2]. The displacement of the soil during pile
driving can cause uplifi and lateral movement of piles previously driven [3].
Baligh 1985 [4] has proposed a method for obtaining the deformations around
an inserted pile by assuming that the insertion was at a constant velocity, that
the soil was incompressible, and that the results were independent of the
constitutive relations of the soil. The ability to predict the deformations of the
soil even for such a special case is useful; however, the solution to the general
problem remains unsolved. For example, if a wbular pile is driven. it is not
now possible 1o predict if, or &t what depth, the pile will plug.

There will inevitably be some lateral vibration of the pile during driving
because of the eccentricity of the application of the impact loading. The
lateral deflection could be enough 1 cause the soil near the groundline to be
pushed away from the pile and the axial capacity would be adversely affected.

The driving of a pile into soft clay causes the total pressure al the pile wall
1o increase above the at-rest pressure and the pore pressure (o increase above
the equilibrium pressure. Increases in the pressures around piles in clay have
been observed at the pile wall and at several diameters from the pile wall [5]
(6] [7} [8] {91 [10]. The increase in the pore pressure around a driven pile in
clay is analogous to the increase in temperature in a slab due o the imposition
of a line source of heat.

As a pile is driven past a particular point in the soil, shearing deformation
of large magnitude will occur. Information is unavailable as to the conditions
under which the sliding will occur at the pile wall or at some distance into the
soil. However, Tomlinson reported that the excavation of driven piles revealed
that soil from upper sirata were moved downward inio completely differers
strata [111 1120

Effects of time with no axial loading

A considerable amount of time must elapse before excess pore pressure is
substantially dissipated around a pile driven into a saturated, homogeneous
clay. Along with the decrease in excess pore prossure is an increase in oaxial
cepactty. Figure 1113} [14] presents curves for eight experiments that show
the rate of increase in axial capacity as a Fanction of tme. The curve for test
B-1in Figure 1 was developed from datz on the decay of excess DOfe Dressure
and by making the assumption that the axial capacity of the small rod went up
as the pore pressure went down {141, As may be seen in the figure, some of
the piles had not reached the full capacity for more than 2 month after
instaliation.
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Figure 1. Pile diameter versus time to 50 percent consalidation {log-log plot) (after Grosch and
Resse 1980) 1in. = 254 mm

The data from Figure 1 were used w construct Figure 2 that shows a log-
log plot of the time for 50 percent of final capacity as a function of pile
diameter. Only the data from full-displacement piles were used in the plot.
The resulis shown in Figure 2 are consistent with the concepts that the
magnitude of the “bulb” of increased pore pressure is & function of the amount
of soil that is displaced and that the capacity of a pile under axial loading is
inversely reiated 1o the decay of ¢xcess pore pressure.

The state of stress in a homogeneous, saturated clay immediaely afier pile
driving is complex. The excess pore pressure al 2 particular point on the pile
wall probably reaches its maximum value just after the pile is deiven. Then,
there i3 an exponential decrease in pore pressure and 5 comresponding decrease
in water comend. The change in water content i5 significarn (i3] [6] and the
stear strength of the clay 2t the plle becomes markedly higher than the
strengih just after the pile was driven. The physical process of the owrward
flow of water and the inward packing of soll graing i not well wdergiood, and
00 theory has been proposed for predicting the state of stress and the
properties of clay as 4 function of distance from the pile wall.

I a driven pile in saturated Clay remains unloaded, thers Is some evidence

to show that compressive siress develops in the pile. The remolding of the
clay due 0 pile driving causes s consolidation characienstics Io change so
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Figure 2. Pile diameter versus time 1o 50 percent consolidation {log-log plot)
{after Grosch and Reese 19801 1 in. = 25.4 om

that it will setile under self weight. Thus, some downdrag will result with a

consequend change in the residual stresses that existed immediately after pile
driving [1] [16].

Effects of jvading

The axial load on a pile will cause an increase in the su=ss in the pore
water that leads to consolidation and setlement. For most offshore structures,
the septlement due 1o consolidation is of Hde or no consequence. The incroase
in shear strength of the clay as a result of consolidation may or may not be
significant in terms of the additional capacity of a pile.

The cyche, axial loading of a pile could result in an increase m the poe

=
pressures so thal the axial capacity would be affected during 2 storm [17) {141,

Surmmary

The soft clay around a driven pile experiences drastic time-related changes

that are dependent on the geometry of the pile, the roughness of the pile wall, the
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method of mstallation, the distance from the pile wall, the stratigraphy at the site,
and the properties of the clay. The result 15 that the clay that controls the axial
capacity of the pile m side resistance will have properties that are quite different
from the in situ propertics of the soil

Models for Computing Behavior in Side
Resistance Pile

A wide varicty of types of piles can be driven into soft clay where the
variables are the geometry of the pile and the material of which it is made. In
all cases the pile will deform under axial load and the deformation will usually
be elastc or nearly so.

For the purposes of this discussion, the assumption will be made that load
transter from pile 1o soil will oceur at or near a pile-soil interface that is flat or
curved, and it is convenient in the presentation 1o consider a cylindrical pile.
Tapered piles and H-piles are eliminated from consideration, aithough many of
the concepis that are developed will apply generally.

3

Soft clay

A secton from a driven pile is shown in Figure 3. Elemenis are shown at
the pile wall at Points (a) and (b) and elements are shown radially away from
the pile wall. If it can be assumed that the properiies of the clay were
perfectdy uniform prior to pile driving, the properiies of each of these elements
will be different. Furthermore, the state of stress will differ from the in situ
state. An clement of the clay at some radial distance from the pile wall will
retaimn 1S in situ properties and state of stress.

An clement of the clay at the interface of the pile is shown in Figures 4; a
generalized staie of siress is shown on the face next to the pile. The three
stresses thei are indicated are all related 10 time. The normal stress is a
function of the in situ soil properties, the in situ state of stress, and the effects
of driving the pile. The normal stress could be zero or nearly so near the
ground surface, especially if the pile had experienced lateral deflection during
placement.

The shearing stress in the vertical direction is due w the residual stresses, if
any; the possible effects of downdrag; and the loads that are applied. The
shearing stress in the horizontal direction is probably very small and may be
due to variation in soil properties and the bending of the pile during driving.

A failure surface, not at the interface of the pile and the soil but in the soil
at some distance from the wall of the pile, is shown in Figures 3 and 4. A
concepmal approach to the location of the failure surface at some point along
the length of a pile is shown in Figure 5. The shearing resistance of the clay,
determined either by the undrained-strength approach or by the effective-siress
approach, is shown as a curved line extending from the wall of the pile. Field
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Figure 3. Variation of state of stress and soil properties around & driven pile

measurements, some of which are mentioned later, show that the water content
of the clay is less at the pile wall than the in situ water content. Furthermore,
piles in clay that are recovered have a layer of clay clinging to the wall of the
pile. If soil particles move toward the pile while excess pore pressures are
dissipated, it follows that water molecules must move outward; thus, at some
distance from the interfuce, the water content could be greater than the in sit
value and the strength would be less than the in shiu value,

A point at the wall of the pile is shown in Figure 5 w represent the
shearing resistance at the interface. This point is ploued below the strength of
the soil at that point but it could possibly be above the soil strength if the wall
of the pile is rough. Also, there could be 2 chemical reaction between the clay
and the material of the pile that could cause 2 strong resistance at the interface.

The dashed line in Figure 3 shows the applied stress, and that stress will
decrease with distance from the wall of the pile. At some distance from the
pile the applied siress will equal the shearing resistance of the clay and sliding
will tend to ocour when the pile is fully loaded. The thickness of the clay
layer that will move with the pile is indicated in the figure. That layer of clay
in effect enlarges the cross-seclional area of the pile. However, it is unlikely
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that the distance to the potential sliding surface will be the same at 2ll points
along the pile so that the actual thickness of the clinging layer would involve
consideration of bearing stresses and kinematics.

The curve given in Figure 5 conceptually could represent the undrained
strength of the clay; however, the use of cffective siresses is more satisfactory
and obligatory if the true behavior of the pile is found. Thus, the parameiers
that define the strength of the clay must be ascertained on surfaces, millimeter
by millimeter, from the pile wall. These parameters will be related to the in
situ parameters as influenced by the driving of the pile. Also, the effective
stresses must be found at the pile wall and owt irgo the continuurs.

interaction between plle and soil

Many procedures for piles in clay are direcied ondy at the computation of
the ultimate capacity under short-term loading at the time when pore pressures
are fully dissipated. However, it is desirable 1o be able 1o predict the load
versus settiement and the distribution of foad zlong a pile for any time afler a
pile has been driven.  Such predictions can be made by utilizing the model
shown in Figure 6.
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Figure 5. Concepiual curves for locating position of failure surface

The sketch in Figure 6 shows the pile as a deformable body: the soil has
been replaced by mechanisms that merely indicate that the unit load transfer in
skin friction is 2 nonlinear funciion of the movement of the pile. The unit
load transfer is characterized by a family of s-z curves (sometimes called -z
curves), where s is the load transfer in side resistance at a point along the pile
and z is the movement of a point on the pile relative to the position of the
point prior w loading. The skeich indicates that the movement of the pile
head under a given load requires the solution of a nonlinear differendal
equation because the movement of the pile and the load transfer are mutually
dependent. The concept of load-transfer curves as a means of explaining the
interaction was presenied by Seed and Reese 1957 [6] and developed further
by Keegse 1964 [18] and Coyle and Reese 1966 (191

The mode! can be criticized because single-valued curves, as shown in the
skeich, cannot be used io charactenize the behavior of 2 continuum. However,
the curves that are reporied in technical Hierature have been obtained from
experiments with instrumented piles where the continuum effect was satisfied.
Furthermore, the solution for the behavior of a pile could proceed equally well
if multi-valued curves, including the influence of the continuum, could be
predicted for various points along a pile.
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Figure 8.  Model of axially loaded pile {after Reese 1964}

Giher investigators have proposed formulations for load-transfer curves for
piles in clay since the earlier studies that were cited; for example, Kraft et al.
1981 [20] and Viayvergiva 1977 {21]. The method is being used in praciice,
but the number of tests with instrumented, full-scale piles is insufficient to
allow such predictions o be developed with confidence,

The foad transfer at some time after the installation of a pile could be
represented by a family of curves that are movement-softening such as
indicated by te Pomnis A, B, and Cin Figure 7. Then, the ultimate capacity,
and the load-settlement curve, must be computed in consideration of the axigl
stiffness of the pile. Because of the deformation of the pile under load, the
pile movement and load fransfer near the bottom could be represented by
Pomi A, while Point B could represent the soil response at the midheight, and
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Point C could represent the soil response near the top. Thus, the solution of a
differential equation would be required if soil response is represented by
curves such in Figure 7.

If a pile in soft clay is subjected to sustained loading such that Point A in
Figure 7 gives the load transfer and pile movement, consolidation and creep
could cause a displacement to Point D, Research on the behavior of piles in
soft clay can lead to the ability w predict load-transfer curves as a function of .
ume and loading on a pile. Thus, the compleie response of a pile 1o axial
loading ai any time after installation could be found analytically.

Summary

The models describe a systemn that can explain the action of soft clay along
an axiaity-loaded pile. While the system is complex in terms of many that are
in curreni use, researchers currently have the capability © galn datz 0
implement the models. Such research is necessary if significant advances are
to be made in predicting the response of piles in soft clay.
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Some Pertinent Field Measurements

The influences of the driving of piles on soft clay are so dominant that
laboratory studies are of limited benefit. Furthermore, the amount of fileld
research in the last several decades is so large that it is impossible o review
all of it. Therefore, starting with the work of Seed and Reese 1957 [6] and
Zeese and Seed 1955 [5] {called the Berkeley studies for convenience), a few
studies are described briefly. Useful smdics have been made with probes that
are inserted into clay [14] {227 but only those results from driven piles are
included below. The nature of the research is indicated that will further the
understanding of the subject problem.

The Norwegian Geotechnical Institute carried out a noteworthy set of
experiments at Haga with a fully instrumented, cylindrical pile that was S m in
ferizth and with a diameter of 153 mm [23]. The tests were carried out over a
period of 4 yrs and data were acquired conceming the behavior of both pile
and supporting soil.

Total and pore pressures

The pipe pile (152 mm in diamcter) installed at Berkeley contained gauges
that measured pressures at six positions along its length, Significant
differences were shown between the results of measurements of pore pressures
and total pressures, indicating that there were effective stresses at the pile wall
during the driving. There was an exponential decrease in the pressures with
time and data, taken at the end of the test period of 800 hr, showing that good
agreement was obtained between the measured pore pressures and the
computed hydrostatic pressures. The pore pressures were subtracted from the
residual total pressures and the result was divided by the computed effective
overburden pressure; the values ranged from 0.24 to 0.54. Pressures were
measured at nearby piles when other piles were driven in the vicinity with
interesting resuits.

The Haga experimenis revealed that the maximum values of total pressure
and pore pressure were almost equal and that these values varied almost
lincarly with depth. The residual values of the total pressure varied almost
linearly with depth and was about one-fourth of the values measured
immediately after installation. The residual pore pressure was very close © the
hydrostatic over the lengih of the pile. Data on the decay of the excess wial
and pore prossures were not presented in the 1986 paper.

Water content gt wall of plles
Samples were taken close 1o the walls of piles thal were driven in the
Berkeley experiments and the orientation was carefully marked o that the

portion of the sample next © the wall of 2 pile could be identified. The
results showed that the average values of water content were 48.1 percent prior
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to pile driving, 43.6 percent to wall of pile one day after pile driving, and
41.1 percent next o wall of pile 30 days after pile driving.

The researchers at Hags made an excavation near the wall of the 133 mm
pile and obtained block samples for study. The water content within a zone of
about 16 mm from the pile wall was abowt 23.6 percent while the water
conterst of the undisturbed soil ranged from sbout 48 percent o 59 percent.
These remarkable studies showed that the change in water content and soil
distortion occurred principally in a zone that was about 200 mun from the pile
wall,

Studies with a timber pile with a length of 13,1 m and an average diameter
of 250 mm were described by Eide et al. 1961 [241. At the conclusion of
loading iests, samples were taken (o a depth of 9 to 10 m that skimmed the
pile wall. Distortion in the lavers of soil was noticed to a distance of 60 mm
from the pile wall and the average moisture content in the “reconsolidated”
zone was found (o be 24 percent. The average moisture content of the napural
sotl at the same depth was found to be 35 percent.

Axial capacity as a function of time

The test pile in the Berkeley studies was loaded the first time at 3 hrs afier
pile driving and then at 1, 3, 7, 14, 23, and 33 days after installation. Ara
parucular time after driving, onc of the piles ar the site was loaded 1o failure
three times in quick succession with almost identical load-seitlement curves,
indicating that the previous loading had little if any effect on subsequent
loadings. The plotted results from the tests showed 2 rapid increase in
capacity with time during the early hours with the full capacity being achieved
at about 23 days afier installation.

The results from the Haga experiments showed that preloading had a
significant effect on subsequent loading; thus, different piles had to be tesied
in order {0 obtain information on increase in capacity with time, The
researchers found that capacity increased almost linecarly with time from about
60 kN at 1 week after installation 1 about 74 kN at 5 weeks after installation.
The authors postulaled that the increase occurred due to the increase in the
effective angle of imternal friction near the pile wall as well as 10 the increase
in effeciive siress,

The timber pile tesizd by Bide et al. 1961 [24] was subjecied 1o both short-
term loading and sustained loading. The fires vest was 3 days after installation
and the final test was 799 days afier insmalistion. As observed by others, the
pile showed a sharp increase in capacily during the early days but some
increase was shown after the piie had been in place for three months,

Four steel pipe piles (356 mm in diameter) were tesied by Con et gl 197
[25] in under-wo-nommally consolidated clays. The piles were driven through
casings so that strata of soil at differeni depth below the ground surface could
be investigated and tesied both in tension and compression. The fist wests
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were a few days after driving and other tests were done after more than
300 days after driving.  Some significant increases in pile capacity with time
were neted.

A pipe pile (762 mm in diameter) was driven into silty clay 0 a depth of
80.2 m below the ground surface; the top 57.9 m of the pile was isolated from
the soil by a casing {261 The authors report a four-fold increase in pile
capacity with time. Increases of 9 percent to 32 percent in capacity within a
few hours after a previous test were auributed to the dissipation of shear-
induced pore pressures,

L.oad-distribution curves

Data from the Berkeley tests showed thai little of the load was carried in
end bearing and that the load transfer in the wp few diameters was much less
than that over the lower portion of the pile,

Cox et al. 1979 [25] obtained data that showed load transfer increasing
slightly with depth. For one of the piles with 15.2 m of length in contact with
the soil, only 11 percent of the load was carried in end bearing.

Load-transfer curves

Results from vane-shear tesis at the Berkeley site were used to predict
curves showing the transfer of load in skin friction as a function of pile
movement. The distribution of load with depih, considering the elastic
shortening of the pile, was predicted reasonably well.

Cox et al. 1979 [25] obtained a number of such curves and most showed
that the maximum load transfer occurred at 2 pile movement of 10 mm or less.
The curves remained approximaiely constant with additional pile movement or
showed some slight decrease.

Comments on requirements of methods of Investigation

Investigation of the behavior of a pile driven into clay presents some
formidable challenges. Inspumeniation must have appropriate sensitivity and
relisbility not only during the installation byt with tdme after installation.

With regard 10 the measvrement of the axial loading with depth,
mstramentation installed prior to driving must survive the dynamic foading and
stresses.  Measurcments must be made at more than one point around the
circumference in order io eliminate the effects of bending moment from
eccentric loading. The instrumentation should not experience a zero-shift
during driving so that the residual loading in the pile can be fourdd.
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With regard 1o the measurement of total or pore pressures, the rapid rise of
these pressures during the inswaliation of pile presents challenges. In the case
of total pressures, a system is required that allows no deflection; otherwise,
arching would occur around the gauge. A similar nulling method is required
for pore pressures because the drainage of a few cubic millimeters of water
could causc undesirable inaccuracies. A fundamental difficulty in measuring
the pressures along a driven pile is that the maximum pressures are
undoubtedly generated when the pile first penctrates the soil at a particular
deptin then, as the pile is driven fanther, the pressures at that depth would
change with ume. Thus, not only is instrumentation reguired that will
eliminate the inward movement of soil or water, but pressures are needed at
several poinis along a pile during the driving,

The measurement of water content and other properties of the soil around
the pile is of considerable imporiance. The technique of opening an
excavation along the pile so that samples can be taken perpendicular to the pile
wall is an ideal solution but is not always feasible. Arrangements can be made
o sample from the interior of a closed-end pipe pile and in other cases special
arrangements can be made 1o allow vertical sampling next 1o the wall of the
pile.

The angle of intemal friction () of the clay probably changes millimeter by
millimeter from the wall of the pile outward. Asswmning that specimens of the
clay of acceptable quality can be obtained, a technigue is reguired that can
obtain these values of ¢. The development of such a echnigue would appear
io be a formidable challenge.

Concluding Comments

The understanding of the response of 3 pile in soff clay to loading awaits
the performance of a series of field tests that provide data on a number of
relevant parameters. With such data at hand, analviical tools are available that
allow the development of methods of prediction. In addition 1o the Berkeley
researchers who employed the theory of the diffusion of heat [27] [28), 2
number of investigators have proposed methods of predicting the interaction of
a pile and the supporting clay {291 [30] [31] 4] [32] [33] [34] {357 [36]. Each
of the methods makes a contribution 10 the eventual solution o the behavior of
piles in soft clay under axial loading but each of them suffers from a lack of
high-guality data.

The relatively recent mgh-guality experiments at Hags and the earlier ones
at Berkeley, while somewhat crude by today’s standards, are examples of those
that ars necessary before predictions can be much mproved. But because the
response of clay o the driving and loading of a pile is plaindy related o the
kinds of soil profiles and pile geomeiry, those tcsts only provide “points of
fight” 1 a large matrix

The scope of the problem of gaining the amount of datz that will be
seguired to allow rational predicions is large and may seem overwhelming.
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However, major construction projects could easily support the cost of the
necessary instrumentation and the collection of data that allow progress. The
writer closes the paper, as done in the past, with a guote from the lae Kard
Terzaghi [37] that remains fresh and pertinent: “Our theories will be
superseded by better ones, but the results of conscientious observations in the
fictd will remair as a permanent asset of inestimable values 1o our profession.”
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3 Reports of Working Groups

introduction

Session Four of the workshop allowed members to report on topics and
ideas generated during the working sessions. A summary of the report of each
working group is given below. Where known, the originator or principal
developer of suggested rescarch topics is shown in parentheses afier the
recommendation.

Gr@up 1 - Research Needs for Piles in Specific
or Special Types of Soils

Overview: Discussions of this working group centered around the effects
of piles on specific types of soils {e.g., cemented sands, stiff clays) and the
possible cffects of driving piles into or through special types of soils (e.g.,
contaminated soils). Both field and laboratory investigations were proposed 2s
well as modeling and sampling technigues to investigate the effects of piles on
specific types of soils. Research suggested to address this problem is below.

Participants: L. Reese, Chairman
D. Bogard
. Lourie
R. Olsen
I. Pestans
F Townsend

Subject: Contaminated soils.

Problem: Punching through soils in the process of installation promotes
deeper contamination by mixing lavers of material, A conduir for fluid
transport of dissolved comaminars is glso creared.

Research Needs: The type of pile installed has a significant effect on the
magnitude of the problem. Simulation echniques to determine how &
contaminant spreads in specific punched soil profiles could be an answer.
Centrifuge testing io determine how contaminarts are transported in punched
soil would be another valuable ool
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Recommendation: Research guidelines and coordination of research are
needed. An agency to provide a review mechanism and dissemination of
results/information should be designated. (L. Reese)

Subject: Modeling pile-soil interaction by the finite element method
(FEM},

Prablem: Effects of pile driving hammer impact on clay must be studied.

Research Needs: An FEM code has been developed at UT, Austin. This
code should be completed and adjusted to study the effects of the state of
stress around the pile on the surrounding soil. Furthermore, the code resuits
need to be compared with instrumented tests and adjusted. Such comparison
would serve 1o cstablish guidance for in situ testing technigques.

Recommendation: Review existing FEM code. Investigate effects of pile
driving on the properties of clay and incorporate in the code. Apply 1o a case
where the site was extensively tested and compare experimental and FEM
simutated data. (L. Reese)

Subject: Cemenied, calcareous sand, loess, silts, soft layered soils, and
timerock.

