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Deep foundations are commonly recommended where ldigplacements are
expected. Typically, though, their design involvasly checking and providing for
sufficient capacity to carry the applied loads. dahsplacement behavior of piles is
considered secondary to the axial capacity; digpients are ordinarily overlooked or
not calculated if and when the estimated pile ciayp@s two to three times the design or
expected loading. However, in cases, such as ldeg pr piles in dense cohesionless
soils, displacements can be the critical factordesign or it could be a structural
requirement to limit the displacements.

In this dissertation, the displacements of axialbaded single piles are
investigated by conducting analyses with the aidrofipproach based on elasticity. The
original solution predicting displacements due teegical load within a semi-infinite soil
mass has been modified for varying soil conditiansl layering, and assumptions of
stresses and displacements acting on the soil-piterface. Aside from the
available/known factors of the pile (length, diaereicross-sectional area, etc.) and the
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layering of the surrounding soil, Young’s modulusdaPoisson’s ratio of the soil
encompassing a pile are the unknowns requiredad o obtain predictions based on
the elastic method. In this study, attention isecled towards determining Young's
modulus because the range and variability of Paissoatio is not significant in

displacement calculations.

Axial pile load testing data were provided by thalifdrnia Department of
Transportation as part of a project to improvegigseral approach to pile design. All of
the tested piles were driven into the ground. Mesaments of displacements and loads
were made only at the top of the pile. Supplemgniassitu testing involving cone
penetration (CPT) and standard penetration (SRlind, and sample collection, were
conducted in addition to laboratory testing to erdeathe available information.

In this research, predicted displacements are coedpaith those deduced from
pile load tests. Two sets of predictions based laistie method are conducted for
comparing displacements. First, various correlatifom Young's modulus are employed
to determine how accurately each predicts the hoteasured displacement. The chosen
correlations utilize laboratory triaxial undrainebdear strength and standard penetration
test blowcount for cohesive and cohesionless s@ifgectively. Secondly, the same data
are also utilized to obtain back-calculated valwésYoung's moduli for analyses
involving the elastic method. The measured displergs at loads of a third, a half, two-
thirds, and equal to the failure load were matdterdtively.

Results from this research are deemed to have pacinon engineering practice
by improving the determination of Young’s modules flisplacement analyses involving
the elastic method. A unique approach that hasngpiateis the reconciliation of load
ratios (percentage of failure load) with displacatnealculations to provide a better

overview of the range of load ratios for which theewly formulated correlations may
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be employed. Through this research, it is antieigpathat better determination of soil
parameters for elastic analysis of axial pile dispiments can be made by researchers and

engineers alike.
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Chapter 1: Introduction

11 MOTIVATION

Limits must be placed on displacements of strustuespecially differential
displacements, to minimize damage. These limits cary based on the type and
importance of the structure. For example, the lifortheavy multi-storied structures is
much less than that for a steel-framed warehouséled or driven piles are generally
utilized in cases where shallow foundations do paivide a satisfactory outcome.
However, once the decision for piles is made, ttpécal design approach is to ensure
that the estimated capacity is greater than thedgd loading multiplied by a safety
factor to include uncertainties. Such an approaniplicitly assumes that the
displacements will remain within tolerable amount&. recent trend considers
serviceability limits to apply the LRFD (load andsistance factor design) approach
(Barker et al., 1991; CFEM, 2006; Eurocode 7, 199CHRP Report No. 507, 2004).
Nevertheless, limitations of budget, time, avadabdsources in terms of personnel and
computing, and the provided site/soil informatiae all reasons for overlooking pile
displacement.

Usually the displacements of individual piles aneal and most are complete
during or shortly after the loads are applied withadverse effects to the structures.
Nevertheless, displacements may be an importartorfdor various conditions; for
example when long and compressible piles are ceresid when piles are driven in dense
cohesionless soils and large loads are involvedgenwsétatic loads represent a large
fraction of the total load and soil is susceptitdiencreased displacements with time, or

when live loads are applied and removed cyclicallie to wind or wave. Stricter
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structural requirements for some facilities mayoalsall for the evaluation of

displacements.

1.2 PILE LOAD DATABASE

Axial pile load tests are conducted to have a beteerstanding of pile capacity
and load-displacement behavior, reducing the uaiceyt involved with the design and
implementation. The costs of performing a pile loest may lead to savings due to the
reduced safety factors and increased reliabilityhef results. However, it may not be
feasible to carry out tests during the initial pkeasf a design or if the piles are proposed
at a location where the designers already hav@rafiseant amount of experience and
knowledge. Pile load test databases combine sullbctml experience at different
locations in a convenient manner. Databases cdmebeficially utilized to find piles and
site conditions similar as to type, length, diameted soil layering as to those that are
under consideration.

A database comprised of axial pile load tests cotetliat multiple locations
throughout California has been employed to prddad-displacement behavior. The pile
load tests have been provided by the Californiaddtepent of Transportation (Caltrans).
Additional in-situ testing involving cone soundingad standard penetration tests, and
soil borings have been completed at or near thatilmt of the pile load tests to
supplement the furnished information. Various labory tests conducted on the soil
samples collected from borings are also includedugment the parameters for the
evaluation and development of predictive methodwe author supervised the fieldwork
and actively participated in all phases of labanatesting.

The database initially contained 337 pile loadstest 239 piles at eighty-three

Californian bridges and abutments. However, thelukge used for this dissertation
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(FinalCT.dat dated May 29, 2005) has been reducdd 8 pile load tests due to various
complications and restrictions with the initial anfnation. All of the tested piles were
driven into the ground. Measurements of displacésand loads were made only at the
top of the pile.

Although the data incorporated into the study wkesed on pile load tests
conducted in California, this dissertation is expdcto have broader implications to
predict pile displacements in other regions becamskiple types of soils and piles are

considered.

1.3 RESEARCH APPROACH

Prediction of the response of a single frictiorepib axial loading involves an
analysis of soil-pile interaction. Under ideal cinastances, the design engineer would
like to predict the entire load-displacement curalng with the rate of load transfer
from the pile to the soil as a function of depthlad®cally, though, failure load is
estimated along with a prediction of the displacetmeaunder working loads, which is
defined as a factor of safety between two to tlagglied to the failure load. Practical
rules of thumb have been suggested for estimaisgjatements for such cases based on
pile diameter (Vesic, 1970; Briaud and Tucker, 198&ank, 1985, 1995). However, a
more accurate analytical approach should undouptedblve other relevant parameters
such as pile length and soil layering.

For determining displacements, the empirical etastiload transfer (t-z) methods
are usually favored over more sophisticated, yatglizated and costly approaches such
as finite elements methods. They are simpler taugeand can rapidly be conducted with
the aid of computer codes. Although potentially enamiversal, sophisticated and

accurate, finite element or boundary element meth@ye not been widely accepted as
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part of routine geotechnical engineering practmedile design. Costs involved due to
the complexity of models and the difficulty of oimiag relevant parameters can be listed
as reasons for the lack of implementation. Somegestgd soil models require a

significant number of parameters (up to fifteen) te determined with specialized

laboratory and/or field testing (Whittle, 1993; Baur and Krahn, 2004).

In this dissertation, the displacements of axiédlgded single piles are explored
using a modification of Mindlin’s solution (1936a%ed on elasticity, which provides a
solution to predict displacements within a semirdité soil mass induced by a vertical
load. Changes are made to the original solutiactmunt for:

- varying soil conditions and layering (Poulos andvi®a1968; Poulos,
1979),

- assumptions of stresses and displacements actinghensoil-pile
interface (D’Appolonia and Romualdi, 1963; Sala86d; and Poulos
and Davis, 1968), and

- residual stresses (Poulos; 1987).

Young's modulus or modulus of elasticis, and Poisson’s ratias, of the soill
along the periphery and below the tip of a pile theetwo parameters that influence the
predictions in this approach. However, the effdcYoung’s modulus on the predicted
displacements is much more pronounced than Possatio; therefore, the focus in this
study is towards establishing an approach to deterappropriate values &t.

Many researchers have suggested Young's moduluslatons with a multitude
of parameters. Most of the correlations involve @an readily available laboratory
and/or in-situ information. These Young’s modulesrelations can be utilized to predict

displacements with the elastic method. A few oktheelationships are evaluated in this



dissertationto investigate the accuracy of the predictions wlwempared to the
measurements from pile load tests within the coedpdlatabase. While the laboratory
triaxial undrained shear strength,, is employed for cohesive soils, the standard
penetration test blow court, is used for cohesionless soils.

In addition to evaluating existing correlationse thame pile load test data are
utilized to obtain back-calculated values of Youwnghoduli in order to improve the
predictions of load-displacement behavior. The mess displacements at loads of a
third, a half, and two-thirds of the failure loam fletermined pile capacity) are iteratively
matched by a trial-and-error process. Separate {'sunodulus correlations are obtained
for cohesive and cohesionless soils. The correldaotors thus derived are then used to
predict the displacements of piles driven in mixaebfiles. The displacements at

increasing load increments can be used to consdrooiplete load-settlement curve.
1.4  DISSERTATION OUTLINE

This dissertation contains seven chapters and pgeralices. An outline for each
chapter is given below.

The database used for analyses in this dissertatidascribed in Chapter 2, with
an emphasis given to the field and laboratory rigsttonducted in support of the
information provided by the California DepartmehiToansportation.

The theory behind the elastic method and its mcalibns suggested by other
researcherso better simulate load-displacement behavior oglei axially loaded piles
are described in Chapter 3.

In Chapter 4, the database is broken into threa mlassifications according to
the type of soil in which the piles are founded.fibidons are given for cohesive,

cohesionless and mixed soil profiles. Relevantrmgttion regarding the pile load test

5



database is summarized in tables. The graphical datistical evaluations in the
following chapters are explained.

In Chapter 5, analyses of pile load tests basedeocnmmended correlations
obtained from the literature are shown. Resultscarapared to the measurements from
actual pile load tests. Suggested correlationsaareed in terms of the ratio of calculated
to measured displacements (“displacement ratio'\vel$ as the difference between the
two displacement values (“displacement difference”)

Attempts to obtain improved correlations for Youmghodulus with widely
available parameters for cohesive and cohesiosieiss are described and evaluated in
Chapter 6. The outcome is placed in context witlietations employed in the previous
chapter.

Conclusions of this research, shortcomings andmewendations for extending
the findings are given in the last chapter.

Appendix A contains a listing of site names, bridgembers, pile load test
numbers, and other descriptive terms used in tabl€hapters 2 and 4.

Correlations collected from literature relating adev range of parameters to
Young’s modulus are given in Appendix B.

Appendix C includes an example of the input anguoufiles used in estimating

displacements with Tapile computer code.



Chapter 2: Pile Load Database

2.1 INTRODUCTION

An axial pile load test database from locationsodighout California was
compiled and utilized as part of this dissertatibhe information was furnished by the
California Department of Transportation. Fifty-gtene soundings, numerous standard
penetration tests and forty-six soil borings weoaducted to supplement the furnished
information. Laboratory tests are also conductedtlon soil samples collected from
borings.

In this chapter the establishment of the pile ltest database is described along
with various aspects of laboratory and in-situ gesbnducted as part of an effort to
increase the available information. Limitations eded in the compiled data are

discussed.

2.2 PILE LOAD DATABASE

Typical California Department of Transportation [{@ns) practice is to install
driven piles to support structures such as abutnenerpasses, and bridges within the
state. The design of such piles commonly relieg@meral site investigations providing
sample descriptions along with measures of unddagiear strength for cohesive soils
and standard penetration resistance for cohesmslats without any further laboratory
and/or in-situ tests. The importance of improvediarstanding of soil properties and
proficient design approaches to pile foundationgewenderscored following major
structural failures and financial ramificationse#rthquakes in California, such as Loma

Prieta in 1989 and Northridge in 1994. The retrefibrts following these earthquakes



have resulted in “overdesign” of foundations, ian, approach that is conservative and
costly (DiMillio, 1999).

Since 1957, Caltrans has conducted a large numlbepile load tests
(approximately 450 by July 1994 at a cost reacliga,000 per test, Liebich 2003) as
part of an intense effort to estimate the capaoitytheir piles. Unfortunately, the
accumulated experience has not yet translated improved design approaches.
Typically basic general site investigations weradicted as part of designing piles for
Caltrans. Common pile design methods could not be used becaemnerally no
laboratory testing was conducted. The pile loadstesere mainly conducted to verify
capacity and were not an integral part of a stahg#de design. Piles were often driven
essentially to refusal. Pile design estimates afl loapacity were commonly compared to
those obtained from dynamic formulas (Engineerirgwhl Hiley, etc.) based on pile
driving records. Furthermore, the capacity was rd@teed using a half-inch failure
criterion, in which the load measured at half athinf displacement is considered as the
pile capacity based on recommendations of strucangineers. Results from load tests
on instrumented piles found in the literatumndicate that side and tip capacities develop
at different displacements. Shaft capacity readsegeak value at a lower displacement
than the tip capacity. Thus, a constant displacémalue having a constant value as a
failure criterion may lead to uneconomical desighsufficient displacement is not
allowed to mobilize tip capacity. Despite theserttwmings, a half-inch displacement
continues to be Caltrans’ preference for definiilg papacity and remains as a critical
parameter for design (Caltrans California Founaaltanual, 1997).

In the summer of 1998, Caltrans funded a projeditat University of Texas at

Austin entitled “Improvement of Caltrans Pile Desiylethods through Synthesis of



Load Test Results” to evaluate years of accumulpiiedioad test data and ultimately to
develop updated design methodologies. This diggartafocuses on the load-
displacement behavior of piles based on the inftonasupplied by Caltrans and on
additional testing conducted in the field and ie thboratory as part of this project.
Initially, Caltrans provided an archive of pile teseports that contained
measurements of pile head load-displacements aleith site characterization
information, which were entered in the “GeotechhMaasurements Database” (GMD)
established by Brown (2001). The GMD includes 3tHic load tests on 227 untapered
(no changes in the cross-section) driven pilesGh file groups at 75 bridge locations
throughout California. Additional laboratory anceléi investigations were conducted,
which likewise contributed to the GMD. Further distaof the GMD can be found in
Brown (2001). Two tables coupling the bridge nursbeite names and locations, load
test numbers and other descriptive terms for althef pile load tests are provided in
Appendix A. Designation from these tables was aised to provide details for project
borings and soundings (Tables 2.1 and 2.2). A géeerview of pile load test locations
sorted by counties is shown in Figures 2.1 and Ph2. majority of the Caltrans data is
concentrated in areas near California’s largestrapetitan centers: Los Angeles, San

Diego and the Bay Area. A few other tests were ootetl at remote bridge locations.
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At the beginning of the project, the aim was toeemissentially all available data
into the GMD and then to utilize those tests whistre deemed useful in developing
design methods. In some cases, inadequacies inwgata not apparent until analyses
were attempted. Since 2001, analysis and checkinghe interpreted soil profiles
included in the GMD have resulted in modificatig@dson, 2005). The main reasons for
such changes are the reevaluation of pile load regsarts, additional field/laboratory
investigations provided by Caltrans, incorporatfnpile driving records into the site
characterization, and an increased emphasis obauailgs that were conducted as part of
this project.

Therefore, a database called FinalCT (Olson, 2005 created as a text file,
which is similar to that established for the AmaricPetroleum Institute by Olson and
Dennis (1982). The number of load tests in Final@k reduced to 143 from 337 in the
GMD.

In this dissertation, the load-displacement behaidgoinvestigated utilizing the

pile load tests listed in the FinalCT database.

2.2.2 Limitations of Both Pile Load Test Databases

Despite frequent revisions, neither database catobsidered ideal. Obviously a
database is only as good as the data includedlmsbme cases, the locations of the pile
load tests were not readily accessible due toicastis from owners, and the presence of
utilities that restricted access. Among the othesinevident limitations of both databases
are the following:

1. There is no instrumentation along the lengttamy pile; i.e., only pile-head

load and displacement measurements are availab&efbre, the distributions of loads
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and displacements along the sides and on the Vi@ hat been properly assessed. They
may at best be estimated from previous experience.

2. Some of the pile load tests were not carriefatiore or had very few data
points. The goal in most of these cases was taiat@athe performance of a pile within
working loads, but unplanned situations such asipegent malfunction, failure of
support piles, etc., also occurred. Piles testethinviwvorking loads may be useful in
analyzing displacements up to that load but thegatqrovide pile capacities.

3. Setup time (the time between driving the pil® ithe ground and load testing)
is either not known or was not sufficient for sopike load tests (less than a week in
clayey profiles and a day for piles in coarser mals). Setup time may increase the load
carrying capacity of piles due to pore-pressurengha or stress distributions in the soil.

4. In some of the older tests, there is no cledication of the loading direction.
However, in most such cases, an estimate has bada based on further evaluation of
the load test report.

5. When a pile was tested in both compression andidn, one following the
other, the properties of the soil surrounding the might have been affected by the first
load test and thus the second load test might matyze capacities that would have been
achieved in the absence of a previous load test.

6. It was not always clearly stated whether stéeé piles were open-ended or
closed-ended. The size of the cover plate mighhlssing even if there was a note that
the steel pipe pile was closed-ended.

7. Soil borings were sometimes not close to the p#cause of restricted site

access. In other cases, it was difficult to deteemthe precise location and top
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elevation of a test pile due to site regrading.sTimay have significantly affected soil
characterization, considering the heterogeneousaaf soil properties.

8. The soil profiles and SPT blow counts were estéu from pile driving records
if there were no borings at or near the locatiora giile load test (FinalCT only). Notes
were made to indicate which blow counts were eggéta

9. Most of the piles are in interstratified proéijevhich complicate analyses and
make it more difficult to separate pile behavioaispecific material within the strata.

10. All of the piles in this study were used fopparting bridges and all were in
significant earthquake zones. These conditiongicesd the type and size of the piles.
Predominantly, steel pipe piles were used.

11. The project boring and sounding elevations do maiessarily correspond to
the tested pile elevations. Many of the piles watigen at the bottom of excavations
below the surface elevation where soil exploratiwese made.

12. For storage purposes, original Caltrans sailnigoand sounding logs were
reduced greatly in size by Caltratisough photocopying, which made them difficult to
read. In older reports, the quality of the repegroduction was low.

In-spite of the limitations listed above, any agmio based on the established
databases is expected to improve future Caltraesigd methods for foundations
constructed in soil profiles typically encountered California. It can also reduce
construction costs by eliminatingverly-conservative designs and provide design
engineers with site-specific information. Additidlgaa database provides a basis for any
future improvements of aspects not considered withé University of Texas at Austin

(UT) project.
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The Federal Highway Administration (FHWA) has pablgle load tests from a
multitude of state highway departments and estaddisa pile load test database
containing a broad range of information. FHWA hascently updated its deep
foundations design guidelines and manuals, whiockh waidely used (Design and
Construction of Driven Pile Foundations Referencanivl — Volumes | and II, 2006).
Caltrans, under the umbrella of FHWA, similarly spored the project at UT with the
aim of being a part of the occurring changes. Redubm this dissertation are aimed
towards providing additional insight into the lodidplacement aspect of designing pile

foundations.

