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ABSTRACT

Dynamic pile driving formulas have been available for thedfiglediction of the
static bearing capacity of pile foundations for well over 180rsyeaOn account of the
immense number of different formulas that have been amassed) dlisntime frame, a
review of published literature was performed to identify the ngostmon dynamic pile
driving formulas utilized in the United States and their documentedbifey. The results of
this review indicated that no one dynamic pile driving formula isistergly better than all
the rest; however, the Hiley, Janbu, Pacific Coast Uniform Bgjldode (PCUBC), and
Gates formulas were shown to provide, on average, the best predictioitenaite pile
capacity. In contrast, the Engineering News Record (ENR) ulasmwhich has been
probably the most widely used dynamic formula within the UniteteStavas shown to be
among the worst predictors of pile capacity.

For well over 100 years, the Working Stress Design (WSD) apptuasibeen the
traditional basis for geotechnical design with regard tdese¢nts or failure conditions.
However, considerable effort has been put forth over the past coupleadkden relation to
the adoption of the Load and Resistance Factor Design (LRFD) apprda geotechnical
design. With the goal of producing engineered designs with censisivels of reliability,
the Federal Highway Administration (FHWA) issued a policy memdum on June 28,
2000, requiring all new bridges initiated after October 1, 2007, to figreel according to
the LRFD approach. Likewise, regionally calibrated LRFD tasie factors have been
permitted by the American Association of State Highway @ifsc(AASHTO) to improve
the economy of bridge foundation elements. Thus, the bulk of this studgefbon the
development of regionally calibrated LRFD resistance factarghe construction control of
driven pile foundations via a suitable dynamic pile driving formula.

Using data from pile load tests performed in the State of lowahwvas analyzed
for reliability and placed in a newly designed relational datb@snagement system termed
PILOT-IA, the efficiency of seven dynamic pile driving formsilé.e., the Gates, FHWA
Gates, ENR, lowa Department of Transportation (DOT) Modified ENIRbu, PCUBC, and
Washington DOT (WSDOT) formulas) was investigated. In &midito verifying the poor

performance of the ENR formula, it was demonstrated that tieeeffy of the lowa DOT
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Modified ENR formula, which is presently specified in the low®T»s Standard
Specifications for Highway and Bridge Constructioranual, is sufficient to allow for its
recommended use with steel H-shaped and timber pile foundations drieay soil type;
these two driven pile foundation types were found to be the most comos®dyin lowa via
the results of both a state- and county-level survey. More gadlgif LRFD resistance
factors were calibrated and verified on a pile and soil types basthe lowa DOT Modified
ENR formula using the first-order, second-moment (FOSM) rdillakapproach and the
findings obtained from nine full-scale field load tests performenltyitout the State of lowa
on steel H-shaped piles. For a target probability of failure QfLRED resistance factors of
0.49, 0.62, and 0.50 have been recommended for use with steel H-shaped pilesndriven i
sand, clay, and mixed soil profiles, respectively, with a fact@.28 having been cautiously
recommended for use with timber piles driven in any soil type.

Finally, a displacement-based signal matching technique wasmneended for use
with PDA measured data to arrive at prediction correlationsddrquake values, Smith
damping factors, and the degree-of-degradation of such paranvetér respect to pile
penetration depth. Although an insufficient amount of data was analyzeceh begin to
develop such correlations, the accuracy, uniqueness, and theoretical dfaghe
displacement-based signal matching approach over the more comenapilyyed Case Pile
Wave Analysis Program (CAPWAP) approach was demonstrated. Praidetuture
establishment of such prediction correlations from the increasedofusieis proposed
technique, it was suggested that a one-dimensional pile-soil model beuldgsed in

conjunction with a dynamic pile driving formula to design driven pile foundations.
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CHAPTER 1: INTRODUCTION

1.1 PILE FOUNDATION PRELUDE

Piles are structural members, typically constructed franber, concrete, and/or
steel, that are used to transmit surface loads to lowelsle¥ a soil mass. This transfer may
be by vertical distribution of the load along the pile sha# direct application of the load to
a lower stratum through the pile toe (Bowles 1996). In such iregancvertical distribution
of the load is made using a friction (or floating) pile, while r@cti application of the load is
made using a point (or end-bearing) pile. This distinction is ypore of convenience since
all piles carry load as a combination of side resistance and Ipearing, expect for the case
in which a pile penetrates an extremely soft soil mass before makingtoearitaa solid base
(Bowles 1996).

As acknowledged by Bowles (1996), piles are commonly used fofotloeving

purposes:

to carry vertical and/or lateral superstructure loads into or through a atilnstr

e to resist uplift forces, such as those arising from the placeofemtbasement mat
below the groundwater table, and/or overturning forces, such as thosediradube
supports for tower legs as a result of the imposition of lateirad loads upon the
structure;

e to compact loose, cohesionless deposits through a combination of pile volume
displacement and driving vibrations;

e to control settlements when, for example, a spread footing or onaddtion is
located on a marginal soil or underlain by a highly compressible stratum;

¢ to stiffen the soil beneath machine foundations to control both vibrationtadgdias
well as the natural frequency of the system;

e to provide an additional safety factor beneath bridge abutments andfsy pie
particularly if the potential for scour is a concern; and

e to transmit loads, originating above the water surface, thrdwgkvater and into the

underlying soil, as witnessed in offshore construction where, fampbe, partially
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embedded piling is subjected to vertical as well as lateaalsl and the potential for

buckling failure is a significant concern.

1.2 PiLE BEARING CAPACITY ESTIMATION METHODS

On account of the poor subsurface conditions typically encounteredlatatiens of
bridge-type structures, realization of a sound support system figgireplores the use of
pile foundations. The failure of these foundation elements beneathidge-bype
superstructure presents the possibility for infliction of catastcopbinsequences; however,
the elevated cost of the piling elements themselves makes dahtcerof overdesigning
extremely inefficient. Therefore, in order to be able to desigon@mical bridge
foundations, an engineer must be able to accurately predict thadgheapacity of nearly
every pile.

In the American Society of Civil Engineers’ (1949anual of Engineering Practice

No. 27, the term bearing capacity is defined as follows:

“Bearing capacity may be defined as that load which can baised by a pile
foundation without producing objectionable settlement or material movemeitighi
or progressive—resulting in damage to the structure or interfering with its use

With this definition in mind, Jumikis (1971) suggested that the bearipacdg of a

pile is dependent upon the following items:

e type and properties of the soll;

e surface and/or groundwater regimen,;

e geometry of the pile (i.e., solid, hollow, rectangular, straight, or tapered);

e pile material (i.e., timber, concrete, or steel);

e size of pile (i.e., cross-sectional area and length);

e property of mantle surface of pile (i.e., rough or smooth);

e driving depth of pile;

e method of embedding the pile into the soil (i.e., driving, jackingnggtvibrating, or
casting in place);

e vertical pile alignment; and
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e spacing of piles in a pile group.

Given the severity and complexity of this problem (i.e., the prediaif pile bearing
capacity), pile designers have discovered the imperative seasfbciated with alternative
pile capacity estimation methods. Thus, the three most commonlgldgasources of pile
bearing capacity estimates are:

e those derived from analyses of soil-boring information, standard pépattesting
(SPT), or cone penetration testing (CPT) (i.e., static analysis methods);

e those based on nearby static load tests (SLTs) of similar piling; and

e those based on the driving record and pile driving equipment charactefts a
particular pile (i.e., dynamic analysis methods, which includes tiwhdetailed
methods derived from wave propagation theory as well as the much rsdypéenic

pile driving formulas obtained from work-energy theory).

1.3 FOUNDATION DESIGN AND CONSTRUCTION PROCESS

To fully understand the timely application of the aforementiopdd capacity
estimation methods, the typical design and construction process forfopiheations,
provided in Figure 1.1, must be expounded. Simply put, design procedures bigiam wi
detailed site investigation and soil parameter evaluation, whichinagyality and quantity
according to the importance of the project and the complexity of stitesurface.
Subsequently, potential foundation schemes are identified based uponutteeakethe site
investigation, superstructure loading requirements, and local practiéé. potential
foundation schemes are then evaluated via static analysis methgdsa{Bomlinson,
Nordlund and Thurman, Meyerhof SPT, Schmertmann CPT, etc.). In additonahility
analysis is conducted for hammer evaluation as well as tleemdeation of installation
feasibility and structural adequacy of the pile. In summarny, dite foundation design
procedures combine structural and geotechnical analyses to detédmmibest substructure
design in advance of the bidding procedures. In other words, this presiddishes

guantity estimates to be used in construction bidding documents.
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Figure 1.1: Typical Design and Construction Process for Driven Piledundations
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Upon construction initiation, SLTs and/or dynamic analyses based on driving
resistance (e.g., Wave Equation Analysis Approach (WEAP) (Biteamics Inc. 2005), Pile
Driving Analyzer (PDA) (Pile Dynamics Inc. 1992), CAse Piéave Analysis Program
(CAPWAP) (Pile Dynamics Inc. 2000), and/or dynamic pile driviogriula) are carried out
on selected elements of the original design for pile capaeityication purposes. If the
original design compares favorably with what is measured in itld for the select
foundation elements, then construction sequences, which include qualityl coonitoring,
are allowed to progress normally toward substructure completion. Howshauld the
original design differ substantially from that measured inidd,fthen design modifications,
which may include changes to the pile type, size, length or quami#yed on the
construction phase testing results must be made before constrecficanses are allowed to
progress normally. In the end, two requirements are evident fronptbeess: (1) pile
evaluation is carried out in both the design and construction stagg®)dhdse evaluations
should result in foundation elements of the same reliability, but enpally different
number and length of elements depending on the information availabéach stage
(Paikowsky et al. 2004).

Based upon the results of a survey conducted by AbdelSalam(20H0) regarding
the current pile foundation design and construction practices encountéetvige, it was
determined that a majority of the State Departments of Tramasior (DOTs) adhere to a
slightly different process than that depicted in Figure 1.1. riisflg, the main difference
between the typical pile foundation design and construction process anduthently
employed by various State DOTSs is realized in the congirustage. Whereas the typical
process of Figure 1.1 relies on SLTs and various dynamic analgsioads for the design
verification and construction control of driven pile foundations, the lowa,D@Texample,
relies either on the results of WEAP analyses or the drigingiling to refusal or end-
bearing on bedrock, which is an uneconomical practice (AbdelSalain2€x10). Moreover,
in regards to the design stage, most of the geotechnical engimekesState of lowa rely
solely on the results of SPTs and/or CPTs for the determinatiosite@fspecific soil
parameters; in other words, sophisticated laboratory soil testsoatypically conducted for

the determination of soil strength and deformation properties.intportant to point out that
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the practices of the lowa DOT have been singled out here leeohtise fact that the data
acquired for the analyses presented in this thesis was obtamadbfidge foundation
projects performed within this state.

Seeing as the aforementioned discussion pertained to pile foundasign éad
construction practices encountered at the state level, it sgggngpdate to address any
differences in practice that may be encountered at the ctaudly Again, focusing on the
practices carried out within the boundaries of the State of Idweakey difference is
manifested in the construction stage. Whereas the results oPVéBEalyses are entrusted
for the design verification and construction control of driven pile foundatribe state
level, the predictions of dynamic pile driving formulas are usethe county level. Even
though it is well recognized that dynamic pile driving formulsisch as the Engineering
News Record (ENR) formula, are too simplistic in nature to maabeurately all
complexities associated with the relationship between pile Hgeanammer performance,
and pile penetration resistance (Allen 2007), their ability to prosid@mple and quick
assessment of pile bearing capacity is an extremelyathésicharacteristic for many county
engineering offices located within the State of lowa. Thus, the intent of this thesis to
focus solely on the construction control of driven pile foundations in @ie 8t lowa via a
suitable dynamic pile driving formula, where the term suitabfers to a dynamic pile
driving formula in which inaccuracies have been notably reduced wtifoofeiture of the

formula’s inherent ease of use.

1.4 BACKGROUND TO DESIGN METHODOLOGIES

Regardless of the pile capacity estimation method selecteaséoin the design or
construction stage of driven pile foundations, multiple design methodslegist for the
evaluation of such predicted pile capacities. More specificdillyy Working Stress Design
(WSD) and Load and Resistance Factor Design (LRFD) approatsieeate the most
commonly employed design methodologies. Information concerning theofudmth

approaches for geotechnical design has been provided in the following subsections.
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1.4.1 WSD

For over 100 years, the WSD approach, also referred to as the BléoBaress
Design (ASD) approach, has been the traditional basis for geotachesign relating to
settlements or failure conditions (Fenton and Griffiths 2008). Undser approach, the
design loads, which consist of the actual forces estimated to bedafupthe substructure (or
a particular element of the substructure), are compared topheityaof the substructure, or
the resistance, by means of a factor of safety (FS).eé@mmended in the 1997 version of
the Standard Specifications for Highway Bridg@eASHTO 1997), the selection of such an
appropriate FS is made based upon the desired level of control to imethadlesign and/or
construction stages of driven pile foundations. However, seeing axadelrequirements
are merely intended to guide the designer, selection of an appedp8as ultimately made
based upon the experience and subjective judgment of the design gsyi(feekowsky et
al. 2004). Nonetheless, such factors of safety fail to considediffezent degrees of
uncertainty associated with the applied loads and predicted pile foumdzdpacities.
Hence, standard bridge design specifications based on the WSDdppaoaot be expected

to ensure the consistent and reliable performance of structures.

1.4.2 LRFD

The LRFD approach has now been in use for the design of supergsuiciuabout
fifty years (Goble 2005) and has been progressively developed witibjietive of ensuring
the uniform reliability of structures since about the mid-1980s. nBlkeugh the LRFD
approach, as it applies to the design of structural elemergd)demn well established and
implemented in design codes around the world, its adoption into geotdctiesign has
been relatively slow (DiMaggio et al. 1999). Unlike the WSD approafich manages all
uncertainties associated with the applied load and predicted pile fmmdapacity via a
lone, arbitrarily defined FS, the LRFD approach separates thetaintes in these design
components and rationally quantifies them using probability-based methoesl aat
achieving engineered designs with consistent levels of rafjabilConsequently, in the
LRFD approach, the characteristic load effect values ameased through multiplication
with a load factor, while the nominal pile penetration resistanicesare decreased through

multiplication with a resistance factor. The advantages adsdcwith the use of the LRFD
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approach over the more tradition WSD approach in the evaluation of pregitd capacities

can be summarized as follows:

e The uncertainties associated with the design parameters, i@.efi@et and pile
penetration resistance, are handled in a rational framework of probability.theory

e The reliability, or risk, is quantified through a consistent measeseilting in the
assurance of a uniform level of safety.

e The levels of safety in both the superstructure and substruceirpr@avided with
more consistency given the fact that both are designed usingathe loads for

predicted or target probabilities of failure.