Problem: Heterogeneity of soil is not reflected in design. Soils are not
“clay” or “sand” but exist in a spectrum. The properties of soils change in the
process of driving, but mechanism of the change is not understood. End
bearing capacity 1 soft rock cannot be estimated. Mixing of soils in layered
systems has not been studied to determine the contribution that this
phenomenon makes to changing soil properties.

Research Needs: Develop sampling methods for soils prior, during, and
after driving of piles. Study a possibility of soil liquefaciion resulting from
pile driving. Study breakdown of cemented sands. Investigate process of
mixing affecting #/2 curves.

Recommendation: Carry out numerical simulation for changes in
stress/strain in various phases of driving to determine its potential effect of soll
properties.  Continue with special soil laboratory iests on models, with field
tests following these tests. The field tests must be accompanied by in sitv
sampling., Results should help new design procedures for specific and special
soile, (F. Townsend)

Subject: Special sampling techmgues.
Problem: Soil properties near the pile shaft are not verified.

Reconsolidation and shear in axial loading in soils near the pile are not fully
interpreted.
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Research Needs: Swdy effects of installation on the properties of soil |
zones adjacent 1o pile skin. Investigate reconsolidaton effects and sewp
process.

Recommendation: Develop special sampling tools for honzontal radial
samples. (D. Bogard)

Subject: Clay properties near the pile wail,

Problem: Soil disturbed during pile driving s not investigated by in situ
sampling.

Research Needs: Obrain horizontal samples.

Recommendation: Develop a latiched-in access door {o obtain sampiles
after the pike is positioned in soil. Employ scanning electron microscope
(SEM) and X-ray techniques o analyze radial variation in clay. (D. Bogard)

Subject: Sand properties near pile wall,

Problem: Soil is disturbed by pile driving. Radial vanation in strain effect
resulting in redistribution of grain size and density is not known.

Research Needs: Obuain undisturbed in situ samples after pile driving in
sand.

Hecommendation: Study application of epoxy solidifiers and freezing
techmigue for undisturbed sampling. (D, Bogard).

Subject: In sitw testing of soil properties.

Problem: There i no program for evaluating in sitw testing techndgues for
deep foundations.

Research Meeds: Develop s program 1o evaluate in situ fechnigues and
their usefulness in obtaining relevant information abowt soil propertics adjacent
1o piles. Swress changes due 10 device instalizion {cone penetration, plaie
contact) and the relationship between idealized and actual conditions should be
taken into account. BModeling the sress-strain-strength relationships of soils,
especiaily sand, would be helpful. Comparison between analviical models and
large-scale protolvpe experimend results should be underaken.  Assessment of
the siress hisiory of soil element during pile installation based on measuremen
by piezocone and pressuremeter, by spectral analysis surface wave (SASW)
characterization, nuclear lechnology, or resistivity measurement should be
considered in such 4 program, Assessment of stress history of soil based on in
sity instruments, including pore pressure, stiffness, and stress (stress cells) is
central for the solution of dus problem.
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Recommendation: Determine optimal location for built-in instruments and
driven instruments, Develop high-resolution SASW for density changes in
macrostructure, Develop and improve constitutive models accounting for
changes in mecharical properties of materials as a function of stress level and
density (for sands) and drainage condition (for clays). Implement and/or
validate device-specific measurement of soil characteristics compatible with
compuiational model(s) and numerical techniques. Well documented case
historics arc necessary for feed-back. (J. Pestana)

Group 2 - Laboratory and Small-Scale Test
Research Needs for Piles

Overview: Research involving full-scale driving and testing can be slow
and expensive, but laboratory and smali-scale tests offer the prospect of
economical research results obtained under controlied conditions. This
working group endeavored to formulate research topics which would address
the pile-soil property problem from the laboratory perspeciive. Topics
developed are outlined below.

Participants: A, Whittle, Chairman
. Ealy
W, Isenthower
RB. Olson
WM. O'Neill
K. Mosher
R. Peierson

Subject: Suction piles.

Probiem: There is no database or consistent records for full-scale suction
piles. Only a small number of scaled-down tests to offer destgn confidence.

Research Needs: Full-scale tests are too expensive due 1o the type and
application of this type of pile. Exiensive small-scale tests are necessary.
Needed are tests on sand where piping may occur; and tests on ciays where
consolidation and setup may occur. The effect of cyclic and tensile foading
unclear and should also be investigated.

Recommendation: Develop an instrumented model of suction piies with
possibility of controlling and monitoring stresses at the wall interface with soil
on both sand and clay. Derive 4 theoretical mode! for further design
application. {E. Olsen)

Subject: Open-ended piles.

Problem: Plugging of open-ended piles.
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Research Needs: An understanding of the mechanism of plugging is
needed. Soil properties outside and inside a plugged pile are not known and
are possibly not same. Pile capacity under the plugged condition as a function
of time should be investigated.

Recommendations: Develop instrumentation for measurement of total,
radial, vertical, and tangential stresses and pore pressures in soil adiacent to 2
plugged pile with emphasis on stability and mintaturization. Model ests ina
stress chamber should assess effects of the installation mode (jacking. impact,
vibration) on soil properties and pile behavior. Test in a centrifuge the
efficiencies of pile and pile groups in each installation mode. Evalvate
experimertal models analyrically to provide design procedures. (M. O'Neill)

Subject: Drilled shafis.

Problem: Group efficiency of drilled shafis is not well understood.
Drilled shafis in stiff clays and tills present special problems. Off-center
striking of piles can cause variation in pile behavior and probably in soil
properties. Structural integrity of the drilled shafts is difficult o verify.

Research Needs: Ficld testing with emphasis on high-quality site
characterization is needed. Information is scattered and no consistent database
exisis.

Recommendation: Accumulate detailed and consistent data inlegrating test
results, high-quality site characterization and construction characieristics.
(M. O’Neill)

Subject: H-Piles.
Problem: Bearing capacity of H-piles in sand.

Research Needs: Perfonm model tests in a stress cell and/or a centrifuge,
Model pile must be instrumented as well as the soil. The tests should include
puli-gut capacity, The soil should be excavawed and the deformaiions assessed.
Altematively, X-ray technigue should be applied for examination of
deformations. (. Ealy)

Busiect: Performance of piles in intermediae soils
4

Froblesn: Soil propertics change in the process of pile driving and are not
known, Wall friction ard end bearing capacity design is based on undisturbed
soil properties, wihich are not properties of the soils supporting the piles,

Research Needs: Monotonic and cychic load wsts on piles in nstrumenied
soils in full scale would be desivable. Determinasion and selection of

i

enginecring properties of soilfpile comroliing the acipal design parameters
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could be accomplished. Determine the relationship (distribution and its
functional parameters) of wall friction and end bearing capacity based on soil
properiies determined.

Recommendation: Model in laboratory so as to determine theoretical pile
behavior in siity clays and clayey silis. Conduct smaii-scale field tests on a
national test site. Conduct full-scale test and validate the numerical model
from the tests results. (R, Petersen)

Subject: Fundamental behavior of piles in sand under controlled
conditions.

Problem: Sands change properties during pile driving and the effects of
the changes on the bearing capacity of the pile are not known,

Research Needs: Idemtify change of sol properies in the process of pile
driving. Quantify the interaction response near the tip of the pile in soils.
Measure stress within near field around the pile to calibrate further models.

Recommendation: Conduct a simple stress test in a stress cell to explain
process of densification and stress changes around the pile. Develop new
instrumentation schemes to measure soil properties. (R, Mosher)

Subject: Cyclic loading.

Problem: Pile capacity under combined axial and lateral oading in cyclic
conditions is not known, Little data are available on the subject.

Research Needs: Investigate the rate effect and material properties under
cyclic loading through laboraiory testing,

Recommendation: Conduct model! tests both in stress cell and centrifuge
with combined axial and lateral loading.

Group 3 - Full-Scale Research Needs for Piles
Including Instrumentation and Equipment
Concerns

Overview: Direct determination of the effects of piles on soil properties
would necessitate fuli-scale instrumentation of a pile-s0il sysiem. Discussionss
of this working group addressed the possibilities such full-scale research.
Recommendations are summarized below.

Participanis: Jean-Louis Brizud, Chairman
0 Warringion
R, Peterson
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K. Boggese
R. Mosher
MW, O'Neill

Subiect: Pile instrumentation,
Problem: Instrumentation on piles and in soil is not scientifically reliable.

Research Needs: Identifv the best existing instruments. Develop new
instruments if needed.

Recommendation: Write recommended practice for instrumentation of
piles {(dynamic, static loading for pile and soil), IDxsign and build new
instruments,

Subject: Instrumenied single pile.

Problem: The fundamental mecharnism of soil structure interaction 1s not
fully understood.

Research Needs: Collection of detailed quality daw on full-scale
mechanics of a single pile.

Recommendation: Install (driven, bored, vibrated) heavily instrumented
piles in an instrumented soil. Investigate possibility of reuse of the piles and
instrumentation. Investigate cffect of laeral load and varability of soil
condilion.

Subject: Pile groups.

Problem: Piles are mostly driven in groups, bug there are little daia on
full-scale pile group action.

Regearch Needs: Gather quality and detailed daia on small- and hudl-scale
pile groups.

Recommendation: Install heavily instrumented pile groups {driven, bored,
vibrated) in an instrumented soil mass and test; inerpret tost data. Investigate
nossibility of reusing piles and instrumentation.  Study conditions of
variability.

sabiect: Large structures on deep foundations.

Problem: Actual behavior of large pile supported structures is not well
known,
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Research Needs: Cellect quality data on the deep foundations of Tocks,
dams, platforms, and bridges.

Recommendation: Instrument the foundations of large structures for
seitlement and minimurn load and moment at the top of piles. Develop and
train infervention team in charge of instrumentation. Create another
independent team for data analysis and data base formation.

Group 4 - Specialized Types of Piles and
Other Deep Foundation Elements

Overview: This working group adopted as its purview auger cast piles, jet
grouted piles, suction piles, helical anchors, pin piles, bottom-loaded piles,
Franki piles, and stone columns. It was generally agreed that installation
effects, integrity. structural properties, group effects, and loading effects were
concerns common 1o almost all specialized types of piles.

Participants: M. Holloway, Chairman
W. Isenhower
D, Lourie
J. Andersen

Problems: Because these pile types are not very common, they generally
represent unproven methods and applications.  Guidelines for design and
construction are often not universally available. There are {cfter no national,
private industry, or Govemment standards for deep foundations of this kind.
Verification of the structural integrity of auger cast, jet grouted, and pin piles
is difficult, often inconclusive, and often not done. Instaliation effects of any
of the piles in this group are not entirely researched. Group effects have been
studied on Franki piles but have not been studied on other specialized types of
piles. Effects of loading and unloading, raie of loading, as well as possible
lateral loading have not been thoroughly investigated. The instrumentation of
special types of piles is difficult or not always possible. Small-scale modeling
does not offer a primary value, Numerical modeling could have some value if
all factors were included and if the modeling was followed by a prototype-
scale, single-element test.

Research Needs: A coherent plan and research strategy with prioritized
objectives are needed. A load wansier mechanism must be ssiablished drough
model studies. A national pile test site or a specific project should be selecied
for such stadies. The effects of Joad/siress/Strain path on bearing capacity and
deformation should be studied at specific proiects. Test data should be
synthesized 1o assess methodology and 10 develop model design specifications.

Recommendation: A testing program aimed at evaluation of DIOIOLY S
foundations at an appropriate fest site should be devised. A methodology for
project-specific field testing is needed. Demonstration projects should be
considered at other sites. General guidance for application of particular tvpes
of foundations should be provided beyond simplified versions. Technology
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transfer should be accomplished by publications and seminars or other forms
of dissgmination.
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4 Conclusions and
Recommendations

Conclusions

During Session Four of the workshop, verbal reports of the deliberations of
the working groups were presented by the chairman of each group.
Discussions of the reports of the working groups by the assembled workshop
participants was encouraged and, in some cases, ideas were coniributed which
supplemented the initial report of the working group. For this reason, the
conclusions given below represent the group consensus as to the most general
and widely needed avenues of investigation in the topic of effects of piles on
soul properties. Suggestions for specific research topics or for research on
specific types of piles may be found in Section 4, Reports of Working Groups.
Evaluations of the workshop, which were reguested from each workshop
participant, arc summarized as recommendations for future workshops.

Reports of the Working Groups and the group discussions during
Session Four of the workshop left no doubt that the topic of the effects of piles
on soil properties is a viable and necessary area of geotechnical research and
that present knowledge in this area is inadequate. Workshop participanis were
unanimous in the belief that emplacement of piles or other deep foundation
clements can alter the properties of the adjacent soils and that knowledge of
the nature of these changes could Jead o Improved (and more economical)
methods of design for piles and other deep foundation elements. There was
also general agreement among the workshop participants that & need exists for
an overall clearinghouse or coordinating entity which could maintain awareness:
of, integrate, and disserninate results of pile research in all sectors. Included
would be, in addition to rescarch results. databases of pile test data from tests
accomplished for both research and design purposes as well as records of case
histories relevant 1o the pile-soil property problem. There was also general
agreement that an oversll research plan, incomorzating the effors of 4l seciors
and with review and input from all interesied parties, would be desirable,
While not necessarily able to financially sponsor or assign research topics 1o
other rescarch agencies, the coordinating entity could remain cognizant of
research resulis and determine if and when resulis of such research had
fulfilied the obiectives of the overall rescarch plan.  No conclusion was
reached as to what entity might undertake the responsibilities described above.
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Reports of the working groups and the discussions which followed revealed
a consensus that research 15 needed which addresses the following topics o
contribute 10 the sotution of the pile-soil property problem.

a. Undisturbed sampling of soils both before and after pile driving at a
given site—with ensuing laboratory tesis to determine possible changes
in soil propertes.

b, In situ testing of soils both before and after pile driving at a given site.
Especially desirablie would be in situ testing of soils through or around
speciaily designed or instrumented piles. Measuremen: of radial,
vertical, and tangential stresses and pore pressures adjacent (o piles
would be facibitated by such 2 study. Important time cffects could be
stndied with this arrangement as well.

c. Design special sampling tools and/or specially designed piles which
would permit undisturbed sampling or In situ testing of soils radially
cutward from a pile. In conjunction with undisturbed sampling before
pile driving, such special devices could do much to determing how soil
properties change with pile driving,

d. Development and testing of more reliable instrumentation for installation
with/on driven piles and other deep foundation elemenis should be made
a priority. Emphasis on dependability and survivability of instruments
should be paramount.

e. High quality site characterization is essential to the success of almost
any full-scale or reduced-scale research involving effects of piles on soil
properties. This is especially true of rescarch of the type described in «
through ¢, above. For this reason, National Geotechnical Experi-
memiation Sites should be developed and supported and research
conducied or confirmed at these sites insofar as possible.

F. High guality data from instrumented piles is desirable to develop the
fundamental mechanisms of pile-soil interaction and to refine numerical
models. Special attention should be paid to pile-driving projects where
data might be captured for relatively low cost, which could assist in this

DUIPDSE.

g. The centnifuge and large-capacity siress cell are two devices which can
he used i the laboratory o offectively address pile-soil propenty
problems.  Neither device has been widely utilized o address the pile-
soil property problems to which they are amenable. These devices offer
the advantages of a conurotled environment, relative speed and low-cost,
and direst observation of resulis and could be used ©  address both
basic concerns or 1o vertly or duplicate numerical models or feld
behavior. Consideration should be given to research which includes
these devices.
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#. Special topics pertaining to the pile-soil property problem such as
comaminated soils, mixed or layered soils, specialized types of piles,
nile groups and lateral loadings all represent research needs in the soil-
property problem and could cach be addressed by research efforts
modeled after the niceds listed above. Sensitivity studies into method of
pile emplacement, time effects, type or diameter of pile aiso are
necessary Lo dewermine which parameters play the largest role in the
alteration of soil properties. It was suggested during the workshop that
assernbly and study of case histories might contribute substantially w the
advancement of the pile-soil property problem in these special topic
areas. If so, collection of case history results by the coordinating entity
mentioned above would be very useful.

Recommendations

At the conclusion of the workshop, participants were encouraged to fiil out
an evaluation sheet 10 provide suggestons for future workshops and 1o
evajuate the usefulness of workshops of this type. Prominent comments and
those comments common 10 a number of evaluations are given below.

a. The majority of the workshop panicipants agreed that the format, length,
and scope of the workshop had been appropriate. Participants also
agreed that the size and composition of the group facilitated production
and interchange of ideas on the workshop topic. Several suggestions
were received that additional workshops be held to explore the fopic
further and possibly develop the overall coordinated rescarch plan
described above.

B, A need for more international representation and panicipation by
indusiry practitioners was expressed. Suggestions were that
representatives of the petroleum industry could contribute significantly.

c. Some suggestions were received indicating that workshops on other
zeatechnical topics following the format used for this workshop would
be profitable.

d. It was recommended that copies of the workshop proceedings be

furnished to organizations imerested in undenaking or sponsoring some
of the research suggesicd during the workshop.
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Appendix B
Contributed Papers

'DMT Measurements Around PCS Piles
in Belgium: Evaluation

H. Peiffer
Réesearch Assistant N.F.S.R., Ghent University, Belgium

W. F. Van impe

Professor-Director of Soil Mechanics Laboratory,
Ghent University, Belgium

Professor, Leuven Catholic University, Belgium

G.Cortvrindf
Socofonda 3. A., Brussels, Belgium

M. Bottiau
Socofonda S. A., Brussels, Belgium

Synopsis

This paper evaluates the soil stress changes around a Socofonda PCS auger
pile using the dilatometer test. Resulis of three test sites are reported. The
evaluation of the execution parameters and other external influences are gathered
through DM Tomeasurements during installation of the piiz. The paper further
describes 2 comparizon of the results of soil investigation st different stages
before, during, snd after pile installation,

introduction

The bearing capacity, especially the shaft friction, of auger piles is swongly
dependent on the execution parameters of pile. PCS-piles (Pressurized Concrete
Screw-piles) installed with a continuous auger are brought to depth causing no or
a very limited soil displacement. Durning casting the concrete, an additional
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pressure 13 applied on the fresh concrete. For this type of pile, the execution
parameters are the downward force during penetration N, the torque M, rotation
speed (downwards) r, downward velocity of the auger v, upward velocity v,
upward force N, concrete pressure o, the ratio diameter auger to diameter stem,
the pitch {for all the discussed piles, p was 45 cm) of screwing down, and the
quality of the concrete and the way of casting. This is an important factor
governing the arching effect and determining the real fresh concrete pressure in
equilibrium with the total horizontal soil stresses. By the use of hyperplastifiers,
the W/C ratio can be limited to 0.45 and the cubic strength nowadays reaches 4-
SN/’ and higher. All of these parameters are continuously measured (each
80 mm} during pile installation.

Type of Pile

Generally the PCS-auger piles are using an inner stem diameter of 100 mm.
During casting of the concrete an overpressure of 2 to 4 bar is applied on the
fresh concrete, while the auger is regained slowly. This procedure doesn't cause
vibrations. After casting the concrete, the reinforcement is brought into the pile
using a vibrator. Eventual difficulties can be avoided using a greater inner stem
diameter. So the reinforcement can be placed inside before casting the concrete.
The outer diameter for such piles ranges between 35 and 45 cm. The high torque
{100 kNm) that can be applied avoids excavating too much of soil and allows for
penetration in resistant bearing layers. The degree of soil displacement can be
deduced out of the overcomsumption (occ) of concrete, defined as:

YV, -V
m»W%i%(mpmmi) 1

P
in which:

V, = concrete volume consumption
¥, = theoretical volume of the pile with known nominal dimensions

This parameter (occ) gives a mean value and hides local effects such as lense ,
or layers where 2 higher excavation and/or soil displacement resulting in varying
concrete consumplion exists. For the discussed piles, the overconsumption was
16 percent for the test site at Oudenaarde, 28 percent for Dendermonde and
95 percent for Doel-test sites. The high overconsumption at Doel is mainly due
to the fact that the upper laver (0 10 -8.00) is composed of dredged material and
to the presence of another very soft layer on the levels from 8,70 1o - 10.30.

Soil Test Program

For each pile, the following test soil results are gathered: {CPT) elecirical
cone penetration test before execution of the pile; (DMTI-A) DMT-test before
installation of the plie at 1.5 tmes pile diameter out of the center of the pile. In
agdition, duning mstallation of the pile, 2 DMT LB test is performed with the
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DMT-blade instailed at a fixed depth. The A-reading of the DMT curve was
considered eguivalent to an oedometer tume-deformation curve, Using
Casagrande’s log t/fitting method: 1o prcenr cone WaS determined before the start of
the piles installation. Pile installation started when the decreasing ratio of
A-readings became less than 5 kPashour. By this, consolidation and relaxation,
due to the installation of the DMT blade did only have a negligible influence on
the measurements later on during pile installation. Finally a (DMT-1-CJ test
after installation of the pile at 1.5 umes pile diameter out of the center of the pile
was performed. The membrane is oriented towards the pile shaft.

For the orientation of the blade, one has two possibilities.

a. Radial position (membrane towards the pile). The advantage here is the
direct measurement of horizontal stress variation. For large soil dis-
placements, arching effect can occur around the blade.

&, Tangential position: the advantage is a smaller disturbance of the initial
stress field around the pile. On the other hand as long as no clear
relationship exists between the principle stress changes, the interpretation
of such DMT readings with tangential blade orientation mainly stays
difficult.

The aim of this research program was to evaluate the effect of PCS pile
mstaliation, in sandy layers, on the surrounding soil stress field.

Discussion of the Test Sites

Doei-test sile

The results of this test site, with all of the difficulties linked normally to each
new research experience have been discussed in an earlier paper Peiffer et al
(1991).

Dendermonde-test site
The results of the field tests are given in Figure la, b, ¢ and Figure 2.