2.3 FIELD INVESTIGATION

Additional borings and in-situ tests beyond thodacl existed in Caltrans files
were conducted at selected sites where subsunfié@eniation was deemed inadequate.
The main reasons for this evaluation are the fahgw

1. For a pile design relying on empirical corredas, it is reasonable that all
relevant parameters be obtained in a consistentnenato avoid any uncertainties
regarding the test method or equipment. Relativahgisturbed soil samples were
obtained to re-evaluate visual classification aadgym laboratory tests. This is the most
important reason for conducting additional soilibgs.

2. In some cases the original Caltrans soil borimgee too far from the site of the
load test to characterize the subsurface conditoesuately.

3. Standard penetration test (SPT) hammers vatlgarenergy that they transfer
to the rods resulting in uncertainty in terms oé thlow counts being measured. A

calibrated hammer with an 80% efficiency was usedniost of the borings. A cathead
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and rope system was utilized for some borings whvels assumed to provide a 60%
efficiency.

4. Cone penetration testing (CPT) was expectecetatitized for designing pile
foundations because of its increased reliability.

5. In some cases the groundwater level was not aefihed either because no
measurements were noted on the original boringdodpecause the water level in a
boring was measured with a drilling fluid contaigibentonite, which has a very low
hydraulic conductivity. Its presence impedes thmwvflof water essential for correct

determination of the water table.

2.3.1 Field Exploration Segments

Field investigation was performed in five task asdever approximately fifteen
months. Each task order covered work in a singlegggohic region, thus simplifying
mobilization of drilling rigs. Generally task ordewere based on soil borings because
CPTu soundings were mostly conducted independediafupervision.

Forty-six borings and fifty-six cone soundings wjibre pressure measurements
were conducted. Starting and completion dates oing® and soundings along with
target and actual depths are given in Tables 2d12ah Details of each bridge and bent

number location can be found in Appendix A.

Table 2.1List of soil borings.

Boring Sitet Bent Bridge Date Date Target Actual Water
Number Number | Number | Started [Completed Depth (ft) | Depth (ft) | Table (ft)
UTB-1 |Oak-03-2 17R |33-0611R 7/7/1999| 7/7/1999 75 63.5 5
UTB-1A? |Oak-03-2 17R | 33-0611R 7/8/1999| 7/8/1999 75 78 5
UTB-2 |Oak-03-3 29R |33-0611R 7/8/1999| 7/21/1999 85 87 4.5
UTB-3 |Oak-04-431NC(LT)|33-0612H 7/21/1999| 7/23/1999| 100 101.5 5.5
uUTB-4 Oak-02| 3F(LT) | 33-0393| 7/26/19997/26/1999 90 92 5.5
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Boring Sitet Bent Bridge Date Date Target Actual Water
Number Number | Number | Started [Completed Depth (ft) | Depth (ft) | Table (ft)
UTB-5 |Oak-04-27NC(RT)33-0612H 7/27/1999| 7/28/1999 115 1155 7.5
UTB-6 |Oak-04-1 10NCI |33-0612F 7/28/1999| 7/29/1999| 110 110 6
UTB-7 |Oak-01-1 E28L 33-0025| 7/30/199Pp7/30/1999 60 62 4
UTB-8 |Oak-04-1 17NC1 |33-0612H 8/23/1999| 8/25/1999| 110 112.5 6
UTB-9 |Oak-05-§ Site 3 (1880 IPTH 8/25/1999| 8/27/1999 115 119 5
UTB-10 [Oak-05-]1 Site 1 (1880 IPTH 8/30/1999| 8/30/1999 45 46.5 14
UTB-11 |Oak-05-7 Site 2 [1880 IPTH 8/30/1999| 8/30/1999] 65 22 45
UTB-11A |Oak-05-7 Site 2 |I1880 IPTH 8/31/1999| 8/31/1999 65 65.5 4.5
UTB-12 [Oak-05-4 Site 4 |I880IPTH 9/1/1999 | 9/2/1999 85 87.5 4
UTB-13 SJ-01 4 37-0011( 9/8/1999 | 9/9/1999 75 77 15
UTB-14 [ SJ-02-2| GD-2, 6 |37-0270H 9/10/1999| 9/13/1999 60 61.5 25
UTB-15 [ SJ-03-3| 6L-2 |37-0279L 9/14/1999| 9/14/1999 75 77 14.5
UTB-16 | SJ-02-3| GD-2, 14|37-0270H 9/15/1999| 9/15/1999 80 83.5 20.5
UTB-17 SJ-04 | DC-4, 8 | 37-0353| 9/16/1999| 9/16/1999 85 89 7.5
UTB-18 | SF-03-3 Site C | 34-0088 3/27/20003/27/2000 75 75.5 N/A
UTB-19 | SF-03-4 Site D 34-0088 3/28/200(03/28/2000 70 70 115
UTB-20 | SF-03-4 Site F | 34-0088 3/29/20003/29/2000 80 80 9
UTB-21 | SF-03-§ Site E 34-0088 3/30/20003/31/2000 105 106.5 6.5
UTB-22 | SF-03-7 Site G | 34-0088 3/31/20004/3/2000 90 90.5 7.5
UTB-23 |Oak-04-#31NC(LT)|33-0612H 4/4/2000 | 4/4/2000 100 102 5
UTB-24 |[Oak-04-2 17 NC1 | 33-0612f 4/5/2000 | 4/5/2000 110 7.25 25
UTB-24A |Oak-04-2 17NC1 | 33-0612F 4/5/2000 | 4/5/2000 110 110 2.5
UTB-25 | LA-03 5 53-11819 5/31/2000| 5/31/2000 50 50 18
UTB-26 ([LA-01-1 10 53-05271 6/1/2000 | 6/1/2000 60 60 39.5
UTB-27 |[LA-13-1 2 53-2733| 6/2/2000| 6/2/2000 45 45 26
UTB-28 LA-14 5 53-27919 6/3/2000| 6/3/2000 70 70 22.5
UTB-29 | LA-09 |21 Foot. A 53-1851| 6/5/2000 | 6/5/2000 50 50 20
UTB-30 LA-22 8 55-0794H 6/6/2000| 6/6/2000 65 65 28
UTB-31 | LA-20 4 55-0682H 6/7/2000 | 6/7/2000 65 65 N/A
UTB-32 LA-17 6 55-0642( 6/8/2000| 6/8/2000 70 70 N/A
UTB-33 [LA-21-2 16 55-689E| 6/8/2000 | 6/8/2000 70 70 N/A
UTB-34 LA-15 2 55-0422( 6/13/2000| 6/13/2000 60 60 17
UTB-35 | LA-02 5 53-0114| 6/14/2000| 6/14/2000 60 60 42
UTB-36 [SD07-2 2L |, o0m, | 6/1512000 6/15/2000 40 40 15.5
UTB-37 |[SD-07-1{Abutm. 7R 10?;;?“_ 6/15/2000| 6/15/2000 30 30 15.5
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Boring Sitet Bent Bridge Date Date Target Actual Water
Number Number | Number | Started [Completed Depth (ft) | Depth (ft) | Table (ft)
uTB-38 |SD-08-2 site2 | "8 |6/16/2000 6/16/2000 120 | 1185 23
UTB-39 | SD-03 5 57-0783H 6/17/2000| 6/17/2000 60 60 19
UTB-40 |[Oak-05-2 Site 2 |1880 IPTP9/12/2000| 9/12/2000 60 61.5 4
UTB-41 |[Oak-05-# Site 4 |1880 IPTIP9/13/2000| 9/13/2000 90 92.5 4
uTB-42 SM-02 8B 35-0284 9/14/200®/15/2000 115 115 12.5
UTB-43 CC-02 5L 28-0056(.9/18/2000| 9/18/2000 75 75 8.5
Test 44-

UTB-44 | Mon-03 Group | 0216RIL 9/19/2000| 9/20/2000 140 141.5 8
UTB-45 Son-01 3 20-0172 9/21/2000/22/2000 60 60.5 10
UTB-46 | Son-02| Abutm. 2R0-0251R 9/22/2000| 9/23/2000 60 60 9

'The corresponding load test numbers, cities andtisiare given in Appendix A.
2 A subsequent boring or sounding attempt was madkeeasame location due to an obstruction at
some depth or a difficulty in reaching target depth

Table 2.2Cone Penetration Test (CPT) soundings.

Target|Actual | Depth | Predrill
Date |Depth|{Depth| Ratio| Depth

f® | ) | ) | @

UTC-1 | Oak-03-1 13L 33-0611L| 7/8/1999 90 68 74 10
UTC-1A|Oak-03-1f 13L 33-0611L| 7/8/1999 90 69 71 5

UTC-2 [ Oak-03-2 17R 33-0611R| 7/9/1999 75 64 88 5.5
UTC-3 | Oak-03-3 29R 33-0611R| 7/9/1999 85 85 100 7.9
UTC-4 | Oak-02| 3F(LT) 33-0393| 7/21/199990 90 100 0
UTC-5 | Oak-04-4 31INC(LT)| 33-0612E| 7/23/199P 100 | 100 | 100 9
UTC-6 | Oak-04-327NC(RT)| 33-0612E( 7/22/199P 115 | 115| 100 0
UTC-7 | Oak-04-7 17NCI 33-0612E( 7/22/1999110 | 110| 100 0
UTC-8 | Oak-01-1 E28L 33-0025 | 7/26/1999 60 60 100 10
UTC-9 | Oak-01-2 ES31R 33-0025 | 7/22/1999 65 65 100 0

UTC-10|Oak-05-1f Site1 | I-880 IPTRH 7/23/1999 45 34 76 4.5
UTC-11|0Oak-04-1 10NCI 33-0612E( 7/23/1999110 | 110| 100 8
UTC-12|Oak-05-3 Site 3 | I1-880 IPTH7/26/1999 115 | 115| 100 0

CPT Site Bent Bridge
Number Number | Number
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CPT | g | Bent | Bridge | oo (RSO Reto| Depth
Number Number | Number (ft[; (ftr; (%) (ftr;
UTC-13|0ak-05-2 Site2 | I-8801PTH9/14/1999 60 | 425| 71 16
UTC-14|0Oak-05-4 Site4 | 1-880IPTRH9/14/1999 85 74 87 12
UTC-15| SJ-02-2| GD-2,6| 37-0270H 9/8/1999 60 55 92 q
UTC-16| SJ-02-4| GD-4,3| 37-0270W 9/8/1999 60 60 1p0 5]
UTC-17| SJ-02-3| GD-2,14 37-0270H 9/9/1999 8p 80 100 1
UTC-18| SJ-02-5| GD-4,11 37-0270H 9/9/1999 6P q0 100 5
UTC-20| SJ-01 4 37-0011| 9/13/199975 75 100 7
UTC-21| SJ-03-1 2L-2 37-02791 9/9/1999 74 75 100 5
UTC-22| SJ-03-3| 6L-2 37-0279L| 9/13/199p 70 70 100 5
uTC-23| SJ-03-2| 3R-2 37-0279R| 9/9/1999 70 70 100 0
UTC-24| SJ-04 DC-4, 8 37-0353| 9/13/19P985 85 100 6
UTC-25| SF-03-3 Site C 34-0088] 3/27/20p075 | 50.2| 67 25
UTC-25A SF-03-3 Site C 34-0088 3/27/20p075 | 15.6| 21 0
UTC-26| SF-03-5 Site E 34-0088 3/30/20pal05 | 89.2| 85 3.5
UTC-26A SF-03-5 Site E 34-0088 3/30/20paL05 | 120 | 114 3.5
UTC-27| LA-01-1 10 53-0527L| 6/13/200D0 55 35 64 0
UTC-28| LA-14 5 53-2791S| 6/13/2000 70 40 57 0
UTC-29| LA-09 |21 Foot. Al 53-1851 | 6/13/200p 50 | 36.3| 73 0
UTC-30| LA-02 5 53-0114 | 6/14/2000 60 | 60.5| 101 0
UTC-31| LA-13-1 2 53-2733 | 6/14/2000 45 | 50.5( 112 0
UTC-32| LA-04 6 53-1193S| 6/14/2000 60 | 60.5| 101 0
UTC-33| LA-20 4 55-0682F| 6/14/2000 65 | 52.2| 80 0
UTC-34| LA-21-2 16 55-689E | 6/14/2000 70 | 70.5( 101 0
UTC-35| LA-17 6 55-0642 | 6/14/2000 70 | 70.5| 101 0
UTC-36| LA-15 2 55-0422G| 6/14/2000 60 | 60.5| 101 0
UTC-37| SD-07-2 2L 57-1017R/{6/15/2000 40 | 41.3| 103 0
UTC-38| SD-07-1 |Abutm. 7R|57-1017R/l1 6/15/2000 30 | 35.6| 119 0
UTC-39| SD-08-2| Site2 | I-5/1-8 IPTR6/15/2000 120 | 11.3 9 0
UTC-40| SD-03 5 57-0783H 6/15/200060 | 57.7| 96 0
UTC-41| SF-03-1 Site A 34-0088( 5/18/20p070 40 57 0
UTC-42| SF-03-2 Site B 34-0088| 5/18/20p080 57 71 0
UTC-43| SF-03-7 Site G 34-0088| 5/18/20p090 91 101 0
UTC-44| SF-03-6 Site F 34-0088| 5/18/20p080 52 65 0
UTC-45| SF-03-4 Site D 34-0088| 5/19/20p070 53 76 0
UTC-46'| SF-01-8 52R 34-0046| 5/19/2000 62.5 0
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CPT | g | Bent | Bridge | oo (RSO Reto| Depth
Number Number | Number (ft[; (ftF; (%) (ftF;
UTC-50|0ak-05-4 Sijte 4 | 1-880 IPTH10/19/200p 85 68 80 0
UTC-51B Oak-05-4 Sjte 4 | 1-880 IPTH10/19/2000 85 90 106 0
UTC-52|0ak-05-4 Sijte 4 | 1-880 IPTH10/20/200p 85 93 109 0
UTC-53|0ak-05-4 Site 4 | 1-880 IPTR10/23/2000 85 90 106 0
UTC-54|0ak-05-2 Sijte 2 | 1-880 IPTH10/23/200p 60 44 73 0
UTC-55|0ak-05-2 Sjte 2 | 1-880 IPTR10/19/2000 60 43 72 0
UTC-56'| CC-04 | Abutm. 3| 28-0292| 10/24/2Q0075 75 100 0
UTC-59| SF-03-3 Site C 34-0088| 3/28/20p075 50 66 0
UTC-60| SF-03-3 Site C 34-0088| 3/28/20p075 15 21 0

! The number(s) that follow have not been used.

The first and second field exploration segmentsewsmducted in July, August
and September, 1999, for sites in Oakland and 8s@& (borings UTB-1 through UTB-
17). The third field exploration segment (UTB-18aiigh UTB-24A) was conducted in
March, 2000, after a reconnaissance of San Framaites by Caltrans. Unfortunately,
two major San Francisco sites, SF-01 and SF-04tdhae eliminated because of access
problems. In exchange, one large San Franciscq SKeD3) was added. More detailed
plans were drawn up, including scheduling of thedtifourth and fifth field exploration
segments. At this point, funding became availabiteatiditional field work. Several sites,
which had been excluded from the original plan heeaof the presence of dense gravel,
cobbles or boulders were added to the fourth seg(drB-25 through UTB-39), which
was conducted in May and June, 2000. The fifthdfiekploration segment (UTB-40
through UTB-46), completed in September, 2000, thaslast one at which the author

was on site and in which UT was directly involved.
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2.3.1.2Drilling and Sampling Methods

Boreholes were usually drilled with a 5-inch diaaresolid-flight auger until
groundwater was reached (Figure 2.3). Casings s&fréollowing the determination of
the water table. Drilling was then continued witlb-&nch diameter wet rotary until the
desired borehole depth was reached. An exceptidhiggractice was during the fourth
segment in Southern California, where an NX-typgp(aximately 3-inch OD) hollow-
stem rod with a drill bit attached was utilized.ig'fs a wet rotary system with rods that
provide a continuous casing throughout the borelhetgth, and, thereby, help keep
boreholes clean so as to penetrate more easilyghreands and gravels. For these cases,
standard penetration tests were conducted thrdwglend of the hollow-stem rod. It was
necessary to pull the rods out before Shelby talneptes could be obtained. Therefore,

the use of these NX-type hollow-stem rods was estréble for “undisturbed” sampling.

Figure 2.3 Trailer-mounted drill rig in operation.

Undisturbed or standard penetration test (SPT) ksamwpere taken every five feet
starting at a depth of five feet below the groundae. A standard split-spoon sampler

with a driving shoe inside diameter of 1.375 incthves used without any liners for sands
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and gravels. Thin-walled tubes (area ratio = 9%B@finch nominal length and 3-inch
nominal diameter were utilized for sampling siltglalays.

Standard penetration tests employed an automatmenies except those that were
subcontracted in some locations in Northern Califgrwhere a falling weight safety
hammer was used. The automatic hammers used iprtiect were calibrated by the
manufacturer using energy measurements with adpiNeng analyzer (PDA)The PDA
utilizes strain gauges and accelerometers to ddtieeenergy transferred from the

hammer to the sampling rods.

2.3.1.3Water Levels

Water table determination is essential to evalulée effective stresses at any
depth, which is particularly important informatiarhen the design is based on effective
stresses.

Generally, the depth of the water level in the hote was measured using a
“water level indicator” (an electric sounder whicha calibrated tape measure with an
electrical sensor at the tip that makes an aud#adend upon entering water and
completing the circuit; also called “watermeterAL the beginning of the project and at
some other times when a watermeter was not avajlabeasurements were taken by
lowering a regular tape measure down the borel@teasionally the boring failed to
reach the water table or the sides of the boretwlapsed, thus preventing readings.

Water table measurements may be susceptible tosedree to fluctuation from
the drilling operation. A dissipation test duringC®T sounding can provide a better
evaluation of the water table, but requires a longme to complete. Therefore, a
comparison of water table measurements obtained ¢halling and cone soundings was

made at one of the sites (boring UTB-36 and comedmg sounding UTC-37). Drilling
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and CPTu rigs were operating 14 feet apart atdingesime. A water level measurement
was made with the water meter during drilling anithva dissipation test during the
CPTu operation. The watermeter detected water démh of 15.7 feet whereas the
dissipation test indicated the water table to bel&tfeet. The ground surface was
essentially horizontal between the two locations.