In response to these documented advantages, the Federal Higlwayistration
(FHWA) issued a policy memorandum on June 28, 2000, requiring all new bniiiged
after October 1, 2007, to be designed according to the LRFD approachalluded to
previously, this approach for designing foundation elements has sudigtamiore
challenges associated with it than, for example, the design ofstwpture elements
following the same design approach. These challenges develoyy finamlthe inherently
high variability of soil properties across, as well as withigjmes and the ability to predict
the realistic pile capacity and driving stresses. Sincdoilnedation is a critical element of
the bridge system, conservative LRFD resistance factors biesre recommended for their
design (AASHTO 2007) to ensure safe foundation design practiceshislprocess, soil
variability expected at the national level was given consigeracontributing to the
conservativeness of the recommended LRFD resistance fadtdanwever, for economical
reasons, an unnecessarily conservative design method should not be adopted since foundation
systems typically account for as much as thirty percent of tttal bridge cost.
Consequently, regionally calibrated LRFD resistance factors baea permitted by the
American Association of State Highway and Transportatiorciafi (AASHTO) in order to

improve the economy of the bridge foundation elements.
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1.5 SCOPE OF RESEARCH

As indicated in Section 1.4, the FHWA has mandated the use of thB BRproach
on the design and construction of all new bridges initiated afterb@c1, 2007. Seeing as
current LRFD pile design and construction control specifications havéeen written for
direct application in the State of lowa and those recommended indsterecent edition of
the AASHTO LRFD Bridge Design Specificatio®SASHTO 2007) are conservative in
nature, the main goal of this research project is to developnaly calibrated LRFD
resistance factors, as permitted by AASHTO, for the desigre@amstruction control of lowa
driven pile foundations. Although it is the intent of this thesis tagaolely on the LRFD
calibration procedures related to the construction control of drivenf@indations in the
State of lowa via a suitable dynamic pile driving formula, aololil information concerning
the regional calibration of LRFD resistance factors for trsgteof driven pile foundations
via various static analysis methods as well as their conistnucbntrol via alternative
dynamic analysis methods (e.g., WEAP, PDA, and CAPWAP) can be fouttte iPhD
dissertations of AbdelSalam (2010) and Ng (2011), respectively. Beeifically, this
thesis will focus on addressing the following objectives to achieve the proposed goa

e |dentify the most common dynamic pile driving formulas utitian the United States
and in different counties throughout the State of lowa for the cmtistin control of
driven pile foundations and their documented reliability via a comprafeens
literature review.

e Assist in the conduction of a national survey of State DOTs Hsawe local survey
of lowa county engineers to acquire information related to cupiémtdesign and
construction practices.

e Develop an electronic pile load test database, consisting of bathastd dynamic
data collected from pile load tests performed in the State aod,léer use in the
establishment of regionally calibrated LRFD resistance fadkmr the design and
construction control of driven pile foundations.

e Participate in the collection of information from nine full-scéileld load tests
performed on steel H-piles installed in different soil profte®ughout the State of

lowa for verification of the regionally calibrated LRFD s#ance factors. In addition
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to being statically load tested to failure, the proposed teest wiill be instrumented

with strain gauges and dynamically monitored during driving aestrikes.
Additionally, the subsurface conditions at the locations of the tess piill be
characterized by the application of laboratory (e.g., moistorgent, grain-size
distribution, Atterberg limits, consolidation, and Triaxial Consolidaiedrained
(TX-CU) compression tests) and in-situ (e.g., standard pemetrast (SPT), cone
penetration test (CPT), and borehole shear test (BST)) testh, gvound
instrumentation used to continuously capture horizontal and porewater pressure data.

e Establish regionally calibrated LRFD resistance factorshferconstruction control of
driven pile foundations via a selected number of dynamic pile driving formulas.

e Establish enhanced LRFD resistance factors, which account dlr @apacity
verification by means of dynamic pile driving formulas, for tlesign of driven pile
foundations via static analysis methods.

e Recommend, based upon the results of efficiency comparisons, adgyngiaic pile
driving formula together with an appropriate LRFD resistanceifdor use in the
construction control of lowa driven pile foundations.

e Investigate the potential of a one-dimensional pile-soil model tona®e the
permanent pile displacement experienced by an embedded pile suligeatsthgle
hammer blow; ultimately enabling for the use of dynamic pileirdy formulas in

design.

1.6 THESIS OUTLINE

This thesis consists of seven chapters detailing the establistohamtgionally
calibrated LRFD resistance factors for the construction controllowafa driven pile
foundations via seven distinct dynamic pile driving formulas. dditeon, a theoretical
design model is proposed for the estimation of axial pile capagitythe application of
dynamic pile driving formulas. A summary of the content of edwpter is presented

below.

e Chapter 1 — Introduction This chapter provides a brief introduction into the

available methods for pile bearing capacity estimation, includipigardic pile
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driving formulas, and their situation in the overall pile foundation desigd
construction process. Additionally, background information related to BB ¥Ahd
LRFD approaches for the evaluation of predicted pile capacities is pisente
Chapter 2 — Literature ReviewThis chapter provides a comprehensive review
concerning the history, development, assumptions, and improvements foal sever
dynamic pile driving formulas used for the construction control of dripde
foundations. A review of published studies documenting the evaluatebilityliaf
such dynamic pile driving formulas is also presented. This cheptetudes with a
review of published studies focused on the calibration of LRFD rasestactors for
the construction control of driven pile foundations.

Chapter 3 — State of the Practice and PILOT-IA Developmerhis chapter presents
the major findings associated with the use of dynamic pile drii@ngulas for the
construction control of driven piles from a national survey oEdbEDTs as well as a
local survey of lowa county engineers, both of which were conduetedkfineation
of the current state of practice. Additionally, this chapter provigledetailed
description of the database for Plle LOad Tests in lowa (PiA),Twhich was
specifically developed for use in the establishment of regiomallyprated LRFD
resistance factors for the design and construction control of driven pile faanmgdati
Chapter 4 — Summary of Field Testing of Steel H-PileBhis chapter provides a
brief description of the steel H-pile testing program implete@& at nine distinct
locations within the State of lowa. In addition, a summary of thaltse obtained
from static and dynamic pile load tests as well astinand laboratory soil tests is
presented for each test site.

Chapter 5 — Calibration of LRFD Resistance Factor¥his chapter presents the
methodology and framework utilized for the calibration of LRFD tasie factors
for the construction control of driven pile foundations via seven dynpita driving
formulas. In addition to presenting the pertinent calibration sthis chapter
provides enhanced LRFD resistance factors, which account for dibacity
verification by means of dynamic pile driving formulas, for tlesign of driven pile

foundations via static analysis methods.
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e Chapter 6 — A Theoretical Dynamic Model for Pile Capacity istion: This
chapter presents the details of a one-dimensional finite elemedél created in
SAP2000 for the estimation of the permanent pile displacement enped at
different stages of driving. With the success of the model dependehe accurate
guantification of the dynamic properties of soil, a displacemesgdasignal
matching technique used for the estimation of these dynamigrepiérties as well as
their variation with changes in soil type and depth is proposed and verified.

e Chapter 7 — Summary, Conclusions, and Recommendatidrss chapter presents a
summary of the regionally calibrated LRFD resistanceofactieveloped for the
construction control of driven pile foundations via dynamic pile drivorghilas and
conclusions drawn from the study reported in this thesis. In additon
recommending a suitable dynamic pile driving formula for the coctsdbn control of
driven pile foundations in the State of lowa, this chapter sumnsatiiee proposed
theoretical design model for pile capacity estimation by medndynamic pile
driving formulas. Furthermore, this chapter provides suggestions corgcdh@n

potential for future research.
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CHAPTER 2: LITERATURE REVIEW

2.1 [INTRODUCTION

Dynamic pile driving formulas have been available for the prediotf the static
bearing capacity of pile foundations for well over 180 yearsgédsay, Higgins, and Lawton
1985). As a consequence of the immense effort and ingenuity put foetilgmeers in their
development, a multitude of different formulas have been amassedct,IrSfaith (1962)
reported that in the early 1960s the editorsEafineering News Recordad 450 such
formulas on file. Accordingly, this chapter presents a comprehersiwew detailing the
development, assumptions, and improvements for several of the most commaamdpile
driving formulas used for the construction control of driven pile foundatidaklitionally, a
review of published studies documenting the evaluated reliabilityucth slynamic pile
driving formulas is presented. Given the focus of this thesisctiapter also provides a
review of published studies focused on the calibration of LRFteesie factors for the

construction control of driven pile foundations.

2.2 DEVELOPMENT OF A GENERAL DYNAMIC PILE DRIVING FORMULA

Even though a multitude of different dynamic pile driving formwlees in existence,
all such formulas are based on the assumption that the ultin@deitgaof the pile under
static loading can be directly related to the driving rassg of the pile during its last stages
of embedment (Fragaszy, Higgins, and Lawton 1985). With this in mirahnitalso be
shown that while a small percentage of the available dynartécdpiving formulas are
empirical in nature, the majority are based on Newton’s lawnpfct and conservation of
energy principles. In the crudest of fashions, the hammer eiseegyated to the work done

on the soil by the following equation:

Wg-h=R-s (2.1)
where: Wk = weight of the pile driving ram,

h = drop height (stroke) of the ram,

R = resistance to pile penetration, and

s = pile penetration distance under one hammer blow, i.e., pile set.
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As was acknowledged by Cummings (1940), these definitiorR ahd s contain
certain implied assumptions as to the nature of their quantitiededin with, the definition
of s does not explicitly state whether the permanent pile penetratitimeanaximum pile
penetration is to be used. The maximum pile penetration, which iscthédetemporary
elastic compression of the pile and the soil, can only be measittedhe aid of special
instrumentation. Thus, the permanent pile penetration, which isisagrilf easier to obtain,
is almost always the chosen form of pile penetration measurege@mded on a pile driving
project. Furthermore, the definition & suggests thaR is assumed to be constant
throughout the full depth of penetration, representing an average valuevafiadble
resistance to penetration.

To further elaborate on the issues of pile penetration and resstep pile
penetration, Cummings (1940) suggested the three diagrams reproducgdrenZi. For
starters, Figure 2.1a was intended to be a graphic representaign (@.1), where the pile
penetration is assumed to be an exact quantity defined by thecdistam the originQ, to a
point, s, on the penetration axis and the resistance is assumed to be uowverrthe full
depth of the pile penetration. In other words, the work done in moving tha pistances
against a resistand® represented by the shaded area of Figure 2.1a, is equivalent to the
available work in the hammer at the bottom of its stroke asguthiere were no losses in
energy Wi-h).

Conversely, in actual pile driving, the resistance versus penetdiigram would
not resemble that of Figure 2.1a on account of the presence of samperary elastic
compression of the pile and surrounding soil. Although very little information is bleada
the concept of resistance to pile penetration, Cummings (1940) sutusdise probability
in favor of a variable resistance is much greater thannHatvor of a constant resistance. In
addition to showing the temporary elastic compression of the pilehansutrounding soil,
Figure 2.1b and Figure 2.1c offer two possibilities of variablestasce to pile penetration.
In an effort to show how actual pile driving differs from theuasptions on which Eqg. (2.1)
and Figure 2.1a are based, the shaded area of Figure 2.1a has beempsseé on both
Figure 2.1b and Figure 2.1c.
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Figure 2.1: Relationship between Resistance and Penetration under m§e Hammer
Blow (After: Cummings 1940)

Commencing with the problem of resistance to pile penetration, Fjlbeassumes
that the initial resistanceR”, is very small and that with an increasing depth of pile
penetration this resistance increases to an asymptotic valuR’of phenomenon
characteristic of a pile driven into a sand soil where thesteegie to pile penetration
increases as the moving pile compacts the sand. On the other hamd, Zig assumes a
high initial resistanceR”, which decreases with an increasing depth of pile penetration to an
asymptotic value oR’ a phenomenon characteristic of a pile driven into a clay swrev
the high initial resistance to pile penetration would be explaingtidogircumstance of soil
“set-up” experienced by such soils during a temporary interruptidnivimg. In either case,
the resistance at the end of pile penetrati®his not the same as the uniform resistance to
pile penetrationR, assumed in Figure 2.1a. However, Cummings (1940) proposed that the

aforementioned quantities are related by the following equation:

where: C = proportionality coefficient that assumes values greater s& tlean one
depending on whether the resistance versus penetration diagram more

closely resembles that of Figure 2.1c or Figure 2.1b respectively.
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Advancing on to the question of pile penetration, Figure 2.1b and Rdlredepict
the permanent pile penetratios, and the maximum pile penetratiosy; The distance
defined bys-s”on the penetration axis represents the temporary elastic camopres the
pile that occurs during impact. As is to be expected, this temypelastic pile compression
produces an energy loss that can be quantified by the triangedes-BrD evidenced in both
diagrams.

Taking into account the aforementioned items, Eg. (2.1) can be modifier
closely represent the actual dynamics of pile driving. Theseevequation, as suggested by

Cummings (1940) is as follows:

Wg-h=C-R-s+Q (2.3)
where: Q = all energy losses that occur during impact.

In spite of the fact that work diagrams such as those provided ineFgirand the
field measurements required to produce such diagrams represenbst rational approach
to the dynamics of pile driving as stated by Cummings (194R)jvely few engineers have
used such methods to develop dynamic pile driving formulas. Otaerthe ENR formula,
which was derived by A. M. Wellington in 1888 on the basis of his expsriand a work
diagram similar to that found in Figure 2.1c, practically allhef other dynamic pile driving
formulas that are to be found in literature have been derived bypsred mathematics and
theoretical mechanics. In such cases, Eq. (2.1) is used asiagspoint and the ensuing
dynamic pile driving formula is derived based upon assumptions concdfrengnergy
losses that occur during impact. Consequently, the great numldenaiic pile driving
formulas that can be found in literature is an indication of the wadiety of assumptions

that have been made concerning such energy losses.

2.3 EXAMINATION OF COMMON DYNAMIC PILE DRIVING FORMULAS

As was indicated in the previous section, the vast majority of dignpite driving
formulas found in literature were derived from Eq. (2.1) by meansfing assumptions
concerning the energy losses that occur during the impactdrsimgle hammer blow upon
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the head of an embedded pile. The three most common types of @srgieductions, as

suggested by Cummings (1940), are as follows:

a) the energy losses associated with only the temporary etastipressions of the cap,
pile, and/or soil;

b) the energy loss associated with only the Newtonian theory of imgmdescribed by
the coefficient of restitution; and

c) the energy losses associated with both the temporary elastressions of the cap,

pile, and/or soil as well as the Newtonian theory of impact.

In the following subsections, numerous dynamic pile driving formwiisbe summarized
according to which one of the three main assumptions concerning energy loss deawagions
made in their respective derivations. Afterward, several erapwribased formulas will be
presented for completeness. However, an examination of dynamidmiing formulas

possessing the exact form of Eq. (2.1) must first be taken.

2.3.1 Dynamic Formulas Excluding Energy Losses

As discussed previously, Eq. (2.1) was derived based upon the fact thaenmyy
losses associated with the temporary elastic compressioms cdp, pile, and/or soil as well
as the Newtonian theory of impact occurred during the impact freimngée hammer blow,
with an assumed mechanical efficiency of 100 percent, upon the haadembedded pile.
With this in mind, Major John Sanders and Merriman each published dypamidriving
formulas taking the exact form of Eq. (2.1), but with the applicatiosissimilar factors of
safety. More precisely, the Sanders formula, proposed in 1851, wasedbby applying a
purported factor of safety of 8 to Eg. (2.1), while Merriman omplgliad a purported factor
of safety 6 (Chellis 1961). However, Beardsley (1907) noted that Sapdeported factor
of safety of 8 was established from experiments conducted invéremmud of the Delaware
River and that a factor of safety of about ten would appear tondwe appropriate.
Nonetheless, Egs. (2.4) and (2.5) present the exact forms of therSamdl Merriman

dynamic pile driving formulas respectively.
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Wgr-h

R, = R Sanders Formu  (2.4)
8-s
Wgr-h

R, = 6R S Merriman Formuli ~ (2.5)

where: R, = allowable resistance to pile penetration.

Additionally, the Goodrich dynamic pile driving formula, which is mglification of
a more comprehensive formula containing 25 terms covering conditighe pfle, hammer,
cap, and ground, adheres to the same direct relation presented (118q Seeing as the
more comprehensive formula was too complicated and unwieldy foigalagse, Ernest P.
Goodman evaluated a number of terms with the aid of experiments teshduncler proper
conditions for pile driving in good practice. By substituting the vathas obtained, and
inserting suitable numerical values for the dimensions and wenfjltbe pile and hammer,
the expression presented in Eq. (2.6) was derived circa 1902 (Jacobgasd 914). As a
consequence of these simplifying procedures, Goodrich’s formula wasterded for use
with timber piles and gravity hammers exhibiting a set of apprately one inch and a
stroke of about fifteen feet, respectively (Jacoby and Davis 191#hough, under these
conditions Goodrich believed that his formula was capable of preglitia ultimate pile
bearing capacity to within a ten percent error of that pretliciethe more comprehensive

formula (Jacoby and Davis 1914).