From the linearly increasing CPT in the sandlayers where the DMT (1-8) is

nsmlled, 1t becomes evident the sandiayer was normally consolidated. The
5%?@;;@ DIMT A-reading 18 shightly ugher than expecied srobably due 1o the
local mereased siress field around the blade. The DM T-membrane is directed
towards the pile center. The screwing-in energy resuiting in very high
downward penetration in the cohesive top Iavers, induces excess pore water
pressures and “hesvy higuid pressures” which compensate a normally expecied
sull relaxation. When the auger passes by at DMT-Igvel, the whole of the
remolded soil column aﬁ&:}?;,ﬂ ézef: augar being more or lsss in suspension, induces
for the rest of the screwing down movement a remarkable toial stress increase
{water pressure increase). 5o one can easily expiain an input of total siress
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Figure Ta. DMT resulis at Dendermonde

increase of order of < 30 kPa. Obviously, the water overpressure fades out with
time. During the casting process the total stresses, induced by the fresh concrete
are detected, especially again starting at the level of the blade. The final DMT
A-reading is apparantly flattening out at about 160 kPa, being almost 50 kPa
higher than the starting value. From this point of view this pile system would be .
somewhat beneficial to the soil-condition. One however must be careful since
only DMT A-readings, performed some days after pile installation would

indicate more reliable results. In Figure 2 DMT1-A/1-C one sees such difference
between the DMT-test before and after full pile installation indicating that there

is almost no change in horizontal swess index and constrained modulus.

Cuglenasarde-tast shte

Two piles were examined at this site; piles n® 205 and 1° 207. The resulss

are gathered in Figures 3,4, and 5.
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Figure 2. PCS-pile instaliation parameters at Dendermonde test site

From the Figure 4b, the (tangential) DMT-18 analysis on pile n® 205
indicaies that soil arching is built up gradually during screwing down of the
auger. resulting in a general overall (gradual) decrease of the A-value with some
peaks in between, probably due to collapses of former arches while the auger
continues to penetrate. The further general decrease after DMT A-reading
during casting the fresh concreie, only shows the gradual cutfading influence of
the soil arching with increasing fresh concrete weight.

From the readings for pile n° 207, with rdial DMT-1B readings, a lot of
mieresting differences with the previous analysis are shown. Over the first five
meters, the auger penetrates with a rather small torque, but with 2 high
downward velocity through the loose silt/silty sand. This results this type of dry
and only very slightly cohesive material in 2 dramatic decrease of the total stress
combination felt by the DMT blade, The fresh concrete passing the level of the
DMT, the concrete pressure influences tremendously the A-reading of the DMT-
total stress in radial direction. Such overpressures are again fading out in time,
partly compensated by the increasing fresh concrete weight above the DMT.
measurement level,
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Figure 5.  PCS-pile n® 208 installation paramsters recorded &t Oudenaarde

Considerations on Pile Instaliation Effects

Our main interest in this kind of research is to finally understand much befter
the shaft capacity of screw piles. For this purpose, the pile installation effects
have to be evaluated more carefully with respect to the effective soil stress
changes around the shaft. Comparison between DMT-1-A and DMTI1.C
readings gives an indication of the degree of such stress changes in terms of total
stress. Referring o the horizontal stress index (Table 1), the resulis of such
comparison are presented for the three test sites.

Moreover, the increase of DM T-horizontal total stress in the top layer and the
decrease near the pile Up are remarkable. This is discussed o an earlier naper
Peiffer, Van Impe, Cortvrindt, Van Den Broeck (1991}, Also because the pile
installation parameters are available, a proposal could be o calculate the
idealized specific screwing-in energy Esc. The use of this specific energy value
in relation o the pile installation parameters 1s suggesied in Yan Impe {1988

Bg
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| Table 1

Comparison of DMT-Stress index

Measured Concrete S
Site Overconsumption . afore et Soil Type
95 percent 1.30 Medium dense sand
Cudengarde 28 percent 120 tdedium dense sand
{NC)
Dendarmonde 18 pargent 1.08 Medium dense
sargd-slightly (OC
e 25

The resuits of such Esc-daia can either be presented in a time related ciagram
(Figure 6 - Doel) or an auger penetration depth diagram {(Figure 7 -
Dendermonde). In these figures we can see a quite good agreement between
DMT-A-readings and instaliation energy curves. For Doel, the input energy
curve is even quite similar to the A-reading curve. Peaks of energy-input can
also be found on the A-reading curve. For Dendermonde one sees clearly the
effect of the energy-input on the horizontal stress state when the auger passes.
Cne also can see the influence of execution time and time delays on the final
stress-state. A similar analysis for Gudenaarde and also the evaluation of
screwing out energy is discussed in Van De Velde, Van Hoye (1992).

The today’s analysis in this research program is also going out from
continuous pressures measurements at the DMT1-B blade during pile
installation. Together with pile installation parameter, a more complete stress
ficld analysis so became available.

P(S-pile ~ DOEL

¢ 10" 5007 T 607 oo
Tinz b miwites
Figure 6. PLB-installation enargy function as compared to DT A-readings
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Conciusions

In this paper the dilatometer is described as a ol that could help to evaluate
the influence of pile execution parameters on the soil condition around the pile
shaft. For PCS-piles some increase of horizontal stress is mainly dependent on
the OCR, soil type, dilatant character of the soil, and predominantly on the
installation details. It can be deduced that a too low auger penetration velocity
and losses of time during installation can affect largely the final stress state
around the piie.
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Synopsis

in many cases of improvement of cohiesionless soils, the improvement
requirements vary over the soil profile, especially when some lavered variable
densities are distinguished. In the case of solid densification by resonant
vibrocompaction, a specially designed fow dynamic stiffness compaction probe
is used, achieving a more efficient transfer of vibration energy at the inferaction
with the surrounding soil. In the paper, data will be given and analyzed on
recent experiences with the resonant vibrocompaction techmique for densifying
study layered soil behind a large quay wall; moreover, the sensitivity of the com-
paction efficiency to the frequency change, as compared to other comnpaction
techniques will be discussed.

introduction

The densification of granular soils using dynamic methods has been discussed
largely in literature. An overview of the various possibilities of heavy temping,
s0il blasting, vibroflotation, vibrocompaction, and resonang compaction methods
has recently been presenied in a report to the Seminar on “Soil Dynamics and
Ueotechnical Earthquake Engineering - 26-29 July 1992, Lisbon, Portugal.”

Resonant compaction soil improvement techniques have been apphed for

same years in problems related to bouefaction potential reduction, foundation of
strucires, pue length reduction, slope stabaliy improvemen:, ste,
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Vibratory Compaction

Loose granular deposits can be most suitably densified, up to great depths, by
vibratory compaction technigues. Among those methods, vibroflotation and
casing driving with soil replacement, and certainly vibratory probes (vibro-
wings, Y- or double Y- shaped probes) at constant or varying frequencies
(resonant vibratory compaction) and applied shear strains larger than about
0.1 percent up to 10 percent, are the most well-known procedures.

Vibratory probes in contrast with vibroflotation technigues use heavy
vibrators clamped at the upper end of long steel probes, which can be either
suspended at a crane or guided by a mast. The probe is excited in the vertical
direction and the vibration energy is transmitted to the surrounding soil along the
whole length of the probe. The soil is compacted mainly as a result of vertically
polatized waves. Water jetting is normally not required, which makes the
method simple to execute. Different types of compaction probes were developed
in Japan, North America and Europe, Massarsch (19913, The geometric shapes
of simple probes such as steel tubes or H-beams is not very efficient for soil
compaction. Therefore, special probe shapes were developed for soil
compaction. In loose to medium dense saturated sands the strong ground
vibrations result in a sudden increase of pore water pressure in 2 soil column
surrounding the vibrating probe which can be considered leading to a state of
cyclic mobility of the soil mass. Whenever the sand in its original density was
loosely enough packed, so real liquefaction can even oceur,

Commonly used vibrocompaction probes are the Swedish Vibrowing
Massarsch (1982), the stiff Franki (Tristar) Y-profile and the more flexible
doubie-Y shaped probe (MRC-profile), Figures [ and 2.

The Franki Y-probe (Figure 1) has three long steel plates 500 mm wide and
20 mm thick which are attached to a long steel rod 15 m - 20 m long, at 120° o
cach other. Additional steel ribs 300 mm x 50 mm x 10 mm are welded on to the
two sides of each plate at 2 m intervals in order to improve further the efficiency
of the probe. A motor driven vibrator mounted on top of the probe delivers
vertical vibrations with frequencies in the range 10 to 30 Hz.

The degree of soil improvement that can be achieved for a given soil deposit
depends mainly on the power of the vibrator, the duration of compaction, the
vibration amplitude and frequency, the rate and sequence of insertion and
withdrawal of the probe and the spacing between the points of insertion. Also
the geotechmnical conditions are of importance such as the fines content
(permesbility) of the soil deposit, the depth of compaction, the initial density of
the sotl and the location of the ground water level

The efficiency of the densification is usually monitored by electric CPT
cartied out before and after densification, measurement of porewater pressures
set up, measurements of vibration velocities next to the probes, settlements and
the overall ground subsidence evaluation, etc. Field measurements provide
valuable information on the increase of soil siffaess, and reduced

compressibility. In ferms of soil parameters, this is generally reflected as

o
s
s
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Figure 1. The Y-probe on the test site

Figure 2. The double Yeprobe on the tesi slis
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increases in the angle of internal friction &, shear modulus G elastce modulus, B;
and decreases in compression index C,. Furthermore, soils improved by
vibrocompaction and vibroreplacement have shown increased resistance to
higuefaction.

The tendency of a soll to generate excess pore pressure during undrained
loading is correspondent to the volume changes that occur during drained
loading. Loose soils tend to contract upon shearing and, if loading is too quick
for drainage to occur, generate excess pore pressures. For soils that derive all
strength from confinement, this generation of excess pore pressures can lead to a
condition of zero effective stress (when o = u + §,), resulting in loss of strength
and fluid-like behavior with only residual resistance to deformation.

Resonant Compaction

Over the years, the deep vibratory compaction technique has been largely
tmproved by the introduction of the resonance vibro-compaction concep, the
basic principles of which have been discussed in several papers. In these
references, case studies are reported which document the practical experience
gained from a variety of projects, where resonance compaction successfuily has
been applied to solve the foundation problems, such as the problem of loose
saturated sands (liquefaction), the reduction of pile length for bridge foundations,
foundations for tanks and other heavy structures, quay walls harbour projects, the
improvement of slope stability etc..., Franki (1986}, Massarsch and Vanneste
(1988}, Wiesner (1983), Massarsch (1991), Neely and Leroy (1991).

The key features of the resonant compaction technique are the use of a
specially designed compaction probe and of a heavy vibrator with variable
operating frequency on top of the probe. Vibration excitation of the probe is in
the vertical direction only. After probe insertion, the frequency of the vibrator is
adjusted to the resonant frequency on the soil layer, thereby amplifying the
ground response. An imporiant advantage of resonant compaction, compared to
other vibratory methods, is that the whole soil layer oscillates simultaneously
during compaction. Moreover, because of the special design of the probe and the
possibility to adjust the compaction frequency to the resonant frequency of the
soil layer, an optimal transfer of vibration energy to the surrounding soil can be
achieved, resulting in a more efficient compaction process,

Recently very promising improvements of the resonant compaction method
have been introduced within the MEC concept. This concept overcomes a
number of Bmitations of the former used squipment by the development of 2
harmonized unit, comprising a modern vibrator, a flexible double-Y-profile
(FLEXI-probe) and ap electronic process control unit, Figure 2.

The vibrator can vary the frequency continuously during operation without
reduction of operating speed of the diesel engine (centrifugal force of up 1o
4,000 KM and is attached (o the top end of the flexible probe. Usually, every-
thing 15 guided by a mast fo assyre vertical insertion of the probe. Vibration
excitation of the probe is in the vertica! dirgction only. The patented FLEXI
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probe has been specially designed to achieve optimal transfer of compaction
energy {rom the vibrator to the soil. This is obtained by the reduction of the
dynamic stiffness of the probe, together with the increase of the interaction ares
of the profile. Finally, the electronic monitoring system, which continuously
records all essential compaction parameters, such as vibrator frequency, probe
penetration depth, ground vibration velocity, power supply etc., allows the
recording of the actually performed compaction process, displays relevant
information of the process as well as instructions to the operator of the
compaction machine, and delivers a complete report of the work performed to
the site inspector and the engineer.

The capacity of the vibrator must be chosen with respect to the specific
project requirements, such as soil type, inidal soil density, required degree of
compaction and penetration depth. The vibration amplitude required to compact
the soil can be determined from a semi-empirical relationship between initial
cone penetration resistance, vertical ground acceleration and soil layer depth,
Figure 3.

The resonance frequency of a soil layer is rather difficult to predict reliably
from theory, but is relatively simple to measure directly on site through seismic
measuring techniques. The ground response during the on- or off-switching of
the probe vibrator is measured by velocity transducers at a distance from the
compaction probe. The equivalent frequency spectrum (Figure 4) indicates that
the resonance of the relevant soil layer to be densified occurred in this case study
around 15 Hz for both probes. It also can be seen that at resonance the vertical
vibration amplitude is strongly amplified up to much higher values than at the
other operating frequencies.

Ground Acceleralion (g}

iitial g, 14Pal

Figure 3. Required ground acceleration for vibratory densification of saturated
sand as a function of initial soil density (CPT) and soil layer depth,
Massarsch (1851}
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Frequency analyses of ground response at the start of a densification often
show in addition to the fundamental vibration mode also several of the higher
vibration modes, suggesting that soil layers of varying stiffness exist. With
progressing compaction, the resonance frequency increases and higher vibration
modes tend to disappear, indicating more homogeneous soil conditons. The
resonance frequency can be readily determined at any stage of soil compaction,
and makes it possible to adapt the vibrator frequency to the optimal operating

conditions,

Geotechnical Requirements for Vibratory
Compaction

Under present practice, the efficiency of the soil improvement and even the
liquefaction potential of mechamically improved site is typically evaluated
through the use of in situ tests particuiarly the Standard Penetration Test and
{Cone Penetration Test, and recently even dilaiometeriests DMT. When CFT s
used, the dats are either converted to equivalent 8PT values, or used dirsetly o
assess liguefaction using CPT-based evaluaton methods, eg, Robertson and
Campansiia (1985 Tomust be notaed howsver, thal these corrslations were
developed from natural sites where no ground improvement has been performed.
When goils are subjected to mechanical modification, variables associated with
pre-straiming, such a5 horizontal stresees and ume effects {aging). may not be
adequately represented by SPT and CPT results. An example of a CPT and
DWAT evalnation at the test site discussed in this paper, is shown in Figure 54, b,
Measurements of pore pressure ratios with a piezocone (CPFTU) with the porous
element behind the tip show loose untreated sotls generating high excess pore
pressure during penstration. Well densified soils, on the other hand, exhibit
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pressures below hydrostatic and even negative, indicating a tendency for the soil
o dilate during shear.

Vibratory compaction should be used only in granular, free-draining soils
with an “effective” particle diameter d,, (corresponding to 10 percent of the grain
size curve) larger than approximately 0.03 mm. Grain size curves are useful but
can usually only be obtained from disturbed samples at certain depth intervals.
Thus, they may not be representative for the entire soil deposit, especially if the
soil is stratified. Even relatively thin silf and clay layers in a sand deposit can
significantly affect the drainage conditions and reduce the densification effect.
Therefore, it is advisable to also use in situ testing methods such as the static
cone penctration test (CPT) with sleeve friction measurements. Good
compaction results can generally be expected, when the friction ratio (local
sleeve friction as percentage of point resistance, F, in percent) from electric cone
penetration tests 18 lower than about | percent. When the friction ratio exceeds
1.5 percent, then vibratory compaction is usually not efficient.

Pore pressure measurements performed in connection with cone penetration
tests - CPTU - can provide additional information concerning soil stratification
and the existence of even thin, fine-grained lavers., Soil with excess pore water
pressures higher than about 10 percent are often not suitable for vibratory
compaction. it is also important to establish the level and variation of the ground
water in connection with a soil compaction project. Usually, dry soils or sail
layers with negative pore water pressures are more difficult to densify than
saturated soils and need to be identified carefully. The effect of thin
impermeable seams in a soil deposit can be evaluaied by measuring the
permeability in situ. Soils suitable for vibratory compaction should have 2
permeability higher than approximately 10° mfs.

Another factor of great practical impertance for the design of
vibrocompaction is the aging effect which can occur even several weeks after
soil compaction. A large number of well-documented case histories suggests
that also granular soils show a marked aging behavior, ie. that the engineering
properties can improve by 50 to 100 percent over a period of few weeks,
Schmertmann (1991). The soil strengthening and stiffening effects can be
explained by increased soil friction and should be considered when the Hme of
penetration testing after compaction is chosen. Mitchell (1986) has complied
several case histories from scil improvement projects in different parts of the
world where significant soil stiffening with time has been observed. Massarsch
{1991} reporied a case where after vibratory compaction of a silty sand, the cone
penetration resistance increased within one week by almost 50 percent. Based on
experience from compaction projects in different soil conditions, at least 5 days
should be allowed for recovery of soils afier compaction. In the case of larger
projects it is recommended 1o establish the time effect by pensiration tests at
different ume intervals after compaction.
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Additional Practical Considerations

For resonant compaction, as in the case of heavy tamping and blasting of
cohesionless material, the final higher degree of relative density guarantees a
more dilative deformation behavior. This implies 2 much higher resistance to
liquefaction, since one mostly has to deal in such dense cohesionless soils with
the phenomenon of cyche mobility, Castro (1976), Van Impe (1982). As
reported by R, A. Lopez et al. (1992), Mitchell et al. {1976} studies the effecis of
pre-straining and soil fabric on liquefaction potential. This research determined
that soils prepared to the same relative density do not necessarily exhibit similar
undrained cyclic behavior. For example, soils densified by vibratory procedures
produced no preferred axis of particle orientation, and exhibited better static and
cyclic performance than soils prepared 10 the same density,

Four imporiant parameters must be determined before the start of the
compaction work: the interdistance of compaction points, the compaction time
at each point, the mode of probe movement (insertion and extraction) and the
compaction points’ sequence. The grid spacing ranges typically between 1.5 and
4.5 m depending on the shape, size and stiffness of the probe. The duration of
each compaction energy at a given point depends on the layer thickness, grid
spacing, degree of soil improvement required and varies typically between a few
miinates up to half an hour.

Two examples of compaction procedures at our test site of the container
terminal are shown in Figure 6.

For the mode of probe insertion and extraction, in the layer to be compacted,
plays an important role, the optimal procedure should be monitored with the aid
of vibration sensors on the ground surface. They indicate the ground response
during afl probe movements, Figure 6 show partly, the vertical and horizontal
vibration velocities (RMS-values} during penetration, change of frequency,
penetration and extraction of the probes in an easily drained partially saturated
sand layer. Initially, during the probe penetration from the surface, the vibration
amplitudes increase. Lowering the frequency involves a larger soil volume in
the densification process and increases the vibration velocities. During the
stepwise extraction of the probe, the vibration amplitudes also show peaks, but
generally of a lower level than during insertion,

The vibration attenuation can be approximately estimated from the equation:

&

i N
5 A amer; (43
i

— F g

where A, and A, are the vibration amphiudes af the respective distances K, and R,
from the probe. The coefficient of wave attenuation « is 3 measure of the soil
damping, depending on the vibration frequency and the dynamic soil properties.
Figure 7 shows the resualts at the test site of the relationship between the vertical
vibration acceleration {velooity) and the distance from the vibmating probe to the
measuring devices on the soil surface. The attennation coefficient « for
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Figure 7. Attenuation of ground acceleration with distance from the probes

vibratory compaction varies in saturated clean sands typically between 0.05 and
0.10 m". In partially saturated to dry sands « can rise to 0.5 m™,

Resonant Compaction Results on the Test Site

A container terminal in Belgium, with latge diameter caissons constituting the
quay wall, was designed for a working load on top of the quay floor behind the
caissons of 60 kN/m®. The backfilling of the caisson quay wail with granular
material had, for some reasons such as earth pressure reduction and settlement
minimizing of the quay floor, to be densified. The aim of the densification work
was to reach an overall mean cone resistance, after densification, of ¢, = 6 MPa.

The layout of the compaction points with the mentioned techniques and the
controlling CPT/DMT are indicated on Figure 8. On the soil surface, vibration
accelerations and settiements in many points of the testing arez at 0.59 m, 1.76 m
and 5.3 m of the densifying profile, were measured. Before and after the
compaction work, a series of CPT and DMT results performed at the same
locations, was gathered in order fo analyze the efficiency and the fulfilling of the
requirements of the densification.

For this particular test site in between caissons 11 and 13, seil compaction
was cammied out by Franki Foundations with a variable frequency vibrator (type
Muiler MS 50). The operating frequency of the vibrator can be varied between
10 and 30 Hz. The maximum oscillating amplitude is 22 mum at & centrifugal
force of 1,500 kN. For soil densification, 12 m long compaction probes (stiff
Y-probe and double V- or MCR flexible probe) were used.
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test site

Simultaneous with the densification work, a small research project was
implemented in order to investigate more closely the efficiency of those different
applied compaction methods (vibro-compaction using the Franki stiff Y-probe
and flexible double Y-probe (MRC).

Examples of the monitoring and quality evaluation of the compaction work at
the test site, mainly done by CPT and dilatometer (DMT) before and after the
compaction, are given in Figure %a, b, 1t can be seen that for both types of
compaction probes, the requirement of reaching 2 mean cone resistance g -value
of & MPa afier the densification work, could be fulfilled rather sagily, Gathering
all OPT resulis in the densification area, one could also compare the average
CPT cons diagrams before and after the densification (Figure 10, reaching the
same conclusions with respect to the densification quality. The DM T-resulis
show the expected increase of the stiffness modulus and the horizontal stress
index, indicating from the deformation point of view its usefulness in the control
of the quality of compaction work.

Becanse of the individual scatter of CPT-results, which often occurs in sandy
layers with thin seams of variable penetration resistances, if is sometimes
atdvantageous, instead of zoing out from individual cone resistance comparison
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or from average cone resistance diagrams, to link the quality control to the
comparison of the overall cone penetration energy before and after the
compaciion work.,

For this purpose, one calculates the penetration energy E as:

2
E - f Gy X W, & (2)
z-@

where

Wy = 107 m*
§., = electrical cone resistance at depth z, (in MPa)

Such an analysis would allow to finally predict more reliably the expected
improvement level Ec{after)/Ec(before) to the interdistance of the compaction
(tributary area) for a given probe, compaction input parameters and soil condi-
tion, Van lmpe (1989).