The writer is not aware of any studies comparingew#able measurement in a
borehole as opposed to through a CPT dissipatishh e single measurement is not
sufficient to reach any conclusions as to the ammupof each method, particularly when
the exact water levels are not knowmvihile a difference of 2.3 feet can be significamt f
load tests on shallow foundations, its effect w#l less important for piles extending to

deep soil layers.
2.4  LABORATORY TESTING AND RESULTS

Laboratory tests on samples obtained during thd fievestigation phase were
performed at the University of Texas at Austin ob&ntracted to Fugro geotechnical
testing laboratory in Houston, Texas. The testimmgmam was geared towards collecting
data that might be readily obtained by pile-designengineers. Laboratory testing
included the following: index tests (sieve analygiterberg limits), unconsolidated-
undrained (UU) triaxial compression, and one-dinmma consolidation (oedometer).

Most of the tests on samples from borings UTB-18ugh UTB-46 and some of
the remaining Atterberg limit tests and all of #ieve analyses from the first seventeen
borings were performed by the geotechnical tedabgratories of Fugro Consultants in

Houston, TX.
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2.4.1 Specimen Preparation Procedures

Tests were performed according to the applicabléM®ethods and procedures
listed in Table 2.3. Shelby tubes were cut intorapimately five-inch segments using a
band saw. The first four to five inches from th@ @nd bottom sections of the tube,
where the soil is more likely to have been distdriveere removed. The segment lengths
were selected to provide the maximum number of tigqoality” four-inch long triaxial

test specimens from each tube. Samples were egtretécally using a hydraulic jack.

Table 2.3Laboratory tests and applicable standards.

PROCEDURE ASTM STANDARD

Description and Identification of Soils D 2488
(Visual-Manual Procedure)
Classification of Soils for Engineering

Purposes (Unified Soil Classification D 2487
System)

Laboratory Determination of Water

(Moisture) Content of Soil and Rock by D 2216

Mass

Liquid Limit, Plastic Limit and Plasticity

Index of Soils D 4318, Procedure B
Particle-Size Analysis of Soils D 422
Specific Gravity of Soils D 854
Unconsolidated-Undrained Triaxial D 2850

Compression Test on Cohesive Soils
Consolidated-Undrained Triaxial

Compression Test for Cohesive Soils
One-Dimensional Consolidation Propertieg
of Soils

D 4767

D 2435, Method B

For triaxial testing at the UT geotechnical laborgt specimens were trimmed to
a two-inch diameter using a vertical soil lathe dmen cut to the appropriate four-inch
height in a miter box (Figure 2.4a). The estimaiteditu vertical total stress of the
specimen was used as the applied cell pressurengdurnconsolidated-undrained

compression testing. Consolidation samples wenented by hand to fit into a circular
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testing ring of 2.5 inches in diameter and 0.75iic height with the ring attached to a

vertically translating table, acting as a cuttag(ife 2.4b).

Figure 2.4 a) Triaxial sample cutting lathe and miter boxClmnsolidation sample
cutter.

2.4.1.2Data Acquisition System

A computerized data acquisition system was usedrif@xial and consolidation
testing. This system uses small analog-to-digiata-D) modules that can be mounted
next to the load frame, close to the transducehg. @revious system, in which A-to-D
boards were placed in the computers and analoglsigent from the transducers to the
computer, had resulted in frequent difficulties dnese of interference to these analog
signals.

Two independent networks were set up for data adeun. The first network was

for triaxial testing. The sensors of three loadfes were connected to this network with
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one analog-to-digital/input-output (AD-10) modulechted next to each frame. The three
AD-IO modules provided twelve channels to accomn@dane linear-variable
displacement transducer (LVDT), one 500-pound logly and two pressure transducers
from each frame. The second network was for codabtin testing. One four-channel
AD-10 module was located next to three consolidatimmes with a LVDT on each
frame connected to the module. Each network of ADatodules was connected to a

separate network module, power supply, and computer
2.4.1.3Completed Laboratory Tests

The number of tests completed on samples obtaired borings at various
locations in California is shown in Table 2.4. et details of test results and calculated
parameters can be found in the Geotechnical Meamunis Database (GMD) (Brown,

2001).

Table 2.4Summary of completed laboratory tests.

Boring No. of Completed Laboratory Tests (UT and Fugro)
No. |Depth | Atterberg |Sieve 1-D
(UTB-) | (ft) Limits Test [Consolidation el el
1, 1A 78 13 2 3 13| 6 -
2 87 16 3 6 16 - -
3 101.5 12 7 6 100 2 -
4 92 13 4 9 12 - 3
5 115.5 17 6 8 17| 3
6 110 12 7 6 12 - -
7 62 5 5 2 4 3 -
8 112.5 12 5 5 11 - -
9 119 13 10 5 14 - -
10 46.5 - 11 - - - -
11, 11A| 65.5 5 7 3 5 - -
12 87.5 8 4 5 8 - -
13 77 6 4 3 6 - -
14 61 5 5 4 6 - -
15 77 15 5 4 15 - -

N
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Boring No. of Completed Laboratory Tests (UT and Fugro)
No. |Depth | Atterberg |Sieve 1-D
(UTB-) | (ft) Limits Test [Consolidation Ul el
16 84 11 7 5 11 - -
17 89 14 3 7 13 - -
18 75.5 4 13 - 4 - -
19 70 4 9 - 6 - -
20 80 7 7 - 9 - -
21 106.5 19 1 - 19 - -
22 90.5 12 5 - 11 - -
23 102 10 5 - 18 - -
24, 24A1 110 8 6 - 19 - -
25 50 - 3 - - - -
26 60 - 5 - - - -
27 45 - 5 - - - -
28 70 9 - 1 - -
29 50 5 - 1 - -
30 65 - 7 - - - -
31 65 2 2 - 2 - -
32 70 2 1 - 2 - -
33 70 - 2 - - - -
34 60 1 6 - 1 - -
35 60 1 6 - 1 - -
36 40 - 7 - - - -
37 30 - 6 - - - -
38 118.5 - 20 - - - -
39 60 2 8 - 2 - -
40 61.5 4 5 - 9 - -
41 92.5 7 7 - 22 - -
42 115 18 3 - 18 - -
43 75 12 - - 13 - -
44 141.5 12 15 - 15 - -
45 60.5 3 2 - 3 - -
46 60 2 4 - 2 - -
Total [3618.5 308 269 83 351|114 | 3

2.4.2 Measurements of Undrained Shear Strength,,c

2.4.2 1Effects of Trimming on UU Triaxial Undrained Shear Strength

Unconsolidated-undrained triaxial compression tests 1 be performed on

untrimmed samples, i.e. as they come out of theesulwr on trimmed samples.
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Commercial geotechnical testing laboratories in W8A routinely conduct UU tests on
untrimmed specimens to save on technician timeexipénse. Since it was felt that UU
strengths should be based on procedures expectpdaatice, laboratory testing was
performed to clarify and possibly quantify the efseof sample trimming on undrained
shear strength.

Arman and McManis (1976) performed radiography amggles taken with a 2.8-
inch thin-walled Shelby tube after the sample weasueed. They reported a gradual
bending of horizontal planes of stratification, esplly at the ends and with the
maximum bending occurring on the surface of the@amit would be reasonable to
assume that the more the layers bend, the morerlolistice they would create, thereby
reducing undrained shear strength. Therefore, tmgnma sample could increase the
measured strength by removing a substantial pontibthe disturbance. Brown and
Paterson (1964) and Nordland and Deere (1970)ewhilestigating failures of storage
tanks, have likewise measured increased valuesdarfained shear strength for trimmed
samples (approximately 50%).

Undisturbed samples were available from four regmbddorings in the Oakland
area, which provided a unique opportunity to eviluthe effects of trimming on
undrained shear strength. Thirteen unconsolidatelained (UU) triaxial tests had
already been completed on samples from the samaédas. With the additional borings,
there were essentially duplicates of these sanfpletesting. Thirty-five new UU tests
were conducted. Geotechnical testing laboratories-ugro in Houston, which was
subcontracted for additional testing, provided Wdttresults on ten untrimmed and ten
trimmed samples confined at a constant cell pres$2® psi). The number of tests

included in the analyses of the effect of trimminbus, equaled sixty-eight. A
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comparison of laboratory test results to deterntiveeeffects of trimming on undrained
shear strength are shown in Figure 2.5 and are swimgd in Table 2.5. Undrained
strengths of trimmed and untrimmed specimens agedleat strengths less than 1000 psf
with more scatter for samples of higher UU streagth

Undrained shear strength of trimmed specimens édvibly the UU strength of
untrimmed specimens for all of the samples was Witl3 a standard deviation of 0.29.
The average of the same ratio for samples thatbesth subjected to a constant cell
pressure was 0.97, with a standard deviation dJ.0l4e average values compare well
with the UU tests performed at the University ofkdg, which have an average ratio of
1.04. However, the standard deviation is highen ttlteose obtained from UT testing,

which was 0.26.
The effect of trimming may be better seen usind‘tekative error”:

C... —-C N
u(trimmed) Y untrimmeyl (2.1)
C

u,trimmed

This ratio is plotted against,wimmed) in Figure 2.6 for all of the tests conducted. The
ratios seem to vary more or less equally aboutxHagis with no obvious effect of
trimming.

Water contents and densities may vary substantialiiyin short distances in a
soil deposit, which could have an effect on theash&rength. Although the water
contents of trimmed samples, in general, were hmighan those for the untrimmed
specimens (Figure 2.7), there seems to be no obatiact on the measured undrained
shear strength (Figure 2.8).

Part of the problem is the relatively small numloértests conducted using
untrimmed samples. In addition, the second serfebooings were done because of

suspect sample quality in the first set; presumablgty (timmed specimens) tests may
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have been performed on more disturbed samples, ekpigining why some trimmed
samples showed lower strengths than untrimmed drasthe first set of UU tests by
Fugro, a constant cell pressure was applied tsdneples instead of the estimated total
stresses in the field. For samples with actuall tetieesses below this value, the UU

strength could be lower.

Undrained Shear Strength
Trimmed versus Untrimmed Samples
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Figure 2.5 Comparison of undrained shear strength valuesifanted versus
untrimmed specimens.
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Figure 2.6 Relative error for the effect of trimming on UU tessults.
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Figure 2.7 Changes in water content of timmed and untrimnasdes.
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Figure 2.8 The effect of water content on undrained sheangthe
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Table 2.5Summary of UU compression tests conducted to igedst the effects of

trimming.

. Tip Failure P
Boring|Samp|Spec Depth Uw |WC| o3 | UU c/p | Strain |UIT Penetr. g Lab.
UTB- |Num.|Num. (psf) [ (%) | (psf) |cu (psf) Top - Bott. | USCS

(ft) (%)
(psf)

18 | 7 345 | 138| 15 | 4,46 1570 42 | U CL
18 7 a | 345 | 140| 12 2790 24 | T CL
19 7 335|100 71 4176 1090 49 (U CH
19 7 a | 33,5 | 100| 63 1010 30 | T CH
19 16 67.5 | 130| 22 4176 540 28 | U

19 16 a | 67.5]| 120| 22 190 18 | T

20 6 27.5 | 100 | 72 4176 720 56 | U CH
20 6 a | 275 | 100| 83 470 33 | T CH
20 13 57.5 | 130| 19 4176 2770 111 | U

20 13 a | 575]| 130| 21 2360 55 | T

21 7 35.0 | 90 | 64 4176 480 81 (U OHc
21 7 a | 35.0 | 100| 81 530 40 | T OHc
21 12 59.5 | 100| 67 4176 670 38 | U CH
21 12 a | 59.5| 100| 76 600 44 | T CH
21 | 17 85.0 | 110 | 57 4176 860 48 (U CH
21 | 17 a | 84.0 | 100 | 61 820 66 | T CH
22 10 50.0 | 100| 66 4176 530 6.0 | U CH
22 10 a | 50.0 | 100]| 69 760 30 | T CH
22 | 13 65.0 | 110 | 52 4176 1160 36 (U CH
22 | 13 a | 65.0 | 110 | 47 910 44 | T CH
23 4 A | 214 90| 97 1232 1112 0f9 4.4 | U| 1000-1100 OL
23 4 B | 21.8| 90| 108 1276| 1.0 4.0 | T| 1000-1100 OL

3 4 B | 21.5| 90| 8§ 1272999 | 0.8/ 5.1 | T| 1000-1800 CH
23 8 A | 409 | 120 | 27 2664 1200 0.5 U | 900 — 2200 ML
23 8 B | 41.3| 120 21 2135(0.8| 9.0 [ T |2200-2600 ML

3 7 A | 41.0 | 130 | 26 [2705| 1179(0.4| 17.7 | T 2200 CL
23 9 A | 459| 130 19 2578 0|9 1.5 | T| 2300-2800 ML
23 9 B | 46.5| 130 182734 250D 0|9 U | 2800 -2200 ML
23 9 C | 46.9| 130 19 2011| 0.7| 16.0 | T| 2800-2200 ML

3 8 C | 46.6| 130 19 27442557| 0.9) 3.6 | T| 2900-3300 CL
24A | 4 A | 21.8| 110 37 1168 642 (0.5 13.6 | T | 1000-400| OL
24A | 4 B | 22.4 | 130 | 36 454 1 0.4 195 (U | 1000-400| OL

8 4 C | 21.6 | 110 | 56 |1408| 453 (0.3| 3.7 [T | 300 -500 OH
24A | 6 A | 31.3| 100[ 76 8071 0J5 4.0 | T| 900-1000 OH
24A | 6 B | 31.7| 1000 671500{ 799 0J/5 2.8 | T| 900 - 1000 OH
24A | 6 C | 32.3| 100 5§ 796 | 0.5] 3.3 | U| 900 - 1000 OH
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. Tip Failure PG
Boring|Samp|Spec Depth Uw |WC| o3 | UU c/p | Strain |U/T Penetr. g Lab.
UTB- [Num.Num. (psf) | (%) | (psf) |cu (psf) Top - Bott. | USCS
(f) (%) (osh
8 6 C | 31.6| 110 4Q 1740566 | 0.3 153 | T| 1100-1000 CL
24A [ 9 A | 459 | 90 | 78 1107|0.5( 4.0 | T |1200-1100 OH
24A (9 B | 46.4 | 90 | 58 |2076| 1028 |0.5| 3.7 | U |1200-1100 OH
24A ( 9 C | 46.8| 90 | 81 1214|0.6( 3.2 | T |1200-1100 CH
8 9 B | 46.2 | 100 | 76 (2304 1000(0.4( 3.8 | T | 1000-1000 CH
40 9 |HeadR 38.1 110 172357 4379 1.917.5 | T| 3000 -5400 ML
40 9 A | 38.7| 120 | 17 6800(2.9| 15.0 [ U| 5400 -1900 ML
11A | 10 A | 369 | 120 24| 2264 3261|1.4| 18.2 | T| 3600—-380p CL
40 | 13 | A | 51.0| 140 20 3352 (1.1 17.2 [ T [4300-5200 ML
41 [ 13 | B | 51.4 | 140| 19 3109 3966 (1.3| 15.2 [ T [4300-5200 ML
40 [ 13 | C | 52.0( 120| 21 2760(0.9| 6.6 |[U [3700-2100 ML
11A| 13 | B | 51.3 | 130 25 1903| 0.6 13.3 | T |3000-5600 CL
41 5 A | 229 | 130| 75 356 |0.3| 105 | T| 600-600 OH
41 5 B | 234|130| 79 1245 455 (0.4 4.6 U| 500-600 OH
41 5 C | 239 120| 86 465 | 0.4 3.2 T| 600-600 OH
41 5 D | 244 99 | 72 467 |0.4| 4.2 U| 500-500 CH
12 5 B | 232 90 | 75| 1294 520 |0.4| 3.5 T| 600-500 CH
41 6 A | 28.4 | 100 | 66 1439 761 |0.5| 3.2 | T | 1300-600[{ OH
41 6 C | 29.4 | 100 | 64 601 (0.4 46 |U| 700—-700| OH
12 7 C | 29.1| 100 | 80 |1457| 639 (04| 3.1 (T | 500-700| OH
41 7 A | 334 90 | 92 792 | 0.5 ? T| 90-900 OH
41 7 B | 339| 90 | 66|1541| 776 |0.5| 3.3 U| 900 - 1000 OH
41 7 C | 343]| 90 | 82 792 |0.5] 2.8 T| 900-900 OH
12 8 A | 329 90 | 87| 159Q 782 |0.5| 4.4 T| 800-900 OH
41 [ 12 | A | 56.2 | 110| 31 2693 2220(0.8| 18.2 [ U | 2600 -2900 CL
41 | 12 B | 56.6 | 110| 38 2613(1.0| 1.6 | T |3400-2100 CL
12 | 17 | C | 57.8 | 110 37 |2630| 3385|1.3| 3.6 | T [3500-390¢ CH
41 18 A | 80.6 | 100 | 61 2402(0.6| 1.6 T| 1900-190Q CH
41 18 B | 81.1| 100 53 4014 196905 1.7 U| 1900-170Q0 CH
41 18 C | 816|100 | 64 1308 0.3 0.9 T| 1900-190Q0 CH
41 18 D | 82.1|100| 44 1552 (0.4 3.3 U| 1800-180Q CH
12 23 B | 81.2 | 100 | 69| 404% 1453(0.4( 1.1 T| 2700-170Q CH

UW: unit weight; WC: water content; U: untrimmedrgae, T: trimmed sample.
c/p: ¢/o,, wherea, is the effective stress.
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2.5 SUMMARY

In this chapter, an overview of the Caltrans prpjapon which this dissertation
was based, is provided. A database establishedhviitlis project (FinalCT) is introduced
and evaluated in terms of its limitations and gitee. Various aspects of the site
investigation efforts are presented which were cotetl to enhance/supplement the
information included in the database. Laboratosfing equipment and its calibration is
explained. Laboratory tests conducted within thggmt are tabulated. Special emphasis
is given to unconsolidated-undrained (UU) triaxiabts because they were used in
estimating pile capacities. Differences between W strength between trimmed and

untrimmed samples are shown.
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Chapter 3: Elastic Method — Concept and Measurement of Paramets

3.1 INTRODUCTION

The “Elastic Method” is a frequently used approabhsed on the theory of
elasticity for predicting the load-displacement débr of a single pile. Mindlin’s closed-
form solution (1936) is used to calculate elastgpldcements due to a vertical load
within a semi-infinite soil mass. The method is @afly applied with the help of a
computer program.

In the elastic method, the utilized soil propert&e Young's modulus:s, and
Poisson’s ratio,Vs. It is usually acceptable to assume any valueiwithe range of
possible Poisson’s ratios found in the literatPeulos, 1989; Tatsuoka et al., 1994).
However, the effect and variability of Young’s mduaki on the displacement of piles is
much more pronounced than Poisson’s ratio. Thesgi@search efforts have primarily
focused on obtaining Young’'s modulus through latmgaand/or in-situ measurements,
which can also be utilized to correlate with simptecommonly encountered parameters,
such as undrained shear strength,and standard penetration test blow cotfor
cohesive and cohesionless soils, respectively.