_IO’WR'h
v 3.

where: R, = ultimate resistance to pile penetration.

Goodrich Formuli  (2.6)

Having now introduced the three most basic dynamic pile driving fasmaailable,
a more complete dissection of the remaining multitude of formulaseagiven in light of
the assumptions made in their respective derivations concernirgydoss deductions. To
begin with, the following subsection will examine those dynamie giliving formulas
derived from Eg. (2.1) by assuming that the only energy lossesdbat during the impact
of a single hammer blow upon the head of an embedded pile are tsosatasl with the

temporary elastic compressions of the cap, pile, and/or soil.
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2.3.2 Dynamic Formulas Incorporating Only Energy Losses from Temporary Elast
Compressions
As has been stated, some dynamic pile driving formulas ared bhasen the
assumption that the elastic compressions of the cap, pile, and/@resdte only energy
losses that must be considered. Inserting the formula forrdia shergy of a compressed

strut, as obtained from static theory, into Eq. (2.1) yields the following equation:

2.
2-A-E
where: L = length of the pile,

WR’h=R’S+ (27)

A = cross-sectional area of the pile, and

E = Young’s modulus for the pile material.

In other words, Eq. (2.7) states that some of the hammer enarggdsup by the temporary
elastic compression of the pile, ignoring the temporary elastigpessions of the cap and
soil, and that the remainder of the energy is available to drevpite a distances, against a
resistanceR. It is from this equation that the Weisbach dynamic pile drivemgula was
developed circa 1850 (Jumikis 1971).

The Weisbach formula presented in Eq. (2.8) was obtained by dissitliyng Eq.
(2.7) forR.

2
Ru=_S'A'E+\/Z'WR'h'A'E_}_(s'A'E) Weisbach Formula (2.8)
L L L

However, as expressed by Cummings (1940), the last term of E}.ig2pen to serious
criticism on at least two counts. First, the expression isitaken static theory and it is well
known that the elastic compression under impact is something erdiffdgent from the
elastic compression due to a static force. Second, the expressiderived on the
assumption that all of the resistanBejs applied at the point of the pile. Thus, when part of
the resistance is applied along the sides of the pile, the eipreshown in Eqg. (2.8)

becomes invalid.
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In order to take into account the fact that part of the resistamght be developed
along the sides of the pile, Rankine proposed the use of half ted pde length for the
effective length,L, in Eq. (2.7) (Cummings 1940). In other words, assuming that the
distance from the pile toe to the center of resistance carxpgressed a$/2 for a fully
embedded friction pile, the Rankine formula, which is presented in Eq, {2a8)derived

from Eq. (2.7) by substituting i/2 for L and solving the resulting expression Ror

2-A-E-s Wg-h-L .
Ry = 1 +m_ 1 Rankine Formula (2.9)

In contrast to the aforementioned Weisbach and Rankine formulas, théoEhiRa,
which was first published in 1888 by A. M. Wellington, accounts not onlgifergy losses
resulting from the temporary elastic compression of the pilealsatenergy losses resulting
from the temporary elastic compressions of the pile cap andyswiebans of a constant term
of value 1.0 inches per blow. Wellington derived this dynamic pile drifemgula by
equating the applied energy (i.e., the driving energy) to the ewdtgined by graphically
integrating the area under typical load-settlement curwesirhber piles driven by gravity
hammers (Chellis 1961). The original form of the ENR formula has Ipeovided in Eq.
(2.10), with the recommended application of a factor of safety ofasixsuggested by

Wellington.
R - Wi+ h ENR Formula: Gravity Hammers(2.10)
YUs+1.0

where: s= pile penetration distance under one hammer blow, i.e., pile set, expressed in

inches per blow.

Noting that the original ENR formula of Eq. (2.10) was developedtahe when all
piles were made of timber and were driven with gravity harammaodifications were
proposed by Wellington when the single-acting steam hammer ntrasliced and again
when the double-acting steam hammer was introduced. These modificagoasalso
empirical in nature and were meant to compensate for the lubactioh of the soil that
occurred as a result of the more rapid strokes of the new hanfArgo 1987). These two

www.manaraa.com



21

modified forms of the ENR formula, which were again developedigerwith timber piles
driven by either single-acting or double-acting steam hammergravided in Eqgs. (2.11)
and (2.12), respectively, with the retained recommendation for the amplich a factor of
safety of six in both instances.

R, = We-h ENR Formula: Singlécting Steam Hamme (2.11)
s+0.1
E
R, = +}6 T ENR Formula: DoubléActing Steam Hamme (2.12)
s+ 0.

where: E, = rated hammer energy per blow, and
s= pile penetration distance under one hammer blow, i.e., pile set, expressed in

inches per blow.

When Egs. (2.11) and (2.12) are expressed in terms of the blow opune.( the
number of hammer blows inflicted upon the head of a pile per foot ofppiletration, as
opposed to the pile sed)( Egs. (2.13) and (2.14) are obtained. As acknowledged by Chellis
(1961), these equations are more commonly referred to as the Vulcan Iron Worksipite dr
formulas and they call for the same recommended application of a factortgfosegix.

120-N

= m (Wg - h) Vulcan Iron Works Formula: Single-Acting Steam Hasrsn (2.13)

120-N

R, = T0EN Ep Vulcan Iron Works Formula: Double-Acting Steam Haersn (2.14)

where: N = number of hammer blows per foot of pile penetration, i.e., blow count.

Although Wellington’s ENR formula has been probably the most widelgd
dynamic pile driving formula in use for the construction control ofedr pile foundations in
the United States (Fragaszy, Higgins, and Lawton 1985), a couple of moalifichtive been
suggested over the years in an attempt to improve upon the origimall&’s pile bearing
capacity prediction capabilities, while still maintaining issiable qualities of simplicity

and ease of use. As reported by Chellis (1961), the United StatelsCompany modified
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the ENR formula by varying the constant in the numerator aswaaker Egs. (2.15), (2.16),
and (2.17).

F-Wg-h
R, = R - United States Steel Formula: Gravity Hamme(&.15
s+1.0
F-Wg-h
0= +—’81 United States Steel Formula: Single-Acting Steammidars (2.16)
s+ 0.

R _F-h-(Wg+A4,-p)
‘- s+0.1
where: F = 2 for piles driven to refusal or practical refusal in all materials,

United States Steel Formula: Double-Acting Steammhters (2.17)

F = 6 for piles driven easily in sands and/or gravels,

F = 4 for piles driven easily in hard or sandy clays,

F = 3 for piles driven easily in mixed mediums consisting of chays sands or

sands and silts,

F = 2 for piles driven easily in alluvial deposits, soft clays, and silts,
A, = effective area of piston,

p = mean effective pressure of steam or air, and

s= pile penetration distance under one hammer blow, i.e., pile set, expressed in

inches per blow.

Furthermore, the Bureau of Yards and Docks modified the ENR farbythanging
the constant term in the denominator, which accounts for all enesggd experienced as a
result of temporary elastic compressions in the cap, pile, and soil, from 1.0 inchesptr bl
0.3 inches per blow as shown in Eqg. (2.18) (Chellis 1961). Still, the appticof a factor of
safety of six is recommended for this formula.

R, = i Bureau of Yards and Docks Formul§2.18)
Finally, by returning to the assumption made in the derivation ofMbisbach and

Rankine formulas, namely that the energy loss associated withtlenliemporary elastic
compression of the pile is of significance, the foundation for Sdmeguseé Hansen’s Danish
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dynamic pile driving formula, which is sometimes referred totles & formula, is
established. Based upon a study done using dimensional and statistgsgsrthis formula
was ultimately obtained by simplifying some of the more coraptid dynamic pile driving
formulas presented later in Section 2.3.4 of this report (Fragéiggins, and Lawton

1985). For as Sdrensen and Hansen (1957) so eloquently stated in their report:

“Due to the fact that all the practical formulae are fundaailly wrong on several
points, it cannot be assumed or even expected that the best fornth#aose that
considers the greatest numbers of energy losses or appears foe bmost
comprehensive. The only criterion by which any sound judgment can deisthe
statistical analysis of the agreement between formula addésss, and if simplicity
can be combined with accuracy, so much the better.”

Proposed in the year 1957, the Danish formula, which is presented (8. E%), contains a
term &) for the elastic compression of the pile, should all of the availahimmer energy
be used solely for this pile compression, i.e., all other potentpEstyf energy loss
deductions are disregarded (Agerschou 1962). Accordingly, it is reended that a factor
of safety within the range of three to six be applied to the aluthe ultimate resistance to

pile penetration produced by the Danish formula (Fragaszy, Higgins, and Lawton 1985).

WR'h

1 Danish/$ Formule (2.19)
S + ? ¢ SO

where:s, = /% (2.20

In summary, the numerous dynamic pile driving formulas presenttusi subsection

R, =

were all derived under the assumption that the energy lossesiassdowith only the
temporary elastic compressions of the driving cap, pile, and soilofarggnificance.
However, as indicated by Cummings (1940), it should not be expectesutttatemporary
elastic compressions can be calculated with any reasonaliked#gaccuracy by means of
expressions taken from static theory without modification for use pnoblem of dynamic
nature. In fact, it is only through accurate field measuremantise behavior of the pile

during driving that quantities for such temporary elastic comjpressan be confidently
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attained. Thus, in the eyes of Cummings (1940), all of the dynaiteicdriving formulas

presented in this subsection are not appropriate.

2.3.3 Dynamic Formulas Incorporating Only Energy Losses from Newtonian Impct

Theory

As evidenced from the preceding subsection, numerous dynamic piegdr
formulas have been proposed under the assumption that the elastiession® of the cap,
pile, and/or soil are the only energy losses that must be corgsidétenetheless, just as
many dynamic pile driving formulas have been proposed undeagtgmption that the
energy losses associated with only the Newtonian theory of impadif significance. The
Newtonian theory of impact involves a coefficient of restitutioat is used to indicate how
much of the original kinetic energy remains after the impativo objects. For the type of
collision known as direct central impact, which assumes the limepafct passes through the
centers of gravity of the colliding bodies and coincides with the tdbreof the motion, the
Newtonian theory gives the following equation for the amount of lostggnéuller and
Johnston 1915):

BB =(3)- (- e%(%) Wy =12 (2.21)

where: E; = total kinetic energy of the two bodies in the system before impact,
E, = total kinetic energy of the two bodies in the system after impact,
M, = mass of the first colliding body in the system,
M, = mass of the second colliding body in the system,
v; = velocity of the first colliding body prior to impact,
V. = velocity of the second colliding body prior to impact, and
e = Newton'’s coefficient of restitution; Table 2.1 presents reptatiee values

of this variable.
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Table 2.1: Representative Values of the Coefficient of Restitution forse in Dynamic
Pile Driving Formulas (ASCE 1941)

Material e
Broomed Wood 0
Wood Piles (Nondeteriorated End) 0.25
Compact Wood Cushion on Steel Pile 0.32
Compact Wood Cushion over Steel Pile 0.40

Steel-on-Steel Anvil on Either Steel or Concrete Ple50
Cast-Iron Hammer on Concrete Pile without Cap 0.40

If the variablesvl; andv; of Eq. (2.21) refer to the pile driving hammer, then:

7

M =2 (2.22)
g

vy =42-g-h (2.23)

where: g = the acceleration of gravity.

Likewise, if the variable, andv, of Eq. (2.21) refer to the pile element, then:

m, =2 (2.24)

where:W, = weight of the pile, driving cap, follower, and mandrel as driven.

Thus, when the values fofl;, My, vi, andv,, as expressed in Egs. (2.22), (2.23), (2.24), and
(2.25), are substituted into Eq. (2.21), an equation for the amount of logy ea® obtained
from only the Newtonian theory of impact, that occurs during the imfpact a single

hammer blow upon the head of an embedded pile is attained, i.e., Eq. (2.26).

W, (1—e?)

E1—Ez=(WR'h)’ Wao + W,
R P

(2.26)

When the energy loss defined by Eq. (2.26) is added to the right-ldendfdeq. (2.1) and

simplified, the expression provided in Eq. (2.27) is obtained.
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Wi +e? - W,

R.S:(WR.h). W W
R 14

(2.27)

In fact, Eq. (2.27) has been used as the basis for several weihldymamic pile
driving formulas. To begin with, Eytelwein’s dynamic pile drivilegmula, which has been
provided in its original form in Eq. (2.28) (Chellis 1961), is obtaineddiyirsy Eq. (2.27)
for R and assuming a perfectly inelastic impact between thedpileng hammer and
embedded pile, i.ee= 0. This formula, which was proposed in 1820, was developed during
a time in which steel and concrete piles were being used fneayeently in place of timber
piles, resulting in heavier piles and contemporaneously higher dréneggies (Fragaszy,
Higgins, and Lawton 1985); thus, providing evidence for the notion that energgslos
associated with the Newtonian theory of impact were of gremtifisance. Since
Eytelwein’s original dynamic pile driving formula, i.e., Eq. (2.28as only intended for use
with gravity hammers, modifications were proposed by Eytelu@iallow for its use with
the increasingly popular single-acting and double-acting stearméen These modified
forms of the Eytelwein formula have been presented in Egs. (2.29) anyl(Qt&0lis 1961).
Furthermore, it is important to note that statistical studiggest that all three forms of the
Eytelwein dynamic pile driving formula should be used with a faat@afety of six (Chellis
1961).

WR ¢ h
Ry = W, Eytelwein Formula: Gravity Hamme (2.28)
N (1 + W)
R
WR ¢ h
Ry = W, Eytelwein Formula: Singlécting Steam Hamme (2.29)
s+01- (W)
R

:h-(WR+Ap-p)

0.1 Wy
s+ 0. (m)

u

Eytelwein Formula: Doublécting Steam Hamme (2.30)

where: s= pile penetration distance under one hammer blow, i.e., pile set, expressed in
inches per blow for Egs. (2.29) and (2.30).
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If the ratio between the weight of the pile and the weighhefpile driving hammer
in the denominator of Eq. (2.28) is modified by a factor ofsOr&tead of 1.@, then the
Navy-McKay formula of Eq. (2.31) is obtained (Chellis 1961). Althotlgd dynamic pile
driving formula is no longer used by the Navy, it is still recanded that a factor of safety

of six be applied when used.

WR’h

1 03Wp
S'(*“WR)

R, =

Navy-McKay Formula (2.31)

On the other hand, if Eq. (2.28) is rewritten in such a way aetidhe ultimate
resistance to pile penetration equal to the product of two fracttenak, then the Dutch
formula of Eqg. (2.32) is obtained. With this formula, which is bestwknin the United
Kingdom of Great Britain and Northern Ireland, it is customary ®aigactor of safety of
ten when driving with a gravity hammer and of six when driving witeteam hammer
(Chellis 1961).

R, =Xt (W Dutch Formul: (2.32
w= .WR+VI/p utch Formuli  (2.32)
Furthermore, the Ritter formula of Eq. (2.33) is the same asutehBormula of Eq.
(2.32), with the inclusion of additional terms to account for the weighthe pile driving
hammer and pile (Chellis 1961). However, little more is known regguriie history and
development of this dynamic pile driving formula.
_ WR * h

Wy :
R, — <WR = Wp> + Wi + W, Ritter Formula (2.33)

Like the Ritter formula, few details exist in literaturencerning the history and
development of the Brix dynamic pile driving formula. Howevenatis known regarding
this formula is that it was established by modifying the Butrmula of Eq. (2.32) to
account for the energy given to the pile during the impact fremgle hammer blow (Faber
et al. 1947). With the recommended application of a factor ofysaf¢hree or greater, the

www.manaraa.com



28

Brix formula presented in Eq. (2.34) is intended for use with pitegen only by gravity

hammers in sandy soils (Jumikis 1971).