Examples of such an energy comparison for this test site are shown in the
Figure 11,

Another simnple and very useful compaction control method goes out from the
measurement of the soil surface setlements during compaction, Figure 12, This
figure shows the final settlements and horizontal displacement vectors for
various locations of the settlement measuring devices in between the compaction
points. Figure 13 shows how those settlement data match in an empirical group
of curves correlating average settlements at the ground surface to the vibratory
compaction specification and the imitial CPT cone resistance of the compacted
layer. The settlernents indeed mainly depend on the initial soil density and the
soil particle acceleration. The data of this test site, suggest that using the
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resonant compaction technigue in sandy layers with initial cone resistances lower
than or around 2.5 MPa, leads easily to settlements of 7 percent and more of the
initial thickness varying from 3.5 m to 4.5 m of the layer to be compacted.

Conclusions

From what has been discussed 1n this paper, it is obvious the resonant
compaction technique has great potential in cohesionless soil improvement cases.
The double Y-probe concept (MRC probe) including the advances for continuous
monitoring of the compaction work through the electronic process control for the
probe.

We want to acknowledge the DOLSO-deparonent of the Flemish
Government, the Antwerp city, the main contractors and the owner of the
Container Terminal for allowing us 1o set up this small research work,

MMiiller Geo-System provided the MRUT process conirol systerm. The support
and sssistance of the personnel of Milller Bautechnik and of Loster MCT is
gratefully acicnowledgsd.
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Assessment of An Effective Stress
Analysis for Predicting the Performance
of Driven Piles in Clays'

A J. Whittle

Department of Civil and Environmental Engineering
Massachusetts Institute of Technology

77 Massachusetts Avenue

Cambridge, MA 02139, USA

Abstract

Researchers have advocated systematic analyses, which model changes in
effective stresses and soil properties through successive phases I the life of a pile,
as a rational method for understanding the factors which control pile
performance. Work at MIT has included the development of analytical models
which simulate soil disturbance effects associated with pile installation (Strain
Path Method), and constitutive models (e.g., MIT-E3) which describe the
effective stress-strain behavior of normally and lightly overconsolidated clays
(OCR<4) through successive phases in the life of the pile. This paper
summarizes the role of these analyses in predictions of pile shaft behavior. The
results illustrate the effects of soil properties, mode of pile installation and other
factors affecting the limiting skin friction which can be mobilized at the pile
shaft. Predictive capabilities and limitations of the proposed ‘objective analysis’
are reviewed based on comparisons with high quality field data measured by the
piezo-lateral stress (PLS) cell and by instrumented model pile tests.

Introduction

The geotechnical group at MIT has been involved in a sustained research
efiort to develop more reliable methods for predicting the capacity and
performance of friction piles driven in clays. Orginally, these efforts were
motivated by the uncertainties involved in extrapolating empirical correlations
{rom onshore pile load tests to offshore applications where much larger piles are
used and where soil conditions often include deep layers of weak, normally and
bightly overconsolidated clays. More recently, the work has focused on the
performance of piles supporting Tension Leg Platforms (TLP; Whittle 1987;
Whittle ef al. 1988; Malek et al. 1989,

' Proceedings International Conference on Offshore Site Investigation and

Foundation Behavior, Society for Underwater Technology, London, 1997,

Also reprinted as MIT Sea Grant Report, MITSG 93-01 (1993).
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The research makes the fundamental assumption that pile performance should
be evalvated using a rational framework in which the changes in stresses and soil
properties are described through successive phases [ the life of a pile {Esrig et al.
1977, Randolph et al. 1979; Baligh & Kavvadas 1980}, For TLP piles this
includes: aj the imitial, in sita conditions in the ground; b) pile installation;
¢) soil consolidation or ‘set-up’; d) monotonic shearing due to quasi-static tensile
forces imposed by mooring of the TLP superstructure; and e} cyclic shearing
caused by storm waves. Due to the complexities of these pile-soil interactions,
extensive research efforts have been required in four complementary lines of
activity:

{. The formulation of analytical models which are capable of making
realistic predictions of pile performance. This work has included the
development of © a) the Strain Path Method (Baligh 1985, 1986ab) to
describe the mechanic of the pile installation process; and b) effective
stress soil models (MIT-E1, Kavvadas 1982; MIT-E3, Whittle 1987)
which can describe realistically the constitutive behavior of K,
consolidated clays which zre normally to moderately overconsolidated
{OCRz4).

o

In situ measurements on 4 closed-ended model pile shaft referred to as the
Piezo-Lateral Stress cell (PLS; Morrison 1984; Azzouz & Lutz 1986;
Azzouz & Morrison 1988). The PLS cell has the capability of providing
simultaneous measuremernts of the total lateral stress, pore pressures and
average skin friction acting on the shaft of a small diameter pile
(D=3.83cm; during instaliation, consolidation and axial loading.

3. Extensive laboratory testing to sapport the analytical and field studies, and
to develop more comprehensive understanding of complex aspects of clay
behavior. This work has included: a) test programs to characterize in sita
soil properties (e.g., Azzouz & Lutz 1986); b) undrained cyclic direct
simple shear testing to simulate pile-soil interaction during TLP storm
loading conditions {e.g., Malek et al. 1989}; ¢) measurement of
anisotropic properties in the Directional Shear Cell (DSC) which are used
o evaluate the constitutive models (e.g., Whitde et al. 1992).

4. Evaluation of pile shafl predictions was initially accomplished using PLS
cell measurements (Whittle & Baligh 1988; Azzouz = al. 1990).
Subsequently, analytical pradictions have been compared with field data
from instrumented pile iesis at a number of sites (e.g., Whittle 1991b).

This paper describes typical predictions of pile shaft performance using Strain
Path anzlvses in compunction with the MIT-ES soil model, The analyses mrovids
obiective predictions of soil stresses and pore pressures during installation,
consohdation and axial loading, based on specified in situ soil properties and
stress conditions. The results tliustrate the effects of stress history, mode of pile
instzllation and other factors on the Hmiting skin friction which can be mohilized
at the pile shaft. Predictive capabilities and limitations of the analyses are
assessed from comparisons with high quality field dats at a sumber of soft clay
sites.
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The Strain Path Method

Pile driving causes severe disturbances and leads to significant changes in the
stresses, pore pressures and properties of the surrounding soils. The analysis of
these installation effects represents a highly complex problem due to: a) high
gradients of the field variables (displacements, stresses, strains, and pore
pressures) around the pile; b) large deformations and strains which develop in
the soil; ¢) the complexity of the constitutive behavior of soils, including non-
linear, inelastic, anisotropic, and frictional response; and d} non-linear pile-soil
interface characteristics. The Strain Path Method (SPM; Baligh 19835) assumes
that, due to the severe kinematic constraints in deep penetration, the
deformations and strains in the surrounding soil are essentially independent of its
shearing resistance and can be estimated with reasonable accuracy based only on
kinematic considerations and boundary conditions. The application of the Strain
Path method for analyzing piles driven in low permeability clays assumes:

a) there is no migration of pore water during penetration and hence, the soil is
sheared in an undrained mode; b) pile driving can be modeled as a quasi-static
(steady), deep penetration problem (i.e., there is no inherent difference due to
pile installation by jacking or driving); and ¢ the deformations and strains can be
estimated from the steady, irrotational flow of an incompressible, inviscid fluid
around the pile (Baligh & Levadoux 1980; Baligh 1986a; Whittle et al. 1591}
By considering two-dimensional deformations of soil elements, the Strain Path
analyses provide a more realistic framework for describing the mechanics of
deep penetration than one-dimensional, cylindrical cavity expansion methods
(CEM: e.g., Kraft 1982; Randolph et al. 1979). On the other hand, the
assumptions of strain controlled behavior used in the Strain Path Method greatly
simplify the penetration problem and avoid the complexity of large deformation
finite element analyses (e.g.. DeBorst & Vermeer 1984; Kiousis et al. 1988).

Figure I compares SPM solutions of strain paths experienced by individual
soil elements for two pile geometries: 1) a closed-ended (or fully plugged) pile
of radius, R, with a rounded tip geometry (the ‘simple pile’; Baligh 1985); and
2) an open-ended pile of with aspect ratio, B/t = 40 (where B = 2R is the outside
diameter, and { the wall thickness}, which penetrates the soil in an unplugged
mode (Chin 1986). These solutions correspond (o the two extreme modes of
penetration for large diameter, open-ended pipe piles used in offshore
foundations. The strain history at a point is fully described by three independent
components of shear strain; E;, E,, and E, which correspond to triaxial, pressure
meter {cylindrical cavity expansion) and direct simple shear modes, respectively.

For the simple pile geometry, there is monotonic increase in the &5, shear
component as the pile tp passes the soil element while the components B, and E,
exhibit reversals in direction (which are not included in CEM analyses). The
overall magnitude of shear strain in the soil is described by the second invariant
of deviatoric strains, E = 1//2 {Ef - BE. E§ }m ag shown in Figure 2. At
locations around the pile shaft (Figure 2), there is an inner zone of soil which
experiences much larger shear strain levels than can be imposed in conventional
1aboratory shear tests (E>10% at t/R<2) and is characterized also by large net
changes in all three strain components (e.g., elements /R = 0.5, 0.2; Figure 1aj).
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At radial locations further from the pile shaft, £, E;->) (e.g., /R = L0
Figure la) and the final strain state is controlied by the volume of soil displaced

by the pile.

The unplugged, open-ended pile causes much less disturbance of the
surrounding soil. The zone of high shear strains (Ex10%; Figure 2b) is confined
to a thin annulus (comparable to the thickness of the pile wall) around the shaft,
while a far field strain levels are controlled by the volume of soil displaced by
the pile. In order to compare the strain levels for the open- and closed-ended
piles, it is convenient to normalize the radial dimensions by the equivalent radius

of a solid section pile, R, = /Bt (i.e.. for B/t = 40, R, = 0.316R) as shown in

Figure 2b. The mode of penetration (closed vs. open-ended) also causes
important differences in strain paths close to the pile wall, especially in the
pressuremeter shear compenent, E,.

In this presentation of the Strain Path Method, effective stresses, o, are
computed directly from the strain paths of individual soil elements using a
generalized effective stress-strain soil model (see next section}. This approach
can be contrasted with previous total stress analyses {Levadoux & Baligh 1980;
Baligh 1986a; The & Houlsby 1991) which compute shear stresses through a
deviatoric stress-strain model, and introduce a separate constitutive relationship
for shear induced pore pressures. The main advantage of the effective stress
analysis is that the same soil mode! can be used to study stress changes during
consoiidadon and pile loading.

The installation excess pore pressures around the pile shaft are computed
from the effective stresses by satisfying conditions of radial equilibrium (Baligh
1986b). Further predictions of excess pore pressure distributions around the ip
of the pile are difficult to achieve due to approximations used in the Strain Path
Method. The most reliable estimates of pore pressure distributions are obtained
by solving equilibrium conditions in the form of a Poisson equation using finite
element methods (Aubeny 1992; Whittle & Aubeny 1992),

The MIT-E3 Effective Stress Solil Model

The MIT-E3 model (Whittle 1987, 1990, 1991a) 15 & generalized effective
stress soil mode! for describing the rate independent behavior of normally fo
moderately overconsolidated clavs (OCR<8) which exhibit normalized
enginesring properties.  The model deseribes 2 number of Important aspects of
soil behavior which have been observed in laboratory tests on K -consolidated
clays but ars not well described by most existing soil models:

1. There is no well defined linear region of soil behavior, even at small strain
fevels or immediately following a reversal of loading.

2. The unload-reload behavior of clavs 15 charscterized by 3 hysteretic
response, but also involves small irrecoverable strains.
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3. Clays exhibit anisotropic properties due to their consolidation history and
subsequent straining.

4. In some modes of deformation, normally and hightly overconsoiidated
clays exhibif undrained britteness.

Uniform, undrained cyciic loading of overconsolidated clays causes an
accumulation of shear induced pore pressures. Thus, coupling of
volumetric and shear behavior is essential to accurate modeling of
overconsolidated clays under cyclic loading.

Ly

The model formulation comprises three components: 1) an elasto-plastic
model for normally consolidated clays, which describes anisotropic properties
and strain softening behavior; 23 equations for the smail strain non-lineanity and
hysteretic stress-strain response in unload-reload cycles; and 3) bounding surface
plasticity of irrecoverable, anisotropic and path dependent behavior of
overconsolidated clays. Other observations of clay behavior, collectively
referred to as ‘rate effects’ {e.g., variation in undrained shear strength with strain
rate, undrained creep and secondary compression) are not described by the MIT-
E3 model. The model used 15 input parameters which are determine frorm

standard types of laboratory tests:

1. One dimensional consolidation tests (either incremental oedometer or
constant rate of sirain consolidation) using 2 load sequence that includes at
least one cycle of unloading-reloading and measurements of lateral
effective stresses.

2. Undrained shear test on K -consolidated clay including in triaxiai
compression (CKUC) at OCR = 1, 2 and triaxial extension (CK,UE) at
OCR = 1. These iests should be performed using SHANSEP
consolidation procedures in order to ameliorate the effects of sample
disturbance on the measured soil behavior (Ladd & Foott 19745,

3. Measurements of elastic shear wave velocity using either resonant column
apparatus or field cross-hole tests. Alternatively, reliable measurements of
the small strain stiffness can now be obtained from local strain
measurernents in triaxial tests (e.g., Jardine et al. 1984; Dyvik & Olson
1989; Clayion et al. 1989; Goto eral. 1991

The model input parameters have been selected for a number of clays using a
standard procedure (Whitile 1990). Extensive comparisons with measured daia
in undrained shear tests performed in different modes of shearing and with
overconsolidation ratiog (OCR) up & sight have shown that the model a) gives
excellent predictions of peak shear resistance and can describe accurately the
non-linear stress-stram behavior, but becomes less reliabie for OCRz4. The
most comprehensive evaluations have been presented for Boston Blue clay
(BB, 2 low plasticity (4, = 19-23%;, illitic, marine clay of moderate sensitivity
(s, = 3-7) whose engineering properties have been studied extensively at MIT
(Whittle 1990, Whittle et al, 1992). Figure 3 compares the computed and
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measured shear stress strain behavior for K,-normally consolidated BBC in the
three modes of shearing which occur during pile instaliation (cf., Figure 1),

The measured data in undrained triaxial compression and extension tests
(CK,UC and CK,UE) at OCR = 1 illustrate important aspects of the amsotropic
behavior of soft clays. The undrained shear strength in the compression mode
(s,rcf0’,, = 0.33) is mobilized at very small shear strains (e,, = 0.3 - 0.5%) and
there is a significant post-peak reduction in shear resistance. In comparison, the
undrained shear strength in triaxial extension is mobilized at relatively large
strain levels (s,4/0", = 0.14 at £, > 5%). There is a large difference in the
undrained shear strengths in the two modes of shearing, §yp/S,7c = 0:42. The
MIT-E3 model matches closely the measured undrained shear strengths in both
modes of shearing, as well as the axial strain at peak resistance and post-peak
strain softening. The measurements in monotonic compressions and extension
tests are part of the data set used to select input parameters and hence, these
comparisons do not constitute an evaluation of model predictions. Model
predictions for an undrained triaxial test with a single unload-reload cycle (i.c.,
two reversals of strain direction) are also shown in Figure 3a. The model
describes closely the non-linear and hysteretic nature of the unload-reload
process, but tends to overpredict the stiffness during reloading.
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Figure 3a. Comparison of MIT-E3 predictions and measured data for undrained
tiaxial shearing of K -normally consolidated Boston Biue Cla
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Figure 3b compares predictions with measurements in undrained Direct
Simple Shear tests (CK,UDSS} using a Geonor simple shear apparatss. This
mode of shearing is also directly relevant to predictions of pile-soil behavior in
axial loading (e.g., Randolph & Wroth 1981; Azzouz et al. 1990) and is
discussed in more detail in the axial pile loading section. The MIT-E3 model
gives very good predictions of the shear stress strain response in tests with
monotonic shearing and with reversals of strain direction. The model is in
excellent agreement with the measured peak shear resistance (1, /o’,, = 0.21),
but tends to overestimate the stiffness in reloading.

The pressure meter shear mode (E,: Figure 1) is especially important for
estimating the effects of pile installation and can be simulated in laboratory
element tests using more sophisticated equipment such as the True Triaxial
Apparatus (TTA) or Directional Shear Cell {DSC). Unfortunately, there is very
little data of this type reported in the literature. Figure 3¢ compares model
predictions with data reported by Wood (1981) using the Cambridge University
TTA. The model predictions match the measured peak shear resistance,

Supw/ 0 ‘oo = 0.21, which is mobilized at a shear strain, y = 5%. Further
comparisons with more comprehensive pressure meter tests in the DSC at

"OCR =4 {O’Neill 1985; Figure 3¢) show similar predictive accuracy for the

peak shear resistance, but confirm that the model tends 1o overestimate the
prepeak shear stiffness.
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Figure 3b.  Comparison of modei predictions and measured data for direct
simple shear of Ky-normally consolidated Bosion Blue Clay
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Figure 3c. Comparison of model predictions and measured data for a pressurs
meter mode of shearing of K,-consolidated Boston Biue Clay

The shear resistance at large strain levels is important in predicting stress
conditions close to the pile shaft during installation. However, it is difficuit to
obtain reliable large strain measurements in laboratory tests due to
nonuniformities in stress conditions, strain localization etc. The predictions in
Figure 3 show that there is a large post-peak reduction in the shear resistance of
K,-normally consolidated BBC in undrained triaxial compression {s,/s, = 0.4),
but negligible softening in the pressure meter shear mode. Swrain softening
measured in Direct Simple Shear tests may be partly attributed to non-uniform
stress conditions in the Geonor apparatus {e.g., DeGroot et al. 1952).

Although it is not possible to duplicate the complex strain paths caused by
pile installation using existing laboratory tests, the results in Figure 3
demonstrate the predictive capabilities of MIT-E3 and provide a sound basis for
applying the model in conjunction with SPM analyses.

le instailation

Predictions of installation conditions

Figure 4 presenss Strain Path (SPM) and Cavity Fxpansion (CEM)
predictions of installation siresses and pore pressures around the shaft of 2 pile in

o
Eak
o
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Figure 4. Strain path predictions of instaliation stresses in K -normally
consolidated BBOC

Appandix B Cordributed Papars



K -normally consolidated BBC using the MIT-E2 soil model. The individual
stress components are normalized by the in situ vertical effective stress, o',
while radial dimensions are related to the equivalent radius of a solid section
pile, R, in order to unify results for the two iimiting modes of pile penetration
{plugged and unplugged). The two principal parameters of mnterest in these
analyses are the excess pore pressures, Aw/o’,, and radial effective stresses,
K =o' /o', which can be measured at the pile shaft. The results in Figure 4
show the following:

1. For a normally or lightly overconsclidated clay, undrained shearing
generates positive shear induced pore pressures and a corresponding net
reduction in the mean effective stress, ¢'/6',, close to the pile shaft.
Differences in the magnitude of o'/’ for SPM and CEM analyses
(/R <6; Figure 4a) reflect how the anisotropic and strain softening
properties described by the MIT-E3 model are affected by differences in
strain histories.

2%

The effects of the analysis used to model installation can be seen most
clearly in predictions of the radial effective stress, g',/o" and cavity shear
stress, g/ o', (where q, = [¢7, - 0'4)/2 is the maximum shear stress in the
horizontal plane). The Strain Path Method predicts very low radiad
effective stresses (K, = 0.08 - 0.10) and cavity shear stresses (g,/6 ', > 0}
acting at the pile shaft for both modes of penetration. This means that the
radial effective stress is similar in magmtude to the mean effective stress
(Le., o' /o', = a'lo’y) for R, < 15, Incontrast, CEM analyses give
higher values of radial effective stress o' /o', and predict that ¢’ fao’; >
o'fo’ , over a wide radial zone (/R < 20). The cavity shear stress,

q,fo’ 4 = 0.20, is approximately constant for /R < 7 and can be deduced
from the pressure meter shear behavior described in Figure 3¢. Sirain path
predictions of o' /o', are affected significantly by soil properties
(including strain softening), while Baligh and Levadoux (1980) show that
the geometry of the pile tip has an important effect on the cavity shear
stregs close to the shaft.

3. The excess pore pressures at the pile shaft are obiained from conditions of
radial equilibrium and hence depend on the entire field of effective
siresges in the soil. The results in Figure 42 show that undrained pile
installation generates large excess pore pressures in the soil which exiend
to 2 radial distance /R = 20 - 30, Although both CEM and SPM predict a
similar accumulation of excess pore pressure in the far field (3R <30),
there are significant differences in the distribution close to the pile shall
(/R <33 The net result is that the cavity expansion method predicts excess
pore pressures which are typically 20-25 percent larger than those
obtained from corresponding strain path analyses. The characteristic
shapes of the pore pressures distributions (CEM and S5PM; Figure 4a) have
been discussed in detail by Baligh (1986b) and are not affected
significantly by the modeling of soil behavior,

4. The mode of penetration (Figures 4a, 4b) only affects the magnitude and
distribution of stresses and pore pressures close to the pile wall, o/R <3
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The strain path predictions of cavity shear stress, radial and mean effective
stress components acting at the shaft are very similar for both modes of
penetration, while the excess pore pressures are slightly smaller for the
unplugged pile. It 1s interesting to note that the strain path method
actually predicts slightly larger shaft pore pressures than the CEM
analyses for the unplugged pile.

Evaiuation of installation predictions

Simultaneous measurements of shaft pore pressures and lateral earth
pressures (radial total stresses) during installation have been obtained at a
number of sites using a) instrumented pile shaft elements or probes(PLS cell,
Morrison 1984; t-z and x-probes, Bogard et al. 1985; IMP, Coop & Wroth
1989), and b instrumented model piles (Karlsrud & Haugen 1985; Karlsrud et
al. 1992; Bond etal. 1991). Further measurements of installation pore
pressures are associated with the development of in situ testing devices such as
the piezocone and include both field tests and laboratory experiments in large-
scale calibration chambers. The reliability of these measurements depends, in
large part, on the design of the instrumentation (response time, calibration for
thermal changes, etc.} and quality of test procedures {de-airing of porous filters
etc.) can also affect the measured parameters {e.g., Azzouz & Morrison 1988)
due to factors such as partial drainage which are not considered in the analysis.