In the following sections, multiple aspects of appd the elastic method to

estimations of pile displacements will be preserted discussed.

3.2 FORMULATION OF ELASTIC METHOD

Conceptually, pile head displacemesitcan be divided into three components,
each calculated separately (Vesic, 1977):
a) Displacement of soil due to the load transmittieehg the side of the pilg,

b) Displacement due to axial deformation of the gihaft,a,, and
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c) Displacement at the pile tip caused by the lbadsmitted at the tipp,

(Figure 3.1a), which is typically ignored for pilgstension.

P
<4 }
U W Ty
bl s 1t Pty
W ¢ iRy ISRy
Pp.i
H
\l/" \l/\l/ 0\1/ "* *"
Ptip f f I:]tip
a) b)
Esi
V = constant

Underlying stratum,

Figure 3.1 a) Displacements and b) loads for a pile in congeoes( andj refer to soil
elements).

The theory behind the elastic method and diffeepgroaches for the distribution
of load along the pile, pile tip condition, soiliproperties, and pile-soil interaction are
explained in many publications, e.g., Basile (19®ntterfield and Banerjee (1971),
D’Appolonia and Romualdi (1963), Mattes (1968), Malini (1999), Nair (1967),
Poulos and Davis (1968, 1974, 1980), Poulos (12929, 1987, 1994, 2001), Randolph
and Wroth (1978), Salas and Belzunce (1965), Tharamal D’Appolonia (1965), Vesic
(1977), and Yamashita et al. (1987).
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3.2.2 Mindlin’s Solution for Concentrated Loading
Mindlin (1936) provided a solution for the stresaesl displacements beneath the
surface of a semi-infinite, isotropic, weightlebsearly elastic (Hookean) mass resulting

from a single vertical point load of a given magdg, P, located at a depth below the

ground surface. The vertical movement, at a radial distance, (Figure 3.2) can be

calculated as:

_ P(1+) [3-41)_'_8(1-0)2-(3-4@)_'_

P-" grE(lv)| R, R,

S a2 ] @),

R, R, R,
where,

I B G o SR (3.2),
R G o) SRS (3.3),
SN LT Z (3.4),
E: Young’'s modulus from slope of stress-strain eur-v{cxx} ......... (3.5),
v: Poisson’s ratio, ratio of lateral to axial stin {Z—W} ................. (3.6).

The solution, thus, requires only two elastic goibperties besides geometrical
information: Young's modulusk, and Poisson’s ratioy (Section 3.4 for detailed
discussion) Both Young's modulus and the modulus of elasticiye used

interchangeably to refer to the same elastic cohsta
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Figure 3.2 Geometry and assumptions for Mindlin’s equationsn@in, 1936; Poulos
and Davis, 1974).

The stresses and displacements acting on the qil&terfaces in response to a
surface load applied to the pidge shown schematically in Figure 3.1. In realilgls a
separationis an over-simplification of the pile-soil interaat problem; however, it is
helpful in establishing a framework for analysisddpetter understanding the factors
involved in the load-displacement behavior of piles

Constant values can be utilized for the Young’s utesl and Poisson’s ratio of an
isotropic and homogeneous soil. Then a “displacérmgluence factor],” (Poulos and
Davis, 1980) may be introduced for conveniently@ifging Equation (3.1) to:

P, TPl 1B.

The equations for the elements that combine the pkad displacement,
displacement due to the load transmitted alongsitie of the pilegs, axial deformation

of the pile shaftp,, and pile tip displacemen,, are given below using Eq. (3.7).
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3.2.3 Displacements along Pile Shafps

The elastic method takes into account the effeet ®il layer on the other layers
that the pile is in contact with (Figure 3.1b). Bhthe displacement ; at an arbitrary
soil elementi due to loads acting on the side of pig,and the pile tipPyp can be

calculated as:

n

D=2 [ PRy | [ (3.8).

=1
3.2.4 Displacement of Pile Shaftp,

In order to calculate the displacement of the phlaft at each pile segment, two
assumptions are made: 1) a pile segment can bedeoed as a free-standing elastic
column compressed under applied vertical loads, @pdthere is displacement
compatibility between the pile and the adjacent, saich means that the pile and the
adjacent soil displace by an equal amount wheneldadihe displacement caused by the
deformation of the pile shaft due to the load ikabeing transferred from the pile head

(Figure 3.1b) can be calculated as:

Al (3.9)
e .9),
APEP
where,

li: length of pile element i,

Ay: pile cross-sectional area,

Ep: pile modulus of elasticity.
3.2.5 Pile Tip Displacement,pi,

Multiple recommendations have been made to incatpothe pile tip load and

displacement in the analysetthe total pile head load-displacement. D’Appdoand
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Romualdi (1963) and Poulos and Mattes (1969) aedlypiles allowing for no tip
displacement or load, i.e., the pile resting omgal thase.

Poulos and Davis (1968), as well as Poulos andd€4it969), assumed pile tips
to be in elastic soils. The displacement at the pg is due to the cumulative effects of
the entire load transferred from other pile shifireents P; and the load distributed along

the cross-sectional area at the pile B,

Pip =D Pl R | e (3.10).
=1

3.2.6 Pile Head Displacement

There are Zn+2) unknowns for calculating the pile head displaceir®sed on

the elasticity:

- (n) values of pile shaft displacementgp&i
i=1

- (n) values of loads displacing the pile shaE P

i=1
- pile tip load,Pyp and pile tip displacemenp.
Equations (3.8) through (3.10) provid€n¢l) equations. The additional

equation is for the total load within the pile:

P=) R AR e (3.11).
i=1

With the equations above, displacement can be calculatedgiven load applied
to the top of the pile. Moreover, a theoreticaltriisition of loads along the pile length

and tip, and displacement occurring at each pédeneht can be investigated.

3.3 M ODIFICATIONS TO ELASTIC METHOD

There are many simplifying aspects and assumptiondlindlin’s original

solution: the vertically applied pile loads arewamed to be acting as point loads (1)
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within a soil that is homogeneous (2), isotropif; {Bitially stress-free (4), linearly elastic
(5) and a infinite half-space (6). Additionally, slip between the pile and adjacent soil is
allowed when the solution is applied to piles (7).

Methods and recommendations to modify the elasethod for distribution of
stresses on the sides of the pile, variations ilnpsoperties (heterogeneity), finite-depth
of soil layers, pile-soil relative displacementyidi base for “end-bearing” piles, and

residual stresses are considered below.

3.3.1 Shear Stresses on Pile

Although all suggestions for the elastic methodlzsed on the same principles,
there are variations proposed for handling loaaissimitted to pile segments (Figure 3.3):

a) A single point load acting on the axis at theteeof each pile element affects

other points along the pile (D’Appolonia and Ronuiall963; Salace and

Belzunce, 1965; Thurman and D’Appolonia, 1965; Badi999),

b) In the disk approximation, point loads are distied along the periphery at the

middle of the pile element (Nair, 1967), and

c) Uniform stresses are distributed along the serfaf the pile element (Poulos

and Davis, 1968; Mattes and Poulos, 1969; Poulddvattes, 1969).
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Figure 3.3 Shear stress distribution along the side of pitgrsnts.

Aschenbrener and Olson (1984) have investigateditstetwo distributions of
shear stresses along the pile and found them toderude to be useful, a finding also
supported by Poulos and Davis (1980). In this diaten, stresses are, therefore,

assumed to be uniformly distributed along the giilaft (Figure 3.3c).

3.3.2 Non-Homogeneous Soil

Soils in nature are rarely, if ever, homogeneoysprAximations are suggested by
Poulos (1979), Lee et al. (1986), Yamashita et(#87), Lee and Small (1991),
Vallabhan and Mustafa (1996), and Lee and Xiao 919® improve the solutions
obtained through the elastic methadd bring the theoretical approach closer to cases
encountered in practice. Overall, they all invodegne form of a modification to Young’s
modulus incorporated into Eq. (3.1).

The effects of a pile element on other pile elemané taken into consideration in
the elastic method. When a pile element is defogmther pile elements are also

affected to some degree by the same loading. Tikesaction can be represented in the
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form of a modified Young’s modulus which incorp@sitthe varying soil properties and
layering.

Poulos (1979) compared three such options withitefoem more rigorous finite
elements and boundary elements approaches. He memoed an average of the soil
modulus next to the loaded element and the elerdoenivhich displacement is being
calculated. Poulos identified analyses of pilesifted on a layer softer than the overlying
layers as potentially erroneous when using hisagatr.

Lee et al. (1986) separated the system of a pike mon-homogeneous soil into
two sections (Figure 3.4): 1) “extended” soil lsenhich are treated as a three-
dimensional elastic continuum with elastic promsrtof the layered soil, 2) a fictitious
pile with Young’s modulus equal to the differencetvibeen Young’s modulus of the
actual pile and the respective Young’s modulushefdurrounding soil layers 'éEEp-Es,i).
The forces interacting from the fictitious pilettee extended soil layers are considered to
be uniformly distributed over the top of each “exded” soil layer. The forces and
displacements on the fictitious pile are then daked by imposing compatibility
between the vertical displacement of the fictitiquie and the displacements calculated
along the center axis of the real pile within tloél fayers. This condition leads to the

following equation for the load on top of the fiaius pile (Figure 3.4):
N*(O)=% P e ———— (3.12),

p

where,

E.,: Young’'s modulus of the soil layer directly benetité pile head,

Ep: Young's modulus of the actual pile, and

P: Applied load on the fictitious pile.
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Lee et al. (1986) provided a solution with desidrarts for a system which
requires transforming a multilayered soil into aotlayer system depending on the
contribution from each layer based on its thickneBsis approach appears rather
cumbersome and impractical since most piles areedrin soil layers with multiple

thicknesses and properties.
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Figure 3.4 Problem definition by Lee et al. (1987) a) Axialbaded pile in a layered
soil, b) Extended soil layers, c) fictitious pile.

Yamashita et al. (1987) argued that ignoring thié edastic modulus of strata
other than those two interacting, as Poulos (19a8) suggested, gives results that are in
error when the soil modulus of layers differ sigrahtly from each other. Therefore, they
proposed including weighted averages of Young's uhexl for other layers based on
layer thickness, when calculating the equivalenungs modulus. Their analyses result
in displacement estimations about 10% closer tesedhobtained from finite element

analyses than what would be found by using Poutasimmendation.

43



A method based on finite-layer analysis was progdselee and Small (1991) as
a simplified alternative to other more elaborataset continuum methods. They
considered the soil as a series of horizontalfapat or cross-anisotropic elastic layers of
infinite lateral extent, imposing compatibility eten the displacement of the pile and
soil. They assumed circular concentrated circumtekstresses acting at the middle of
each pile element similar to Nair (1967). The sstgg method, compared to other
elastic continuum methods, provides similar reswlith less computing time.

Vallabhan and Mustafa (1996) developed a closeatf@olution based on
minimizing a potential energy function using a a#dnal approach. In this model both
soil and pile are assumed to be linearly displdmgdn equal amount (compatibility).
The model distributes the work done by the applied as compressive strain energy in
the pile and as shear energy in the soil, as veellcempressive strain energy in the soll
surrounding the pile and at the bottom of the filee pile is assumed to be compressible
and the magnitude of the load transferred to thleasothe pile interface is calculated
based on the movement of the pile relative to theosinding soil. Closed-form solutions
are provided by Vallabhan and Mustafa for a twaetagoil, which consists of a uniform
soil with a hard bearing stratum, a method whictorgs radial displacement.

Lee and Xiao (1999) extended the method of Vallabdwiad Mustafa to include
multiple sub-layers along the pile based on theaaoil profile and to incorporate the

displacement of soil mass horizontally, which canrbportant for designing pile groups.
3.3.3 Finite Depth of Soil Layers

Mindlin’s solution requires the soil to extend t@@mi-infinite depth. In contrast,
piles sometimes have a tip on a stiff or “rigid’ab@g strata. An estimatd the effects of

a finite layer on the shear and displacement dfeaip obtained by using Steinbrenner’s
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(1934) approximation. In this approach, the disphaent of a pile in a soil with a given
depthH is calculated by subtracting the pile displacemaglow this heighfrom the
displacement of the same pile in a semi-infiniyeta

Poulos and Davis (1968) suggested a modificatioacmount for stiff, but not
rigid, soil layers. In general, the displacemerflugnce factor;w) for a point within a
finite layer of depthH can be approximated as:

i Dty Ty wveeeeessmeeseemsresiensieceie e
where,

lii): displacement influence factor for a pile elemenitp a semi-infinite soil
mass,

lhj): displacement influence factor for a point withie semi-infinite soil mass
directly beneath, at a depthd below the surface.

The above approach can also be used to calculgiadement for a pile on a stiff
base. However, it is still an approximation. A moeéable approach for piles resting on

rigid bases is to use a “mirror-image” pile, acdssed below.

3.3.4 Piles Founded on a Rigid Base

The displacement of a pile founded on a rigid badess than that on an elastic
base. D’Appolonia and Romualdi (1963) suggestedngusia “mirror-image”
approximation for piles founded on rock. The sanehod can be applied to other stiff
or rigid soils beneath a pile. A mirror-image pgeassumed below the actual pile at the
soil-end bearing stratum interface in which thecésr equal those in the real pile but in
the opposite direction (Figure 3.5). Mindlin’s fawhation is then used with additional,
opposite mirror-image forces; thus, the displacdnanthe actual pile is effectively

reduced to reflect the rigid base.
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This approach produces the erroneous result tieahdnizontal (mirror) plane is
smooth because vertical radial displacements &esdme whether arriving at the plane
from above or below, and thus there are no sheasiregses in the plane. However,
frictional forces would actually be causing sheaesses to develop in the rigid layer.
Mattes (1972) investigated radial displacement catibpity and found its effects to be
minor.

It can be argued that a very high value of Youmgtdulus for the rigid layer at
the tip should be used. However, errors are likelyoccur in the estimation of
displacements when there is a large variation inngss modulus. An averaging similar

to that recommended by Yamashita (1987) may beedilto overcome this problem.
3.3.5 Pile-Soil Relative Displacement

The no-slip condition (displacement compatibiligt)the soil-pile interface is an
essential part of calculating pile displacementsigidlindlin’s solution. The pile side
capacity is limited by the soil-to-pile adhesionis, therefore, reasonable to allow for a
relative displacement (slip or local yielding) been the pile and soil. D’Appolonia and
Romualdi (1963), Salas (1965) and Poulos and D&M8) proposed a method to
incorporate a limiting stress, which can develoghia pile-soil interface. If the average
calculated shear stress on any pile element exdbedadhesion, then local slip occurs
and the calculated shear stress is equal to thesadh The excess stress will be
transferred to other elements whose side shearstiélrdess than the adhesion. The
capacity of the pile tiglepends on the bearing capacity of the soil benthatipile tip.
When all of the soil elements reach their limitsyn@ing will occur; i.e., pile capacity is

reached.

46



The effect of soil softening, i.e., the reductiohsoil shear strength to lower
residual values following the peak value, which nhegd to load shedding within pile
elements, is not taken into account using the ielastalyses discussed here. Methods
have been proposed which incorporate a reductictorféo the pile side capacity (Murff,

1980; Randolph, 1983, and Guo, 2001).
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Figure 3.5 Mirror-image approach for a pile on a rigid base.

3.3.6 Residual Stresses

Load-displacement analyses are usually done asguthat no stresses due to

installation effects develop either in the pileiorthe surrounding soil. However, the
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function of pile driving is, in fact, to continuglicause the soil surrounding the pile to
fail, so the pile can advance into the ground ® dlesired depth. Thus, in actual field
conditions, the soil against the pile, as well ag@ain horizontal distance away from the
pile, is sheared to large displacements and mayervently be considered asmolded.
Some of the final driving energy (residual streyse$ocked up in the shaft as well as at
the tip of the pile. The effect of this energy fle capacity is mainly on the distribution
of loads along the pile once loading is resumedvéi@r, residual stresses influence the
observed displacements during a pile load test. &quile in tension, the recorded
displacements will be smaller than the “actualyect’ values if residual stresses are not
considered. In turn, the observed displacementsafgile in compression will be in
excess of the “true” values. The residual stressms be important mainly when
displacements are predicted for compressible ppéss driven in sands, or piles that
derive a significant portion of their capacity fraire tip (Fellenius, 2006; Maiorano et
al., 1996; Poulos, 1987; Vesic, 1977).

Methods have been proposed to estimate the redmhdsd and their effects on the
measured displacements (Alawneh and Husein Malkz®@0; Briaud and Tucker, 1984;
da Costa et al, 2001; Goble and Hery, 1984; Holipwetaal., 1978; Hunter and Davisson,
1969). Another procedure to consider residual sé®slue to installation effects with the
elastic method was discussed by Poulos (1987). uggested estimating stresses by
loading the simulated pile to failure in compressand then unloading it. This cyclic
loading pattern mimics the advancement and insi@atiaf a pile. The stresses computed
in the simulated pile at the end of this cycle @ren taken as the residual stresses and

represent the starting point for the subsequenysisa
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3.4 PARAMETERS OF ELASTIC METHOD

3.4.1 Drained versus Undrained Parameters

It may be important to distinguish between undrdiaad drained soil parameters
utilized for elastic methodE,, v, or Ey, vy for undrained and drained conditions,
respectively.

For an elastic soil, the value of shear modulusinaffected by the drainage
condition, because the water within the soil skeletan not bear any shear stresses.
Therefore, the following can be written for the ahmodulus:

E E

T T C I =TS (3.14).
2(1+v,) 2(1+)

Poisson’s ratioy,, for the undrained condition is equal to 0.5. Thus

A constant Poisson’s ratio of 0.4 is used throughbis study. TherE/E is
3/2.8=1.07, which is not very significant given the artainty of other factors involved
in elastic method.

Most of the pile load tests conducted by Caltraio the ASTM “quick load
method” (ASTM D-1143 1994 for compression and ASTM3689 1995 for tension)
using reaction piles to apply the load (Califoriiaundation Manual, 1997). In this
method each loading increment is held for five nesuduring loading and one minute
during unloading without any measurements or camaitbn of generated or dissipated
pore pressures. The solil is likely partially drainduring pile load tests, although the

percentage of drainage is not known. Thereforéimdissertation, the Young’s modulus
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and Poisson’s ratio adopted for all load testsespond to soils that are partially drained

although the amount is unknown.