Wg W, -h

Ry=—""7— Brix Formula (2.34)
(Wr+W,)" s

In brief, the numerous dynamic pile driving formulas presented s ghbsection
were all derived under the assumption that pile driving is stractbroblem in Newtonian
impact theory. However, as Cummings (1940) so expertly indicMediton himself
excluded from his impact theory the case of “...bodies...which suffer some such extansion a
occurs under the strokes of a hammer.” Moreover, Newton deduced his impary as a
part of the proof of his third law of motion, which explained the behavidwofcolliding
bodies displaying unhindered motions apart from the actual collisiith this in mind,
Cummings (1940) concluded that a dynamic pile driving formula cannotdeel loa simple
Newtonian impact theory since the restraining effect of #m¢hesurrounding the pile is
sufficient enough to put the pile driving problem beyond its scope. Thaosrdany to
Cummings (1940), the validity of the dynamic pile driving formulas gl in this

subsection is questionable, to say the least.

2.3.4 Dynamic Formulas Incorporating Energy Losses from Both Temporary Elast

Compressions and Newtonian Impact Theory

Combining the assumptions made in the preceding two subsections cond¢kening
energy losses that occur during the impact from a single hatmimerupon the head of an
embedded pile yields this next class of dynamic pile drivinmdtets. In other words, the
dynamic pile driving formulas presented in this subsection werésede under the
assumption that the energy losses associated with both the teyrglastic compressions of
the cap, pile, and/or soil as well as the Newtonian theory of ingvacof significance. To
begin this discussion, J. F. Redtenbacher, in the year 1859, put forwaexkpitession
revealed in Eq. (2.35), which has often been referred to as the “cemgigtamic pile
driving formula on account of the fact that it incorporates deductionsali of the

aforementioned sources of energy losses (Jumikis 1971).
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W, (1—e?) R-C, R-C, R-Cs
We-h=R-s+|Wg-h-[22 { } 2.35
; s+ [ R < W, )] 5ttt (2.35)
. R-L ) . . .
where:¢, = TR temporary elastic compression of the driving cap, (2.39
R-L . . .
C; = - = temporary elastic compression of the pile, (2.39)

C; = temporary elastic compression of the soil surrounding the pile,
L’= length of the driving cap,
A’= cross-sectional area of the driving cap, and

E’= Young’s modulus for the driving cap material.

In fact, it is from this expression shown in Eq. (2.35) that AlfrddyHlerived his renowned
dynamic pile driving formula. Used extensively in the United o of Great Britain and
Northern Ireland as well as in Europe, the Hiley formula of (Bd8) was developed in an
attempt to eliminate some of the errors associated with tloeetiwal evaluation of energy

absorption by a pile-soil system during driving (Olson and Flaate 1967).

Ry, =

eh'WR‘h <WR+32‘M/p>
) Hiley Formule (2.38

S+%'(C1+C2+C3) WR+M/p ( )

where: e, = efficiency of striking hammer; Table 2.2 presents represeataalues of

this variable for hammers in reasonably good operating condition.

Table 2.2: Representative Values of Hammer Efficiency for use in DynamRile Driving
Formulas (Bowles 1996)

Type Hammer Efficiency, e,
Drop Hammers 0.75-1.00
Single-Acting Steam Hammers 0.75-0.85
Double-Acting Steam Hammers 0.85

Diesel Hammers 0.85-1.00

Recognizing the complexity associated with determining the tempelastic compressions
of the cap and soil (i.eC; and C3), Hiley established recommended values for these

variables as shown in Table 2.3 and Table 2.4, respectively. Aalgdint, the application
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of a factor of safety of three is recommended for use withHiley dynamic pile driving

formula (Fragaszy, Higgins, and Lawton 1985).

Table 2.3: Recommended Values fo€; (inches/blow) - Temporary Elastic Compression
of the Pile Head and Driving Cap (Chellis 1961)

Material to which Hammer Blow is Driving Stresses on Pile Head or Driving Cap (ksi)
Applied 0.50 1.00 1.50 2.00
Head of steel H-shaped or pipe piling 0 0 0 0
Head of timber pile 0.05 0.10 0.15 0.20
Precast_ concrete pll_e_W|th 3.0—-4.0inches 0.12 0.95 0.37 0.50
of packing inside driving cap

Precast concrete pile with only 0.5 - 1.0 0.025 0.05 0.075 0.10

inch mat pad on head

Steel-covered cap containing wood packing 0.04
for steel H-shaped or pipe piling ‘
3/16 inch fiber disk between two 3/8 inch

steel plates for use with Monotube piles 0.02 0.04 0.06 0.08
subjected to severe driving conditions

0.05 0.12 0.16

Note: For driving stresses larger than 2.00 ksi, use the valbgpobvided in the last column.

Table 2.4: Recommended Values fo€; (inches/blow) - Temporary Elastic Compression
of the Soil Surrounding the Pile (Chellis 1961)

Driving Stresses on Horizontal Projection of Pile Toe (ksi)
0.50 1.00 1.50 2.00

Type of Pile

Piles of Constant Cross Section 0-0.10 0.10 0.10 0.10

In an effort to further alleviate the difficulty associatedhwibhe determination of
Hiley's rebound coefficients, i.eGi, C,, andCs, the federal government of Canada adopted
a dynamic pile driving formula for the construction control of dripde foundations in their
first edition of the Canadian National Building Code (CNBC) thatified empirically these
coefficients. Although the CNBC formula presented in Eq. (2.39) i®mgel specified in
the National Building Code of Canada, it was recommended thatos €dcsafety of three be
applied when used (Chellis 1961).

n:- WR . h
R, = ¢ CNBC Formula (2.39)
S+
2
Wi +e?-W,
where: n = ————P for friction piles 2.4
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_ Wiy +05-e*- W,

P

n W+ W, for refusal, and (2.4)
3R, (L

C=— L. <E +0.0001 in® /kip). (2.42

Given that the CNBC formula of Eq. (2.39) was intended for use wigs diliven by trigger
activated gravity hammers, when single-acting steam hamnmerswanch drag gravity
hammers are used, the resulting value for the ultimate resstanpile penetration, as
obtained from Eq. (2.39), should be multiplied by 0.90 and 0.80, respectively (Chellis 1961).

With a similar motivation, the Pacific Coast Building Offisidater referred to as the
International Conference of Building Officials (ICBO), adopted edifred version of the
Hiley dynamic pile driving formula for the construction control afein pile foundations in
their first edition of the Uniform Building Code (UBC), which wasblished in 1927. This
formula, which is most commonly referred to as the Pacific Cdagbrm Building Code
(PCUBC) formula, attempts to account for the energy lossesiatsd with the temporary
elastic compressions of the driving cap and soil by using twiceantkeage energy loss
associated with the temporary elastic compression of the piell{€1961). Although the
PCUBC dynamic pile driving formula was removed from the UBCQ976, its use is still
permitted provided that a factor of safety of four is applied toilata allowable resistance
to pile penetration (Bowles 1996).

WR+k’VVp
Wr + W,
R, L
s+_A-E

where: k= 0.25 for steel piles and 0.10 for all other piles.

WR ¢ h *
PCUBC Formula (2.43)

R, =

If it is assumed that energy losses resulting from the tempelastic compressions

of the driving cap and soil can be neglected, then Eq. (2.35) can be rewritten as:

Weh=R-st|wyn (P Qe [RE-L (2.44)
L Wy + W, 2-AE '
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When Eg. (2.44) is solved directly f&; the resulting dynamic pile driving formula, which
has been provided in Eqg. (2.45), is referred to as the Universal orfStemala (Chellis
1961). However, it is important to note that, other than being establisitied year 1908,
little is known concerning the history associated with this dynamic pilendrformula.

sz rwpon. (MRt W (Z'L)
ST TR We+W, ) \4-E

As a special case of the Universal/Stern formula of Eq. (2.4%), Redtenbacher

A-E
L

R, = Universal/Stern Formula (2.45)

proposed a dynamic pile driving formula by assuming the occuradreerfectly inelastic
impact between the pile driving hammer and embedded pile,ei®.0 (Chellis 1961).
Although Redtenbacher, as stated previously, is often times creditethevdevelopment of
the “complete” dynamic pile driving formula, this engineer is enbequently associated

with the simplified formula provided in Eq. (2.46).

A-E
Ry=——"

+ 2+<W""2’h> (Z’L) Redtenbacher F (2.46)
—S S . edtenpacher Formtu .
We+W,) \4-E

Like the Universal/Stern and Redtenbacher formulas, the Janbu énonaposed by
N. Janbu in 1953 (Gulhati and Datta 2005), is based upon the assumption thpti@sees
resulting from the temporary elastic compressions of the drieaqg and soil can be
neglected. Although this formula does not directly involve the Newtathi@ory of impact,
Janbu attempted to account for it by factoring out a serigarables, which proved to be
difficult to evaluate, from the general conservation of energy moyate., Eq. (2.3), and
then combining them to form what is termed the driving coefficiégt, More specifically,
this driving coefficient includes terms representing the differeneedeet static and dynamic
capacity, the ratio associated with the transfer of load intedih@s a function of depth, and
hammer efficiency (Fragaszy, Higgins, and Lawton 1985). Furtherntbee,driving
coefficient is correlated with the ratio of the weight of thie po the weight of the pile
driving hammer in an effort to account for the variability in énergy available at the close
of the period of restitution. As a result, the Janbu formula, inimtplest form, may be
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expressed as shown in Eq. (2.47), with the recommended applicatioaabadf safety of
three, as reported by Gulhati and Datta (2005).

(7 WR -h 1
R, = (—) (—) Janbu Formul  (2.47)
s K,
PR
e
wherek, = C; - |1+ (1 + C—) ] (2.48)
d
W
Cy =075+ 0.15 - (—) and (2.49)
We
_ep Wi h-L

2, = (2.50)

A-E-s?

If it is again assumed that energy losses resulting fromtehgporary elastic
compression of the soil, together with the temporary elastic casipreof the pile, are
significant, then for a perfectly inelastic impact between gite driving hammer and
embedded pile, i.ee = 0, Schenk proposed the dynamic pile driving formula presented in
Eq. (2.51) (Chellis 1961). Notice that in this formula, the tempofdastie compressions of
the pile and soil are measured from a load-settlement curveh wghmbtained via a static
pile load test, near to or beyond the failure load, as defined by aopajppe method (e.g.,

De Beer (1967), Chin (1970) and (1971), Davisson (1972), etc.).

" tan g,

u

WR‘M/p 52

Wg-h 2 - tan @,
14+ |1+ . ( ) Schenk Formula (2.51)

where: tampe = tangent of the angle formed between a horizontal line and thicela
pile rebound line, as encountered on a load-settlement curve

constructed from static pile load test data.

As indicated in Section 2.3.2, several modifications to Wellington’s EbiRiula
have been made over the years in an attempt to improve upon ghreloformula’s pile
bearing capacity prediction capabilities while still maintagniits desirable qualities of
simplicity and ease of use. Since the various modificationemes in Section 2.3.2 follow

the original formula’s assumption that the energy losses assdavith only the temporary
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elastic compressions of the cap, pile, and soil need to be considexeging appropriate to
now address those modified forms of the ENR formula that additioaaltpunt for the
energy losses associated with the Newtonian theory of impaasiposed in 1965 by the
Michigan State Highway Commission (MSHC) as the product ofxémsive study focused
on comparing the efficacy of several dynamic pile driving fdewm to predict the ultimate
bearing capacity of driven piles, the MSHC Modified ENR formuihich is presented in
Eq. (2.52), modifies the original ENR formula through the multiplicatiomrofadditional
factor to account for the available kinetic energy after the ¢tipam a single hammer blow
upon the head of an embedded pile (Fragaszy, Higgins, and Lawton 1985).ithAs w
Wellington’s original ENR formula, it is recommended that adaof safety of six be
applied to the value for the ultimate resistance to pile patiairproduced by the MSHC
Modified ENR formula.

WR'h WR+62’VVp

R, = . MSHC Modified ENR Formula(2.52
“ [s +0.1 W + W, (2:52)

where: s= pile penetration distance under one hammer blow, i.e., pile set, expressed in

inches per blow.

If it is assumed that a perfectly inelastic impact occutsvéen the pile driving
hammer and embedded pile, i.e5 0, and if the constant term in the denominator of the
MSHC Modified ENR formula, which accounts for all energy lossg®eenced as a result
of temporary elastic compressions in the cap, pile, and soilei®@lto account for various
hammer-pile combinations, then the lowa DOT Modified ENR formulachvig presented
in Eq. (2.53), is attained. Incorporated into the lowa DCHtandard Specifications for
Highway and Bridge Constructiomanual, the lowa DOT Modified ENR formula is to be
used only in situations where there is no excessive bounce exhilitdee Ipile driving
hammer subsequent to the impartation of the driving blow (lowa DOT 2@8}thermore,
it is recommended that a factor of safety of four be appliethdovalue for the ultimate
resistance to pile penetration produced by Eq. (2.53) when a grawitgndraor diesel
hammer is used to drive timber, steel H-shaped, or steel spelptles and when a steam
hammer is used to drive any pile type. However, statissicalies suggest that factors of
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safety ofzg and 1; should be used when either a gravity hammer or diesel hammer is

utilized to drive a concrete pile, respectively.

Wg-h w,
R ] ) [ R ] lowa DOT Modified ENR Formula(2.53)

Ru = [s Tz Wy + W,
where: z= 0.35 inches per blow for timber, steel H-shaped, or steel stesdl giiven
by a gravity hammer; 0.20 inches per blow for concrete piles dhyem
gravity hammer; and 0.10 inches per blow for all piles driven hee#

diesel hammer or a steam hammer.

Finally, the Gow formula, which modified, based on experience andiamuihe
denominator of the ENR formula to account for the energy-absorbingotbastics of
precast concrete piles, is presented in Egs. (2.54), (2.55), and (2.5&s@yaddiggins, and
Lawton 1985). As with the original ENR formula, the application fachor of safety of six

is recommended for the Gow formula.

Ry = ) Gow Formula: Gravity Hammers(2.54)

Ry = W, ) Gow Formula: Single-Acting Steam Hamme(2.55)

Ry = W, Gow Formula: Double-Acting Steam Hammef2.56)
s+0.1- (W)

R
where: s= pile penetration distance under one hammer blow, i.e., pile set, expressed in

inches per blow.

In brief, the numerous dynamic pile driving formulas presented s ghbsection
account for the energy losses associated with both the tempteatiz compressions of the
cap, pile, and soil as well as the Newtonian theory of impidoivever, as stated in Section
2.3.3, Newton'’s theory of impact is based on what is now calledogféazent of restitution
and, by definition, the coefficient of restitution includes all oféhergy losses that occur in

a given case of Newtonian impact, including those in the form dtielaistortions
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(Cummings 1940). Thus, as recognized by Cummings (1940), the enesgg lassociated
with the temporary elastic compressions of the driving cap, pile, and soil and tbosatasl
with the Newtonian theory of impact are in fact mutually exekignd only one or the other
of them should be accounted for in any given dynamic pile drivingulaamHence, when
both are considered, some of the energy losses are actually desicee Furthermore, the
dynamic pile driving formulas of this subsection are based on the sprastionable
assumptions as those presented in Sections 2.3.2 and 2.3.3, namely thzusgibée to
calculate the temporary elastic compressions of the driving pibg, and soil from the
expressions contained within the braces of Eq. (2.35) and that iremtiedy losses can be
calculated by the elementary Newtonian impact theory (Cunsnit@0). Therefore,
although it is true that some of the hammer energy provided tos@ndpile foundation is
dissipated in producing temporary elastic compressions of the driamgie, and soil, and
that the inertia of the pile is a factor in the pile driving prohléhese approaches are only
remotely related to the phenomena of actual pile driving. A pheremiet, Cummings

(1940) concludes, cannot be solved by mathematics and theoretical mechanics alone.