Figure 5 compares the predictions of excess pore pressures at the pile shaft
with measurements obtained during steady penetration in BBC using the PLS
cell (Morrison 1984; Azzouz & Morrison 1988) as functions of the stress history
{OCR}. The measured data are very consistent at low OCR, but exhibit large
scatter in the more overconsolidated clay due to the presence of sand seams, etc.
In general, the strain path predictions underestimate the measured excess pore
pressures, particularly at low OCR, while there is better agreement with results
from CEM analyses. The figure also includes field measurements from pile and
penetrometer tests compiled from five other sites. The results tend to confirm
the previous assessment of Baligh and Levadoux (1980) that there is no well
define correlation between the shaft pore pressures and clay type (as described
by plasticity index, L), stress history (GCR; Figure 5), undrained shear strength
or sensitivity {sJ. At low OCR, the excess pore pressures measured at five sites
are in the range Aufo’,, = 2.0 £ 0.4, Significanty lower installation pore
pressures (Aufo’, = 1.2 - 1.3; Figure 5) have been reported recently from large-
scale, laboratory calibration chamber tests in kaolin (May 1987; Nyirenda 1989},

in principle, measurements of the radial distribution of excess pors pressures
{using piezometers in the surrounding s0il) can provide a more comprehensive
evaluation of the strain path predictions. In practice, these messurements are
gifficult to obtain (especially in the critical region close to the shaft, 1<r/R<3)
due to a) interference of the measuring device and the soil deformations, and b)
uncertainties in the alignment and position of the piezometers. Figure 6
compares MIT-E3 predictions of the excess pore pressure distribution for BBC at
GCR = 1.0, 2.0, and 4.0 with 1) feld measurements (Roy et al. 1981) around an
mstrumented pile (R =1 lcm) instalied in highly sensiuve, structured $t Alban
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Figure 5. Evaiuation of instaliation pore prassures at pile shaft

clay (hquidity index, | = 2) at OCR = 2.3, and 2) measurements around the shaft
of & cone pentrometer installed in K -normally consolidated kaolin (R = [ 26cm)
within a large calibration chamber (of radiue, B = 50cm). The SPM predictions
st OCE = 1 are in very good agreement with penetration pore pressures
measured in kaolin, The predictions at OCR = 7 underestimate both the
magniude and the radial extent of the zone of pore pressure accumulation m the
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Figure 6.  Distribution of excess pore pressures during instailation

St Alban clay. These results indicate that the main source of discrepancy
between strain path predictions and measured pore pressures are the effective
stresses in the far field (VR 2 5-6, where E < 1%. Figure Za), which are affected
by small strain properties of the clay and can be addresses through further
refinement of the constitutive model. In contrast, CEM analyses do pot describe
accurately the shape of the pressure distribution and hence, overestimate Au/o’,
at the shaft while underestimating pore pressures measured in the far field.

Overall, it is not possible to draw definitive conclusions from the results
presented in Figures § and 6. Installation pore pressutes around the pile shaft are
very difficalt to evaluate due to the complexity of the analysis and the sepsitivity
of the predictions to soil non-lnearity and inelastic behavier. Predictions using
the MIT-E3 model (with input parameters for BBC) suggest that, although the
strain path method underestimates the installation excess pore prassures, it
provides a more consistent description of the lateral distribution of effective
stresses than corresnonding CEM analyses.

Radial effective stress, K., during pile installation are obtained by subtracting

the installation pore pressures from measurements of total radiai stress at the
same location. Figure 5 shows that pile installation in sormally and lightdy
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overconsolidated clays generates large excess pore pressures in the surrounding
soil. 1 is therefore apparent that small errors in the measured pore pressures
(and/or total stress) can affect significantly the compute radial effective stress.
Azzouz and Morrison (1988) report K, = 0.05-0.20 from PL.S measurements in
the lower Boston Blue Clay (OCR =1.2 £ 0.1) which are in excellent agreement
with strain path predictions {(cf., Figure 4). Very small values of K are also
reported from instrumented pile tests in other sensitive, low plasticity clays
{Haga: Karlsrud & Haugen 1985; Onspy, Karisrad et al. 1992). Significantly
larger radial effective stresses, K, = 0.38-0.54, were measured in the more
plastic, less sensitive Empire clay (Azzouz & Lutz 1986) and are also in good
agreement with strain path predictions using the MIT-E3 model (K, = 0.37-0.45;
Whiitle & Baligh 1988).

Consolidation
Non-linear analysis of radial consolidation

+ After pile installation, soil consolidation occurs duet to the dissipation of
gxcess pore pressures around the pile. For shaft locations far from the pile tip
and the mudline, it is assumed that excess pre pressures dissipate radially away
from the shaft and there are concomitant changes in the effective stresses due to
radial displacements of the seil. Thus the underlying mechanism of pile ‘set-up’
{changes in shaft capacity with time after installation} is atiributed w changes in
effective stresses in the soif at {or close (o) the pile-soil intesface due to radial
consolidation.

Previous studies (Randolph et al. 1979; Baligh & Levadoux 1980, Baligh &
Kavvadas 1980) have shown that predictions of the change in radial effective
stress acting on the pile shaft during consolidation are sirongly affected by non-
linearity of the soil. For the special case of a linear, isotropic {and elastic) soil,
the decrease in excess pore pressure is exactly balanced by an increase in radial
effective stress, such that at the end of consolidation, ¢, = o', +Ax.
Comparison with measured data shows that this leads to a vast overprediction of
the set-up around the pile shaft in soft clay deposits. Thus, comprebensive
analyses of the couple non-linear consolidation {i.¢., coupling of total stresses
and pore pressures; non-linear effective siress-strain and permeability properties
of the soil) are required in order to achieve reliable predictions of the set-up
process. The analyses described in this section solve the radial consolidation by
non-linear finite element methods using with the following assumptions:

i, Initial conditions are described by the radial disinibotions of effective
stresses and pore pressures predicted around the shaft during piie
instaliation using the Strain Path Method.

The non-linear sffective stress-sirai response of soil elements around the
pile shaft is represented consistently by the MIT-E3 model (ie., with the
same input parameters used during pile installaton). The compressibility

Fo¥
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of the seil is a function of the radial location of the soi! element (due to
installation disturbances) and varnes with effective stresses during
consolidation.

3. Non-linearities associated with changes in soil permeability are not
considered in the analysis. This assumption implies that the radial
permeability is spatially constant after pile instaliation and that changes in
permeability duning consolidation can be neglected. Recent experimental
data from model tests on resedimented BBC suggest that permeability can
decrease by up to a factor of 3 at locations close to the pile shaft following
complete set-up {Ting et al. 1990}, However, these changes in
permeability are small compared with inherent uncertainties in the
measarement of permeability of natural deposits and with non-linearities
assoctated with soil stiffness predicted during consolidation.

Figure 7 summarizes predictions of the excess pore pressures, Au/o ', radial
total and effective stresses (H = (o-y, /0’ and o' /o', respectively) acting at
the shaft of a pile installed in K -normally consolidated BBC. The resulis are
presented using a dimensionless time factor T, which is defined as:

o', ki

2
Y oo Poog

T W 1)

where

o'y = 3{1+2K 0 ', = in situ mean effective stress in the ground
£ = time

R, = equivalent radius
k = (horizontal) coefficient of permeability

Y. = unit weight of water.

The principal parameter of interest in the analysis is the magnirade of the
radiai effective stress acting on the pile shaft after full dissipation of excess pore
pressures K = o’ Jo' . For the closed-ended pile example shown in Figure 7,
the analyses using the Strain Path Method and MIT-E3 model predict a final
set-up stress ratio, X, = 0.37 (Figure 7a) which is significantly smaller than the
imitial, in situ earth pressure coefficient (K, = 0.48), while comparable linear,
consolidation analyses (1.2, based on the same installation conditions) would
give K, = 1.28 (= K+Awfo’ ;). Thus, the prediciions of set-up stresses vary by a
factor of 3 o 4 depending on the modeling of non-linear soif behavior. The
set-up stresses predicted for the open-ended {unplugged) pile are approximately
2% percent lower than for the clossd-ended pile.

Predictions using cavity expansion anaiysis of piie installation (CEM) show
significantly higher set-up stresses (K, = 0.72; Figure 7a). This result is
primarily due to the predicted initial conditions (K, = G.45; Figure 4) since the
net change in radial effective stress during consolidation is relatively small,
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Further insights into factors affecting the set-up predictions can be achieved
by introducing the dimensioniess stress ratios shown in Figure 7b. The exgess
pore pressure ratio (degree of consolidation), U = Aw/Ay, depends primarily on
the normalized radial distribution of installation excess pore pressures {Aufdy,
where Au,, 18 Thie 8XCesS POre pressure at the pile shaft; Baligh & Levadoux
1980). Strain path analyses for both closed and open-ended piles give very
similar rates of consolidatien (U vs T, Figure b3, while CEM predictions show
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more rapid dissipation of pore pressures for Uz0.3. The set-up effective stress
ration, K/K, , illustrates most clearly the importance of the insealiation analysis
{SPM vs CEM). The strain path resuits in Figure 7b show that the largest change
in set-up stresses occurs over the time period 0.01sT<1.0. In contrast, the total
stress release ratio, H/H, include the shear behavior at large shear strains {Le.,
during installation) and the radial compressibility during consolidation. The
MIT-E3 predictions for normally consolidated BBC show H/H =0.25-0.3
(Figure 7b), while resulis obtained for other soils and stress histories range from
H/H =0.2 10 0.6 (Whittle & Baligh 1988},

Evaluation of shaft stresses during set-up

Effective stresses at the pile shaft are currently calculated from measurements
of total stresses and pore pressures during consolidation (e.g., Azzouz &
Morrison 1988; Karlsrud & Haugen 1985), although direct measurements of o,
have been reported recently in a highly overconsolidated clay (using effective
pressure transducer; Karisrud et al. 1992). In addition to obvious sources of
experimental errors, there are two main difficulties in determining accurately the

" sat-up stress ratio, K_ = o’ /o', (Azzouz et al. 1990): 1) incomplete
consolidation, and 2) Hmitations of total lateral stress measurements.

The time delay required to achieve complete consolidation depends on the
(equivalent) radius of the pile and the soil properties (permeability and
compressibility). For example, Azzouz and Morrison (1988) report
consolidation: times of 4-8 days using the PLS cell (R = 1.9cm), while
1-2 months of set-up are typical of instrumented model piles with R = 7-10cm
{e.g., Karlsrud et al. 1992). In practice, K, values are frequently quoted from
measurements obtained with incomplete consolidation. In these situations,
calculations using measurerment of o, and u tend to underestimate K ; while those
based on ¢, and u, (in situ pore pressures) overestimate the effective set-up
stress.

Measurements of pore pressures at later stages of consolidation can easily be
checked through comparison with known values of w,. Thus, most of the
uncertainties in o', are due o possible errors in total stress measurements which
are commonly caused by: a) significant seating errors {zero reading) of the g,
cell due to soil arching; b) the cross sensitivity of o, measurements (o changes of
the axial load in the pile; and ¢} the changes of total stress cell calibration with
time after installation (zero shift), Significant improvements in the design of
instrumentation {e.g., Bond et al. 1991; Karlsrud et al. 1992) represent and
important contribution in reducing these errors.

Figure § compares the predictions of the effective stresses at full set-up with
measurements obtained by the PLS cell in BBC (Morrison 1984 Azzouz &
Worrison 1988 as functions of the stress history. The predicted K, increases
significantly with the OCR and range from K, = 037-042 at OCR = 1 (for
Koo = 0.48-0.53 10 K, = 1.1-1.30 2t OCR = 4 (where K, =075 -1.0). Although
the set-up stress is similar in magnitude to the n site earth pressure, the average
ratio K /K, ranges from 0.8 st OCR =1, 10 1.4 at OCR =4, The PLS
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Figure 8.  Evaluation of radial stress at end of set-up

measurements are generally in very good agreement with the predictions and
support the result that K increases with OCR, although there is 2 large scatter i
the data for DCR23. The figure also includes field measurements of K, at three
other sites {Empire, Onsgy and Haga) together with laboratory tests on a
rniniature pile in kaolin. There is consistent agreement in the data obtained for
three clays of moderate sensitivity (s, = 3-7; BBC, Onsey asd Haga); while
higher set-up stresses are measured in the Empire clay and kaokin. Although he
sredictions of K, for Bmpire clay (Figare 8) are 50 - &0 percent higher than those
described for BBC, they stiil underpredict the PLS measurement in zone I {cf,
Azzouz & Lutz 1986). No analyses (using SPM and MIT-E3) have yei been
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performed for the kaolin, however, Azzouz et al. {1990} suggest that these data
are affected significantly by boundary conditions.

The results in Figure 8 indicate that the combination of strain path installation
anafyses and non-linear radial consolidation with MIT-E3 are capable of
providing good predictions of the effective stresses at the end of set-up,
However, more comprehensive predictions are necessary to establish how
predictions of K_ are related to engineering properties of the soil.

Figures 9 and 10 present a detailed evaluation of the predictions of set-up
behavior at the pile shaft based on PLS measurements (Morrison 1984) in the
lower deposit of BBC (OCR = 1.3£0.1). The consolidation predictions ate
presented at OCR = 1.0 and 1.5 using a modified time factor, T = o, ki, K,
where o', is the vertical preconsolidation stress.

This time factor unifies predictions of the consolidation rate (U vs T;
Figure 9b} for normally and lightly overconsolidated BBC (Aubeny 1992).
Measurements of the total radial stress and excess pore pressure ratios (H/H and
U, respectively) are then compared with the predictions (Figure 9). An average
coefficient of horizontal permeability, k, = § x 107 cm/sec is selected from
laboratory CRS and constant head measurements which range form 3.0 x 10° <
k, « 1.5 x 107 cm/sec in the lower BBC (no significant variation with depth in
the deposit. The predictions are in excellent agreement with the measured excess
pore pressure ratio throughout consolidation, but tend to underestimate slightly
the reduction in total radial stress. Effective stress changes at the pile shaft
during consolidation, K(T), are calculated from the average measurements of
total radial stress and excess pore pressure (Figure 10). These data agree with
predictions of radial effective stresses for OCR = 1.5 and confirm the capabilities
of the analysis for describing pile shaft performance throughout the set-up
Process.

Stress conditions in the soll after consolidation

Predictions of the stress state in the soil after consolidation have an important
influence on the subsequent prediction and interpretation of pile shaft capacity.
Figure 1 I presents predictions of the stress distribution around the pile shaft in
BBC at OCR = 1 and 2. The results show a net reduction in the mean effective
stress (o' Jo',,) in the soil around the pile (i.e., compared to the in siti
conditions). Radial consolidation produces cavity shear stresses {4,./o',,) in the
soil extending 1o a distance t/R<3 (cf, Figure 4). At the pile shafl, o, is the
major principal effective stress, while 6y /o' = Ky Figure 12 compares the
volumetric behavior (Le., mean effective stress and volumetric strain} of soil
elements adjacent to the pile shaft with the K-¥Virgin Consolidation Line (5;-
V(L) predicted for the undisturbed clay (using MIT-E3). Pile wstallation (paths
A-E) generates large shear induced pore pressures (reductions in o) associated
with severe shearing of the soil at constant water content. During set-up (paths
B-C) the soil elements do pot return towards the K,-VCL, but instead exhibit a
meore compressible behavior such that the final states of stress (G, ) conlesce
on a new re-consolidation line which lies parallel to the compression of the
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undisturbed clay. This results is qualitatively similar to the observations of the
consolidation behavior of remolded Haga clay reported by Karlsrud and Haugen
(1985).

Axial Pile Loading

Analysis of shaft capacity

This section focuses on predictions of the limiting skin friction, { L, whichis
mobilized at the pile shatt after full dis ssipation of the installation excess pore
pressures. The analyses are restricted 1o the case of a long, rigid piie for which
the pile tip and the mudline have negligible effacts on the shaft resistance. Even
after mtroducing this simplification, there are three main factors which
complicate significantly the prediction and interpretation of pile-soil interaction
during axiaj loading:

/. Although slip surfaces are constrained to form paraliel 1o the piie shaft, the

actizal slhippage may occur either af the pile-soil interface or within the
surrcunding soil mass. Slippage at the interface is of practical importancs
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when the limiting angle of interface friction &°, is less than the effective
stress obliquity « ', mobilized along vertical planes in the soil at peak
shear resistance (e, &', = 10"

The shear resistance of the soil is controlied by effective stresses and
properties around the shaft prior to loading. The previous sections have
shown that relatively sophisticated analyses can predict many aspecis of
the set-up behavior measured at the shaft for piles instalied in normally
and lightly overconsolidated clays. However, many aspects of the
prediciions cannot be evaluated from field measurements and hence,
represent a source of uncermainty in the subseguent comparison with
measured capacity.

Drainage conditions during pile loading are not well defined. For most
conventional test procedures, the pile is lvaded to failure over a period of
several hours, such that the surrounding soil is sheared under conditions of
partial (o7 compiets } drainage which must be interpreted nsing effective
strass methods,
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For piles installed in lightly overconsolidated clays, the critical conditions
(i.e., minimum shaft capacity) are likely to occur when the pile is loaded rapidly
with no radial migration of pore water, and hence undrained shearing of the clay.
In this situation, the mode of deformation corresponds to the shearing of
concentric cylinders around the pile shaft (i.e., v, is the only non-zero strain
component), while vertical equilibrium controls the radial distribution of shear
stresses (TR = tr, where 1, is the interface shear stress). Figure [3a shows
MIT-E3 predictions of the normalized effective (o' /o', t/¢'_) and total stress
paths ({0, - wl/o’, t/o’,) acting in the vertical plan for undrained shearing of
soil elements adjacent to the pile shaft in Boston Blue Clay. The resulis show
the foilowing:

{. The initial stress history of the soil does not affect the normalized effective
stress paths predicted at the pile shaft after full re-equilibration of the
mnstallation excess pore pressures for OCR <4,

2. The peak shear resistance of the soil elements can be described by an
undrained strength ratio, p = vJ/o’, = 0.26 (Whittle et al. 1988 Azzouz et
al. 1990) which is mobilized at an effective stress obliquity, ol = P2y
{which is significantly lower than the reference critical state friction angle
mieasured in triaxial compression tests, 'y, = 33.4°).
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Figure 13. MIT-E3 predictions of soil behaviour for slements at the pile shaft during axial
lcading. a} Undrained shear behaviour

3. There is a reduction in the radial effective stress, A o'y’ = U4, ogether
with positive excess pore pressures, Au/o’_ = 0.4-0.5, and a small net
increase in the total stress ([0, - u,}/o’, ~ 1.05, Figure 13a) for shearing
up to peak shaft resistance. The zone of excess pore pressures extends
laterally to a distance, t/R<5 (Figure 13b),

The analyses can be extended to consider the radial distribution of undrained
shear resistance p(1/R) by computing the response of individual soil elements to
the same mode of shearing. The predictions in Figure 11 show that a} the shaft
capacity is limited by the undrained shear strength of soil elements adjacent to
the pile, and b) the shear resistance, p(z/R), is proportional o the mean effective
stress predicted at the end of consolidation (o o for iR«

The mode of shearing assumed for soil elements adjacent to the pile shaft is
identical to that imposed in laboratory constant volume (undrained) Direct
Simple Shear (DSS) tests. Thus, it is useful to compare model predictions of eoil
behavior for the remolded soil around the pile shaft with that of the undisturbed
Kq-consolidated clay in undrained Direct Simple Shear tests. Figure 13a shows
MIT-E? predictions of the normalized effective stress paths (o' /o', /o' ) for
Ky-consolidated BBC at OCR = 1.0, 1.2, and 1.5, The undrained strength ratio
{8upes/ 0. = 0.25) and effective stress path of the undisturbed clay at OCR =].2
are ia close agreement with the normalized behavior predicted at the pile shafl,
although there is a difference (¢ = 20° versus o', = 24°) in the stress obliguity
mobilized at peak shear resistance. Differences in the normalized response g the
pile shaft and the K -normally consolidated clay (OCR = 1.0) can be attributed
mainly 10 the predicted ratios of effective siress components in the soil af the end
of consolidation (ie, o' 10107, versus o', = Koo' ) (Whitile 1987,
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Azzouz et al. (1990) have proposed that the undrained strength ratio, p, can
be used to provide realistic estimates of the limiting value of £ for the design of
friction piles in lightly overconsolidated clays (OCR<4). The limiting skin
friction 15 written as:

.

£ K poy “
where o is the in situ effective overburden stress.

This method re-expresses the well known § parameter (f = 76’ s; Chandler
1968; Burland 1973) as the product of the lateral earth pressure coefficient, K.
and the undrained shear strength ratio, p, of the soil adjacent to the pile shaft.
Predictions for normally and hightly overconsolidated clays show that K is
affected by the stress history of the clay (OCRY and by its sensitivity, while p
can be estimated from the strength ratio measured in undrained direct simple
shear tests on the undisturbed clay at OCR = 1.2,

In principle, lower values of the limiting skin friction can occur if the
interface friction angle, &, is smaller than the effective stress obliquity, e,
mobilized at peak shear resistance in the soil. Measurements in the ring shear
apparatus show that ' depends on numerous factors including soil mineralogy
and fabric, consolidation and shear history, rate of shearing, interface roughness
and hardness (Lemos 1986). Comparisons between MIT-E3 predictions of ',
for a number of clays (in the range, o, = 17-24") and recent correlations for &'
{Jardine & Christoulas 1991) show that [« w0 1<%, and suggest that interface
slippage can reduce the calculated undrained shear resistance, p.bvupto
25 percent.

The model predictions also provide a basis for evaluation drainage conditions
during pile loading. Figure 13b shows the radial distribution of stresses and
excess pore pressures at conditions corresponding to peak undrained shear
resisiance in the soil at the pile shaft (for BBC at OCR = 1}, Subsequent
dissipation of the excess pore pressures provides some guidance on the
characteristic time required to achieve undrained loading of the pile. Figure 13¢
compares predictions of the uncoupled dissipation of excess pore pressures
generated during installation and axial loading. For the PLS cell (R = 1.92¢m)
installed in the lower deposit of BBC (g, ~ 0.02cre /sec; Baligh & Levadoux
1980), the predictions show t, = 40 secs, while undrained conditions are only
achieved when the shaft is loaded to failure within 1 sec. In this situation, the
soil around the pile is sheared at an average strain rate which is significandy
higher than that imposed in conventional Iaboratory CK,UDSS tests (¥ =
5 percent/nir}. Data from CK,UDSS tesis with ¢, = 1-10 secs (e.., Lacasse 1979
show a 15-25 percent increase in the undrained strength ratio and develop much
smalier shear induced pore pressures compared to tests performed at
conventional strain rates. These measurements suggest that predictions using the
raie independent MIT-E3 model (Figure 13a) will tend to underestimate the shaft
resistance and overestimate the excess pore pressures for undrained loading.