3.4.2 Poisson’s Ratiovs

Poisson’s ratio is defined as the ratio of latesalin to axial strain, i.e.

v=- % Under fully drained conditions, the value sedelctor Poisson’s ratio will

depend on the overconsolidation ratio (OCR) of €lay the relative density of sands.
Poisson’s ratio varies from nearly zero for coliagsclays and silts and for very loose
sands, to more than 0.5 for dilative soils likehygoverconsolidated clays and silts and
very dense sands. Typical values of Poisson’s atopresented in Table 3.2. It can be
selected as (0.35+0.05) for clays under drainedlitions, (0.30+0.10) for silica sands
and 0.5 for saturated clays under undrained camdit{Poulos, 1989).

Within the expected strain ranges for a pile thaistitute the “working range”,
i.e. less than 0.5 % strain, the recommended dtaiakie of Poisson’s ratio for all types
of soil is between 0.1 and 0.2 (Tatsuoka et alB419amiolkowski et al., 1995; LoPresti
et al., 1995).

In this study, however, a constant Poisson’s ratif.4 is used for all soil layers
regardless of the soil type. This approach doescantorm to the recommendations of

other researchers, but the induced error is de¢onkd minor.

3.4.3 Young’s Modulus of Pile, E,

The elastic method requires only a single input for ¥Yeung’s modulus of the
pile (steel or concrete). Piles, as manufacturetipoments, have less variability and
uncertainty in their properties than soils, for @fithere is usually no control over the

composition, deposition, and layering. Therefooe dlastic analyses, it seems reasonable
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to assign a constant Young’'s modulus for each tfpgile. Constant Young's modulus
values used for each pile type are given in Talde 3

There are several concrete-filled pipe piles witlthe Caltrans database.
Regardless of the loading direction, the equiva¥ming’s modulus for a concrete-filled
composite steel pipe pile is calculated using tiwing equation, which assumes no

effect of confinement on Encrete
E. xXA_ +E XA

— __steel steel conctrete concre (3 16)
................................................. . y

. A _+A

steel

concrete
where,
Esteeland Eoncrete YOUNQ's modulus of steel and concrete,

Acteerand Aconcrete Cross-sectional area.

Table 3.1Pile Young’s modulus values applied for analyses.

: . Reinforced| Unreinforced| Cast-in-place
Pile material Steel concrete | concrete concrete
Ep (kips/sg.inch) 29,000( 4,500 3,000 3,000

3.4.4 Young's (Elastic) Modulus, E

Young's modulusE is defined as the slope of the stress-strain ctowve one-

dimensional, unconstrained loading:

where,Ac: stress change in soil layer, ah&l: strains within a soil.
Young's modulus is typically taken as the value rappate to the strain
conditions that will occur; i.e., a value Bffrom seismic tests might be appropriate for

very small strains whereas values from plate bgatésts or laboratory tests could be
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conducted on "undisturbed" samples for larger s$talypical values ot and v are

given in Table 3.2.

Table 3.2Typical elastic constants of various soils (HB-AASHTO Standard
Specifications for Highway Bridges, 17th ed., 2002)

Typical Range of Values
. - Young’s Modulus, . , .
Soil Type/Condition E. (Kips/sq.inch) Poisson’s Ratioys
Soft sensitive 0.4-2.1
Clay | Medium stiff to stiff 2.1-6.9 0.4-0.5(undrained)
Very stiff 6.9-13.9
Loess All 2.1-8.3 0.1-0.3
Silt All 0.3-2.8 0.3-0.35
Fine IToose 1.1-1.7
Sand Medium dense 1.7-2.8 0.25
Dense 2.8-4.2
Loose 1.4-4.2 0.2-0.35
Sand Medium dense 4.2-6.9
Dense 6.9-11.1 0.3-0.4
Loose 4.2-1600 0.2-0.35
Gravel Medium dense 11.1-13.9
Dense 13.9-27.8 0.3-04

Young's modulus can be found in three different syaas shown schematically in

Figure 3.6 by a non-linear stress-strain curvedaipior a soil. The laboratory and/or in-
situ methods to determine Young’s modulus also va@he initial tangent modulus, in

particular, requires the ability to measure stressecurately at very small strains. The

equation for each type of modulus is given below:

E.. = (000 e (3.18),
&
_d(o)
E argen™ 5 (5) (3.19),
_ i d(o)
E i = lim () (3.20)
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Tangent, secant and initial moduli are the sameerat small strains, where the

stress-strain curve can be considered linear.
Stresso

A

Strair, £

Figure 3.6 Various definitions of elastic of elastic modul&s: Initial tangent modulus;
Es Secant modulus;iETangent modulus (defined at a given stress level)

It is, however, usually preferred in practice tee wsmpirical correlations from
simple and/or easily obtained parameters to estinvaiung’s modulus. In the case of
displacements of pile foundations, these corratatifmr simplicity are obtained through
back-calculations from pile load tests, relatingitlmesults to soil parameters such as SPT
blow count, cone penetration resistance, plasticitex, grain size, density, undrained
shear strength, etc.

If one can assume elasticity, then Young’'s modulysand axial straing, can

directly be calculated from shear modul@s, and shear straiy, with the following

eguations:
_E
= D) (3.21),
YE(LAV)E et aaaaaaas (3.22),
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where, v, is Poisson’s ratio. Thus, according to the thedrglasticity, any variation of
shear modulus with shear strain also corresponahanmges in Young’'s modulus and
axial strain. If the shear modulus is known, theyuiYg’'s modulus can also be calculated
by assuming a Poisson’s ratio.

Shear modulus can also be calculated as the isitmll strain shear modulus
using shear wave velocitygvand soil densityp (or unit weight,y and gravitational

accelerationg), as:

Shear modulus has traditionally been used for amadythe dynamic behavior of
soils at small strains, such as investigating fatiod vibrations or seismic conditions.
However, estimating pile displacements usually inee larger strains at the affected
zones. The tangent shear modulus at small sheémss{up to about 19%) is referred to
as the maximum shear modulus or small-strain mad@jx (or Gy). Soils behave in a
linearly elastic manner within these strains. Maxim shear modulus is a unique
property of a soil regardless of drainage (draimedundrained), loading direction,
saturation, and static or dynamic conditions.

Similar to Young’'s modulus, secant shear modulusradses with increasing
shear strain. The relationship between shear medad strain is generally normalized
by the ratio of shear modulus Gax (Figure 3.7).

Geophysical methods are used to predict smallrstshiear modulus of soils.
Their limitations are discussed further in Sect®6.3.6. The most important aspect of
the conversion from shear modulus to Young’s moslfitw displacement calculations of
pile foundations is the difference in the corresping strains. While the shear modulus

reflects the elastic stress-strain behavior at lstmalery small strains (in the range of3.0
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%), the strain corresponding to pile foundationptiisements at working loads is
approximately ten to a hundred times larger (al®oli®o). Therefore, it is crucial that the

shear modulus be reduced by utilizing a correspandiodulus reduction curve.

A
1.0 p
G
Glm_'; 0.5 -
0 i i i | .

0.001 0.01 0.1 1
Shearing Strain, v, %

Figure 3.7 A schematic for the normalized shear modulus —rs$teain relationship.

3.4.5 Importance of Poisson’s Ratio versus Young’'s Modulsi

How varying Poisson’s ratio and Young's moduluseeff§ the predicted
displacements is presented in Figure 3.8 to defpiet relative importance of each
parameter. A pile load test driven in soils witlitsolayey layers (0.5 ksf ¢, < 0.9 ksf)
was selected (LTN: 447) to emphasize the changeatisplacements. Poisson’s ratios
were varied from 0.05 to 0.5 while Young's moduwss also changed tenfold for each
layer (35 to 626 psf). If the same Young's modublusised, the difference between the
two calculated displacements is not significanpragimately 5-7%. On the other hand,
the differences are significantly larger when Yosnmgodulus is varied for a given value
of Poisson’s ratio. A tenfold increase of Young'sodulus reduces the calculated

displacements by eighty-seven percent, when a@onBbisson’s ratio is utilized.
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Therefore, the focus of this dissertation has beerdetermining the Young's

modulus of the soil for displacement predictionpitds.

Effect of Varying Parameters

Load (kips)
0 50 100 150 200

=
[&]
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=
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o

15

Figure 3.8 Displacements with varying Young’s modulus and Bamés ratio.

3.5 LIMITS AND JUSTIFICATION OF USING THE ELASTIC METHOD

Criticism of the elastic method centers on its agsion that the soil stress-strain
relationship is linear. Indeed, soils behave inighly non-linear manner, especially at
strain levels in excess of 0.1%. It is an approxiomaor an overall averaging approach to
model a non-linear behavior using a linear modeaung’s modulus obtained from the
initial linear part of the stress-strain curve fesin a higher value than one from the non-
linear section of the curve. Therefore, an accuestanation of displacements needs to

take the correct section of the stress-strainiogiahip into consideration.
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Another criticism is the fact that the effects afepinstallation, such as sail
disturbance in an unspecified zone around the @ild sustained residual stresses
following the completion of pile driving, are nobrsidered. In other words, the pile is
“wished-into-place” without any soil disturbancelocked-in residual stresses. Residual
stresses, in general, do not have a significamicefn the ultimate capacity. The main
concern with ignoring the residual stresses inyam®al is due to the distribution of loads
along the pile shaft and the errors associated widplacements especially for
compressible piles in sand. The residual stresgesrdinarily not measured during a pile
load test. Piles are generally instrumented onlyhattop (head of pile) following the
installation of the test pile and data recordingtested just before the application of the
load although the pile is under the influence sidaal stresses.

Strain softening or load shedding is a phenomeimowhich soils exhibit a loss of
their overall shear strength towards a residualevalith increasing deformation, after a
peak strength level has been reached (Murff, 186rpi, 1999). In elastic analyses,
displacements after the peak load may be underastinwhen no provision is made for
load-shedding or strain-softening behavior of seilsh as overconsolidated clays, dense
sands or rocks (Randolph, 1983). The shear strengtiuded in calculating
displacements following the peak value will be tdwgh resulting in reduced
displacements, and, hence underestimation of adisllacements.

The analytical method involves the assumption af $tip” between the pile and
the soil, up to the shear strength of each sogérdglastoplastic behavior). Even after a
relative movement between pile and surrounding §éwiippage”) occurs, the zone
affected by the pile movement can not accuratelyestmated using elastic analysis

(Johnston, 1983; Poulos, 1989; 1994).
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Similarly, Young’s modulus and Poisson’s ratio baekculated from pile load
tests may not match values from Ilaboratory testsalme of factors such as
remolding/densification of soil next to the pileriohg installation, sample disturbances,
scaling, differences in the stress-strain condjtietc. (Jardine et al.,, 1984, 1985;
Tatsuoka and Shibuya, 1992).

In spite of all the shortcomings of the elastic moet, it is still widely used due to
its relative simplicity. Modifications addressingrnse of the limitations are available.
Based on load tests conducted on instrumented frteglel/full-scale) supported by
numerical analyses, strains associated with mostegbnical applications and soils
within the working range are not very large: corti@amally about 0.1% near the top of
the pile and less with increasing depth (Buttedfiahd Abdrabbo, 1983; Poulos, 2001).
Linear displacements up to about a third or halfadtire load are observed from load-
displacement curves of pile load tests conductedditore. Therefore, an “axial working
load” can be identified, under which the displacetaeof a pile can reasonably be
calculated with the assumption of linear elasticijastic methods have been shown to
provide displacement predictions that are in satteiry agreement with more rigorous
solutions, such as finite element or finite diffece methods and do not require so many
parameters to be determined (Burland, 1989; Cailamal Kulhawy, 1985; Cooke et al.,
1979; Poulos and Davis, 1980; Poulos, 1989). Timgpl#fied approach corresponds to
the commonly available amount and sophistication daita available for most
geotechnical designs emphasized by Barbour andnK004).

An example for the linearity of load-displacemestimations within half of the
peak applied load, i.e., load ratio of a half, regented in Figure 3.9 along with the

measured displacements. The peak load applied empite is varied by +25% of the
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measured peak load. The load-displacement cureeskdained when the load ratio is a
half. The curve for all of the utilized loads remsiinear for a load up to 100 kips. This
value is 77%, 58%, and 46% of the reduced, actaaj increased peak loads,
respectively. The fit between estimations and tleasured load-displacements curve is
considered excellent. Thus, even if the determipedk load is in error of 25%, the

estimated displacements are within the linear zertech can be represented with the

elastic method.

Load (kips)
0 100 200
0 T
——75% PL
—&— Peak Load, PL
——125% PL
S —% Measurec
c
% 0.1 F
£
(]
(&)
«
o
0
()]
0.2 F

Figure 3.9 An example for the effect of varying ultimate capaon the load-
displacement curve.
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In the following section, a general overview of dadtory and in-situ tests to
determine Young’s modulus, as well as several aogbicorrelations suggested in the

literature, will be presented.
3.6  DETERMINATION OF YOUNG'SMODULUS

Advantages of full-scale pile load tests can beedisas: testing under actual soil
conditions at the location of interest, the podisybof controlling and updating design
parameters and estimations of capacity and displacts, gaining experience in the area,
etc. On the other hand, the boundary conditiors jnile test are ill-defined so that they
cannot be controlled efficiently or convenientlyieRoad tests are not conducted as part
of the routine design process, especially in theipinary stages, due to the time and
relative expense involved. Even if they are perfedipiles are generally not loaded to
failure and often little information on soil propies is collected as part of the testing
process. Other means of predicting pile displaceéspesuch as empirical correlations to
in-situ measurements and/or laboratory testinguied.10) may be preferred for small
projects or preliminary evaluations. The predictdidplacements based on various
correlations, the range of strains they impose, taedease with which they are applied

varies widely (Figure 3.11).
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Figure 3.10Conceptual variation of shear modulus with strawel under static
monotonic loading; relevance to in-situ tests (Maghal., 2001). (PMT:
pressuremeter; DMT: dilatometer).
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Figure 3.11Strain dependence of measurement and analysisl girgperties (Yoshida
and lai, 1998).
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3.6.2 Young’'s Modulus Based on Laboratory Testing

Laboratory tests, such as triaxial (ASTM D 3999;08sonant column (ASTM
4015-00), torsional ring shear (ASTM D 6467-06agntber elements (Shirley, 1978;
Viggiani and Atkinson, 2000; Valle-Molina, 2006) carone-dimensional consolidation
tests (ASTM D 2435-04) (Brown and Vinson, 1998; 1Bad and Burbidge, 1985; Davis
and Poulos, 1963 and 1968; Hardin and Richart, 18&her, 1996; Krizek and Corotis,
1975; Tatsuoka and Shibuya, 1992; Viggiani and mskn, 1995) are conducted to
measure Young’'s modulus, & constrained modulus, Jf soils.

During routine laboratory testingigher average deformations and stresses of the
whole specimen are measured through external ga@esg’'s modulus values are thus
underestimated as compared to the small strainsn(do about 18 %) to which the soil
are actually subjected in the field. A compariséisteains for variousests and observed
in-situ are presented in Figure 3.12.

Advances in technology within the last few decaded the need for improved
ways of characterizing the stress-strain relatignsdf soils have led to changes in
laboratory testing. Consequently, the practice oéasuring applied loads and
displacements of samples internally (either as eolevhor locally) has become
increasingly popular, especially in Italy, Japam dhe United Kingdom (Burland and
Symes, 1982; Costa-Filho, 1980; Da Re et al., 2@Bdto et al., 1991; Ibraim and
Benedetto, 2005; Jardine et al., 1984, Scholey. e1295; Tatsuoka et al., 1997). Such
equipment enable accuracy at small strains (lems 110° %) and elimination of major
sources of error, such as signal noise and impogaci¥arious devices including electro-

level displacement gages, Hall Effect semicondsctoniniature LVDT's, proximity
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sensors, and local deformation transducers hava beecessfully utilized in triaxial

testing.
Figld strains around structu
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Figure 3.12A comparison of typical strains applied in laborgttests versus in-situ
strains around structures (Clayton et al., 1995).

3.6.3 Young’'s Modulus Correlations Based on In-Situ Tests

3.6.3.1Standard Penetration Test (SPT)

The standard penetration test (SPT), which usqdiabarrel sampler, is by far
the preferred method for site investigations of esnless soils in situ. Thest was
developed by the Gow Construction Co. in 1902. 3plé-barrel sampler and procedure
for the standard penetration test are describedetail in ISSMFE (1989), BS 1377:
1990, ASTM D1586 (1999) and AASHTO T-206. The testolves advancing a split
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spoon sampler into the base of a borehole by blvars a hammer with a standard
weight of 140 pounds falling from a height of 3@hes. The number of blows under
dynamic penetration for a distance of eighteen ascls recorded; however, only the
number of blows for the last twelve inches is ided in the blow count numbeN.
The first six inches are regarded as seating feretjuipment. Disturbed samples can be
taken for observation and basic index testing énl&oratory.

Many factors affect the outcome of standard peteiratests. These can be
summarized as:

- differences in the diameter of the borehole ankiruyj

- variations in the driving energy due to differeigugpment and testing

procedures and the resistance of the sampler tetiadion,

- the in-situ horizontal effective stress with fraotal materials, this

varying with the overconsolidation ratio (OCR) bétsaill,

- the extent of pore pressure generation during petnan,

- the relative proportion of end resistance versemshg forces along the

inner and outer sides of the sampler (Ladd el al7y).

Standard penetration testing is a simple and quekhod for obtaining an
estimate of relative density, strengtdnd friction of cohesionless soils. It may also be
conducted in weathered rocks as a guide to thagttreof such materials. However, it is
generally not recommended for cohesive soils. Ayjdanumber of procedural errors
affecting SPT’s and their consequences are listedthe Canadian Foundation
Engineering Manual (1992).

Many correction factors are suggested to take awoount the influences of

overburden, mineral content, water table locatjpore pressure development, grading,
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particle size, and horizontal effective stressaguAbly the most important correction is
for the efficiency of the SPT hammer (donut, safetyautomatic), which typically is
adjusted to 60% (Skempton, 1986; Clayton, 1990).

A list of correlations relating SPN to soil Young’s modulus is given in
Appendix B.

Standard penetration testing in soils coarser g@rd poses a problebecause
the driving shoe can get clogged and cause elewtealues. Therefore, larger driving
devices have been suggested to overcome this ehorg, e.g., the Large Penetration
Test (LPT) and Becker Penetration Test (BPT). Qatitns of these tests with the SPT
have been proposed by Daniel et al. (2003) and1997). The application of these

modified SPT’s is not yet widespread, however.