2.3.5 Empirically Derived Dynamic Formulas

Although some of the dynamic pile driving formulas presentedhé greceding
subsections were obtained through empirical modifications to establishationships
derived based on assumptions concerning the energy losses that occur duripgchéam
a single hammer blow upon the head of an embedded pile, a dynamudddhat is strictly
empirical in nature has yet to be introduced. The Gates formolaosed by Marvin Gates
in 1957, is a strictly empirical relationship between hammer gndngal pile set, and
measured static pile load test results (Jumikis 1971). €hergl structure of the formula
was developed based on two relationships established by Gates, tieahéhg resistance to
pile penetration is directly proportional to the square root of thénaramer energy as well
as the logarithm of the final pile set. Through the applicatiostatistical methods and a
curve-fitting approach, the final form of the Gates formula @stablished as revealed in Eq.
(2.57) (Gates 1957). Although it is known that the statistical adgrgs employed in the
development of this formula were based on the results from approximately one huatired s

pile load tests, Gates (1957) failed to report on the amount oérseattibited by this data in
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addition to whether or not the used dataset encompassed all soil typastheless, Gates
(1957) recommends that a factor of safety of four be applied to the f& the ultimate
resistance to pile penetration obtained from his formula.

6 10
R, = (;) -Jen - Ep - log (?) Gates Formula (2.57)

where: R, = ultimate resistance to pile penetration expressed in tons,
En = rated hammer energy per blow expressed in foot-pounds per blow, and
s= pile penetration distance under one hammer blow, i.e., pile set, expressed in

inches per blow.

The Gates formula of Eqg. (2.57) was further enhanced by RichameCltd the
FHWA (Paikowsky et al. 2004), based on statistical correlatiotis adta from additional
static pile load tests, as a means to help offset the drigimaulas tendency to overpredict
pile penetration resistance at low driving resistances and uederp pile penetration
resistance at high driving resistances. Generally eefei as the FHWA Modified Gates
formula, it is recommended in the current edition of &&SHTO LRFD Bridge Design
Specifications(AASHTO 2007) that this dynamic pile driving formula be used lgefl
other dynamic pile driving formulas in the construction control of dripge foundations.
Provided in Eq. (2.58) is the exact form of the FHWA Modified Gadasula as it appears
in the current edition of thekASHTO LRFD Bridge Design SpecificatiddAsA\SHTO 2007).

Ry =1.75- /Wy - h - log(10 - N},) — 100 FHWA Modified Gates Formu (2.58)
where: R, = ultimate resistance to pile penetration expressed in kips,
Wk = weight of the pile driving ram expressed in pounds,
h = drop height (stroke) of the ram expressed in feet, and

Ny = number of hammer blows for one inch of pile permanent set.

In a similar manner, the Washington State Department of Transpor{®/SDOT)
used an expanded database established by Paikowsky et al. (2004), afichmyprised of
data from numerous static pile load tests conducted throughout thedUsiates, to
statistically enhance the original Gates dynamic pile drivemghula. As with the FHWA
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Modified Gates formula, the WSDOT dynamic pile driving formwas developed to
maintain the low prediction variability of the original Gatesfata, but at the same time
minimize its tendency to under- or over-predict the ultimategateetration resistance (Allen
2005). As presented by Allen (2007), the WSDOT formula takes the following form:

Ry =6.6Ferr-Wg-h-In(10 - Np) WSDOT Formula (2.59)
where: R, = ultimate resistance to pile penetration expressed in kips,

Fert = 0.55 for air/steam hammers with all pile types, 0.37 for open-endedl di
hammers with concrete or timber piles, 0.47 for open-ended diesel
hammers with steel piles, 0.35 for closed-ended diesel hammikrsalvi
pile types, 0.58 for hydraulic hammers with all pile types, and 0.28 fo
gravity hammers with all pile types,

Wk = weight of the pile driving ram expressed in Kips,

h= drop height (stroke) of the ram expressed in feet, and
Ny = number of hammer blows for one inch of pile permanent set, averaged over

the last four inches of driving.

Finally, described as a combination static and dynamic forrindeRabe formula is a
comprehensive formula that takes into account most of the factors that infhilencapacity
(Spangler and Mumma 1958). Developed empirically from the resultsseaf 100 pile
driving and pile testing projects, this formula can be rather cisober to use on account of
the fact that it requires extensive computations and sevelatstimates of load (Spangler
and Mumma 1958). Thus, it is often times necessary to perform afaghg computations
required by the formula prior to driving; otherwise it becomegedingly difficult to use in
the field. With an inherent theoretical factor of safety df,tthe Rabe formula is the only
dynamic pile driving formula that attempts to account for thetgpiés and soil conditions
into which the pile is being driven. Without further introduction, thebdR formula, as

presented by Spangler and Mumma (1958), is as follows:
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R - M- F' Wy B
= \5x e A Rabe Formul (2.60)
WR + T

where: R, = allowable resistance to pile penetration expressed in pounds,

M = 4.0 for winch drag gravity hammers, 4.75 for trigger activated tgravi
hammers, 5.0 for single-acting steam hammers of the Vulcan typdpb.25
differential-acting steam hammers of the Vulcan type, andog.@ouble-
acting steam hammers of the McKiernan-Terry type,

F’= Wk - h for gravity and single-acting steam hammerg£gpfor differential
and double-acting steam hammers expressed in foot-pounds per blow,

s= pile penetration distance under one hammer blow, i.e., pile set, expressed in
inches per blow,
Wk = weight of the pile driving ram expressed in pounds,
h = drop height (stroke) of the ram expressed in feet,

C'= temporary elastic compression of the driving cap, pile and quiessed in
inches per blowC’' = C; + C; + C3),

W, = weight of the pile, driving cap, follower, and mandrel as drivearessed
in pounds, and

B = static supplement factéB = B; - B; - B,).

In order to computé;, C;, andC; as well a3, B;, andB,, additional formulas, tables, and

figures are required. Fa@l:

Wy + 2
R+
Ra | =7, (2.61)

6,000,000-B 3

| S

¢ =

However, for single-acting and for double-acting or differerg@ing hammers, thé/3

term is considered to be equal to the value of one.Cfor

, 12-V-Ry-L

— 2.62
2 A-E-B (2.62)
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where: L = length of the pile expressed in feet,
V = a factor that takes into account the amount of taper of the nulethe
vertical arrangement of the soil and is obtained from Table 2.5,
E = Young’'s modulus for the pile material expressed in pounds per squiaye inc
and
A = average cross-sectional area of the pile apparatus as dnigkewling
equivalent transformed section properties in the case of pilesosau of

several materials expressed in square inches.

Furthermore(; is equal to a constant value of 0.04 inches per blow. Focusing n®&y on

Bi, andBs, the variableB; represents a pile cross-section factor that is determined thtioeig

use of Figure 2.2. To use this figure, the average, horizontal soenal area of soil
displaced by the pile over the entire penetrated length in ungguafre inches is required,

for steel H-piles, this quantity is assumed to be equal to tmestihe cross-sectional area of
the pile sinceB; is intended to account for friction surface as well as displanem
Subsequently, the variab® represents a pile length factor that is determined through the
use of Figure 2.3. To use this figure, the value for length of pile penetratiorisrotifeet is
required. Finally, the variabB; represents a soil factor that is determined through the use of
Table 2.6. More specifically, the soil profile encountered atdbation of the driven pile
foundation under examination, in conjunction with Table 2.6, is used in the following manner

to determineBs:

1) Divide the total penetrated depth into its various types of soithadse a soil factor
for each from Table 2.6.

2) Select equal depth intervals of four to twenty feet and assiBovalue to each.
Multiply by progression numbers, beginning at the head and inogetsithe toe of
the pile, which give more weight to soil near the toe than atrinend level. The
progression numbers are 1, 4, 8, 12, 17, 22, 28, 34, 40, 46, 53, 60, 67, 74, 81, 88, 95,
102, 109, and 116.
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3) After multiplying theBs selected for each depth interval by its progression number,
take the sum of these and divide it by the sum of the progresambers used. This
value isBs for the penetrated depth of the pile.

4) If the soil immediately below the toe has a lovi&rthan that determined for the
entire embedded length, an average of the two values should be used.

5) The value oBs should not be increased due to contact with rock.

Table 2.5: Values for theV Factor in Rabe's Formula (Spangler and Mumma 1958)

Pile Characteristics

Steel H- Length in Feet Corresponding to a
Vertical Arrangement of Soil' Shaped No Taper of 1 inch
w/ Filler  Taper Over
Near End 20 20 16 12 8 4
Point bearing; rock or other hard
material at point; poor soil 1.00 100 100 100 1.00 1.00 1.00 1.00
above
Point bearing; rock or other hard
material at point; fairly good 0.95 095 095 093 092 091 0.89 0.87
soil above

Point bearing; rock or other hard
material at point; very good soil  0.90 088 085 082 079 0.76 0.72 0.68
above

Abrupt increase in firmness of sc
near point, but not reaching roc  0.88 0.80 0.75 0.70 0.66 0.62 0.55 0.49
or other hard material

Uniform firmness; full penetration

(soft, medium, or hard) 0.85 0.75 070 063 057 052 044 0.36

T With reference to center of resistance to driving.
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Figure 2.2: Pile Cross-Section FactorB) in Rabe's Formula (Spangler and Mumma

1958)
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Figure 2.3: Pile Length Factor B)) in Rabe's Formula (Spangler and Mumma 1958)
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Table 2.6: Values for the Soil FactorBs) in Rabe’s Formula (Spangler and Mumma

1958)
Soil Type B.
Muck 0.20-0.35
Loam 0.20-0.50
Very wet plastic clay or silt 0.30
Soft clay or silt 0.50
Medium clay or silt 0.70
Hard clay or silt 0.85
Dense sandy silt 1.00
Loose sand, or sand and gravel 0.85
Moderately compact sand, or sand and gravel 1.00
Very compact sand, or sand and gravel 1.25
Shale 1.00-1.50
Hardpan 1.00 - 1.50

2.4 COMPARATIVE STUDIES OF DYNAMIC PILE DRIVING FORMULAS

Although a multitude of dynamic pile driving formulas exist foe tconstruction
control of driven pile foundations, the act of determining which ohess$ suited for a given
situation or which one is most accurate overall is a partigudi#ficult task. Nonetheless, it
can be assumed that the ideal dynamic pile driving formula, ifweare to exist, would be
accurate enough to provide a safe yet economical design, inoaduatitibeing suitable for
varying soil conditions and pile types. With this in mind, numerous eguldave been
conducted over the past sixty years in an effort to deterrhmecdrrelation between the
bearing capacity of a statically load tested pile and thena®d pile bearing capacity as
obtained via dynamic pile driving formulas. In the following subeast a comprehensive
review of these studies will be presented in chronological fashibrs important to note
that, although many of the studies presented in the following didseevere identified by
Fragaszy, Higgins, and Lawton (1985) in their report to the Washingab& Btansportation
Center, they have been included here so that a clear historicgegsmn regarding the

perceived accuracy of specific dynamic pile driving formulas candieed.

2.4.1 Chellis, 1949
One of the oldest references to have cited comparisons betwepretheted pile
bearing capacity obtained via dynamic pile driving formulas anddhesponding measured

bearing capacity attained from static pile load test resiChellis (1949). Using the results
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from 45 static pile load tests conducted in predominately cohesiosleds and
encompassing several different pile types (i.e., mandrel-drivengated shell, fluted steel
shell, precast concrete, timber, and steel H-shaped piles) andirpilng hammers (i.e.,
double-acting, differential-acting, and gravity hammers), Cheltimpared the measured
ultimate pile capacity, defined as the load on the net settlereesus load curve where the
rate of movement begins to increase sharply in proportion to treasein load, against that
predicted by the ENR, Hiley, MSHC Modified ENR, Eytelwein, MaatifiEytelwein (where
the ratio between the weight of the pile and the weight opileedriving hammer in the
denominator of Eq. (2.29) was modified by a factor of 0.3 instead of 0.1)y-Melay,
CNBC, and PCUBC dynamic pile driving formulas. Based on the tseqil this
comparison, which have been reproduced in Table 2.7, Chellis (1949) concludddethat t
Hiley, PCUBC, and CNBC dynamic pile driving formulas performedicefitly well, given
the fact that they demonstrated the provision of a safe yet ecawalodesign through
application of the recommended factors of safety. Furthermongsitalso concluded that
the ENR and Eytelwein formulas were inefficient methods forptiediction of ultimate pile
capacity considering their respective mean and variancetisgtisported in Table 2.7; a
reality that has been seemingly ignored given the widespreadfube ENR formula yet

today.

Table 2.7: Summary of Results from Chellis (1949) (From: Fragaszy, Higginand
Lawton 1985)

Ratio of Predicted Load to Measured Ultimate Load (%)

Dynamic Pile Driving Formula

Average Range
Hiley 92 55-125
PCUBC 112 55-220
CNBC 80 55-140
ENR 289 100-700
MSHC Modified ENR 182 98-430
Eytelwein 292 90-1800
Modified Eytelwein 202 98-508
Navy-McKay - 990

2.4.2 Sorensen and Hansen, 1957
Sorensen and Hansen (1957) used data from 78 static pile load teststembrafuc
concrete, steel, and timber piles bearing on sand, or in a feam@éest hard moraine clay, to
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evaluate the performance of their numerically integrated \eguation, which describes the
mechanics of force transmission along an elastic rod subjextad impact force, and the
following four dynamic pile driving formulas: Janbu, Hiley, Eytelmeand Danish. The
results of this study have been reproduced in Figure 2.4, where thefrtt®m measured to
predicted pile bearing capacity)(is plotted against the percentage of load tests producing a
value less tham. Since the plot displayed in Figure 2.4 is a normal probability plot,
straight line on this plot corresponds to a normal or Gaussian digtnbaft results. With
this in mind, it can be observed from Figure 2.4 that the predicapacities of all dynamic
pile driving formulas considered in this study follow approximagelgormal distribution,
save for the Eytelwein formula. Sérensen and Hansen (1957) concheledstudy by
noting that the Danish, Hiley, and Janbu formulas all performediwtilarsievel of accuracy
to that exhibited by the numerically integrated wave equationhbtithie Eytelwein formula

was an exceedingly inaccurate method.

@ Eytelwein Formula -====--- A
91 B Wave Equation = == ——- p ,Q/
A Janbu Formula / oy
< 90 + XDanish Formula —_—— K9 /} X
£ X Hiley Formula s
P | 7Adp"
A .7
g >0 »
E o s /i( X
- W
g: ,4” 7 4( ¥
v ¢ s
f— P/
2 2 b, ¥
1 ‘,—”’ _ - %
r””’ 4 - /. / X
”
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4
logp

Figure 2.4: Statistical Distribution of the Results from Sérensen ahHansen (1957)
(From: Ng, Simons, and Bruce 2004)

2.4.3 Spangler and Mumma, 1958
Spangler and Mumma (1958) compared the allowable bearing capacétticted by
the ENR, PCUBC, Eytelwein, and Rabe dynamic pile driving formulath the
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corresponding measured bearing capacities attained from dbksref 58 static pile load
tests conducted in locales spanning the entire United States. dimottiks, this comparative
study covered a wide variety of soil conditions and pile types tee] H-shaped, concrete,
timber, Raymond step-tapered, and pipe piles). For each of thenafdrened static pile
load tests, the measured ultimate pile capacity was defin&pdoygler and Mumma (1958)
to be the average value resulting from the application of the follof@ungprocedures upon

the obtained load versus displacement results:

a) the load at which net settlement equals 0.25 inches is defined as the failure load,

b) the load at which the incremental gross settlement divided bin¢hemental load
exceeds 0.03 inches per ton is defined as the failure load,

c) the load at which the gross settlement curve breaks and pass@sdeep straight
tangent is defined as the failure load, and

d) the load at which the tangents to the early flat portion andtéep portion of the

load-settlement curve intersect is defined as the failure load.