The one-dimensional (radial) predictions described in this section ireplicithy
assume that the pile shaft performance is similar for loading in either axial

B5Y
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compressions or tension. In practice, the local shaft resistance can be affected by
factors such as proximity to the pile tip (e.g., Lehane & Jardine 1992) or residual
axial loads in the pile (e.g., Whittle 1991b). More comprehensive two-
dimensional analyses of set-up and loading are required in order to evaluate these
effects. However, some insight can be obtained from simple model predictions
of material behavior in laboratory element tests. For example, residual axial
loads in the pile generate shear stresses during set-up at the pile-soil interface
(Le., p.=1/0"). These effects can be simulated in laboratory CK, UDSS tests
by consolidating the soil under an applied shear stress, t./o’,_. Figure 14
compares MIT-E3 predictions with the measured effective stress paths and shear
stress-strain response for CK,UDSS tests on normally consolidated BBC for
consolidation shear stress ratios -0.2 « t/o’,. s 0.2, The results show the
following:

. Specimens consolidated with shear stresses applied in the same direction
as the subsequent undrained loading (t./o’,_ > 0} exhibit higher undrained
shear strengths, smaller shear induced pore pressures, lower effective
stress obliquity and stiffer stress-strain response {at t./o’, =0.2:

Sanss/0 v = 0.29, Aujo’ =007, « ' =17, and vy, = 0.7 percent) than
standard tests performed at 1 /o "« = 0. Incontrast, the consolidation shear
stress has Iittle effect on the undrained strength for v /¢’ < 0, but affects
significantly the stress-strain response and the development of shear
induced pore pressures.

2. The MIT-E3 model is very good agreement with the measurements of
prepeak stress-strain behavior and effective stress paths in these tests.
However, the model tends to overpredict the undrained shear strength for
t/6’,. >0 and does not describe accurately the post-peak strain softening
measure in these tests.

Overall, the results in Figure 14 show important aspects of seil behavior
which can be related directly to the effects of residual axial loads on pile shaft
performance.

The p-method of estimating capacity (Azzouz ef al. i950) assurmes that there
i full dissipation of installation excess pore pressures prior to pile loading.
However, for large diameter offshore piles, loading is often carried out under
conditions of incomplete set-up. These situations can also be readily analyzed
using the proposed framework. Figure 15 ilfustrates predictions of the
normalized shaft capacity §/8. (where B.. = K _p) and pore pressure ration, £, as
functions of the dimensionless time factor, T. The resuits show that the shaf
capacily increases by a factor of 2.3 during the sel-up process, with most of the
strength gain vecurring over the time frame, 0.61<T<1.0.

Evaluation of shaft capacity
The predictions of the undrained strengih £atio, p, can be evaluated by

dividing the measurad values of B from rapid axial load tests (which ensure
undrained shearing of the clay) and the lateral effective stress ratio measured at
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Figure 15. Prediction of shaft capacity for partial set-up in BBC

the end of set-up, K, . Measurements of § can be obtained with a high degree of
reliability from measurements of the distribution of axial joad along the axis of
the pile. In contrast, concurrent measurements of the local pore pressures, shear
and normal lateral stresses are required in order to interpret the effective stress
paths of soil elements at the pile shaft. Reliable data of this iype have only
recently been reported from high quality instrumented pile tests in a soft clay
{Lehane & Jardine 1992),

Figure 16a compare the MIT-E3 predictions and messursments of p from
axial load tests obtained using the PLS cell and instrumented model piles. The
PLS data in BBC and Empire clay (R = 1.92 cm, L = 10-40 sec} {Morrison 1984:
Azzouz & Lutz 1986} are obtained from axial load cell measurements and
provide the average shaft resistance acting between the pile tip and the elevation

f the PLS cell. In contrast, six levels of strain gauges are used to estimate the
distribution of shaft friction along the length of the Hagz piles (L=6m,
R=76cm, =20 miny (Karlsrud & Maugen 198%), The resulis show very good
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agreement between predictions and measurements of p form PLS tests, but
underestimate significantly the skin friction ration reported in the Haga tests.
This result can be explained, in large part, by residual loads in the piles which
generate significant consolidation shear stresses in the upper half of the pile.
Figure 16b compares model predictions of the undrained shear resistance, o, as a
function of the consolidation shear stress, p,. The results show good agreement
with data at depths, z = 2 and 3m, but still underpredict the behavior at z = 4m
probably due to factors such as the proximity of the pile tip {Whittle 1991b).

Summary and Conclusions

This paper has described the application of a systematic analysis for
predicting the performance of driven piles in lightly overconsolidated clays
(OCR<4). The predictions are evaluated through comparisons with field
measurements from the Piezo-Lateral Stress (PLS) cell and instrumented model
piles. The key components of the analysis are: a) the Strain Path Method, which
models the effects of the severe soil disturbances caused by pile installation; and
b) MIT-E3 | a generalized effective stress soil model with well documented
capabilities for describing the non-linear and anisotropic behavior of Ko~
consolidated clays with normalized, rate independent properties. The results
focus on conditions during pile installation, stress and pore pressure changes
during subsequent consolidation, and the shaft capacity during axial loading.

The Strain Path Method (SPM) provides a realistic mode! of the mechanics of
undrained deep penetration in clays. Predictions using the SPM with the MIT-
E3 model give good agreement with the radial effective stresses measured at the
pile shaft during steady penetration, but tend to underestimate the installation
excess pore pressures. This latter result probably reflects limitations of the
constitutive madel for describing the behavior of structured natural clays.

Radial consolidation around the pile shaft is solved by a coupled, non-linear
finite element method with initial conditions from the installation phase and
using the MIT-E3 model to describe the effective stress-strain properties of the
soil. The consclidation process can be characterized by the Dore pressure rado,
U = Au/Au, the total stress release, H/H; (where H = o,-u,) , and the sef-up
effective stress, K = 0" /¢, as functions of a dimensionless time factor, T
{(Figure 7). The analyses show that the radial distribution of instailation excess
pore pressures control U, while H/H, is primarily a function of the non-linear
radial compressions behavior of the soil. The paper presents detailed
comparisons between predictions and PLS measurements in Boston Blue Clay
using average values for the horizontal coefficient of permesbility for laboratory
tests. The predictions consistently describe the changes in the effective stresses,
the total stress release, H/H, and the pore pressure ratio, U, throughout
consohidation. The predictions are in good agreement with measurements of the
radial effective stress at the end of consolidation (K, = ¢” /o '} a8 reported from
2 number of field sites (Figure 8). The parameter K, is affected by the in situ
overconsolidation ratio and sensitiviry of the clay.
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Predictions of pile shaft performance are presented for rapid axial loading of
a long, ngid pile after full dissipation of installation excess pore pressures. The
analyses assume that minimum values of the limiting skin friction, £, can be
estimated from the undrained shear resistance in the soil adjacent to the pile
shaft. Results using the MIT-E3 model show that the normalized shear
resistance of the soil, p {(={ /o’ where o' is the radial effective stress at full
set-up) is independent of the initial OCR, and can be equated approximately with
the undrained strength ratio (s,pe5/0”,,) of the undisturbed clay measured in an
undrained direct simple shear test at OCR = 1.2 (Figure 13a). The paper
discusses other factors affecting the shaft resistance of the pile including partial
set-up, drainage conditions in the soil, loading rate and residual Joads in the pile.
Predictions of the undrained strength ratio, p, are in good agreement with field
measurerents obtained using the PLS cell measured at two sites (Figure 16).

Acknowledgments

The author would like to thank Prof. M.M. Baligh who initiated and guided
the MIT research program on piles in clays. The developments described in this
paper were supported by the MIT Sea Grant College program through grant
NABSAA-D-SGO89 and by the Henry L. Doherty Professorship in Ocean
Engineering. Additional support was provided by a consortium of oil companies
including Amoco Production Company, Chevron Oil Field Research, Exxon
Production Research, Mobil Research and Development, and Shell Development
Company.

References

Aubeny, C.P. (1992). “Rational interpretation of in-situ tests in cohesive soils,”
PhD Thesis, Department of Civil Engineering, MIT, Cambridge, MA.

Azzouz, A.S., and Lutz, D.G. (1986). “Shaft behavior of a model pile in plastic
Empire clays,” ASCE Journal of Geotechnical Engineering 112(4), 389-406.

Azzouz, AS., and Morrison, M.]1. (1988). “Field Measurements on Model Pile
in Two Clay Deposits,” ASCE Journal of Geotechnical Engineering 114(1),
104-121,

Azzouz, A5, Baligh, MM, and Whittle, A.J. (1990). “Shaft resistance of
friction piles in clay,” ASCE Journal of Geotechrical Engineering 116(2),
205-221.

Baligh, MM, (1985}, “Strain path method,” ASCE Joumal of Geotechnical
Engineering 111(5), 1108-1136.

Baligh, MM, (1986a). “Undrained deep peneration: [, Shear stresees,”
Deotechnigue (4}, 471485

Appandix B Condributed Papers




Baligh, MM. (1986b). “Undrained deep penetration: 1L, Pore pressures,”
Geotechnigue 36(4}, 487-501.

Baligh, M.M., and Kavvadas, M. (1980). “Axial static capacity of offshore -
friction piles in clays,” Research Report R80-32, Department of Civil
Engineering, MIT, Cambridge, MA.

Baligh, M.M., and Levadoux, J-N. (1980). “Pore pressure dissipation after cone
penetration,” Research Report R80-11, Department of Civil Engineering,
MIT, Cambridge, MA.

Baligh, M.M., Azzouz, A.S., and Chin, C.T. (1987). “Distarbances due to
‘Ideal’ tube sampling,” ASCE Journal of Geotechnical Engineering 113(7),
739-757.

Bond, A.J,, Jardine, R.J., and Dalton, C.P. (1992). “Design and performance of
the Imperial College instrumented pile,” ASTM Geotechnical Testing Journal
14(4), 413 - 425,

' Bogard, D., Matlock, H., Audibert, I M.E., and Bamford, S.R. (1985). “Three
years’ experience with model pile segment to0] tests,” Proceedings 17th
Offshore Technical Conference, Houston, Paper 4848,

Burland, J.B. (1973). “Shaft friction of piles in clay—a simple fundamental
approach,” Ground Engineering 6(3), 30-42.

Chandler, R.J. {1968}, “The shaft friction of piles in cohesive soils in terms of
effective stresses,” Civil Engineering & Public Works Review, jan., 48-5].

Chin, C.T. (1986). “Open-ended pile penetration in saturated clays,” PhD
Thesis, Department of Civil Enginecring, MIT, Cambridge, MA.

Clayton, C.R.IL, Khatrush, S.A., Bica, B.V.D., and Siddique, A. (1989). “The
use of Hall effect semi-conductors in geotechnical instramentation,” ASTM
Geotechnical Testing Jowmal 12(13, 69-76.

Coop, M.R., and Wroth, C.P. {198%). “Field studies of an instrumented model
pile in clay,” Geotechnigue 39(4), 679-696.

DeBorst, R., and Vermeer, P.A. (1984). “Possibilities and Emitations of finite
element for limit analysis,” Geotechnique 32(2), 199-210.

DeGroot, D.J. (1989). “The Multi-Directional Simple Shear Apparatus with
application to the design of offshore Arctic structures,” PhD) Thesis,
Department of Civil Engineering, MIT, Cambridge, M.A.

DeGroot, D.J., Ladd, C.C., and Germaine, 1. T. (1992a). “Direct simple shear

testing of cohesive soils.” Research Report R92-18, Department of Civil
Engineering, MIT, Cambridge, MA,

a4 Appareiiz B Sonithuted Papars




Dyvik, R., and Olsen, T.S. (1989). G, measured in odeometer and DSS tests
using bender elements,” Proceedings 12th International Conference on Soil
Mechanics and Foundution Engineering, Rio de Janiero, Vol. 1, 39-42.

Esrig, ML, Kirby, R.C., Bea, R.G., and Murphy, B.S. (1977). “Initial
development of a general effective stress method for the prediction of axial
capacity of driven piles in clay,” Proceedings 9th Offshore Technical
Conference, Houston, 3, 495-506,

Francescon, M. (1983). “Model pile tests in clay - stresses and displacements
due to instaliation and pile loading,” PhD Thesis, University of Cambridge.

Goto, S., Tatsuoka, F., Shibuva, S., Kim, Y.S., and Sato, T. (1991). “A simple
gauge for small strain measurements in the laboratory,” Soils and
Foundations 31(1), 169-180.

Jardine, R.J., Symes, M.J., and Burland, ].B. {1984). “The measurement of soil
stiffness in the triaxial apparatus,” Geotechnigue 34(3), 323-340.

}'a%diua, R.J., and Christoulas, 8. (1991). “Recent developments in defining and
measuning static piling parameters,” Proceedin gs, International Conference
on Deep Foundarions, Paris, Press Nationale de I'Ecole Natonale des Ponts
et Chausées, 713-745.

Karlsrud, K., and Haugen, T. (1985). “Axial static capacity of steel model piles
in overconsolidated clay,” Proceedings 11th International Conference on Soil
Mechanics and Foundation Engineering, San Francisco, 1401-1406,

Karlsrud, K., and Nadim, F. (1990). “Axial capacity of offshore piles in clay,”
Proceedings 22nd Offshore Technical Conference, Houston, Paper 4883.

Karlsrud, K., Nadim, F., and Haugen, T. (1986). “Pile in clay under ¢cyclic axial
loading, field tests and compuiational modeling,” Proceedings 3rd
International Conference on Numerical Methods in Uffshore Piling, Nantes,
France, 166-190.

Karlsrud, K., Borg Hansen, 8., Dyvik, R., and Kalsnes, B. (1992). “NGI's piie
tests at Tilbrook and Pentre-Review of testing procedures and results,”
Proceedings ICE Conference on Recemt Large Scale Fully Instrumented Pile
Tests in Clay, London, July.

Rarlsrud. K, Kalenes, B and Nowack, F. (1902 “Response of piles in soft
clay and silt deposits 1o static and cyclic loading based on recent instrumenied
pile load tests,” Proceedings SUT Conference on Offshore Site Investigarion
and Foundation Behaviour, London, September.

Kazvvadas, M. (1982). “Nop-linesr consolidation around driven piles in clays,”
Scl> Thesis, Department of Civil Engineering, MIT, Cambridge, MA.

Apmandls B Doréribuled Papers




Bae

Kiousis, P.D., Voyiadis, G.Z., and Tumay, M.T. (1988). “A large strain theory
and its application in the analysis of the cone penetration mechanism,”
International J. for Num. & Analysis Methods in Geomechanics 12(1),

45-60.

Kraft. L.M. (1982). “Effective stress capacity model for piles in clay,” ASCE
Journal of Geotechnical Engineering 108(11), 1387-1404.

Kraft, L.M., Focht, J.A., and Amerasinghe, S.F. (1981}, “Friction capacity of
piles driven into clay,” ASCE Journal of Geotechnical Engineering 107(11),
1521-134].

Lacasse, S. (1979). “Effect of load duration on undrained behaviour of clay and
sand,” NGI Internal Report 40007-1.

Ladd, C.C., and Edger, L. {1972). “Consolidated-undrained Direct-Simple
Shear tests on saturated clays,” Research Report R72-82, Department of Civil
Engineering, MIT, Cambridge, MA.

‘ Ladd, C.C., and Foott, R. (1974). “New design procedure for stability of soft

clays,” ASCE Journal of Geotechnical Engineering 106(7), 763-786.

Lehane, B., and Jardine, R. (1992). “The behaviour of a displacement pile in
Bothkennar clay,” Procezdings Wroth Memorial § ymposizsen, Oxford.

emos, L.J. (1985). “The effects of rate on the residual strength of soil,” PRD
Thesis, Imperial College, London University.

Levadoux, J-N., and Baligh, M.M. ( 1980). “Pore pressures in clays due to cone
penetration,” Research Report R80-15, Department of Civil Engineering,
MIT, Cambridge, MA.

Malek, AM., Azzouz, A.S., Baligh, M.M., and Germaine, 1.T. {1985,
“Behaviour of foundation clays supporting compliant offshore structures,”
ASCE Journal of Geotechnical Engineering 115(5), 615-636.

May, R.E. (1987). “A study of the piezocone penetrometer in normally
consolidated clay,” PhD Thesis, Department of Engineering Science,
Umversity of Oxford.

Borrison, M1, (1984). “In ity measurements on 2 model pile in clay,” PhD
Thesis, Depariment of Civil Engineering, MIT, Cambridge, MA.

Nyirenda, ZM. (1989). “The piezocone in lightly overconsolidated clay,” PRI
Thesis, Department of Engineering Science, Entversity of Onford,

O'Neill, D.A. (1985). “Undrained strength anisotropy of an overconclidaied
thixotropic clay,” 8M Thesis, MIT, Cambridge, MA.

Aonendx B Contribuisd Papars




Randolph, MLF., Carter, 1L.P., and Wroth, C.P. (1979). “Driven piles I clay:
Effects of instaliation and subsequent consolidation,” Georechnique 29(4),

361-393.

Randolph, ML.F., and Wroth, C.P. (1981}, “Application of the failure state in
undrained simple shear to the shaft capacity of driven piles,” Geotechnigue
311y, 143-1587,

Roscoe, K.H., and Burland, I.B. (1968). “On the generalized behaviour of wet
clays.” Engineering Plasticity. ]. Heymann and F.A. Leckie, ed., Cambridge
University Press, 535-609.

Roy, M., Blanchet, R., Tavenas, F., and LaRochelle, P. (1981). “Behaviour of a
sensitive clay during pile driving,” Canadian Geotechnical Journal 18(1),

67-85.

Teh, C-L, and Houlsby, G.T. (1991). **An anaiytical study of the cone
penetration test in clay,” Geotechnigue 41(1), 17-35.

Ting, N-H., Onoue, A., Germaine, J.T., Whitman, R.V., and Ladd, C.C. {15%0).
“Effects of disturbance on soil consolidation with vertical drains,” Research
Report R90-11, Department of Civil Engineering, MIT, Cambridge, MA.

Whittle, A.J. (1987). “A constitutive model for overconsolidated clays with
application to the cyclic loading of friction piles,” ScD Thesis, Department of
Civil Engineering, MIT, Cambridge, MA.

Whittle, AJ. (19907, “A constitutive model for overconsolidated clays,” MIT
Sea Grant Report, MITSG90-15.

Whittle, A.J. (1991a). “Evaluation of z constitutive model for overconsolidated
clays,” accepted for publication, Geotechnigue.

Whitde, AJ. (1991b). “Interpretation of pile load tests at the Haga site,”
Proceedings ASME Conference on Offshore Mechanics & Arcric Engineering
{OMAE ' 91;, Stavangar, Yol. 4, 267-275.

Whittle, AJ,, Baligh, M.M., Azzouz, A S, and Malek, A M. (1988). “A model
for predicting the performance of TLP piles in clay,” Proceedings Sth
International Conference on Behavior of Offshore Structures (BOSS * 88),
Trondheim, Vol 1, 97-112

Whittle, A, and Baligh, MM, (1288). “The behavior of piles supporting
tension leg platforms, Results of Phase [11,” Repori submitted to Joint Oil
Industry, Department of Civil Engineering, MIT, Cambndge, MA.

Whittle, A L., Aubeny, C.P., Rafalovich, A Ladd, C.C., and Baligh, MM,
(1991). “Interpretation of in-siu tests in cohesive soils using rational
methods,” Research Report R91-01, Department of Civil Engineering, MIT,
Cambridge, MA.

Appendin B Contriited Papeis

B&7




Whittie, AL, DeGroot, ], Ladd, C.C., and Seah, T.H. (19923, “Model
prediction of the anisotropic properties of Boston Blue Clay,” submitted to
ASCE Journal of Geotechnical Engineering.

Wood, D.M. (1981). “True triaxial tests on Boston Blue Clay,” Proceedings

10th International Conference on Soil Mechanics and Foundation
Engineering, Stockholm, 825-830.

oEa Appenaix B Coniributed Papars




Appendix C
Selected Workshop Handouts

Visual Atds from Presentation: Piles in Granular Soils (Session 1}
by Michael W. O'Netll ... C2

Visual Aids from Presentation: Laboratory and Model Tests on Piles
and Soil Properties (Session 1) by Andrew J. Whittle .. ... ... ... C57

Visual Aids from Presentation: Current Research on Instrumented
Piles Including Program at Norwegian Geotechnical Institute
{Session 2y by Andrew J. Whittle ... ... .. ... .. .. ... 94

Fact Sheet from Presentation: U.S. Army’s Civil Engineering
Centrifuge (Session 2) by Richard H. Fedbetter ... ... ... .. ... ..., C136

Fact Sheei from Presentation: WES Large Scale Laboratory Stress
Chamber Sysiem (Session 2) by Richard W. Peterson . . ............ Ci37

Visual Aids from Presentation: Equipment Experiences and Research
Needs (Session 2) by Don C. Warrington . ... ... ..o vt C138

Current and Projected Research at the University of Arizona
{Session 2} by William M. Isenhower ... ... ... .. Ci44
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Some (Random?) Thoughts on the Axial
Behavior of Piles in Granular Soils

Michael W. O'Neill

Professor and Chairman
Department of Civil and Environmental Engineering

University of Houston
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ISSUES COVERED HERE

¢ Traditional Approach to Static Capacity
Assessment
o Unit Shaft and Toe Resistance vs.
| Penetration
e Why are Unit Shaft and Toe Resistances not
Proportional to Depth?