3.6.3.2Cone Penetration Test (CPT)

The basic principle of cone penetration testingTCB to push a cylindrical steel
instrumented conical tip and rods into the soilaatonstant rate of 0.8 inch/sec (2
cm/sec). The main purpose of cone penetration rresaisurements is to record the
resistance to penetration mobilized in the soile Thethod, developed by Collin in
France in 1846, has also been known as the settietg@ation test, quasi-static penetration
test, and Dutch sounding test. Current designs weialy developed in the 1930’s. The
test is performed in accordance with ASTM D 344Q08&) for mechanical systems and
ASTM D 5778 (2000) for electric and electronic gyss. The diameter of the base of the
standard cone is 1.4 inches (35.7 mm) with a @itsleeve of 23.3 inéH150 cnf) and
the tip at an apex angle of 60°. The measureddipfpresistance iy, calculated by
dividing the total force acting on the cone tighe area of the cone base. The side/sleeve

resistancefs, is the total force on the friction sleeve divideg the surface area of the
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sleeve. Thdriction ratio, FR (%) is defined as the ratio &fto g. and is a useful indicator
of soil type. However, pore water pressures infagethe total stresses measured on the
shoulder behind the cone and the ends of thedrictleeve. These effects are taken into
consideration in the form of a correction factosdsh on the cross-sectional area of the
shaft and the projected area of the tip. The camefation test can be conducted in most
soils with the exception of very dense sands, dsawand rocks. The CPT is ideal for
fine-grained soilsproviding a fast, economic, and continuous prajilsoil stratification,
although no samples can be obtained for furtheintgs

Data acquisition systems and sensors have beendatlemany cone
penetrometers currently in use, such as the piemyo@sistivity cone, acoustic cone,
seismic cone, vibrocone, cone pressuremeter, aedalastress cone (Campanella and
Robertson, 1988; Lunne et al.,, 1997; Meigh, 198ach penetrometer combines
readings of other basic measurements to the featfr€€PT. For example; piezocone
provides pore pressure values in additiomd¢@andfs. It should be noted that piezocone
provides reliable pore pressure readings for mods $f the pore pressure sensor is
located at the shoulder of the cone as shown with Figure 3.13 (Mayne et al., 1995).
Fissured, overconsolidated clays and dense, dilatamls are exceptions, for which the

corrected sensor on the mid-face of the cone iepes (4).

Uy Uy Uz
Pore pressure
filter locations

bl e o e e

Cone Friction
sleeve

Figure 3.13arts and pore pressure sensors of a piezocongqaeeer (CPTU).
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Cone penetrometer testing resembles the geometitdl vertical penetration
process of the pile; therefore, its results argueatly used to estimate pile capacity. The
CPT point resistancey, is usually associated with the pile tip capactfy, and CPT
sleeve capacitys, is linked with the pile side capacitgiqe CPT measurements may also
be employed in correlating Young’s modulus of thé. SSeveral correlations are listed in
Appendix B.

Cone penetration testing, until recently, was nat jf the Caltrans “standard”
soil investigation practice and is, therefore, aailable for most of the sites considered.
Some CPT conducted as part of this project coutdremch the target depth due to the
presence of concrete blocks and other obstructioskallow fills or strong clays, dense
sands, or rock at greater depths. Essentially nd Gduld be completed in Southern
California where the prevalent soils are sandsyajsaand cobbles. Predrilling, i.e.,
drilling with an auger to some depth, was alsonaptied in many cases to pass through
the top layers; lower layers still proved too ditfit to penetrate in most cases. Therefore,

CPT test results were not included in the displaa@manalyses of this dissertation.

3.6.3.3Pressuremeter Test (PMT)

The pressuremeter (PMT) was first described by ME(ES57). The PMTevice
consists of two parts: a read-out unit at the gdosarface and a long cylindrical probe
combining three independent cells (rubber membjarieat are inflated using a
pressurized fluid, such as water, gas or oil, d&ing lowered into a borehole. The top
and bottom cells protect the middle measuring agfilying pressure to the sidewalls of
the borehole. The probe can be installed by prérdyia hole using a hollow stem auger
or a hand auger, or forcing the probe into the gdoand displacing the soil by driving,

jacking, or vibrating. Self-boring probes, gengralsed for research, are also available.
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Soil disturbance occurs during the insertion of pinessuremeter device. Pressuremeter
testing and evaluation of its results are descrinedSTM D 4719 (2000) and by Mair
and Wood (1987).

Once the probe is at the desired depth for testimg,top and bottom cells are
inflated to secure the probe in place. Then theson@ag cell is pressurized to inflate its
flexible rubber bladder, which in turn transferg tiressure to the borehole walls. As the
pressure in the measuring cell increases, the bleretalls deform. The pressure within
the measuring cell is held constant for approxiftgasexty seconds, during which time
the increase of volume is recorded.

Due to the dimensions of the measuring cell (di@mleétween 1.25 and 3 inches,
L/D between 3 and 10, typically 6) a large soil mmaan be tested verticallyith the
pressuremeter to obtain parameters, which can laés@a disadvantage due to the
uncertainties of averaging over a zone of disturbed. Entire stress-strain-strength
curves can be derived, as well as in-situ totalzootal stressPo, shear modulusG,
shear strengths,, or @, and limit pressurey.. Types of pressuremeters include the pre-
bored (Ménard), push-in device, self-boring presswter, and full-displacement type
(cone pressuremeter or pressiocone).

A pressuremeter deformation modul&sur, can be calculated from the pseudo-
elastic or straight-line portion of the load-volulgange diagram. THeswr is a function
of Poisson’s ratio, the slope of the straight lared the cavity volume in the pseudo-
elastic range (part B in Figure 3.14). Martin (1pand Gambin and Rousseau (1988)
concluded thaEpyt, and soil Young’s moduluskss, are approximately equal. Martin

(1987) has proposed three similar correlations betwyt and SPT N.
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Figure 3.1&xample of a pressuremeter test result (Baguelah €1978).

Based on pressuremeter readings, Frank (1985) sk Fet al. (1991) have
suggested an empirical correlation which relatespite displacements within working

loads to the pile diameter (discussed in Chapter 4)

3.6.3.4Plate Loading Tests (PLT)

The plate loading test can be thought of as a daiden model of a shallow
foundation. The PLT is commonly used for cohesissleoils although it can also be
applied to cohesive soils. Furthermore, it can praseful in assessing the properties of
weak rocks. A single or a series of steel bearilagep (to increase rigidity when large
bases are loaded) are used with a hydraulic loa@icly against a truck or trailer or a
combination of both, an anchored frame, or any rogtieicture loaded with sufficient
weight to produce the desired reaction on the sarfextensometers are usedrteasure
the deflection under the load applied by jack cad¥eecight. The equipment and testing

procedure for PLT is described in ASTM D 1195 (1P9%n equivalent soil Young’s
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modulus,Es, can be calculated by plotting the load-displacetinoeirve and applying the

elastic method for a uniformly loaded rigid plate @ semi-infinite elastic isotropic solid

as follows:
_ (1) (3.24)
. [Ap/qu} P :
where,
Vs : Poisson’s ratio, typically 0.4,
Ap : the slope of displacement versus plate pregsurkes/psi),
p
Bp . diameter of the plate, (inches) and
lw . influence factoryv4 for circular plates.

The estimated Young’'s modulus is representativeodf within a depth of 2B
beneath the plate.

A reasonable objection can be raised that theshidtbundation elastic modulus
is different from that of deep foundations in titadverlooks such factors as confinement
and porewater pressure, soil layering, etc. A Wameof the PLT, the screw-plate loading
test, can then be employed (Schmertmann, 197@.skrew-plate test, an auger with an
instrumented circular plate for controlling loadsdadisplacements is inserted into the

soil and loaded vertically. The evaluation is saniio that for PLT.

3.6.3.5Flat Plate Dilatometer (DMT)

The flat plate dilatometer (DMT), also called Maettn dilatometer, was first
introduced by Marchetti in 1975. It consists of tairdess steel blade with a flat,
approximately one-inch diameter circular steel memé mounted flush on one side,
which is commonly pushed vertically into the sdihe blade is connected to a control
unit on the ground, used to record pressure chaimgd®e diaphragm. Insertion of the
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blade with the help of CPT or regular drill rodsfalowed by the inflation of the
membrane. Two readings are taken within approxilpatee minute of each other:
1) The “A-pressure” to push the membrane into cdntaith the
surrounding soil (“lift-off”)
2) The “B-pressure” to move the center of the membér0.04 inches (1.1
mm) against the soll.

These readings can then be repeated by pushingvimgdto further depths so
that a soil profile can be obtained. Collected daad to be corrected by calibration
factors involving membrane stiffness and local gggl Correlations are utilized for
estimating design parameters, such as soil Young®ulus or maximum shear modulus,
Gmax

Theflat plate dilatometer can be used for a wide ramigsoils, but not for dense
or hard materials (such as gravels) due to rigkanfiage to the steel membrane. ASTM D
6635 (2001) and ISSMGE Committee TC16 Report on Dd01) further explain the
equipment, calibration process, data collection r@adiction as well as comparisons with
other in-situ tests. A geophone can be added todila¢ometer to obtain shear wave

velocity measurements alongside typical DMT paranset

3.6.3.6Geophysical Methods

All of the above testing methods involve the dndjiof boreholes, sampling at a
few points, and laboratory or in-situ testing ofl samples. The process is typically
restricted by time and budget. The common sitestigation is limited to a small portion
of the volume of soil and rock that could be sampéend tested. For this purpose,

geophysical methods, cost-effective ways of charahg the soil, are increasingly
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being used in conjunction with improved interpretaimodels. Geophysical methods can
be applied to most soils and rock.

The available geophysical methods for determinimg ¢mall strain modulus of
soils can be divided into two grouflSS8ampanella, 1994):

1) non-intrusive surface geophysics (seismic réfledrefraction/
resistivity and spectral analysis of surface wg&sSW)), and

2) conventional borehole geophysics (downhole, sitole, crosshole
impulse, downhole nuclear and resistivity, suspmniigger).

Non-intrusive geophysical surface tests have thehdén advantages of not
affecting the natural soil fabric during implemeida and of being able to be conducted
on limited access and/or difficult test sites. Tdi#ficulty with surface tests is that no
sample is obtained as part of the method, which heag to errors in interpreting the
results. On the other hand, borehole tests provisi@mple to be evaluated but may cause
disturbance to the very surface the test is beomglacted on, which could be significant
especially for measurements of small strains.

In general, the deformation modulus is determingg@cty or indirectly by
measuring S-waves (shear). The propagating sheae welocities,vs, are evaluated to
determine the respective small-strain elastic shemtulus,Gnax Water has no effect on
the measured shear wave velocities; thereforesahgation of the tested material is not
relevant (Stokoe and Santamarina, 2000). Typicab®e velocities of soils are between
350 fps to 2000 fps.

Shear modulus can then be converted to Young’s tasdutilizing Poisson’s
ratio and assuming elastic behavior (Section 3.Hdyvever, it is necessary to apply an

appropriate reduction factor if the strains in twave propagation do not match the
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strains in the prototype. The shear modulus isutaied from strains that are of the order
of 10° %, whereas Young’s modulus appropriate for dispizents of pile foundations is
within approximately 0.1 %. As shown previously, Wgy’'s modulus values decrease
rapidly as the strains increase, thus making thesadent critical.

A comprehensive collection of laboratory as wellimsitu correlations (mostly
for SPT blow count in sandy soils) for shear waetogities and shear modulus have

been compiled by Sykora and Stokoe (1983).

3.6.4 Limits of Empirical Correlations

An important consideration for most methods fromialhempirical correlations
for soil Young’s modulus are derived is that they almost entirely empirical and based
on a knowledge-base of local/on-site experiencescanditions over the years. It is not
unusual that the outcomes based on these corrdatiary significantly from one
another, or that they are specific to only one tioca Therefore, a critical approach
combined with engineering judgment, as with ottesal dife geotechnical problems, is
very important. One might find that certain cortielas do not apply to their cases or that
the usefulness of some of these equations coukepgnmited. Nevertheless, correlations
provide an economical and quick alternative fotiahidesign conditions and projects

with a limited budget for site investigation, agyipical of most projects.

3.7 VARIABILITY OF PARAMETERS

In this study, empirical correlations for Young’'sodulus are utilized and new
ones are suggested based on the findings froma@altdatabase. The variability of
undrained shear strength, and standard penetration test blow count haseztdeffect
on the predicted displacements because they arelated with Young’'s modulus of the

soil.
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3.7.1 Undrained Shear Strength Variability

Many factors affect the results of laboratory umizd shear strengtls,, testing
conducted with triaxial equipment. Aside from natusoil non-uniformity, a large
variability arises due to various disturbances that soil sample may be subjected to
during drilling, sampling, transportation, storaged sample preparation (Kulhawy and
Mayne, 1990; Mayne et al., 2001; Ladd and DeGr2@d3). The type of equipment used
and the experience/practices of the workers atésttresults as well.

Other variability in undrained shear strength valseems from different testing
methods and their application techniques. Undrasteshr strength can be measured in
the laboratory using unconfined compression tdd)( unconsolidated undrained (UU
or Q for quick) triaxial tests, pocket penetromedists, and drop cone tests, or in the field
by vane tests, pressuremeter, and dilatometehdsettests, many factors may influence
the measured ¢ such as the direction of loading, boundary coonl#, strain rate,
overconsolidation, degree of fissuring, etc. Maoyrelations exist as well to indirectly
estimateundrained shear strength from water content, Ad¢terblimits, SPT, CPT,
pressuremeter or dilatometer measurements, geapalhyssts, etc. All these reflect the
uncertainty involved in estimating a consistenueabf undrained shear strength.

Within the context of this dissertation, undrairséear strength is measured using
the unconsolidated undrained (UU or Q) triaxial poession test in accordance with

ASTM 2850 (2003).

3.7.2 Standard Penetration Test (SPT) Variability

Skempton (1986) concluded that the most importartability in SPT blow
counts is due to the energy applied to the rode fénetration resistance is inversely

proportional to the energy transmitted down thédl dods to the split spoon sampler
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(Schmertmann and Palacios, 1979; Skempton, 1986. tD lack of standardization of
equipment, many types of SPT hammers are in ussdrthe world, each transferring a
different energy to the rods. The efficiency isnttiefined as the ratio of the measured
energy passing through the rods over the theotdtefall energy (4200 pound-inch) of
a standard hammer. Commonly the standard penetriasd blow counts are adjusted to
an energy efficiency of 60% as suggested by Seed. ¢1985) and Skempton (1986).
Energy losses may occur in several ways dependouny whe type of hammer being
employed (Clayton, 1990).

A calibrated automatic hammer with 80% efficiencgswised to conduct standard
penetration tests included in this study (Abe &ered, 1998; Frost, 1992). No correction

for the change in overburden pressure with depthmade.

3.8 SUMMARY

In this chapter, assumptions, modifications, andameters required for the
elastic method are introduced along with the stépdowed to estimate pile
displacements. Laboratory and in-situ methods tcasuee Young’'s modulus are

presented. The shortcomings of approaches areidgdi.
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Chapter 4: Database Classification and Evaluation of Displaceents

4.1 INTRODUCTION

Pile load tests investigated in this study are tyoaeparated into three groups
based on the associated soil:
1) Piles in cohesive sails, i.e., clays and/ossilt
2) Piles in cohesionless soils: sands, gravel, lestdnd rock
3) Piles in mixed profiles, i.e., where the prdfileonsist of multiple layers
of various types of cohesive as well as cohesisrdess.

It should be noted here that an implicit assumpitsomade that each layer can be
defined by a single soil type. The main reasonth@ grouping is to analyze piles in a
single soil profile so a® obtain empirical multiplication factors for Yog's modulus of
the soil, E.

All of the analyses are conducted with the helmohodified version of Tapile

computer code (Poulos, 1978; Aschenbrener and O1€984).
4.2  DEFINITIONS OF SOIL TYPES

Throughout this dissertation, the term “clay” idsynonymously for “cohesive
soil” and “sand” for “cohesionless soil”.

Piles in cohesive (clayey) soils behave differerftym piles in cohesionless
(sandy) soils; thus, their respective design apgres differ as well. As suggested by
Dennis and Olson (1983) for their API database t¢hes cohesive and cohesionless are
used to reflect the engineering behavior and natdaate the standard classification of

clays and sands according to the Unified Soil Gliassion System (USCS).
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4.2.1 Cohesive Soils

Within the context of this dissertation, clay isfided as a soil that has the
following characteristics:

1. Clays are essentially undrained during pileidgy

2. Clays have a consolidation stage after pileiwlgivthat typically lasts for at

least a month (Caltrans data suggest that aftereekvihe changes are not

significant, Brown (2001)).

3. In clays, relatively undisturbed samples can didained, which enables

laboratory strength tests on undisturbed samplég twonducted. Field tests, such

as geophysical methods, field vane, and CPT, canka used.

4. Clays have low hydraulic conductivity; therefoegcess pore pressures can be

assumed not to have sufficient time to dissipatenduquick load tests, such as

those employed for testing most of the CaltrangspilTherefore, clayey soils are

assumed to be undrained during a load test.
4.2.2 Cohesionless Soils

Conversely, sand is defined as having the follovwaraperties:

1. Excess pore water pressures developed duringnglriundergo significant
dissipation during the driving process and arelyike be fully dissipated within
about 24 hours.

2. Itis expensive to conduct laboratory studiesiodisturbed specimens in sands,
which require special sampling techniques as weltesting and preservation
conditions. Reconstituting samples in the labosatisr also difficult, because

important properties depend on density, which iicdit to measure in-situ.
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Consequently, it is preferable to design piles amdy soils based on in-situ
testing, e.g., standard penetration test, conetaiun test, etc.

3. Sands can be assumed to be drained during baddest.

The termsandalso encompasses materials classified as noneptalss, gravels,

and cobbles.

4.2.3 Mixed Profiles

Most of the soil deposits encountered in practice &eterogeneous in
composition. The properties and behavior of thesklayers may vary both vertically
and horizontally based on natural processes, ssclleposition, weathering, aging,
cementation, chemical and mineralogical composit&in., and on human effects, such
as pre-loading, dewatering, excavating, and varimysovement techniques.

“Mixed profiles” describes heterogeneous soils vaitty combination and number
of cohesive and cohesionless soil layers. An ingmarassumption is that each layer can
be depicted as either cohesive or cohesionlesty=igree out of 144 (58%) pile load

tests analyzed within the FinalCT database aresdrinto mixed soil profiles.

4.3 DEFINITIONS OF TERMS USED FOR COMPARISON

The ratio of any given pile load to the peak loadefined as the “mobilized load
ratio” or, in short, the “load ratio”. Correlatiorse utilized to obtairYoung’s modulus
which is used to calculate pile head displacementts the elastic method {)s The term
“displacement ratio” denotes the ratio of calcullatisplacement, sto the measured
displacement, s obtained from the pile load test/&). The subtraction of,sfrom s
(s-sm) is referred to as the “displacement differenaethis dissertation and negative
values for displacements in tension tests are dgedtly, i.e., the actual values not the

absolute ones. Correlations are evaluated indep#gdigom one anothem order to
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establish a range of loading ratios for which Ydanmodulus values may be used

successfully.
4.4  ANALYTICAL PROCEDURE USING MODIFIED TAPILE

In the following paragraphs, loads applied to & pite shown with the symbQl
and displacements are given &gpositive for downwards movement). The loads at
various percentages of applied peak |0@gs. are symbolized a®;, with i equal to a
third, a half and two-thirds. Displacements experedl wherQ; are applied are shown as
S.