With this information at hand, an actual factor of safety waera@bed by dividing the
measured ultimate pile capacity by the allowable bearipgqaty predicted by the four
dynamic pile driving formulas considered in this study. The residlthis comparison have

been reproduced in Table 2.8.

Table 2.8: Summary of Results from Spangler and Mumma (1958) (From: Fragaszy,
Higgins, and Lawton 1985)

Number of Cases

Factor of Safety

ENR Eytelwein PCUBC Rabe

<1.0 4 6 0 0
1.0-1.5 10 7 1 1
1.5-2.0 10 7 2 13
2.0-3.0 21 21 12 30
3.0-4.0 7 7 5 13
4.0-5.0 5 7 11 1
5.0-8.0 1 3 20 0

>8.0 0 0 7 0
Range 0.83-5.38 0.72-5.49 1.22-9.27 1.30-4.00
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Defining an unsafe or uneconomical prediction in pile bearing capagithie event
in which the actual factor of safety assumed a value thatlesashan 1.5 or greater than 4.0,

respectively, Spangler and Mumma (1958) arrived at the following generdlisions:

1) The ENR dynamic pile driving formula is often “unsafe” for piles with $ets, i.e.,
pile sets of 0.10 inches per blow or less.

2) The actual factor of safety for the ENR formula is usuallyvben 1.5 and 3.0, as
opposed to the recommended value of 6.0, when used in conjunction with
combination end-bearing and friction pile foundations.

3) For friction piles, the ENR formula generally provided an actaetiol of safety that
was greater than 3.0.

4) The Eytelwein dynamic pile driving formula produced larger scdttethe actual
factor of safety values than the ENR formula and was conslideree unreliable for
use with heavy piles driven by light hammers.

5) Although the PCUBC dynamic pile driving formula produced the largeatter for
the actual factor of safety values, it generated safetsesmudl was more conservative
than both the ENR and Eytelwein formulas.

6) The PCUBC formula was considered to be most reliable for uite l@ng piles
driven by heavy hammers.

7) Although very difficult to use, the Rabe dynamic pile driving formuladuced the

best results of the four formulas examined.

2.4.4 Agerschou, 1962

Agerschou (1962) used the results of up to 171 static pile load tesiich the pile
tips penetrated into either sand or gravel, to evaluate the perfoena Sorensen and
Hansen’s (1957) numerically integrated wave equation and the follauindynamic pile
driving formulas: Hiley, ENR, Eytelwein, Janbu, Danish, and Weisbddking the seven
methods to predict the ultimate pile bearing capacity, Agerscth®62] was able to
determine the ratio of the measured ultimate pile capacityyetks either the load at which
the total settlement equals ten percent of the pile diamethe onaximum load that can be

reached by way of hydraulic jacking procedures, to the predidtanate pile capacity for
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each pile. Using the common logarithms of these ratios aases lor the statistical
evaluation of each method, the analysis returned a nominal faciiedf sequired to assure
that for 98 percent of the time the allowable resistance t@eietration will be less than or
equal to the measured ultimate resistance. Additionally, eBch dynamic formula,
Agerschou (1962) calculated the upper limit for the actual factosaféty, which was
defined to be the maximum value obtained from comparisons betweendbkarattultimate
pile capacity and the predicted allowable pile capacity, i.e.,ptieelicted ultimate pile
capacity divided by the previously established nominal factor efys&dr 98 percent safety.

The pertinent results of this study have been summarized in Table 2.9.

Table 2.9: Summary of Statistical Analysis by Agerschou (1962) (From: Fragaszy,
Higgins, and Lawton 1985)

Nominal Standard Deviation Upper Limit for 98%

Dy_n_amic Pile Number of Factor of QMeasured Safety if Lower Limit
Driving Formula Load Tests Safety onlog Orredicted is 1.0

ENR 171 0.86 0.78 26.0
Eytelwein 78 7.10 0.57 17.0

Hiley 50 1.40 0.27 3.8
Janbu 78 2.30 0.25 3.6

Danish 78 2.00 0.26 3.8
Weisbach 123 2.60 0.36 6.0
Sdérensen and

Hansen’s (1957) 78 2.60 0.23 3.9

Wave Equation

From the results provided in Table 2.9, Agerschou (1962) concluded thaNtke
formula was an unreliable method for the prediction of the ultimatgrngecapacity of piles.
This conclusion was based on the fact that the ENR formulaajedethe largest standard
deviation of the seven methods studied as well as the fact thatid require a nominal
factor of safety of 0.86 for 98 percent assurance of safetypmoention the fact that factors
of safety reaching as high as 26 would have to be accepted i&swohinal factor of safety
was to be adopted. Finally, Agerschou (1962) deemed the Hiley, Janbu, r@istd pite
driving formulas as well as Sdrensen and Hansen’s (1957) numenctdbyrated wave
equation as acceptable methods for the prediction of ultimate l&cita given their

documented accuracy, i.e., small standard deviation.
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2.4.5 Flaate, 1964

Flaate (1964) investigated the accuracy of the Janbu, Hiley, aRdf&Mhulas by
comparing them with data from 116 static pile load testsechaut on timber, concrete, and
steel piles embedded in sandy soils. In all cases, the radadtimate pile capacity was
defined using the method proposed by Davisson (1972). Reinforcing thkusions
reached by Agerschou (1962) regarding the unreliability of the HdiRwula in the
prediction of the ultimate bearing capacity of piles penetyatito either sand or gravel soil
mediums, the results of this study also showed that there asvety little difference
between the Janbu and Hiley formulas, although the former ispsetha more reliable
overall and provides good results when used with timber and conctese powever,

Hiley’'s formula also provided reasonable results when used with timbsr pile

2.4.6 Michigan State Highway Commission, 1965

In 1965, the Michigan State Highway Commission (Kerkhoff, Oeldad Housel
1965) undertook a comprehensive pile testing program in which 88 pilesdvieza and
statically load tested to failure as shown in Table 2.10. Withitormation at hand, the
correlation between the bearing capacity of the load tested pihd the estimated pile
bearing capacity as obtained from selected dynamic pile drfeimgulas was investigated
and the results have been summarized in Table 2.11. The formeleteddbr examination
in this study included the ENR, Hiley, PCUBC, Redtenbacher, E\itelavy-McKay,
Rankine, CNBC, MSHC Modified ENR, Gates, and Rabe formulas. In addto
identifying the inability of dynamic pile driving formulas to prdeia reliable means for the
estimation of the long-term bearing capacity of piles, the tmaas/e efforts of the
Michigan State Highway Commission (Kerkhoff, Oehler, and Housel 188/aled the

following important and pertinent results:

1) In several instances, the allowable pile capacities predicyethe ENR, Navy-
McKay, and Rankine formulas experienced actual factors of saféégs than unity
when compared with the measured ultimate pile capacities deggfnfiom the
results of static load tests.
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2) In several instances, the allowable pile capacities predimtetthe Hiley, PCUBC,

Redtenbacher, and CNBC formulas experienced actual factors tf gedater than

nine when compared with the measured ultimate pile capadétesmined from the

static load test results.

3) In general, the allowable pile capacities predicted by thel@$odified ENR and

Gates formulas experienced actual factors of safety in the range of 1.5 to 6

The general conclusion from the Michigan State Highway Conmnissresearch study

states that while dynamic pile driving formulas leave muclbegodesired as a basis for

estimating pile bearing capacity, it is strongly recommentatithey be retained for rapid

determination and control of pile capacity in the field. Defenthigyconclusion, the MSHC

Modified ENR formula was implemented into their state-specific propestifications.

Table 2.10: Summary of Piles Driven in the Michigan State Highway Commigs Test

Program (From: Bowles 1996)

, Dimensions Weight Approximgte Num'ber
Pile Type (in) (Ib/ft) Manufacturer Range in of Piles
Length (ft) Driven
HP 12x53 12 (depth) 53.0 U.S. Steel 44-88 48
0.25 (wall
. . thickness) 314 16
12 in outside 0.23 (wall
diameter pipe piles . 29.7 Armco 44-178 6
. thickness)
(mandrel-driven) 0.18
.18 (wall 22 6 11
thickness) ‘
Monotube piles,
fluted tapered, F 12 12 (nominal F 19.6 Union Metal
7 (30 ft taper diameter) Manufacturing 55-80 5
section) and an N N 24.5 Company
12-7 extension
Step-tapered shells 9.5 outside Varied Raymond 58-67 >

with 8 ft sections toe diameter

International
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Table 2.11: Summary of Results from the Michigan State Highway Commission’s
Research Study (From: Bowles 1996)

Upper and Lower Limits of SF =P,/Pg* for

Dynamic Formula Ranges ofP, (kips) Values

0 to 900 900 to 1800 1800 to 3100
ENR 1.1-24 0.9-2.1 1.2-2.7
Hiley 1.1-4.2 3.0-6.5 4.0-9.6
PCUBC 2.7-5.3 4.3-9.7 8.8-16.5
Redtenbacher 1.7-3.6 2.8-6.5 6.0-10.9
Eytelwein 1.0-24 1.0-3.8 2.2-4.1
Navy-McKay 0.8-3.0 0.2-2.5 0.2-3.0
Rankine 0.9-1.7 1.3-2.7 2.3-51
CNBC 3.2-6.0 5.1-11.1 10.1-19.9
MSHC Modified ENR 1.7-44 1.6-5.2 2.7-5.3
Gates 1.8-3.0 2.5-4.6 3.8-7.3
Rabe 1.0-4.8 2.4-7.0 3.2-8.0

*P, = ultimate test load
P4 = design capacity, using the factor of safety recommended for theceguatiues range from
2 to 6, depending the dynamic formula)

2.4.7 Housel, 1966

Aside from presenting the data gathered by the Michigan Biglevay Commission
(Kerkhoff, Oehler, and Housel 1965) for their comprehensive pile teptimgram, Housel
(1966) compared the predicted pile capacities obtained from the BHRISHC Modified
ENR formulas with the measured ultimate pile capacitiemegad from the results of
nineteen additional static pile load tests. Of these nineteepilies fourteen were twelve-
inch (outside-diameter) steel piles filled with concrete amnekedrclosed-ended, two were H-
shaped steel piles, and three were open-ended pipe piles, with trese three being driven
in granular soil and the remaining two being driven in clayey sdilthough the results of
this study showed that the MSHC Modified ENR formula gave sdraeWetter predictions
of pile bearing capacity than the original ENR formula, Housel (1866¢luded the study

with the following statement:

“From the standpoint of a reliable estimate of capacity, rdmege of variation
improved only slightly and there seems to be no practicable waycasing the
formula’s (MSHC Modified ENR) accuracy in predicting pile capafor the great
variety of field conditions under which piles must be driven.”
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2.4.8 Olson and Flaate, 1967

Olson and Flaate (1967) used the results from 93 static pile Istsdctenducted on
piles driven into sandy soils to evaluate the performance of thg B¥w, Hiley, PCUBC,
Janbu, Danish, and Gates dynamic pile driving formulas. Althoughadedréerent criteria
were used to determine the measured ultimate pile capacities of the 8%testeOlson and
Flaate (1967) state that this produces a scatter in the results of about fiften pestead of
providing specific information regarding the static pile loadt tessults themselves.
Nevertheless, the measured versus predicted ultimate pile eapacire plotted on axy
graph and a linear least squares fit was used to find the gWpad y-interceptR) of the
best fit line through the data points as well as the assoaateelation coefficientr(. A
summary of this statistical data, as compiled by Olson andeH#&867), has been provided
in Table 2.12. It is important to note that in an ideal situatiosltpge A) would be equal to
one, they-intercept B) would be equal to zero, and the correlation coefficienivbuld be
equal to one.

For all cases presented in Table 2.12, Olson and Flaate (1967) foundetiR
and Gow formulas were clearly inferior to the other five formddased solely on their
remarkably low correlation coefficients. Although no formula wasmekbest for use with
concrete piles due to the small number of such piles analyzed,nine féamula was found
to be the most accurate when used with timber and steel pileshefffoore, the Janbu,
Danish, and Gates formulas produced the highest average correltaiticients under the
consideration of all pile types, although those associated withP@&BC and Hiley
formulas were only slightly lower.

Before concluding their study, Olson and Flaate (1967) adjustedhtbe best
formulas to produce values of one and zero for the slopg-artdrcept, respectively, of the
best fit line through the data points. Finally, an adjusted fofrrine Gates formula was
recommended for use with precast concrete, timber, and steesipilely on account of its
ease-of-use qualities. These three adjusted forms of tes amula have been provided in
Egs. (2.63), (2.64), and (2.65).

10 . ,
R,=72-\ey,-Ep-log (?) —-17 Timber Piles (2.63)
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10 ,

R, =9.0-.e,-Ep-log (?) - 27 Precast Concrete Piles (2.64)
10 ,

R, =123.0-,/e, - Ey - log (?) — 83 Steel Piles (2.65)

where: R, = ultimate resistance to pile penetration expressed in tons,
En = rated hammer energy per blow expressed in inch-tons per blow, and
s= pile penetration distance under one hammer blow, i.e., pile set, expressed in

inches per blow.

Table 2.12: Summary of Statistical Parameters from Olson and Flaate (1967) (Fro
Fragaszy, Higgins, and Lawton 1985)

Dynamic Pile

Pile Type Driving Formula N A B(tons) r
ENR 37 0.45 16 0.28
Gow 37 0.37 18 0.43
Hiley 37 0.64 19 0.77
Timber PCUBC 37 0.80 14 0.74
JanbuCy=1) 37 0.98 9 0.86
Danish 37 0.71 9 0.86
Gates 37 1.30 -17 0.86
ENR 15 0.20 72 0.11
Gow 15 0.32 69 0.12
Hiley 15 1.08 24 0.43
Concrete PCUBC 15 1.57 -19 0.75
JanbuCy=1) 15 0.66 23 0.64
Danish 15 0.60 11 0.69
Gates 15 1.62 -27 0.65
ENR 41 0.28 43 0.37
Gow 41 0.28 42 0.38
Hiley 41 1.14 -10 0.76
Steel PCUBC 41 1.07 0 0.79
JanbuCy=1) 41 0.91 7 0.83
Danish 41 0.89 -16 0.82
Gates 41 2.34 -83 0.84
ENR 93 0.33 37 0.29
Gow 93 0.32 37 0.36
All Hiley 93 0.92 7 0.72
PCUBC 93 1.04 2 0.76
Janbu Cy=1) 93 0.87 10 0.81
Danish 93 0.77 -2 0.81
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2.4.9 Mansur and Hunter, 1970

Mansur and Hunter (1970) compared the measured ultimate pile capattained
from the results of 12 static pile load tests, which were condwrtedur steel pipe, two
concrete, two steel H-shaped, and one timber pile driven in cohesicoiésswith the
ultimate pile capacities predicted by the PCUBC, Janbu, and ENR formutadid Spangler
and Mumma (1958), Mansur and Hunter (1970) defined the measured ujpiteatapacity
for each of the aforementioned pile load tests as the average redulting from the
application of the following four procedures upon the obtained load veisplRcement

results:

a) the load on the load-gross settlement curve where the slope equalefdxlper ton
is defined as the failure load,

b) the load on the net movement curve where the settlement equalsnbt2s iis
defined as the failure load,

c) the load where the tangents to the initial and final portionghef load-gross
settlement curve intersect is defined as the failure load, and

d) the load where the slope of the gross movement curve becomes dispnaperto

the load applied is defined as the failure load.