‘» Effect of Pile Geometry on Load Transfer

¢ A Look at Plugging

e Effect of Installation Method

¢ Group Behavior

e Seismic Behavior

o Effect of Installation Aids (Drilling Slurry)
e Some General Ideas about Research Needs
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Piles in Granular Soils
Principal Factors Affecting Axial Capacity

Augered
Impact-driven
Vibrated

e snane:
Open cylinder
Open cylinder with shoe
Closed cylinder
Closed cylinder with bell
H
Nodular
Tapered

Level-to-level interaction
Toe-shaft interaction .
Instaliation interaction (residual stresses)

£
K’
Orientation of principal stresses

Nonlinear failure envelope

Crushability (change in ¢ with stress change)
Compressibility

Propensity for dilation/contraction
Hydraulic conductivity
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fox b B TR
5.‘. ] .‘.. ¥ o ‘ 3

Prefabricated or cast-in situ

5 ;W

Change in propensity of soil for dilation/contraction

(instaliation method, shape, initial soil properties)
Interface roughness pattern
Aging

Chemical reactions between pile and soil

Residual effects of installation aids (e.g., drilling slurry)

Non-seismic cycle

Non-seismic static (short-term)

Non-seismic static (long-term)

Fii

Geometric pattern of group

Order/method of installation
Cap-soil-pile interaction

Appendix & Selested Workshop Mangiouis

&l
L5




Traditional Approach to Assessment of Pile
Capacity in Granular Soil

fmax = D:D:K (tan O) 6'v < fmax (limif)

RO R R RN

0.7 <K £ 2.0 (Compression loading)
0.7< K < 1.0 (Uplift loading)

0.67 ¢ £8 < ¢ {(depending on grain size of soil and texture of
interface)

fmax (limit) about 100 kPa for clean sand
or

fmax value at 10 - 20 d based on above equation
and relative density of sand

AN fmax

D+ = cyclic degradation coefficient
D:= rate-of-loading coefficient
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qb = Ng 6'v (toe) < qp (limit)

Ny is a function of ¢' or relative density

at the toe
. qpb (limit) varies according to silt and clay
content -~ about 10 MPa for clean, fine sand

or

gdb = Ng 0'm {toe)

where Ng is a function of (' and
rigidity index (G/tmax) at the toe, and

C'm = mean effective stress at toe before
driving

Factor of Safety = function of use of the
supported structure (seldom the uncertainty in
the design method or in assessment of soil
properties)

Stress Wave Methods can be used to verify
(approximately) static capacity upon restriking
the pile
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Unit Shaft and Toe Resistance vs. Penetration
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Why are fmax (and gp) Not
Proportional to Depth?

° § nounlinear with z?
®* Rate of increase in radial effective stress
| decrease with z?
* Residual stresses that vary with z?
* Toe-shaft interaction?
° Something else?

ciz
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Expanding Cylindrical Cavity Theory
(Vesic version)

fmax (z) = 0o 'm (z) Pq (z) tan & (z)

Fq= (1 + sin ¢') (yrsec ¢') [sin ¢'/ (1 + sin ¢)]

Iy= — o 205

Iy

Irr= 1+ 14 secd’ and 4 is a compressibility factor

K'is constrained to be 1.0, and A cannot be negative
(soil cannot dilate)

g
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Compressibility = 2%; Phi {surface) = 37°

=45
fmax (kPa)
0 50 100 150 200 250
ﬁ i H i H 4

{f‘f’
E \ %,
- &
&
£ 15 L o
oL
8 T
@,
Vo
%
20 -
55 L " not degraded with depth
30 . o os

¢" degraded linearly by 2.5° surface to 30 m
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Design Lateral Pressure Coefficient, X

8.0 .0 2.0 3.6 4.0 5.0
,ﬁ.
06680 Compression Loading
«s<eeTension Loading
-SG b
it
g
-
2 ~30 b
L
=
-850
FIG. 65. X (Eq. 4) V8. DEPTH, &0~FT PILE,
COMPRESSION VS, TENSION, DENSE
SAND, NONDILATANT CASE, K, = 1
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Design Lateral Pressure Coef{ficient, X
. ¢ i. o 2.0 3.0 4.0 5.0

o \ I i {
)
v =10 i
@6856 Compression Loading
esese Tension Loading

-G 0

FIG. 86. K (Eq. 4) VS. DEPTH, 60-FT PLLE,
COMPRESSION VE. TENSION,
DENSE SAND, DILATANT CASE, K, =
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Effect of Pile Geometry
onn Load Transfer

G20
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a] RVM DEVICE

N
S~

SINGLE ACTING HAMMER
wiZ.05 KN {weight) RAW

PLYWOOD CUSHION -
e} e 402 mm @STEEL PIPE PILE
PILE DRAMNAGE
PORT { PORTS
A
P Tg ! g —
SATURATED > PNEUMATIC PRESSURE
' SAND COLLMN . MEMBRANES
% s {individuaily controlled)
PILE |
- ﬁ : i —T
PLUG POSITION —1  § 4 SECTIONS
BONITOR - H ; ~ @O0835m
{7250 ! 380 mem EACH
mm o, i
i
PLUG d X = I
ACCELEROMETER ol
§—J STATIC TEST POSITION
- f : R Mo,y
e Pz 1.5%m
H
WATERTIGHT oy
MEMBRANE | o §
AND - : : e
EORMING JACKET — ol
X Ll STATIC TEST POSITION
» s He, #
w233 m
DEAIRED WATER
DIEFUSER -
i COMCRETE FLOOR

FIG. 1. Schematic Elevation View of Testing Chamber, Hammer and AYM
Device
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0.12
.14 2 Large H
0.10 -
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0.04
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0.0 -
5.01 -
0.00 -

041 ¥ Y ) 1 ’ T v T "
0.0 0.1 8.2 8.3 0.4 4.5

Displacement (ft)

Time (secs)

A} TEST NO : 6C (H/D/10) - At 40 in. Penetration Depth

- Large Open Pipe

Displacement (fi)

¢.¢ Gt .2 0.3 0.4 g.5

Time (secs)
B) TEST NO : 5B (COEMD/ID) - At 42 in. Penetration Depth
Fig. 4.75. Comparison of Displacement vs. Time at Mid-Denth

Penetration in Dry Sand. A) H Pile B} Open Pipe Pile
» Large-Size Pileg
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Large Open Pipe

8.1

<
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2.2 2.3

B} TEST NO : 178 (COE/S/R/I6) - At 85 in, Penetration Depth

{(Prior to Hedrive)

Kig. 4.91. Comparison of Displacement vs. Time Prior to Redrive
in Saturated Sand. A) H Pile B) Open Pige Pile - Large.Size Piles
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A Look at Plugging
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B = K tan § within the plug
K taken as 1 for dense (incompressible) sand
§ is angle of inside wall friction
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.
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FiG. 11, VYertical Stress In Soll Plug versus Depth
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Effect of Installation Method
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Group Behavior
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Idealizarion of Induced Swess Waves During a Seismic Event for an
Offshore TLP.
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Applied Bias Load
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Moaotion; o'g = 2.5 psi; Epicentral Distance = 74 km: Dy = 55%
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Near Field
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Effect of Installation Aids
(Drilling Slurry)

Apperiix O Beieciad Workshop Mandouss



§ § { i ¢ i §

- Casing Samples

EFE]#KIEF!&‘EF[iiF{E]E!

o
L
D=
0.2+ ¢ Lower Boundary \
0.0 —H- T i 1 T i a
g 10 20 30 40 50 60 70 80
_ |AEz
/yl ATy D frax 12
1.0 H i { ; i !
] Bentonite 0.30 ppg -
j Bara®-Kade 90 i
0.8 — =
] ; Upper Boundary !
2 :
S -
is'} *i‘% ?;Q 30 »@ 50 60 70
I/ - JAE ,
/ V%3 Y 0 fmae LT
C51

Apperadiy O Sslected Workshop Mardouls



{ { { ! i 1 g

30 Minutes
Contact Time

y e RN X SO S TR W SIS S SR TR G

GG EREEESEERER

A

mwwAttapui 1{9
Emuisﬁ ed Polymer
s—e—esDry Vinyl Polymer

ﬁﬁﬁﬁﬁﬁﬁﬁﬁ

lii!!iiiii!lllilix;

; ! ! T §
Mid
Slurry Dosage
Comparison of mean non

| ==
Low High

perimeter shear for 30 minutes contact time.

os2

Appendiz  Selectsd Workshop

Handouls



i i !

1.0 o b ‘
| Dry Vinyl 4 HOUI% !
! Ppolymer Contact Time. |
0.84 - ns
o
I # o — i
P vl ;"’"‘ - 1
0*6‘" ‘g" . : -
w1 ¢  Emulsified Polymer R
s 1 £ . :
0.4 Benmmte -
i | e L
024  TUTTKitapulgite .
0.0 T
Low Mid High
Slurry Dosage
Comparison of mean normalized

perimeter shear for 4 hours contact time.

Appandix © Ssiscied Workshop Hardouts




] , }

]

i

b aé%N%w _tapg
oS oy 0t 74

]

(8dd czo0)

rswkjod sjqeperdapoly -

(sumjop £q 00O¥/1)

wwiiod VIHd peyisiwy -

O

(3dd pg0) aBmdEny o

EL G Ey T 71111117 Q———

UOHJBUIHEBIUOD) UOQIEI0IPAY

~ 20

LAY

i 1

§

o/f

90

80

35

B
E

Seiscisd Workshan Handou

e
H

Anpandiy

£d



Some Ideas for Research Needs --
Piles in Granular Soils

1. Prediction and Measurement of Radial, Vertical, Tangential and 1, Total
Stresses Immediately Adjacent to the Pile-Soil Interface After Installation of
Driven, Vibrated, Bored and Augered Piles in a Uniform Granular Soil
Formation

¢ Taking account of soil compressibility, degradability, stress (or strain) path of

soil (including shear stresses developed along pile wall and dynamic effects)
during installation

2. Determination of the Effect of Soil Stratification on
Single Pile Shaft and Toe Capacity

* Taking account of soil mixing during installation and of effects of
stratifications on the alteration of load transfer patterns due to loading

3. Prediction of Group Efficiency

¢ Espedially in bored and augered piles and taking account of cap-soil
interaction and stress alterations due both to construction and to loading
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4. Predication of Pore Water Pressure Variation Immediately around Vibro-
Driven Piles During Installation

5. Quantifying the Effect of Interface Roughness and Dilation in Bored and
Augered Piles in Granular Soils

¢ Ultimately, must be a probabilistic approach, perhaps following that at
Monash University for bored piles in soft rock

6. Quantifying Effect of Plugging of Both Pipe and H Piles
¢ Particularly Accounting for Compressibility, Dilatancy and Interface Shear

/in Uniform and Nonuniform Soil Masses (per pioneering work at University
of Western Australia)

7. Evaluating or Developing New In Situ Testing Devices that will give
Reliable Information on Pile Capacity

# Describe the Controlling Parameters
(Compressibility, Crushability, Interface Stresses)
* Provide Direct Analogous Design Data (e. g., Driven CPT, following up
current work at Texas A and M)
and

Effects of Seismic Loading on Axial Capacity of Bored and Driven Piles

Effects of Slurries on Axial Capacity of Bored Piles

o58
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THE STRAIN PATH METHOD

(Baligh: 1985- ASCE JGED; 1986a,b - Géotechnique)

« Model Mechanics of Deep Penetration
Alternatives: 1-D Cavity Expansion
Large Strain Finite Element

* Assumpftion:
- Undrained Deep Penetration in Clays
- Kinematically controlled
- Estimate Deformations & Strains Independent
of Soil Properties
- Soil Modelling based on known Strain Histories

- Limitation:
- Approximation of Equilibrium (Excess Pore Pressures)

» Recent Developments
- Robust Numerical Solution of Pore Pressure Distribution
- Link to Finite Element Code ABAQUS

> Requirements for Suction Caisson Project
- Complete Solutions INSIDE and Qutside Caisson
- Effect of Mudline/Free Surface
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Radial Distance, z‘/R
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THE MIT-E3 MODEL

(Whittle: PhD 1987, MITSG90-15, 1992 Géotechnique)

« MODEL FORMULATION

- Simple Conceptual Model: unload-reload

- Three Components:
« Elasto-Plastic Model for Normaily Consclidated Clay

« Equations for Perfect Hysteresis
« Bounding Surface Plasticity

« INPUT PARAMETERS

- 15 Inpui Parameters
- Obtain from Standard Types of Laboratory Test

« EVALUATION AT THE ELEMENT LEVEL
« Standard Shear Modes; 1SOCR<E; Several Types of Clays:
Triaxial (C/E), Plane Strain (A/P), Direct Simple Shear
- Unigue Data:

- Directional Shear Cell
- Multi-Directional Simple Shear Apparatus

- Cyclic Data: Direct Simple Shear

« LIMITATIONS
- Rate Independent Clay Behavior

- Normalized Clay Behavior
- Less Reliable at OCR28

« EVALUATION: DISPLACEMENT PILES
o Pile Installation (via SPM)
» Non-Linear Radial Consclidation (Set-Up)
« Axial Loading (Including Cyclic Loading)
- PLS Data 2 Sites (BBC, Empire)
- Instrumented Model Piles (Haga, Onsgy, Bothkennar)

RATION IN ABAQUS COL

~ UMAT mnterface
- Application/Interpretation in Boundary Value Problem

{Braced Excavations) %J
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Void Ratio, ¢
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Shear Stress,
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«  Developed at MIT

. Data available at 2 sites
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1.0F

0.5F

0.6 b

Shaft Stresses & Pore Pressures

Time Factor, T = @?%kﬁ /'YWR2
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« Assumptions:
* Single, vertical, rigid, cylindrical pile

* Pile driven in deep deposit of clay
* Complete set-up

* Axial loading is "rapid”
(i.e. undrained shearing of clay)

* Pile surface is rough

« Method:
fs =p K.o'yy

K. =0'he/0'vo
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Tests

. Haga Test Program.
NGI 1980-1984
large scale model piles
(L=5m, 6=0.15m)
heavily instrumented
laboratory test data on Haga clay
data include
- installation
cousolidation
initial monotenic axial loading
c¢yclic axial loading
final axial loading

§

5

« Most comprehensive data
available in public domain
(1987)

8 i vrig (_:%Q%; D MARE mwﬁﬂgﬁgNﬁé%

& MoRE  RecenaTLY — PREDIWTMonS  Fok
~ LMOEEAL lowsnl  WSTRUMENTED ErLE

- BOTKENSNAR TENT SoTE LK, NATIONAL TEST SE )
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pepth, x (m}
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T T : P é
me———~Tv———* lemathod
Measured | S b ’ i
Data . t Field Vane
] 2 {Undisturbed)
AN
4
. Meyerhof
Y
: e
. \‘ |
a \'
Iy \
| Flaate
' Selnes
- I ‘(& ]
. ’
N \
N
5
~
Field Vane
{Remoulded)
- ﬁ '
= " P 30 40 50 60

Shear Stress, T,

i APLRPRA (198t fiwasa;gﬁfgsa}

2 a-Metbosd: Fpemndd +2a}yae F{L}
. Vijeyvergive sad Fechs {1073
2. Wenft ot al, {R981)

4. Meyerbol {19761 f,w 15 {1 — i Flen 3 VOURE

% Flaste & Selows (19978 [, s 0AVOCR w7, 1p, = (L + WL + Wi iim m

MIT-E3 Predictions of imiting Skin Friction, £,
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1.2 Prediction of Partial Set-Up|

MIT-E3: BBEC

a0
o

&
&0

U = (u-ug)/(u-u,)
° g

Excess Pore Pressure Ratio,
=
ta

b
[l ]

{;G i liikl S b i i 4 S L
. ) .2
10 10

Time Factor, T = @’pkt /f"gsz
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Excess Pore Pressure, Aui/ﬁ’vo
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Overconsolidation Ratio, OCR

MIT-E3: BBC
-------- CEM
—  SPM g ;
—
% ‘.". S w )
L / Data:
BBC @
L ISt Alban ©
Onsgy @
Empire H
Haga O
Inchinnan o
| SPM: other clays | Kaolin G
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REVIEW OF SYSTEMATIC ANALYSIS
IMPORTANCE OF:

- Pile Installation Analysis
- Soil Model
- PLS Cell & Instrumented Piles

INSTALLATION PHASE

- Underpredict Pore Pressures

SONSOLEDATION

- Consistent Predictions
- Resolve Factors = K¢

AXIAL PILE LOADING
- p-Method For Minimum fg
- Extend Analysis = Pile Length
FLEXIBILITY OF FRAMEWOR

- Plugged vs. Unplugged Penetration
- Partial Set-Up
- Cyclic Axial Loading

@

&

&

&

]

K

@
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CURRENT RESEARCH ACTIVITIES

* In-situ Penetration Tests
{(piezocone, dilatometer etc)

- predict in-situ measurements in soft clays
- compare with high quality field data
- evaluate basis for empirical correlations

* Suction Caisson Foundations

- analysis
SPM/MIT-E3 & ABAQUS
complete foundation (mudline-tip)
installation/consolidation/axial load

- instrumented laboratory tests
very small scale model caissons
properties of resedimented BBC
very controlled measurements
very small scale

- interpretation of centrifuge & field tests

Appendix © Belacted Workshn Mandouis

03
o
ELY



R S L TR ST RY

SLPOL DY HIBMRTI

Ay

"t

%MP L)

P hhV-8R B AGNLY  SAISNILA T

SAV'IO NI INHWHUNSYI I NLIS-NI 40 SAJAL

1 enbiog, »

HNVA (1

STHD
=d <~ (1}d ‘ainssarg uoneqinbs -- TANSSHNd HL¥va
{1)d ‘1891, BuIpjoly -
(td ‘amssad amsopn))
Id *ainssarg uorsuedxyy . 0d ‘arnssaig PRILOY » MALANOLY IO
(d 1891, FUIPIOH »
(uousuIuo) SuBIGUIA)) T '2uNSSa4 ] 9404 »
(A/AY (10d tuorsuedxy] suriquiapy » 'd ‘aanssard JO-UI . AALAWANNSEH NI
ruonoid 34915
(yeys ‘oseq ‘diy, uonsory)
nfarnssag Mo .
(1)n 1521, uonedissyy - ib ‘aouesisar dif » ANODO7HLL
ALIALLDV INHNOHSENS | NOILVTIV.LSNI HDIAHA
JINHWHANSYHN

Ca5

Appmnddiy © Sadscted Workshop Handouts



Wwomgingy Apos
QL IOHIAW gy SIVMAYI  IPAL NOLNTIVUS LD
FO ANIWIOTIAIQ

0%,0/Qn-1) (p (‘o) jopow £31-Lii4 24l
Fugsn samssand orod PUB SIETTAS SADOND JO SUDPIDILY  91'b sy

HA Hi LaIE
" 04 0c :
G Dy B . a1 . O o1- s Ui
\\\
LA B T \\
/ p
£ e LT \

w\\ w\\ \

£

e Z=g00'DAE'E3 LN FHD008E T LN
t IODRWCH LN ol OIS e Bjduig

o oplung
[T

o oA 0
>\§;9:‘3 .a>~E~ a - piin 0

T g R S ;m(.,”
A
e T
e o ..W«fnt..
LR Y

Apnerutix O Sslgcied Workshon Mandouls



Excess Pore Pressures ar Base of Cone

- Lir'ijfﬁ wil

Uba.s-r: = (ﬁ base

{0

Y

1Y

g’y

]

dat-

{

NI SLNAWAYUN

t.b\;b = D0 OHTY UOHEPHOSUODIRAD

AVI1D AN1'1d NOLSO4g

0t oot

SVAI ANODOZHId 40 NOLLVA'TYAT

d
?.Q A = HD0 OURY UOTEPHOSUONINAY

22 AN

(1661 'ppey)

aug uolsog ymog |

BIR(] SUOD0Z3]

N

£d-11

(1661 ppe

IS BeIS0Y gan0L
BIECE AUOIEH]

m

9Z

40

tUREH

ouTIssey diy 1on

Lo
e

'S
i

i

A

L3

Arpandiy ©  Belecies Workshon Handouts



XiwW

07 = /g ‘BLvid HIdNIS

Mk .
Vs v ol ot U 050z o1 0 oi- oz
0C ey T i | T f _ I : | _ ; (-
01 - BhE =R s
07 y 1Ol
0 e R R A A s o S U 0
g o
Py
i1 = - -1 O
0¢ - 07
gy .ol 1 ! 0c
e I ] I m m i " T i
h- S PO iy
AR IGWFIVEF BN 4
0" ¢ 4 Y B
it _ 5% §EE SR BTSTY
G bt [ 4 T4 waneaaid TITFs
570¢ N ABTRETETY
AEIHEBINEEHA S aLDn
8°'L1 [ JeRonorey
01 = [ETLL I MY
'Engpwy | opawy
Fwsreatnby] 1oedey BT ABLY
{8 YURRE WU S ! ! I ] | i f
0% -0 01 - 01 0¢- De-

g

\

QJ\M. s w{;u%d.m =

miauv NI -

Apperdix U Selociod Wortshep Handouts



TLMITHIN SYSTER
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Fig. 2a Superpiles for Tension Leg Plaform (Albert et al., 1587)

Fig. 2b Concrere Foundaton Templates for Snorre TLP (Offshore Engmeer, 19903
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BEHAVIOR OF SUCTION CAISSON
FOUNDATIONS

GEOTECHNICAL PROBLEMS

oy

. Suction required to Achieve Caissson Penetration

g

. Prediction of Caisson Set-Up Performance

. Predictions of Soil Reaction Ferces (TLP Applications)
- Mechanisms affecting generation and release of suction pressures
- Prediction of frictional resistance (inner and outer caisson walls)

Lrd

4. Effects of Caisson Geomelry
- Individuai Caisson
- Cell Configuration

5. Infiuence of Soil Properties (mainly soft clavs)

£101
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BEHAVIOR OF SUCTION CAISSON
FOUNDATIONS

RESEARCH TASKS
1. ANALYTICAL MODELLING

« Rational Predictive Framework:
Instalation - Consolidation - Loading
« Focus:
Loading Condidons expected for TLP Applications
» Method:
Integrate Analytcal Tools
STRAIN PATH METHOD - Model of Inswilation Disturbance
MIT-E3 SOIL MODEL - Effective Stress Soil Model for Clays
ABAQUS - General Non-Linear Finite Element Program
* Main Parameters:
Individual Caisson Geometry
Cell Configuration
Scil Properties

2. EVALUATION OF ANALYSES
* Large Scale Model Caisson Tests (NGI)
» Centrifuge Model Tests (EPR)

3. LABORATORY MEASUREMENTS

* Small Scale

* Detailed Evaluation of Analyses
Effects of Caisson Installation: Pore Pressures & Set-Up
Release of Suction Pressures under Sustained Tensile Laoads

cin Appendix © Belected Warkshos Handouis
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FUTURE DIRECTIONS

« Improvements in Soil Modelling

* High OC clays - explain complex pile response
- role of fabric -> residual shear
- experiments: artificial high
OCR clay

* Rate Effects - long term response
- cyclic behavior
- need much better lab. data

* Sands - predictive capability over
wide range of stress &

density (¢, e)
« Model for (Partially) Drained Installation

* Options: - extend SPM
- Fulerian FE
- combination of SPM/FE

* Need - better constitutive model
- more experimental data
* lab. element tesis
* jab. model tests (CO)
* mstrumented model piles

« Scale Effects & Geometry

* Complete analysis of pile length (mudline -> tip)
* Calibrate/compare vs. simple load-transfer mode]
* Effect of pile diameter - especially in sands
* Open-ended piles - Need Experimenial Daia

Appendix © Selected Workshop Handouts C103




vC

Shear Strain, ¥ (%)

&3
i
G
kY

0.3
Q.2

b

g

Es]
X

A" 2

Do 0O OV
o ﬁag

00

Tu/Sy= 0.85
Data (Maolek, 1987}
[+] ‘;;’ =8 % fhr

U— 1 h )
Predictions

H 1 i

Shear

Te /5y = 0.85

Data (Malek, 1887}
A 74 Tt

e PR = EF
Predictions |

A

4 & g

2 3 4 5

cess pore
» Au/Gy,
0000
O~ N W p U o -y

Pressure

OO0 00

Normalized Fx

08

! T /84=0.85
Dota{balak,1987)
< 7" =5 % /hr

—e BT~ EF
Predicfions

o

A
)
&

Cycle Number N

&

Appeiin T Bslectsd Workshop Mandous




%Z ﬁm:\d:mu 0l wmwg@ 10 J_gquinp

000! 00} ol ! L

R O e T T B Rt T Ty 0 o
[Ne=- N oy

s21=45 Pajoation | & )

01D Y W/ %G = L dzo @
$5911G $29S (0= Y4 w M
PIOUSSIY L (1861 “43joW) 2

R ‘DJ0Qg  peinsoap A

SUO1}01PB.iY ai!ufi@/ O = Ng 8D, mw
CI- LW T ° @
~u [E3]

- g
'~ / 90 w
S,

. SUOIDIPaI W

A-LIN- o o

80 3

-

O AT I Tt O T TS5 3 S U T . NN N T | w._mmm:wge ﬁ%w ﬂﬂf
U

i

C105

Apperalin & Seisciad Workshop Mandosdds



{0
08
e
S U oe
Q“fT
O
0.2%
O
O

o

i

T T
Laboratory Test Date (Malek, (987):

@ N Failure in N cycles
No Failure in N=10000 cycles

MIT-E32 Predictions

Appandiz O Sslevied Workshon Handous




Shafy fricuion

APT Guidelines

G ietiien 5\\ \ \\‘?E .