The following steps are used in the analysis of jolad test data based on the
elastic method:

1. The displacement at a third, a half, and two-thicdspeak measured load is
obtained from pile load tests. These loading raf@#Qmay correspond to the
inverse of safety factors, FS, i.6Q,/Q,.] =[¥ F§.

2. Pile weight is included in analyses.

3. The shear strength of the soil on the side of tleegs well as at the tip of the pile is
adjusted iteratively until the calculated pile caipamatches the measured capacity.
The tip capacity in tension is assumed to be Zeile. capacity is calculated using
thea method (Dennis and Olson, 1983) for clayey saild asing Brown’s (2001)
modification of Fleming’'s (1992) method for sandakgls. Brown’s method was
derived directly from the same Caltrans databaed ursthis dissertation.

4. Suggested correlations found in the literatureean@loyed to predict displacements
to assess their applicability.

5. As a simplified approach to estimating displacemeioung’s modulus can be

assumed to be a linear function of the undrainegushg strength (& in cohesive
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soils (clays and silts) and the standard penetratsistance (N) in cohesionless
soils (sands, gravel, cobbles).

The linear relationships are expressed as:

E. =K Xc, (COheSsIVe SOIlS)..........cooviiiiiiiiii e (4.1),
or
E. =K, XN, (CONeSIoNIESS SOIlS)........ccovvviiiiiiii e (4.2),
where,
Cu : undrained shear strength of the soill,
Nso : standard penetration test blow count adjustezhtapplied energy

of 60% (blows/foot, also given as bpf),
Ky and K : empiricalmultiplication factorsfor cohesive (dimensionless) and
cohesionless soils (ksf/bpf), respectively.

6. The subset of data for a single soil type is aralyfirst for developing an
independent correlation for Young’s modulus, i.degpdriven in only cohesive or
cohesionless soils. The displacements at a thihd|faand two-thirds of peak load
are matched using a trial-and-error approach bygihg the multiplication factors
for Young’s modulus. Multiplication factors for datest are collected to obtain a
reasonable value for cohesive as well as cohesiosiails.

7. Piles driven into mixed soil profiles are analyasdh the multiplication factors
obtained from the previous step up to half of thakpapplied load.

Predrilled or cased piles are considered to havsailcside shear strength along
the length of the predrilling or casing.
Tapile was written to accept piles that are cylicalrin shape. The diameter of

piles other than pipe piles were adjusted to anvetgnt pipe pile diameter to calculate
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the circumference and cross-sectional area coyrea shown in Eq.s (4.3) through

(4.6).
4D, _ .
D, = 4 (square pile, for circumference)..........ccceeeeeveeveennenen. 4.3),
T
_2D,, . .
D, = Tn (square pile, for tip Area) .........cooeeeeeeeeeeeieiiiiiiieee e (4.4),
12A, , ,
D¢y = — (H-pile, for circumference)..........cccceeeeeeeeevniicieeeeennn. (4.5),
— Ac,H ; ;
D, = 2% . (H-pile, for tip area) ........ccoeeveeeeeiiii s (4.6),
where,

Deq  : equivalent circular diameter (inch),

Dsq  :square pile width (inch),

Ash : steel-to-soil surface area of H-pile’ffi),

Ach  : cross-sectional area of H-pile (ifgh

The steel-to-soil contact area is used to calculaecircumference for H-piles.
The circumference is used for the calculation destapacity whereas the solid pile tip

area is used for the tip capacity.

4.5 LIST OF PILE LOAD TESTS

In this section, tests utilized for displacemenalgses using the elastic method
are listed for each solil type with further detgl®vided in Appendix A. The analyses
include fine grained (cohesive clays/silts), coagsned (sands, gravels, boulders, non-

cohesive silts/clays) and mixed (a combinationiéf grained and coarse-grained soils).
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45.1 Cohesive Soils

Twenty-six pile load tests in cohesive soils wanalgzed with seventeen of them

being open-ended pipe piles (about two-thirds).utmary of the

sites with type of piles is shown in Table 4.1 dedthils are given in

number of tests and

Table 4.2.

Table 4.1Summary of pile load tests used in analyzing clgyeyiles.

: Compression Tension
FlE % i TeSto#of Testps Sites |# of Testy Sites
Concrete 6 4 3 2 1
Closed-ended pipe 3 1 1 2 2
Open-ended pipe 17 10 4 7 4
TOTAL 26 15 8 11 7

Table 4.2Details of pile load tests with clayey profiles €\26).

CTID* |Bridge No.[Type? .28, Lirr?g;)th LpiorgSeur A\c/?}r'

(inch) () (days) (ksf)
009-05| 33-0611 | CP| 24x0.7566.5 | 33| C 14 | 2.72
009-06| 33-0611 | CP| 24x0.7566.5 | 33| T | 14 | 2.72
031-08| 1880 IPTP| CP | 24x0.5 56 28( T 49 | 1.11
078-11| 34-0046 | Con¢. 14 106 | 91| C | N/A | 1.2
078-12| 34-0046 | Con¢. 14 106 | 91 T | NVJA | 1.2
078-13] 34-0046 | Con¢. 14 1055 90 C | N/A | 1.2
078-14| 34-0046 | Con¢. 14 1055 90 T | NVJA | 1.2
079-01| 34-0046 | OP| 16x0.585.7 | 64| T | 170 | 0.38
079-02| 34-0046 | OP| 16x0.5p 85.7 | 64| C | 181 | 0.38
079-03| 34-0046 | OP| 16x0.5110.8| 83| C | 233 | 1.24
079-04| 34-0046 | OP| 16x0.5110.8| 83| C | 239 | 1.24
079-05| 34-0046 | OP| 16x0.p110.8| 83| C | 1550| 1.24
079-06| 34-0046 | OP| 16x0.p 85.7 | 64| T | 1550/ 0.38
079-07] 34-0046 | OP| 16x0.p110.2| 83| C | 168 | 1.24
079-08] 34-0046 | OP| 16x0.p110.2| 83| T | 169 | 1.24
079-09| 34-0046 | OP| 16x0.5110.2| 83| T | 1553|1.24
079-10| 34-0046 | OP| 16x0.5110.2| 83| C | 1553|1.24
079-11| 34-0046 | OP| 16x0.5110.2| 83| C | 1553|1.24
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CTID* |Bridge No.[Type? .28, Lirr?g;)th L/DSC/Tﬁset“dA\c/?r'

(inch) () (days) (ksf)
098-01[34-0088 | OP| 24x0.15 79 | 40| C | 35 |0.703
098-02[34-0088 | OP| 24x0.15 79 | 40| T | 35 |0.703
098-0334-0088 | OP| 24x0.15 78 | 39| C | 33 |0.703
098-04/34-0088 | OP| 24x0.15 78 | 39| T | 33 |0.703
100-01] 34-0088 | OP| 24x0.1581 | 41| C | 14 | 0.76
100-02| 34-0088 | OP| 24x0.15 81 | 41| T | 14 | 0.76
118L-01 28-0056 |Cond. 12 | 64 | 64/ C| 4 | 15
122L-0122-0062 | Coné. 12 | 49.3| 49/ C | 19 | 2.54

L A unique number given to each test based on ther diné Caltrans reports were delivered.

2 pile type: Conc. = Concrete; CP = closed-ended pife; OP = open-ended pipe pile HP = H-pile (pil¢); Comp.
= composite pile (combining two or more pile types)

3Pile diameter for solid piles or outside diameted avall thickness for pipe piles.

4 Embedment length, portion of pile below groundju@ to pile length when stick-up is added).

5 Pile length to diameter ratio.

5 The direction of loading, compression or tension.

” The time between the installation of the test pild load testing. N/A for unknown times.

8 Average undrained shear strength along the shafeqile.

4 5.2 Cohesionless Soils

The list of pile load tests included in analyses fwhesionless soils is
summarized in Table 4.3 and given in Table 4.4.rOpeded pipe piles again constitute

more than half of the 34 pile load tests invesadat

Table 4.3Summary list of pile load tests analyzed (sandis¥oi

. Compression Tension
A i # of Tests Sites # of Tests Sites
Composite 2 2 2
Concrete 8 3 1 5 5
Closed-ended pipg 1 1 1
Open-ended pipe 19 10 6 9 4
H-pile 4 1 1 3 3
TOTAL 34 17 11 17 12
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Table 4.4List of pile load tests in sandy profiles (N = 34).

_ Size Emb. Ave[

CTID |Bridge NoJ Type (inch) Length|L/D [C/T| Neo
(ft) (bpf)

026-01| 49-0133| Conq. 14 20 | 17| T | 40
035-01| 57-0488| OP| 14x0.37526.6 | 23| C| 31
035-02| 57-0488| OP| 14x0.37526.6 | 23| T | 31
040-05(1880 IPTP| OP | 24x0.75 28 | 14| C| 83
040-11(1880 IPTP| OP | 24x0.75 28 | 14| T | 73
041-01(I5/18 IPTP| OP | 16x0.5| 43.2] 32C| 25
041-02(15/18 IPTP| OP | 16x0.5| 43.2] 32T | 25
041-03(I5/18 IPTP| OP | 16x0.5| 91.1] 68T | 20
041-04(15/18 IPTP| OP |14x0.438 85 | 73| T | 17
041-05(15/18 IPTP| OP |14x0.438 37 | 32| C| 20
041-06(15/18 IPTP| OP |14x0.438 37 | 32| T | 20
041-07 (1518 IPTP| OP | 16x0.5| 95.5( 72C| 17
041-08(I5/18 IPTP| OP | 16x0.5| 95.5( 72T | 17
041-09(I5/18 IPTP| OP | 16x0.5| 92.5 69T | 26
041-11(15/18 IPTP| OP |14x0.43889.5| 77| C| 15
041-12(15/18 IPTP| OP |14x0.43889.5| 77| T | 15
042-03| 54-0967| HP| 14x89 39| 81C| 57
042-04| 54-0967| HP| 14x89 39| 8AT | 57
042-06| 54-0967| HP| 14x89 56| 11m | 35
057-01| 53-1181| HP| 10x57 32| 78T | 63
060-03| 55-0794 | Conq. 14 425| 36 T | 49
083-01| 34-0046| OP| 18x0.5 33| 22C| 19
087-01| 57-1017| Conq. 14 31 | 27/ C| 16
087-02| 57-1017| Conq. 14 31 | 27| T | 16
087-03| 57-1017 | Conq. 14 24 | 21 C| 15
087-04| 57-1017 | Conq. 14 17 | 15/ C| 13
102L-01f 51-0273| Cong. 12 24 | 24| T | 12
109L-01 52-0271| CP| 10.75xQ.5 40.1 48| 14
111-01| 46-0255| Comp. 15 43 | 34/ C| 20
112-01| 46-0252 | Comp. 15 25 | 20/ C| 30
1141L-01f 52-0178| OP| 12x0.5 449 45C| 11
1141-02) 52-0179| OP| 12x0.5 441 44C| 11
1141-04f 52-0180| OP| 12x0.5 34.9 35C| 15
115L-02| 51-0276 | Conq. 12 23 | 17| T | 17
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45.3 Pile Load Tests in Mixed Profiles

Soil profiles typically consist of multiple layeos varying soil types. Many of the
pile load tests conducted in California were driveto mixed profiles. Out of 83 pile
load tests, 39 were tested in compression and 4dnision (Table 4.5). About half of

these tests were conducted on open-ended pipe piails of piles in mixed profiles

are presented in Table 4.6.

Table 4.5Summary list of pile load tests driven into mixedfpes.

: Compression Tension
Pile Type # of Tests - -
# of Tests| Sites | # of Tests| Sites
Concrete 10 8 8 2 2
Closed-ended pipe 29 11 7 18 9
Open-ended pipe 41 18 7 23 9
H-pile 3 2 2 1 1
TOTAL 83 39 24 44 21
Table 4.6Details of piles founded in mixed soils (N = 68).
CTID |Bridge No| Type (ﬁéﬁ) LEe(:r?)gbt.h cIT (%21‘,‘5‘;
004-01| 20-0251| Cong. 12 52.5 C 2
009-03| 33-0611| CP| 24x0.5 64 G 14
009-04| 33-0611| CP| 24x0.5 64 G 14
009-05| 33-0611| CP| 24x0.5 66.5 C 14
009-06( 33-0611| CP| 24x0.5 66.5 T 14
010-01| 33-0612| OP| 42x0.635 73.3 C 27
010-02| 33-0612| OP| 42x0.635 73.3 T 32
011-01| 33-0393| CP| 24x0.5 69.5 C 14
011-02 33-0393| CP| 24x0.5 69.5 T 14
012-01| 33-0612| OP| 42x0.625 83 C 29
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Emb.

CTID |Bridge No| Type (ﬁ:éﬁ) L?Pt?th CIT (?12315
012-02| 33-0612| OP| 42x0.625 10 T 30
012-03| 33-0612| OP| 42x0.75 91 C 32
012-04| 33-0612| OP| 42x0.75 91 T 33
012-05| 33-0612| OP| 42x0.75 86 C 28
012-06| 33-0612| OP| 42x0.75 86 T 29
022-03| 37-0270| CP| 14x0.5 55.3 C 6
022-04| 37-0270| CP| 14x0.5 55.3 T 6
022-05| 37-0270| CP| 14x0.5 55 C 8
022-06| 37-0270| CP| 14x0.5 56 T 10
022-07| 37-0270| CP| 14x0.5 56 T 11
022-08| 37-0270| CP| 14x0.5 60 C 5
022-09| 37-0270| CP| 14x0.5 60 T 6
022-10| 37-0270| CP| 14x0.5 68 T 19
022-11| 37-0270| CP| 14x0.5 61 T 23
023-02| 37-0279| CP| 14x0.25 60 T 44
029-01(1880 IPTH OP | 24x0.75 40 C 30
029-02(1880 IPTH OP | 24x0.75 40 T 31
029-03(1880 IPTH CP | 24x0.75 43 C 28
029-04{1880 IPTH CP | 24x0.75 43 T 29
029-05(1880 IPTH CP | 24x0.75 40 C 24
029-06(1880 IPTH CP | 24x0.75 40 T 25
029-08(1880 IPTH CP | 24x0.75 35 T 20
029-09(1880 IPTH CP | 24x0.75 40 C 20
029-10(1880 IPTH CP | 24x0.75 40 T 21
030-01{1880 IPTH OP | 42x0.75 100.5 C 26
030-02|1880 IPTH OP | 42x0.75 100.5 T 28
030-03|1880 IPTH OP | 42x0.75 100.5 C 55
030-04(1880 IPTH OP | 42x0.75 100.5 T 60
031-01|1880 IPTR OP | 24x0.5 60 T 56
031-02|1880 IPTR OP | 24x0.5 60 T 62
031-03|1880 IPTHR OP | 24x0.5 69 C 40
031-04|1880 IPTR OP | 24x0.5 69 T 43
031-05|1880 IPTHR OP | 24x0.5 73 C 42
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Emb.

CTID |Bridge No| Type (ﬁ:éﬁ) L?Pt?th CIT (?12315
031-06(1880 IPTH CP | 24x0.5 64 T 43
031-07|1880 IPTR CP | 24x0.5 56 C 49
031-09|1880 IPTR OP | 24x0.5 69 C 38
031-10|1880 IPTR OP | 24x0.5 69 T 41
031-11|1880 IPTR CP | 24x0.5 69 C 41
031-12|1880 IPTR CP | 24x0.5 69 T 42
038-01| 57-0783| OP| 16x0.5 50 T 1
050-01| 53-1851| OP 16 41 T 13
056-01| 53-1193| OP| 14x0.44 55 T 2
058-01| 53-1144| Cong. 12 46 C 8
058-02| 53-1144| Cong. 12 46 T 15
077-01| 34-0046| OP| 24x0.5 42.6 d 22
077-02| 34-0046| OP| 24x0.5 42.6 d 2]
081-02| 34-0046| CP 20 58.6 G 6
082-01| 34-0046| CP 20 58.6 T 8
085-01| 33-0025| OP| 24x0.75 49 C 10
085-02| 33-0025| OP| 24x0.75 49 T 11
086-01| 33-0025| OP| 24x0.7% 56.5 C 85
086-02 33-0025| OP| 24x0.7% 56.5 T 85
088-01| 53-2791| HP| 14x89 62 T 1
093-02| 44-0216| OP| 72x0.7% 114 T 23
094-04| 34-0088| OP| 24x0.7%5 52.5 T 33
094-06| 34-0088| OP| 24x0.75 42 T 26
095-04| 34-0088| OP| 24x0.7%5 63.5 T 14
096-01| 34-0088| OP| 16x0.5 59.5 C 5(
096-03| 34-0088| OP| 16x0.5 59 C 51
096-04| 34-0088| OP| 16x0.5 59 T 51
099-01| 34-0088| OP| 24x0.7% 68.1 C 30
099-02| 34-0088| OP| 24x0.7% 68.1 T 31
116L-01 51-0273| CONC 12 25 C 9
117L-01 51-0066| HP| 10x57 59 C 1
119L-01 35-0284| CONC 12 108.4 C 4
1241L-01 22-0032| CONC 12 80.5 C 5
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Emb.

CTID [Bridge No| Type (ﬁ:éﬁ) Lezpt?th CIT (?jit;g
125L-03 55-0681| HP| 14x89 83 C 4
125L-05 55-0681| CONC 14 47 T 16
127L-01 37-0011| CONC 12 66.4 C 7
128L-01 37-0410| CONC 12 44.3 C 6
129L-01 37-0279| CONC 10 68 C 8

Caltrans pile load test data was fed through a coenpcode called TAPILE
(Load-Settlement Analysis of Axially Loaded Pil®) predict displacements. The code
was originally written in Fortran IV by Poulos in9718, and then modified by
Aschenbrener (1984) and later by Aschenbrener atshnO(1984). Tapile uses a
modification of the original solution by Mindlin §B86) as detailed in Chapter 3 and the
steps followed are summarized below.

The pile can be divided into elements of varyinggkls, diameter and stiffness.
In general, the number and length of the shaft elgmwas the same as the soil layers
next to the pile. For example, if there were thge layers of eight, twelve, and ten feet
along the pile, then the number of shaft elememsevalso three with eight, twelve and
ten feet lengths. Smaller lengths can be selectethé elements within the limit for the
number of elements which is twenty. In utilizingplla, the tip of the pile may be
separated into a number of annular elements, eaahda uniform normal stress acting
on it. For this dissertation, a single tip elemenais used because the accuracy obtained
by considering multiple ones was negligible.