Based upon comparisons of the ratios of measured to predicted uliteatapacity,
Mansur and Hunter (1970) determined that the PCUBC and Janbu formulaategribe
best correlations between measured and predicted ultimatapdeity. In fact, the average
value of this ratio was found to be 1.07 for both the PCUBC and Janhul&s, as opposed
to 0.64 for the ENR formula. Likewise, the range in values empldyethis ratio of
measured to predicted ultimate pile capacity was found to be 0.85-1.34,.8433&nd 0.48-
0.93 for the PCUBC, Janbu, and ENR formulas, respectively. FurtherMaresur and
Hunter (1970) observed that, on average, the PCUBC and Janbu formulagotend
underpredict the measured ultimate pile capacity, with the ENRufaroverpredicting this

capacity in all instances by factors ranging from approximately 1.1 to 2.1.
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2.4.10 Poplin, 1971

In 1971, Poplin (1971) examined and evaluated test pile data collectedeby t
Louisiana Department of Highways between 1950 and 1970. Among the msks t
undertaken during the project was a comparison of measured ulpiieatapacities attained
from the results of 24 static pile load tests, which were condociedjuare precast concrete
piles (14 inch and 16 inch), with the allowable pile capacities gertiby the ENR formula.
The average ratio of measured ultimate pile capacity, defsméuedoad at the onset of large
displacement or the load at which one inch of settlement occurs,dictpceallowable pile
capacity was determined by Poplin (1971) to be about 0.506, which indibateiti¢ actual
factor of safety provided by the ENR formula was about two. On the other hanahgjeein
values employed by this ratio (0.107 to 1.0) was found to be quite |aitges, as has been
the case with most of the comparative studies discussed so fan @&711) concluded that
the ENR dynamic pile driving formula yields extremely vargatgdsults. In addition, Poplin
(1971) also examined the performance of a static analystsochébr the prediction of pile
capacity using the same 24 precast concrete test piles mengongously. Even though
this static analysis method only exhibited, on average, slightlgrietcuracy than the ENR

formula, the range of actual factors of safety was considerably reduced.

2.4.11 Ramey and Hudgins, 1975

Ramey and Hudgins (1975) used the results from 153 static pilédsizdconducted
in Alabama and adjacent southeastern states to evaluate thenaerde of the ENR, Gates,
Danish, Hiley, and MSHC Modified ENR dynamic pile driving formulasaddition to the
wave equation, as proposed by Smith (1962). For this study, the meafimede pile
capacity was defined as the load at which the slope of the ébtelsent curve reached 0.01
inches per kip. Moreover, of the 153 analyzed test piles, 48 weteHsgmped piles, 38
were steel pipe piles, 32 were precast concrete piles, andrg5timber piles, with 48 of
these piles begin driven in predominantly cohesive soils and theniagndi05 being driven
in predominantly cohesionless soils. In contrast to the conclusioosecedy all of the
comparative studies presented thus far, Ramey and Hudgins (1975) foynof that five
dynamic formulas studied, the ENR formula was the most consigiigmthe Gates formula

performing at a close second. Surprisingly enough, the Hiley farmat found to be the
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worst overall. With these results at hand, Ramey and Hudgins (frf8xbfied the original
ENR formula using the same techniques presented by Olson and(E&&itgE and ultimately
made a recommendation for the use of this adjusted ENR formula.

Finally, in regards to Smith’s (1962) wave equation, the authors diszbteat this
method for the prediction of pile bearing capacity produced even besigts than that of
the ENR formula. As a result, Ramey and Hudgins (1975) concluded dtuely by
recommending the development of an efficient wave equation compatgam to be used
for the construction control of driven pile foundation in lieu of the adjuEfdR formulas

presented earlier in their study.

2.4.12 Kazmierowski and Devata, 1978

Kazmierowski and Devata (1978) compared the pile capacities adstinby the
Hiley, Gates, Janbu, and MSHC Modified ENR formulas with the uredsultimate pile
capacities obtained from the results of five static pile lesdst These five test piles
consisted of a steel H-shaped pile, a closed-ended steel pip@lgulevith concrete, two
precast concrete piles, and one timber pile. Furthermore, thiesé¢ piles were driven by a
diesel hammer into a soil profile characterized by irredalg@rs of cohesive clayey silt with
traces of sand and gravel, combined with occasional layers &b silty sands. Through
comparisons of the variations in the predicted pile capacities amdehsured ultimate pile
capacities, which were defined to be the average value restitomgthe application of
Davisson’s Method (1972) and two additional, yet unfamiliar, methods, ¢brteat pile, the

following observations were made:

1) The Hiley, Janbu, and Gates formulas provided acceptable resutteftve piles
studied, while the MSHC Modified ENR formula furnished very inconsistent results.

2) The Gates formula provided the best prediction of ultimate pilectgipfor the
closed-ended steel pipe and timber piles.

3) The Janbu formula provided the best prediction of ultimate pile dgfacithe two
precast concrete piles.

4) The Hiley formula provided the best prediction of ultimate pilgacgy for the steel
H-shaped pile.
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2.4.13 Morris and Barksdale, 1982

Employing the same least squares linear regression anabed by Olson and Flaate
(1967), Morris and Barksdale (1982) compared the ultimate pile casaegtimated by the
ENR and Gates formulas with the measured ultimate pile cegzactitained from the results
of 306 pile static load tests carried out on timber, steel, andgireoncrete piles. This
plethora of pile load test data represents the compilation of iaf@mmobtained from the
following sources: Olson and Flaate (1967), Ramey and Hudgins (19751L@nd), and
Gutierrez (1978). Based upon the results of this analysis, whichbesrereproduced in
Table 2.13, Morris and Barksdale (1982) found that the Gates formulaupasior to the
ENR formula for all pile types analyzed, as indicated by thaednigorrelation coefficient
values observed. Using this information, Morris and Barksdale (1982)atgfymadjusted
the Gates dynamic pile driving formula on a pile type basiuuah @ way as to produce
values of one and zero for the slope and y-intercept, respectivehg best fit line through
the data points. These three modified forms of the Gates fqrmhieh are recommended
by Morris and Barksdale (1982) for estimating ultimate pile cépaduring driving
conditions where pile load tests are not practical, have been ptanideys. (2.66), (2.67),
and (2.68).

10
R, =633 /e, E, -log (?) —2.18 Timber Pile: (2.66)
10 :
R, =12.99- /e, - Ep - log (?) —78.1 Precast Concrete Pill (2.67)
10 :
R, =11.76- /e, - Ep - log (?) —48.1 Steel Pile (2.68)

where: R, = ultimate resistance to pile penetration expressed in tons,
En = rated hammer energy per blow expressed in inch-tons per blow, and
s= pile penetration distance under one hammer blow, i.e., pile set, expressed in

inches per blow.

www.manaraa.com



58

Table 2.13: Summary of Statistical Parameters from (Morris and Barksdale 1982)

Dynamic Pile , Standard
Driving Formula Pile Type N A B (tons) ' Deviation (tons)

Gates Timber -8 1.13 -2.18 0.819 31.7
ENR 0.22 41.8 0.563 31.6
Gates 210 -48.1 0.723 86.9
ENR Steel 173 524 663 0632 87.4
Gates Precast 55 2.32 -78.1 0.869 169.3
ENR Concrete 0.19 73.1 0.855 169.3
Gates All 306 212 -544 0.820 105.4
ENR 0.21 642 0.778 105.5

2.4.14 Folse, McManis, and Elias, 1989

Folse, McManis, and Elias (1989) used the results from various giiatimad tests
performed in the State of Louisiana to evaluate the performan&mdah’s (1962) wave
equation and the following five dynamic pile driving formulas: ENHey, Gates, Janbu,
and PCUBC. In all cases, the measured ultimate pile capeasyefined using the method
proposed by C. Van der Veen (1953). Unlike all of the comparativeestpdesented thus
far, Folse, McManis, and Elias (1989) recognized that the fdihaek at the EOD condition
is not the same as the failure load at the time of statd testing as a result of setup or
relaxation. Therefore, in an attempt to improve the uniformityhefdomparisons made in
this study, such time effects were estimated by applyisgtap factor to the EOD side
friction capacity; i.e., the estimated failure load at the tohstatic load testing was divided
by the input setup factoSUF defined in Eq. (2.69) to obtain the estimated failure load at
the EOD condition.

(2.69)
SUF = S(P,) + 1.0 - (P,)

where: P = fraction of total pile resistance coming from side frictiainthe EOD
condition; 0.95 if the final blow count is less than 3.5 times the agerag
blow count, 0.75 if the final blow count is between 3.5 and 4.0 times the
average blow count, or 0.50 if the final blow count is more than 4.0 times
the average blow count,
P; = fraction of total pile resistance coming from end-bearihgha EOD

condition, and
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S= 1.0 if predominant side soil has high permeability (sand or gra:el)if
predominant side soil is medium to stiff clay, 3.0 if predominant sidiéss
soft to medium clay, and 4.0 if predominant side soil is very tsoffoft

clay.

Based upon comparisons of the ratio of the estimated failure tidhd tme of static
load testing to the predicted ultimate pile capacity, it was shibnat the Hiley and Gates
dynamic pile driving formulas provided the most reliable, or ateuemd consistent,
predictions of ultimate pile capacity. Furthermore, comparisotiseofatio of the estimated
failure load at the EOD condition to the predicted ultimate p#pacity yielded more
efficient predictions of ultimate pile capacity from the PCUBGd Janbu dynamic pile
driving formulas, with a reduction in the reliability previouslg@gated with the Hiley and
Gates dynamic pile driving formulas. Consequently, Folse, McMamd, Elias (1989)
concluded that, in spite of everything, the quantification of timeceffen ultimate pile

capacity remains a difficult component in the use of dynamic methods.

2.4.15 Fragaszy, Argo, and Higgins, 1989

In an effort to determine whether the WSDOT should replace the feNnula with
another dynamic pile driving formula for the estimation of ultemgile capacity, Fragaszy,
Argo, and Higgins (1989) studied the relative performance of thewioigpten formulas:
ENR, MSHC Modified ENR, Hiley, Gates, Janbu, Danish, PCUBC, EgialwVeisbach,
and Navy-McKay. Using the data collected from 63 static mbed [tests conducted in
western Washington and northwest Oregon on open and closed ended stesteplpld;
shaped, timber, concrete, hollow concrete, and Raymond step-tapesdhaleatio of the
predicted to measured ultimate pile capacity was determinexhébr test pile using each of
the aforementioned dynamic pile driving formulas. In alesashe measured ultimate pile
capacity was defined to be the interception of the line genkebgteffsetting the pile elastic
compression line by a distance equal to the pile diameter dividaa with the overall load-
settlement curve.

Based upon analyses of the coefficient of variation of the aforemnexdtiratio for

each of the ten investigated dynamic pile driving formulas, BmgaArgo, and Higgins
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(1989) found the Gates formula to be the most accurate, and the BEN&®R&do be among
the worst. In fact, the coefficient of variation, which is a ndmed measure of dispersion
defined as the ratio of the standard deviation to the mean, of ¢dected to measured
ultimate pile capacity for the ENR formula was approximatly to three times higher than
that for the Gates formula. As an alternative comparison, asune of safety was
determined for each formula to be the percentage of piles for wiechhéasured ultimate
pile capacity was expected to be lower than the predicted wdtipilat capacity. From this
information, the Gates formula was again found to be the best, witiNReformula once

again ranking near the bottom. Finally, Fragaszy, Argo, and Higd®®&9) conducted

economic analyses which showed that for the same level of s#fetyGGates formula
resulted, on average, in higher allowable capacities and consedjyelotiver foundation

costs.

2.4.16 Summary of Comparative Studies

The various comparative studies presented in the preceding subsecksarly
indicate that no one dynamic pile driving formula is consistentgbthan all of the others.
Even when specific combinations of pile, hammer, and/or soil typea@rsidered, it is
nearly impossible to predict which formula is best suited fovargsituation. Nonetheless,
it does appear as though the Hiley, Janbu, PCUBC, and Gates dyilendicving formulas
are better on average than the remaining multitude of formulagistence. Likewise, the
ENR formula seems to be among the worst performing dynameidpving formulas in all
comparative studies presented, which date back to 1949, save for the investigagdrooa
by Ramey and Hudgins (1975).

The lack of consistency witnessed between these various compataitlies can be
explained by a lack of data quality assurance. In other wordssistg load test datasets
are first checked for completeness, validity, consistency, exwtacy, it cannot be expected
that the results obtained from applications involving these datadétsrovide an actual
portrayal of reality. In many of the studies presented indédion, dataset completeness
was not maintained when considering soil profile delineation. Be#eobvious fact that
some datasets simply did not provide any information on the subsprfzdes in which the

various test piles were driven, the generalization of such @diyjethe remaining datasets
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came without a clear definition of the classification rules applithus, vyielding
inconsistencies in the interpretations obtained from one individudletméxt and making
reliable soil specific recommendations for the use of dyngmecdriving formulas almost
impossible. Furthermore, dataset accuracy and consistency weagadied on multiple
accounts when considering the way in which the measured ultima&ecgyilacity was
obtained from the results of static load tests. More spaltffianany datasets presented in
this section utilized subjective interpretations of the statid learsus pile displacement
behavior to define the measured ultimate capacity, which prohithétdreproducibility and
introduced an unsystematic statistical bias. Hence, in ligthesfe data quality assurance
issues, the inconsistencies observed in the conclusions drawn frostuolyeto the next

should come as no surprise.

2.5 LRFD RESISTANCE FACTOR CALIBRATION |INVESTIGATIONS
As mentioned in the introductory chapter of this thesis, one key asiptiet LRFD

approach, as it relates to the design of pile foundations, isiticattainties associated with
the applied loads and predicted pile foundation capacities are hanpédtely through the
application of load and resistance factors. Reliability thearylme used to calibrate these
load and resistance factors so that a consistent level of ligliabi achieved. In the
following subsections, reviews of three published investigationsbeilbresented in which
statistical parameters, generated by comparative studielrsimithose presented in the
previous section, were used in differing ways (i.e., first-ordecporsd-moment (FOSM)
approach, first-order reliability method (FORM), and Monte Carfwukations) to calibrate
LRFD resistance factors for the construction control of drivem folindations via dynamic
pile driving formulas, given that this is the main focus of thiesis. Although the details
associated with the FOSM approach are thoroughly presented in Seetidnthe reader is
asked to refer to Ayyub and Assakkaf (1999) and Allen et al. (2008efailed descriptions

of the FORM and Monte Carlo simulation method, respectively.

2.5.1 McVay et al., 2000
Using the rigorous probability-based framework of the LRFD apgroMcVay et al.
(2000) evaluated the performance of eight dynamic methods in pngditte ultimate

www.manaraa.com



62

capacity of driven pile foundations. Of particular interest te tihesis is the fact that four of
these eight methods were dynamic pile driving formulas, i.e., BA&RJC Modified ENR,
Gates, and FDOT. Given that the FDOT formula was not introduc&ection 2.3, it is
important to note that it was derived in much the same way a&adhke formula and is
reproduced in Eq. (2.70).

Z’Eh
R, =
s+0.1+0.01-W,

FDOT Formula (2.70)

where: E, = rated hammer energy per blow expressed in foot-tons per blow, and
s= pile penetration distance under one hammer blow, i.e., pile set, expressed in

inches per blow.