0m 1 i
+ Typical field
v protile

Depth J—

Major observation from report by Randolpl: Skin fricdon along shaft is
related to tp resistance {probably obtained by cone penetromeier).
Proposed design methods show a large varauon in skin friction close to
the tip of the pile. Limited experimental data (e.g. Imperial Collsge
msrrumented pile} show simalar change in the normal stress acting on the
oile during installaton
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DRAINED PENETRATION

® gﬂ? = {}

« DEFENDENCY OF MATERIAL PROPERTIES ON MEAN EFFECTIVE STRESS,

¢ ESP FUNCTION OF PATH OF LOADING

« YVOLUME CHANGE DURING SHEAR

¢« CENTERLINE SOLUTION

Q;; _ <G—"-’;)4‘-?m 3(1+sind)
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= BILINEAR MODEL 5 i
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é
£ =
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Cone Kesistance, q. (ksc)

0 {}G 160 200 300 400
. T o i-D SPM
’a 0.5 1 mﬁ i ¢ - & qac # 0@ ﬁ}gh&ib {1@89}
o - * ! eskewmnas ;
& By s edrugh gia ,© . Incomp.
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2 1.0 £

[ Jeret
) Lh
CH N S
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Mean Effective Stress, '
o]
L

351

Measured Data, Calibration Chamber Tesis
__Ticino Sand, (Baldi et al. (1985)
D (%) | 40-50| 50-60] 60-70, 70-80! 80-90| 90-100

Symbol:| = 5 - = s s

EVALUATION OF STRAIN PATH PREDICTIONS OF
CONE RESISTANCE IN SANDS
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Effect of peak friction angle and yield strain on the changes in radial
stress: a) radial distribution around the pile shaft, b) along the centerline
and surface of the penerrometer. {Results not shown at meeting).

These results can help w understand the skin friction developed around pile
i sands.
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REVIEW OF RECENT RESEARCH
EXPERIENCE WITH INSTRUMENTED
MODEL DISPLACMENT PILES

Andrew J. Whittle
Department of Civil & Environmental Engineering
Massachusetts Institute of Technology

« INTRODUCTION
* field experiments:
- NGI, Imperial Coliege 1982-1992
* disclaimer

« SCOPE OF STUDIES
* instrumentation of model piles
* classification of test sites

« MEASUREMENTS & INTERPRETATION
* Highly Overconsolidated Clays & Tills
* Normally & Lightly Overconsolidated Clays
* Silty Clays
* Sands
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HIGHLY OVERCONSOLIDATED CLAYS & TILLS

« SUMMARY OF PRINCIPAL OBSERVATIONS

Site
Parameter: Canons Park Tilbrook Cirange Cowden
Av. 8,(UU) (kPa) 70- 120 400 - 700 100 - 150
Av, 5,/0'p 1.10 540 -» 1.3 3.0 ->07
Kq 23> 1.6 0-=12 1E-> (.8
Av. Aufd'vg < (r along shaft varies w/ position compiex panern
>{} near tp
Av. K, 30-120 1430 10-30
@ = /5, U" 0.64 - 170 035 - 050 (.55 .60
B= £ /o' 1L0-30 1L0-12 14-26
p=1 /O 0.20 - 0.26 635-0.70 0.25 - .33
5= tanl (£ /o'y 70 . 149 - 350 190 - 240
Cornraents Very High K, Large scatterin f, | Large scater in
Verylow & damped out in

{residual fricton)

simoie correlations

« ISSUES ARISING FROM TESTS
- Large scatter in soil properties (cf. soft clays)

~ Impaortant effects of soil fabric (e.g

., residual shear surfaces)

- Measurement of large negative pore pressures
{cavitstion of msiruomemns)

- Importance of residual stresses afer installation

- No existing predictive capability

- (practical importance?)

< POSSIBLE RESEARCH DIRECTIONS
- Artificial high OCR clays oith 1.<0
{{(toai: Repeatable properties)
- Contrslied laborator ¢
- Prevelnpmen: of mo
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London Clay (Bond, 1989)
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SOFT CLAYS
{(Normally & Lightly Overconsclidated)

* SUMMARY OF PRINCIPAL UBSERVATIONS

Site
Parameter: Haga Bothkennar Onsgy
OCR 7.0 > 3.5 20-»1.3 1.3
Av. s(TCHG vp 0.7 - 1.2 0.65 - 0.70 (.35 - 0.50
Av. s(DSS)/o'vy 0.55-06 0.45 - .55 (.25 - 0.29
Ko ' 110 -> 0.85 0.65 > 0.50 (.60
Av. Auy/G'vg 12-4.1 2548 f8.22
tonldavs) 450 {R=1lcm) 4.5 {R=3em) 20 (R=llem)
Av. K iU-12 (4] - (.54 (0.4% - 0.60
oL e =15 (DSS; 0.64 - 1.70 0.E0 - 115 0.55 -0.60
8=, /0% 0.35 - 0.60 0.44 - 0.35 0.20 - 0.30
p=1 /Che 0.30 - 0.40 0.35 - 0.55 0.32 - 0.55
b = tanl {f, /'y 220249 280 - 300 .
Comments nst. reliability in tme delay i Uma OCR more variable
long werm esis? effects of than ST suggests
residual stress -> f, | cementation?
creep -» f, increases

« ISSUES ARISING FROM TESTS
~ Data conform 1o basic predictive framework (SPM/soil models)
- Importance of driving record on penetration pore pressures
- Long term performance & cyclic behavior: still very uncertain
- Mechanisms of shaft faiture (3 working hypotheses)

« POSSIBLE RESEARCH DIRECTIONS
- Generalization of factors affecting K,
{when s Ko<Ky)
- Improve predictive model for load transfer (0

HO RD0 ong e 3'{?:.3:%«%&}
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SILTY CLAYS

« SUMMARY OF PRINCIPAL OBSERVATIONS

Site
Parameter: Lierstranda Pentre
OCR 2.5.> 1.0 20-» 1.3
Clay Fraction (%) 43 -5 20 16-25
Av, 5, (DESYo 0 0.21 - 0.30% 0.28 - 0,30
Ko 0.7 > 045 (.65 -» 0.50
Av. AufCe 34> 12 2.9 0.7
topidayvs) 4.0 <{1.25
Av. K, 0.40 -> (.12 (3,40 -> 0,17
e = £ /5,(DSS) 0.20 - 0.30 0.45- 0.80
B= i /o' 0.05 - 0.15 013 - 0.25
p =1 /Gy 0.33 -0.39 0.63 - 0.79
§=tan (f, jo'yn - 370
Comments Inst refiability in sand layers: high ¢,
long term tests? ime delay in upg,
vesidual stress -» f, | effecis of
creen -> § increases | cementation?

* undrained shear shows significant dilation

« ISSUES ARISING FROM TESTS
- Very low set-up siresses; major practical problem
- No a priori prediction of installation/set-up behavior
- No reliable characterization of compressibility, dilative behavior

* POSSIBLE RESEARCH DIRECTIONS
- Identification of parameters controlling performance
- Model: Effecis of partial drainage on penetrion
-~ Model: Constitutive behavier of silts

- Further experiments needed o
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U.S. Army’s Civil Engineering Cenirifuge
R. H. Ledbetter (USAEWES)

The U.S. Army Engineer Waterways Experiment Station (WES) is deveioping a
CE/Army unique centrifuge capablie of application in most military and civil
works problem areas. Scheduled to be operational in 1995 at WES, it will be
the largest and most diverse in the world.

The centrifuge will keep the CE at the state of the art, particularly in
physical model testing, and facilitate a very economical alternative to field
tests. Llarge lg models can be built and tested but are expensive; prototype
predictions from lg model resulis are very difficult if the materials are
time, stress, and/or strain state dependent. The primary advantage of a
centrifuge is that the model stresses and strains can be maintained equal to
those in the prototype and translation of results to prototype conditions is
much simpler and more reliable than in lg models. Prototype, realistic, time
dependent effects can also be achieved in a centrifuge. A centrifuge is an
engineer’s "time machine® to future events and behaviors. fvents that take
10,000 days (27.5 years) can be completed in one day in a centrifuge at
100g’s; 3,000 years can be compieted in one week at 500g’s. Force increases
as the square (at 100g’s, one pound of force on a model is equivalent to a
load of 10,000 pounds on the full-sized object); emergy increases as the cube
{a gram of éxplosives at 100g’s generates a force of a million grams, or a
metric ton of explosives).

The centrifuge is applicable to problems in the engineering fields of

- geotechnical, structures, hydraulics, environmental, and coastal. Some of the

" important advantages/benefits of & centrifuge are: (1} prototype behaviors
can be predicted for complicated problems for which caiculation metheds are
not completely reliable or adequate; (2) numerical methods can be validated,
improved, or develioped based on realistic prototype behavior; and {3)
centrifuge tests can be used for parameter studies to investigate particular
properties and behaviors in relation to variations in loads and other boundary
conditions. Centrifuge testing will allow: (1) the economical proof testing
of designs, investigation of problem areas, and validation of numerical
methods that have been prohibitively expensive to study with prototype
testing; (2} evaluation and verification of analyses which have never been
verified against significant truth data of behavior; and {3} the study of
important behavior phenomena, including failure, that is impractical ar not
feasible in prototype situations or for complex probiems.

Specific geotechnical probiem areas invelve all earth works which can be |
modeled at a fraction of the cost of large-scale or prototype structure fests
and include such as earth and rockfill dams, levees, appurtenant structures,
walls, foundations, tunnels and excavations subjected te a wide range of
toadings (including earthguake and vibratory) and parameter variations.

Key Specifications:

Radius of centrifuge arm: 6.5 meters (21.3 ft)
¢ vange: 19 fo 350g

Maximum payioad € 143g: B000kg (8. tons)
Maximum payltoad @ 350g: 2000kg {2.7 tons)
Maximum ¢ force: 1,144,000 g-kg {1256 g-tons)

2138 Apperdix O Sslscted Workshon Mandoutz



Atz O

Large-Scale Laboratory Stress Chamber System
for Resesrch in Gecotechnical Engineering

Potential Uses:

@ Provide a cost-effective means for developing, assessging, and comparing

Unique

esquinment, interpretative guidelines, and procedures for geotechnical
site investigations

Conduct validation tests on in situ testing and soil
Investigate scil-structure interaction prohlems such
or pilles and pile groups

Assess the behavior of earth-rock mixiures and expansive or collapsible
soils

Evaluate cementing and aging effects of sgoils

Validate numerical models / eguipment for gecenvironmental
investigations

Develop correlations for complex soil-structure interaction problems
that can not be modeled by numerical syntheses due to the discontinuity
of behavioral modes, such as frowm elastic behavior to consclidation
behavior or from consolidation behavior to shear failure

sampling devices
as sarth anchors

Features of the Large Stress Chamber System:

<&
&

v

& ¢ ¢ & 4

&

1.6 m {5 ft) diameter scil specimen

Stacked cyvlinder modules {specimen height can be varied by 0.3 & [}
increments to & maximum helght of 1.8 o {6 fti}

Two hydraulic systems are used for leading the soil specimen
Maximum vertical stress is 1.5 MPa {225 pei)

Maxipum lateral stress is 1.0 MPa (150 psi)

Vertical stress is applied through rigid end platens

Chamber is designed for use with a eyvlindrical triaxial membrane or
with torreoidal bladders; torroidal bladders permit testing of lavered
scils and/or variation of lateral stress with depth

S0il specimens can be saturated by back pressure

Hydravlic {back pressure) gradients can be applied acrosg the soil
specimen in & vertical or horizontal wmode

Instrumentation and data acguisition systems permit computer feedback
to control horizontal and vertical stresses and/or strains
{deformation) within the socil specimen

Instrumentation can be placed within the soil specimen to monitor the
internal {soil-gtrvcture interaction] response of the soil specimen due
tc the applied loading conditions

ft]

Projects {Ongoing / Completed):

&

5ign

e}
0

New / improved methods for accessing the penetration resistance of
silty soils [(OWR&ED!

Validation tests of a new SCAPS penetrometsr {AEC}
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&

]
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Current & Projected
Research at the
University of Arizona

William M. Isenhower

Projects at Arizona

© Non-orthogonal Bending Stiffness of Deep
Foundations Under Combined Axial and Lateral
Loading - USACE WES ITL

o Reliability of Pile-supported Navigation
Structures - USACE WES ITL

o Laboratory Study of Shaft Friction in Sand
- Mational Science Foundation
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Non-orthogonal Bending

Stiffness of Deep
Foundations

Typical Conditions Affecting E7

o Off-axis bending
c Qut-of-place reinforcement

£

» Non-symmelric cross-sections

» Confined concrete

£y

i

> Prestressed concrefe

£145
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Analytical Procedure

= Calculate geometric properties for angle of
loading

@ Specify curvature and axial thrust loading

Assume a position of the neutral axis

@ Calculate strain as function of curvature

s Calculate stresses as function of strains

o Integrate stresses to obtain axial thrust,
adjust position of neutral axis until
convergence is achieved

Analytical Procedure (cont.)

o Calculate bending moment by integrating
product of stress times offset from centroid

o Calculate bending stiffness using

Bl = M

®
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As Designed

As built
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Off-axis Bending
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Moment of Inertia Transformation
for Klastic Sections
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Variation of 7 with Rotation of
Square Concrete Pile
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Effects of Confinement on Strength
and Ductility of Concrete
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Curvature Effects on E7

Moment-Curvature
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Reliability of Pile Supported
Navigation Structures

Reliability analyses are used for:

o Assessing the reliability of structures based on
current conditions

o Identifying sources of variance in structural
performance

o Evaluating relative performance of dissimilar
structural elements

o Providing a consistent method for prioritizing
rehabilitation expendifures for dissimilar
siruciures
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Procedure for Reliability Analysis

o Identify an initiating event
= Collect data for soil conditions and strength

5 Evaluate means, standard deviations, and
eovariances of variables

= Perform seepage analysis to evaluate pore
water pressures under structure

= Locate potential sliding surface

Reliability Analysis (cont.)

5 Analyze soil displacements using FEM
analysis including loading history and
seepage
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Soil Displacement under Structure
from Finite Element Analyses
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Reliability Analysis (cont.)

= Analyze soil movements using FEM analysis
including loading history and seepage

> Perform soil structure interaction analysis
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Reliability Analysis (cont.)

u Analyze soil movements using FEM analysis
including loading historv and seepage

= Perform soil structure interaction analysis

= Analyze variance of a performance factor
i.e. bending moment or deformation of a
particular pile

Hirst Order Second Moment
Analysis of Variance
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Reliability Analysis (cont.)

= Analyze soil movements using FEM analysis
including loading history and seepage

= Perform soil structure interaction analysis

a Analyze variance of a performance factor
i.e. bending moment or deformation

» Compute the reliability index

Definition of Reliability Index for
Log-normal Distribution

f(Ln C/D)

Ampendiz & Sedactad Workshop Handows
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Reliability Index
for Log-normal Distribution

E[C/ D]
J1+72

\/ln1+ C,Dj

in

Target Reliability Indices

Performance 5
High 2 5
Good 4

' Above Average 3 -
Below Average 2.5

Poor 20 o
~Unsatisfaciory 1.
Hazardous 10
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Reliability Analysis (cont.)
= Analyze soil movements using FEM analysis
inciuding loading history and seepage
& Perform soil structure interaction analysis

# Analyze variance of a performance factor
i.e. bending moment or deformation

= Compute

= Repeat analysis for other performance
factors or different initiating events

Laboratory Study of
Shaft Friction in Sand

o157
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Objective

The objective of this study is to investigate
changes in the three-dimensional state of stress
in sand near a shaft as a function of loading.

FHWA Design Equations for
Drilled Shafts in Sand

Q,

1

B, = 1.5-0.135 \/z, ft

s 3

where 1.2 203 >0.25
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Unit Load Transfer from FHWA
Design Equations
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Experimental Apparatus

c Rod shear cell similar to that used by
Chandler & Martins at Imperial College

o Measurements of
o axial load transfer
o radial stress af shaft wall

¢ tangential stresses in sand near wall

. Testing of drv sand only
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Rod Shear Apparatus

285
)
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Tangential Stress Measurements

Propagation of
Compression Waves
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Factors to be studied:

© Ranges of confining stress

o Effects of earth pressure coefficient

= Ratio of cyclic and static loading components

= Number of cycles of loading

Effects of Loading Combinations

R
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Current & Projected
Research at the
University of Arizona

Willtam M, Isenhower

Projects at Arizona

= Non-erthogenal Bending Stiffiress of Deep
Foundations Under Combined Axial and Laterat
Loading - USACE WES ITL

s Refiability of Pile-supported Navigation
Stractures - USACE WES ITL

o Laboratory Suudy of Shaft Fricrion in Sand
- National Science Foundation

Non-orthogonal Bending

‘ Stiffness of Deep
x’{{mndaz‘ims

Typical Conditions Affecting EJ

= (Fff-axis bending

o Gut-of-place reinforcement

o Non-symmetric eross-sections
o Confined concreie

o Prestressed concrete

Analytical Procedure

o Calculate geometric properties for sangle of
loading

o Specify curvature and axial thrust loading

o Assume a position of the neatral agis

o Caleulste strain as funclion of curvature

= Calealate stresses as function of sérains

o integrate stresses o olviain axial thrust,
adjust position of neutral axis uniil
convergence is achisved
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Analytical Procedure {cont.)

= Calewlate bending moment by integrafing

produet of siress #imes offset from centroid
© Cpleulate bending stiffness using

M
®
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As Designed As built

Moment of [nertia Transformation
Off-axis Bending for Elastic Sections
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Curvature Effects on E7
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Reliability of Pile Supported
Navigation Structures

S R

Reliability analyses are used for:

5 Assessing the reliability of structures based on
current conditions

= Identifving sources of variagce in structural
performance

= Evaluating relative performance of dissimilar
structurs! elements

= Providing a consistent method for prioritizing
rehabiiitation expenditures for dissimilar
struciures

Procedure for Reliability Anaiysis
= jdentify e inltisting event
o Colleet data for soil conditions and strength

o Evaluste means, standard deviations, and
covarisnces of variables

o Perferm seepage znalysis to evaluaie pore
waler pressuves under structire

= Locate potentizl stiding surface

appandin & Bslecind Workshop Mandouss

Reliability Analysis {cont.}

= Anafyze soil displacements using FEM
analysis including loading history and
seepage
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Seil Displacement under Structure
from Finite Element Analyses
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Reliability Analysis (cont.)

« Analyze sofl movements using FEM analysis
including loading history and scepage

= Perform soil structure interaction analysis

Reliability Analysis {cont.}
= Analyze soil movements using FEM analysis
inciuding loading history and secpage
a Perform soif structure inferaction analysis

o Analyze variance of a performance factor
i.e. bending moment or defermation ofa

particular pile

First Order Second Moment
Analysis of Variance

Y
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Reliability Analysis {cont.}
& Analvze soil movements usiug FEM analysis
incinding loading history and segpage
= Perform yoil sireciure tersction analvsis

= Analvze varianee of a performance factor
Le. bending moment or deformastion

= Compuie the reliability index

165

Definition of Reliability Index for
Log-normal Distribution

f{Ln /D)
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Reliability Index
for Log-normal Distribution

Target Reliability Indices

Reliability Analysis (cont.}
# Analvze soif movements using FEM analysis
inciuding loading history and seepnge
w Perform sof structure interaction analysis

w Ansiyze variance of & performance facton
ie. bending moment or defermation

= Compute [}

a Repeat snalysis for other performance
factors or different initiating events

Laboratory Study of
Shaft F i‘ﬁcgﬁﬁ in Sand

Objective

The obiective of this stedy is 10 investigate
changes in the three-dimensional state of stress
in sand near a shaft as a function of loading.
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FHWA Design Eguations for
D¥rilled Shafts in Sand
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Unit Load Transfer from FHWA ] _
Desizn Eguations Experimental Apparatus
s Rod shear cefl similar to that used by
Chandier & Martiag af Imperial College .
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Propagation of
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Tangential Stress Measurements

Avpergiiy T Belocied Workshop Mandouls

2
Lo
[ o]



Factors to be studied:
o Ranges of confining stress
o Effects of earth pressure coefficient
% Ratio of cyelic and static loading components
o Number of cycles of loading

3
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