Stresses interacting on the pile shaft are assumdae uniformly distributed

around the peripheral surface of the element.
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Tapile uses an approximation for the heterogeneitygoils. The average soil
modulus is obtained by averaging the values nextedoaded element and the element
for which the displacement is being calculated.

Pile-soil slippage is allowed for by specifying Itmg values of interface shear
stress at various elements along the pile. Differatues of the limiting stresses for
compression and tension loading can be specifietsBn’s ratio is assumed to remain
constant throughout the whole soil mass. Tapiledoots its analyses incrementally, in
which the specified increment of load is appliedhe pile head and the resulting stress
and displacement increment at each element is aealland added to the corresponding
value at the previous load level. The program chdble computed pile-soil interface
stresses against the specified limiting valuesodfshear strength. If the computed value
exceeds the limiting shear strength at any elentieatside shear in for that element is set
equal to the shear strength of the soil. Then thikpfle displacement compatibility
requirement is no longer valid and the soil capldise independently of the pile that it is
next to (“slippage”). The next load increment iplkgd and the procedure is repeated
until the specified number of load increments hagrbanalyzed or all of the pile
elements reach their corresponding limiting valdp#e capacity). For each load
increment, Tapile computes the stress and displecemat each element, the
displacement at the top of the pile and the distiiim of axial load with depth along the
pile. The ultimate axial load capacity in compreasand tension are also calculated
(Poulos, 1978).

A Visual Basic interface was used to create Tagdta files and to execute the
program for conducting analyses. The initial scré@ninput of data and subsequent

editing, and the summary table following an analy&ising the Run command in the

89



interface) are shown in Figures 4.1 and 4.2. Am®ga of the data collected as part of
the Caltrans database is given in Figure 4.3, whildo includes the matched soil
properties of layers along the pile length to abtiie measured pile capacity. Input and
output data files are included in Appendix C. Awlaliagram of the steps involved in
Tapile calculations is presented in Figure 4.4.

Details of the displacement analyses based on ki method involving
Mindlin’s solution, laboratory and in-situ deterration of input parameters, typical

recommended values given in literature, and furthetails of the pile load test database

used for analyses were providedChapter 3.

= VTapile @ |ZI@E|

File Editl Editz Edt3 Run Iteration

| |448.dat 34-0088 Bayshore Site E Pile 1 100" 24x0.75 OP Tens CLAY

Exposed Pile Length (ft) 21 Diameter of the Base (in)

G
.
[

]

Young's Modulus of 20000 MNurmber of Bage

16.8
Exposed Area (in2) 54 8 Nurnber of Shaft g
Elements
1
0.4

Exposed Pile (ksi) Elernents 1
File Penetration (ft) 79 Poisson's Ratio Muftiply ‘
Pile Properfies Soil Froperties Applied Loads (kips)
LlE | b [ &R [ EP ES | Ta | TAUP PSum
1 43 | 24 | 2218 | 29000 1 540 | 06 054 1 20
2 5 | 24 | zas | 20000 2 ¥ | 05 | 047 2 -40
3 5 |z | 228 | 29000 3 w5 | 043 | 04 3 50
4 5 | 2 | 2218 | 29000 4 42 | 085 | 059 4 1
5 15 24 218 29000 5 i 0.45 042 5 -100
g 0 24 | 218 | 29000 g ®/ | 05 | 047 g 120
7 % | | g | 0 7 484 | 05 | 0852 7 140
g a7 24 | 218 | 29000 g 521 | 057 | 054 g 160
E] | | | E] X ] 165
10 10 10 180
11 11 11 200
12 12 12 220
13 13 13 240
14 14 14 243
15 X 15 X 15 X

Figure 4.1 View of the pre-processing interface for Tapilegram.
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e c:\wtapilelvtapilef.exe

INAL TABLE OF RESULIS

ress ENT]-ER to continue

Figure 4.2 Tapile final screen in command window after exemuti

In the following sections, results of analyses earted using correlations
recommended in the literature are presented. Casguer of calculated to measured

displacements are made graphically as well asttatily.

4.6 RESEARCH APPROACH

4.6.1 Failure Load Determination

It is imperative to estimate the ultimate pile aapa (failure load) as best as
possible in order to achieve success in determitiiegexpected displacements. An error
in pile capacity will be reflected as an error ialoulated displacements. Ideal pile
analysis thus would involve a concurrent investagatof capacity and displacement.
However, for an empirical study utilizing pile lo&ebkts, focus can be shifted from one to
the other because both the displacement and trezitgare known from pile load tests.
In this study, pile capacity is defined as the papglied load as determined by pile load
testing (Figure 4.5a). The peak load is also engaldg a single case where the pile is not
loaded to failure or there is no discernable failload (Figure 4.5b).
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Z6
"|I0S @AISayDpelep 1S9) peo| a|id pa193]|09 ay) Jo ajdwexa uy £ ainbi4

PILE LOAD TEST INFORMATION

CTID Bridge No. Bridge Name BentNo. Pile Number Pile Lagth Stick-up Pile Penetr. Loading SLTID Load Test Readings
1221-01 22-0062 Mullen Overhead Bent 2R 21 51.20 0.00 061.2 Compression 736 Load (kips)
0 100 200 300 400 500
Pile Diameter, D: 12 inch Pile Weight: 7.4 kips 0.0 I |
Wall Thickness, t: 6 inch Qm,comp: 392.6 kips
Vibrated? N YorN Qmjtens: kips ~ 021
Fus: 1 Setup Time: 19 days 'é
Put: 1 DQF= 2 4REO < 04
Pile Type: Concrete g \
Pile Shape: Square € 0.6
Fp: 1 Equiv. Tip D: inch when round g \
Tip Unit Capacity: 30.6 ksf Equiv. Tip D: 1354 inch when square for area ‘—g_ 0.8
Pile X Area: 144 sg.inch Equiv. Shaft D: 15.28 inch when squareifcumference g
Plug Area: 0.00 sqg.inch Equiv. Tip D: inch when H for area 1.0 +— —— 122L-01
Tip Area: 144 sq.inch Equiv. Shaft D: inch when H for circumfese
Epile (ksi): 4500 H-Pile Surf. A: sq.ft 1.2
Casing Depth (ft) Predrill Depth (ft) Relief Drill p¢h (ft) Jetted Vibrated
1.9
CAUTIONS 1
PILE CAPACITY
For Adi d Rside =
fs=(25+K*N60), just Side |1ens/cof
Shear
K= [
SOIL PROFILE Fine/Coarsep Equiv. No/Cy compression  tensio compr. comp compression  tension
feet blows/foot ksf F kPa ksf ksf kPa ksf ksf kips kips
LayerNo Layer H Neo Cy a Soil Type  (Ngoor C)* L Side Shear Side Es | Tip Unit Capacity TipEst [Total Side Capacity
1 19 0.01 sand 0.02 0.0 0.00 0.00| 0 0.00 0.00
2 33 19 sand 62.7 0.0 0.00 0.00 0 0.00 0.00
3 26 242 0.44 clay 62.9 50.5 1.79 1.68 1946 186.2 175.1
4 1 242 0.44 clay 24 50.5 179 1.68 1946 7.2 6.7
5 19 34 0.38 clay 64.6 62.5 222 2.09 2734 1465.9 30l6 27B4 6168 1585
2734
51.20
OK
Notes:
Alldimensions in feet if not stated otherwise.
Profile from FinalCT.dat (05/29/2005).
First layer cased. Second layer is given as samdtscontribution is not significant.
The general soil classification in FinalCT is clay. Fine SUM(cL) 129.9 TOTAL
Assumed compression test. Coarse SUM(NbL) 62.7 compression  tension

Minimum spacing unknown. Installed with Delmag 38,250 ft-Ib).
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Figure 4.4 Flow chart depicting the steps in Tapile analysempted from Poulos,
1979).
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Figure 4.5 Failure load determination (pile weight not conseth): a) peak applied load
corresponding to pile capacity in a tension tesfatbure load for a
prematurely terminated pile load test in comprassio

There are multiple ways of conducting pile loadige$or example during the
quick-load method adopted by Caltrans (Foundatiestiig Manual, 1997), loads are
held for five minutes during loading and one minditeing unloading, while readings are
continuously taken. Therefore, multiple displacememlues are obtained. Load-
displacement curves did not have a time componiatr ethan the statement that the test

method complied with a standard, mostly ASTM D-1idi3compression and ASTM D-

3689 for tension. The displacement increase unaenatant load is probably not due to

consolidation because the time of loading is abtué minutes. Nevertheless,

consolidation may be possible if the stressed zondke sides of the pile are sufficiently
thin to allow for excess pore pressure to dissipatethe soil has a high radial
consolidation coefficiente;. The measured displacements might be increasingulse

the applied load is at or near the pile capacitgdequate control of the applied load may
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also lead to increased displacements. Creep duisdous aspect of the soil strength can
increase displacements while the applied load I tenstant.

Determination of displacement pairs at various $oddom pile load test
measurements is shown in Figure 4.6. The load-atgphent curve becomes increasingly

non-linear when loads in excess of two-thirds effdilure load are considered.

Load (kips)
0 100 200 300
0 T

e
(&)
=
= <—— Two-thirds
c
)
£ 0.2
@
(&)
<
o
K2
o

=0—118L-01 measured

B Used

0.4

Figure 4.6 Load-displacement envelope.

4.6.2 Investigation
Two sets of elastic analyses have been conductsddban pile load tests
collected from Caltrans archives:

1. The first series of analyses was aimed at evalgatifew select Young’s

modulus correlations out of the many available froeaommendations
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2.

found in literature to determine their relevance pile displacement
calculations (Chapter 5).

The second set of analyses was an attempt toweastiblishing a
correlation for Young’s modulus that would improtlee accuracy and

reliability of elastic analyses (Chapter 6).

The calculated and measured displacements havedoeepared graphically as

well as numerically to determine the “accuracy'tlod suggested methods.

4.6.3 Graphical Evaluation

Calculated and measured displacements are compupegahically to observe

general trends and characteristics of the estinatgdoying recommended correlations

of Young’'s modulus in the literature. The ratio cdlculated displacements to the

measured displacementsy/$.), as well as the difference between displaceméntsy,),

is taken into consideration.

Separate plots are provided for each Young's madoarrelation that has been

studied:

cohesive soils: Aschenbrener (1984), Callanan amthdvy (1985),
Johnson (1986), and Poulos (1989) and (1972),

cohesionless soils: Christoulas (1988), D’Appologtial. (1970), Decourt
et al. (1989), Denver (1982), Komornik (1974), KurK1986), Shioi and
Fukui (1982), and Yamashita et al. (1987).

mixed profiles (combination of cohesionless and esble soils):

Aschenbrener (1984), Poulos (1989), D’Appolonia &t (1970),

Komornik (1974), Kurkur (1986), Shioi and Fukui 829, and Yamashita
et al. (1987).
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Direct estimations of pile displacements usingelastic compression/tension of a
free-standing column and Frank’s correlations wpite diameter are also shown in
graphs.

Negative values of displacememnepresent the displacements in a tension test and
positive numbers are for pile load tests in congioes These displacements are
presented on opposite axiesorder to identify any possible differences daddading
direction. A straight line depicting equality beswe calculated and measured

displacements is also plotted.

4.6.4 Statistical Evaluations

For analyses, the sample megx), and the standard deviatiqfs, ), are used to

compare the estimated displacements utilizing tiggested correlations against those
observed in pile test results.

The accuracy of a method refers to how closelyctdieulated values can be used
to predict the measured values, which can be givethéyarithmetic mean (average), of
the displacement ratio or displacement differefite closer the estimated and measured
displacements match, the closer is the mean vdl()e0s./ Sy) to unity (=1). Similarly,
the better a measured displacement can be estingdioser will the mean value of (
= s — Sn) be to zero. All of the equations below are gifenthe displacement ratio.
However, equations are valid for the displacemeff¢érénce as well when appropriate
parameters are replaced.

The mean value of the displacement ratio is caledlas:

where,n is the number of pile load tests and a given pile load test.
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Precision is the ability of a measurement to beradyced consistently. The
standard deviationg indicates the plus-minus (£) scatter around thamealues. The
smaller the standard deviation, the greater ig¢hability or precision of the estimation

method. The standard deviation of the displacemsgitt is:

S, :\/nilzn:[(x)z 7(2} .................................................................. (4.8).

i=1

In summary, a comparison can be made between atored using the following
criteria: the better one would have a mean disph&ce ratio closer to one or a
displacement difference near zero, and a smal&rdsrd deviation. These parameters
can then be ranked accordingly from most satisfgdio least or from best to worst. A

cumulative value can then be obtained to crossdatalthe suggested correlations.
4.7  SUMMARY

In this chapter, the definitions of cohesive, cotieless and mixed soil profiles
are given, as they are used throughout this degsemt Caltrans database was divided
into three categories based on these descriptdlhef the analyses in the following
chapters rely on these subsets of data.

Various comparisons of calculated and measuredagisments are made in the
next two chapters. Graphical and statistical evalna of these comparisons are

explained in this chapter.
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Chapter 5: Evaluation of Methods to Predict Axial Displacemenrd

5.1 INTRODUCTION

In the literature, a large number of correlatioos Young’s modulus have been
proposed, which are tied to various soil parametétained from laboratory or in-situ
measurements. In this chapter, a select few oethsesintroduced and used as part of the
elastic method to estimate displacements withinrimge of load ratios for which they
are recommended. The calculated and measured ckspiats are then compared.
Estimations that vary significantly from othersterms of displacement ratio/s,) and
displacement difference £sy,) are identified. Factors are examined to deterntiesr

respective effect on the outliers.

5.1.1 Direct Prediction of Displacement

An approximate prediction for displacements cannb&de with correlations
which are obtained empirically from past experienetating a few parameters to pile
displacements via simple equations.

Frank (1985) suggested a correlation to estimasplaitements based on his
experience with pressuremeter tests in France. ddpoped the following range and
average value of displacements for piles under kimgy’ loads, which he limited to half
of the determined maximum pile capacity:

0.008D< P < 0.012D ..o (5.1),
with an average displacement of

Paverags® 0.009D ....c..ouvieieeieeeeeieeese e oemmems s (5.2),

where,p: displacement and D: pile diameter.
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Briaud and Tucker (1988) determined with a 95% phility that at a load ratio
of a half:

D < 0.0125D ..o e (.3

Meyerhof (1959) earlier suggested a similar coti@afor piles loaded up to a

third of their maximum capacity without regard eadling direction:

D
Y (5,4)

" 30(FS)

where, Dase is the pile tip diameter and (FS) is the factor safety, which he
recommended to be higher than three. The corremfwoposed by Briaud and Tucker,
Frank, and Meyerhof are essentially the same ftactor of safety between three and
four. Poulos (1994) found that displacements catedl using Frank’s correlation to be
consistent with the displacements predicted bytielasethod when “suitable” parameters
for stiffness of the soil are employed.

For convenience in this dissertation, 0.01D was leygal in estimating
displacements of piles driven in all types of soils

Another correlation commonly used for approximatoigplacements relies on
the elastic compression/tension of a free-standolgmn and ignores the effects of the
type of soil and the embedment on the distributibthe applied load along the pile:

_ PL

Pt ctasi™ E‘ ........................................................................... (5.5)

pile— pile

where, P: applied vertical load (kips)id: length, Aye: cross-sectional area, angid&
modulus of elasticity of the pile. For a pile of dan length, the value of

L
——P*__(inch/kips) is a constant for all applied loads,jsttis sometimes referred to as
pile™ pile

the “compressibility of the pile”.
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In the next sections, the magnitude of the measanedpredicted displacements
will be presented for each soil type, followed lmynparisons of the predictions obtained

from direct and indirect correlations.

5.2 COHESIVE SOILS

The 26 load tests within the FinalCT database drevatirely in cohesive profiles

are listed in Chapter 4.
5.2.1 Magnitude of Displacements

The absolute values of almost all of the displacgseneasured in pile load tests
are less than 0.25 inches at load ratios of a indla half (Figure 5.1).

The ratio of the absolute values of the measuregplatementss,, to the
diameterD, are shown in Figure 5.2. Similar to the findilgysFrank (1985), Briaud and
Tucker (1988), and Meyerhof (1959), approximated¢®of s,/D ratios are equal to or
less than 0.6% for a load ratio of a third withesl value of 1.5%. Likewise, 85% of the
displacements are less than 1% of the pile diametdr a peak of 2% for the load ratio
of a half. Based on these findings, it can be aoml thats,/D=1.5% can be a

reasonable upper limit of displacements for logusoua half of capacity.
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Figure 5.2Measured displacements over pile diameter.
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5.2.2 Correlations

Correlations of Young’'s modulus selected from therature with undrained

shear strength,care listed in Table 5.1 and compared in FiguBe 5.

Table 5.1Correlations of Young’s modulus with undrained steteength, ¢

Pile
Install.

Driven | (300+£100)¢ | Poulos (1989)*

Es (ksf) Reference Notes/Method

Back-calculated from pile load tests. Valid fopr
third to half pile ultimate capacity.
Equation derived by fitting the scanned graph.
Valid for third to half ultimate capacity.
Equation derived by fitting the scanned graph.
Valid for third to half ultimate capacity.

Pile load test database (APC). Derived for Half
peak load applied to pile.

Driven | See below Poulos (1972)

Bored | See below Poulos (1972)

Aschenbrener
Driven | 800¢g (1984)/Aschenbrene)
and Olson (1984)*

Callanan & Kulhawy

=

Back-analysis of bored piles at half peak
load(1985); matched laboratory strength to

Driven | 200¢ ggggg Johnson pressuremeter, CPT and plate bearing testq
(1986)

Poulos (1972) (equations derived from fitting tarseed plots, cin ksf)
Es=-15.519¢"+167.99¢°-207.11¢%+257.37¢+58.374 (870 ksf max.) (driven piles)

E=140.54¢%610.45¢>+1024.8¢%-623.88¢+196.75 (1750 ksf max.) (bored piles)
* Used for piles in mixed profiles.
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Figure 5.3Young’s modulus correlations with undrained shé@mgth.

Although all of the correlations are suggested Viarking loads, there is a
noticeable divergence among the calculated valoie¥ dung’s modulus. The variability
of undrained shear strength was discussed in Gha&ptéAschenbrener (1984) and
Aschenbrener and Olson (1984) utilized Davissoh®/@) formula for determining pile
capacity from a load-displacement curve, which egponds to the load on the curve

intersected at the following displacement valug(Fe 5.4):

S :AQL + 0.15"+ 0.01p (pile loaded in compression).................. 6]5.
p—p
_ QL o . .
S =————- 0.15' 