Based upon measured data obtained from pile static and dynawhitegia carried
out on 247 piles of various types (e.g., square concrete, round concretgnpliseel H-
shaped), the ratio of the measured ultimate pile capacityhwhés defined according to
Davisson’s (1972) criteria, to the predicted pile capacity (obtaired the four dynamic
pile driving formulas) was determined for each of the test @itehe end-of-driving (EOD)
and beginning-of-restrike (BOR) conditions. Using the statistiaeameters acquired from
the distributions of measured to predicted pile capacity ratiosdon of the four dynamic
pile driving formulas, the first-order, second-moment (FOSMpabdity approach (Thoft-
Christensen and Baker 1982) was employed for computation of the respe&FD
resistance factors. As presented by Barker et al. (1991) and With&n{X997), the FOSM
relation for the calculation of LRFD resistance factors, assyianlognormal distribution for
the pile vertical load resistance and only dead and live loadtgffean be expressed as

follows:
= p0p (1+covg +covg )
I (M2 + “)J (1+ COVZ) 27
¢=— :
20,00 -
<Q5—LD + AQL> exp {ﬁT \/ln[(l +COV2)(1+CovE + COVQZL)]}
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where: ¢ = resistance factor,

Az = resistance bias factor (the mean ratio of the measuril leted test pile
capacity, which was based on Davisson’s (1972) approach, to timatesti
dynamic pile driving formula pile capacity),

COVy,, COVy,, = coefficient of variation (the ratio of the standard deviatigrtp the mean)
of the dead and live loads, repectively,
CoV,, = coefficient of variation of the resistance bias factor,
P = target reliability index,
yp, L = dead and live load factors, respectively,
Qp/Q. = dead to live load ratio, and

Ap, A, = dead and live load bias factors, respectively.

Assuming the same probabilistic characteristics for the dBadafd live (L) random
variables as those used in ®&SHTO LRFD Highway Bridges Design Specificati(i®94)
and recapitulated in Table 2.14, a dead to live load ratio of 1.58, wlashbased on an
average bridge span length of approximately 90 feet, andttesfjability indices of 1.96
(corresponding to 2.50% probability of failure) and 2.50 (corresponding to 0.G#Saklity
of failure) as recommended by AASHTO (1994) for redundant and mhmdant piles,
respectively, McKay et al. (2000) computed LRFD resistanc®rador each of the four
dynamic pile driving formulas at the EOD and BOR conditions. Bseaated results have

been summarized in Table 2.15 and Table 2.16.

Table 2.14: Load Statistics used by McKay et al. (2000) for the Computation of LRFD
Resistance Factors (AASHTO 1994)

Load (Q) Load Factor Load Bias Coefficient of Variation Distribution
(v) (49) (COVo) Type

Dead (D) 1.25 1.08 0.13 Lognormal

Live (L) 1.75 1.15 0.18 Lognormal
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Table 2.15: Statistical Details of Dynamic Pile Driving Formula Predigbns Performed
at EOD Conditions for Driven Piles and Calculated LRFD Resistance ahEfficiency
Factors (McVay et al. 2000)

Dynarr;c Pile Driving N ax s, cov, pr 1.955 T pr 2-5(_)

ormula R K ©  @lAg ¢ O/Ag
FDOT 72 2.381 1.341 0.563 091 0382 0.67 0.281
ENR 77 0.299 0.159 0.532 0.12 0405 0.09 0.301

MSHC Modified ENR 61 0.446 0.267 0.599 0.16 0.357 0.12 0.258
Gates 74 1.742 0.787 0452 0.82 0472 0.63 0.363

tEfficiency Factor— Indicates the percentage of the measured ultimate pile capatitathibe
utilized for design to reach a predefined reliability index.

Table 2.16: Statistical Details of Dynamic Pile Driving Formula Predictins Performed
at BOR Conditions for Driven Piles and Calculated LRFD Resistance anHfficiency
Factors (McVay et al. 2000)

Dynamic Pile Driving N I o, cov, pr= 1-9§ pr= 2-59
Formula R R o/Ag ¢ O/Ag
FDOT 63 2.574 1.293 0.502 1.10 0.429 0.83 0.323
ENR 71 0.235 0.160 0.681 0.07 0.306 0.05 0.215
MSHC Modified ENR 63 0.363 0.246 0.676 0.11 0.308 0.08 0.217
Gates 71 1886 0.715 0.379 1.02 0541 0.81 0.429

Based upon these results, McVay et al. (2000) concluded that the@caifrany
dynamic pile driving formula or, to be more general, any pileibgaapacity estimation
method is indicated by the coefficient of variation of the pilticad load resistance and not
the absolute value of the LRFD resistance factor. This isrdlerge part to the fact that
each method is defined by its own bias factor, i.e., the meanofati@asured to predicted
ultimate pile capacity. In other words, an under predictive methpd (1) infers that the
method contains a “built-in” safety margin and hence a highestaase factor is required to
achieve the same target reliability as would be obtained fronethod that predicts, on
average, more accurately the ultimate pile capagjty=(1). With this in mind, McVay et al.
(2000) found that the Gates formula was the most accurate of thdyieamic pile driving
formulas analyzed, with the ENR and MSHC Modified ENR formulagpldying the worst
accuracy. In accordance with these findings, the Gatesufarmas also found to be the
most efficient or economical of the four dynamic pile driviogmulas analyzed based on

comparisons of the efficiency factorg/qz) presented in Table 2.15 and Table 2.16, with the
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ENR and MSHC Modified ENR formulas again displaying poor performan€&inally,

although testing at the BOR condition provides important information oniste of

soil/pile set-up, it was shown that such testing provides no inciaadee accuracy or
efficiency of a particular dynamic pile capacity estiilma method; in fact, testing at the
BOR condition only alters the bias and recommended resistancesfémtar given method.
As a result, it was recommended that dynamic pile driving fasbe used with the EOD
condition considering the fact that testing at the BOR conditionimiaduce addition costs

as well as production delays.

2.5.2 Paikowsky et al., 2004

With the intent of rewriting AASHTO’s Deep Foundation Specifimasi, National
Cooperative Highway Research Program (NCHRP) Project 24-1¢hwias led by Samuel
G. Paikowsky of the University of Massachusetts, evaluated the performarargoos static
and dynamic analysis methods in predicting the ultimate cgpafodriven pile foundations.
Of particular interest to this thesis is the fact that ttok¢éhe dynamic analysis methods
analyzed were dynamic pile driving formulas, i.e., ENR, GatesFa&fWA Modified Gates.
Moreover, LRFD resistance factors were developed for the vametisods using statistical
analyses compatible with common practice in the field of structural esrgige

Using measured data obtained from pile static and dynamidéstsicarried out on
210 driven piles of various types (e.g., 37 steel H-shaped, 10 open-dedkegige, 61
closed-ended steel pipe, 35 voided concrete, 60 square concretepdiag@nal concrete,
two timber, and two Monotube piles), the ratio of the measured uitipilat capacity, which
was defined according to Davisson’s (1972) criteria, to the predidtenate pile capacity
obtained from the three dynamic pile driving formulas was deteminfor each of the test
piles at the EOD and BOR conditions, when applicable. Via thestgtati parameters
acquired from the distributions of measured to predicted pile cgpativs for each of the
three dynamic pile driving formulas, the first-order religpimethod (FORM) approach, as
developed by Hasofer and Lind (1974), was used for computation of thetnespdeFD
resistance factors. As stated previously, this invariant agpnvas deemed necessary on
account of the consistency provided with the current structural caltbough the FORM

approach requires only first and second moment information on resistamtdsads (i.e.,
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means and variances) and an assumption of distribution shape (e.@l, hmgnormal, etc.),
the actual calibration process is quite complex and involves an iterative approach.

Assuming the same probabilistic characteristics for the dead lime random
variables as those used in tAASHTO LRFD Bridge Design Specificatio(&)00) and
recapitulated in Table 2.17, a dead to live load ratio of 2.00, and tetigéility indices of
2.33 (corresponding to 1.00% probability of failure) and 3.00 (corresponding to 0.10%
probability of failure) for redundant and non-redundant pile cap configng respectively,
Paikowsky et al. (2004) computed LRFD resistance factors foh edcthe three
aformentioned dynamic pile driving formulas at a general tifr@rving condition (i.e., the
EOD and BOR data was not handled separately for such LRFDtaress factor
computations). The associated results have been summarized in2ZTEhlevhich were
ultimately used by AASHTO to recommend resistance factor8.40 and 0.10 for the
FHWA Modified Gates and ENR formulas, respectively, in the 2007 arexsi theAASHTO
LRFD Bridge Design Specifications

Table 2.17: Load Statistics used by Paikowsky et al. (2004) for the Computation of
LRFD Resistance Factors (AASHTO 2000)

Load (Q) Load Factor Load Bias Coefficient of Variation Distribution
(v) (49) (COVo) Type

Dead (D) 1.25 1.05 0.10 Lognormal

Live (L) 1.75 1.15 0.20 Lognormal

Table 2.18: Statistical Details of Dynamic Pile Driving Formula Predigbns Performed
at EOD and BOR Conditions for Driven Piles and Calculated LRFD Resistace and
Efficiency Factors (Paikowsky et al. 2004)

ic Pi ivi _ =2.33 = 3.00
Dynamic Pile Driving N i o, cov, pr 3 pr 0
Formula R R (0] o/ (] o/
ENR 384 1.602 1.458 0.910 0.26 0.162 0.15 0.094
Gates 384 1787 0.849 0475 0.73 0.409 0.53 0.297

FHWA Modified Gates 384 0.940 0.472 0502 0.36 0.383 0.26 0.277

Based upon these results, Paikowsky et al. (2004) concluded thatlynastic pile
capacity estimation methods used for the construction controlafdpile foundations tend

to underpredict the measured ultimate pile capacity obtained ftatic $oad testing.
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Conversely, most static pile capacity estimation methods usetefatesign of driven pile
foundations were found to over-predict the measured ultimate pileigapatained from
static load testing. By way of these findings, Paikowskyl.e{2804) demonstrated the
shortcomings of safety evaluation based solely on resistancesfastdrthe need for an
efficiency measurement index to objectively assess the pwafme of various analysis
methods. In accordance with the recommendations provided by McVal €000),
Paikowsky et al. (2004) recommends the use of an efficientyr figg 1) to account for the
bias of the analysis method as well as to provide an objectiveatieasl regarding the
effectiveness of the pile capacity estimation method. With ithimind, Paikowsky et al.
(2004) found that the Gates formula was the most efficient ahtiee dynamic pile driving
formulas analyzed, with the ENR formula displaying the wef§tiency. Furthermore,
although testing at the BOR condition can provide important informatgardang the issue
of soil/pile set-up, Paikowsky et al. (2004) did not handle this dond#eparately in the
establishment of LRFD resistance factors for dynamicdrileng formulas. In other words,
the LRFD resistance factors recommended in the NCHRP 507 repodyhamic pile
driving formulas were developed using both EOD and BOR data; an appiwst has the
potential to yield misleading resistance bias and efficiermcyofs for the pile capacity
estimation methods investigated on account of the many-to-one ratihe employed
dataset, where the predicted and measured pile capacitieserepmembers of the domain
and range, respectively.

2.5.3 Allen, 2005

Using the results of a 1996 in-house study focused on updating thelrpiing
formula used for pile driving acceptance in the WSDOT Standardfspgons, Allen used
Monte Carlo simulations to perform the reliability analysegimed for the development of
LRFD resistance factors for the WSDOT dynamic pile drivignula. Additionally, the
FHWA Modified Gates and ENR dynamic pile driving formulas wanalyzed and LRFD
resistance factors were developed and recommended for these methetls as w

Based upon measured data obtained from pile static load testsl carron 131 piles
of various types (e.g., closed-ended steel pipe, open-endégiptseconcrete, and steel H-

shaped), in both end-bearing and friction pile situations, and containingrgieme
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resistance values (i.e., blow count values) at the EOD and BOR ioosdithe ratio of the
measured ultimate pile capacity, which was defined accordilavisson’s (1972) criteria,

to the predicted pile capacity obtained from the three aforemedtabyr@amic pile driving
formulas was determined for each of the test piles at the &@Bition. Using the statistical
parameters acquired from theoretical distributions that wesefibeéo the tail regions of the
measured to predicted pile capacity ratio sample distribuf@nsach of the three dynamic
pile driving formulas, Monte Carlo simulations, as described bgnA#t al. (2005), were
used to estimate the reliability inde,and the LRFD resistance factor,needed to achieve
the target value off (i.e., either 2.33 or 3.00 for redundant and non-redundant pile cap
configurations, respectively).

Assuming the same probabilistic characteristics for the deadlie@drandom
variables as those used in tAASHTO LRFD Bridge Design Specificatio(®06) and
recapitulated in Table 2.19 and dead to live load ratios ranging 2t6th to 5.00, Allen
(2005) computed LRFD resistance factors for each of the threeafttoned dynamic pile
driving formulas using the estimated developed energy of thedpMng hammer, as
opposed to the rated hammer energy, at the EOD condition. Theatsdwoesults have been

summarized in Table 2.20.

Table 2.19: Load Statistics used by Allen (2005) for the Computation of LRFD
Resistance Factors (AASHTO 2006)

Load (Q) Load Factor Load Bias Coefficient of Variation Distribution
() (49) (COVy) Type

Dead (D) 1.25 1.05 0.10 Normal

Live (L) 1.75 1.15 0.18 Normal

Table 2.20: Statistical Details of Dynamic Pile Driving Formula Predigbns Performed
at EOD Conditions for Driven Piles and Calculated LRFD Resistancedetors (Allen

2005)
I o ¢ at pr = 2.33 for ¢ at pr = 3.00 for
Dynamic Pile Drivin -
e a0 N 2z o, €OV, Q/Q. = Q/Q =
2 3 5 3
WSDOT 131 0.850 0.190 0224 061 0.60 059 0.50
FHW(ABG':’t'gg'f'ed 131 0.970 0345 0356 - 051 - 0.40
ENR 131 0.280 0.130 0.464 - 011 - 0.08
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Based upon these results, Allen (2005) concluded that the dead to tivextimahas
only a minor effect on the magnitude of the resistance fadquired to achieve a
predetermined target reliability index. Allen (2005) also notedtthsitis most likely due to
the fact that the uncertainty in the dead and live load randamabies is much less than the
uncertainty in the pile vertical resistance random variable. Qaesdly, it was considered
feasible by Allen (2005) to recommend one resistance factor #stimdlependent of the
dead to live load ratio for each dynamic pile driving formulayzeal. Allen’s (2005) final
recommendations on LRFD resistance and efficiency factorsvéoot the three pile driving
formulas investigated have been reproduced in Table 2.21. Althouglstamesifactor was
initially determined for the ENR formula, as seen in Table 2.26:nA{(2005) does not
recommend that the ENR formula be used for the constructionotasftrdriven pile
foundations on account of the large degree of uncertainty associédtedhes method,;
therefore, a LRFD resistance factor was not given for thimsumic pile driving formula in
Table 2.21. Lastly, when comparing the WSDOT and FHWA Modifiete$séormulas,
Allen (2005) notes that the WSDOT formula provides the least amounelafive
conservatism and is thus the most efficient method of the two.

Table 2.21: Recommended LRFD Resistance and Efficiency Factors foreth
Construction Control of Driven Pile Foundations using the Estimated Bveloped
Hammer Energy at the EOD Condition (Allen 2005)

Dynamic Pile Driving pr=2.33 pr =3.00
Formula ) 0/2g ® olZg
WSDOT 055 0.647 045 0.529

FHWA Modified Gates 0.45 0.464 0.40 0.412

2.5.4 Summary of LRFD Investigations

The various investigations presented in the preceding subsectiongantaathere
exists three main approaches for the performance of dgljabnalyses required for the
development of LRFD resistance factors for pile bearing capasttmation methods; i.e.,
FOSM, FORM, and Monte Carlo simulations. Although each of these tbfiadbility
approaches will generate LRFD resistance factors in suchyaasvéo ensure a consistent
level of reliability is achieved, the performance of any givéa Ipearing capacity estimation
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method should not be assessed by the magnitude of these values alotiger imords, an
efficiency measurement index (i.e., efficiency factor) shouldid®ed so that the bias of a
particular pile capacity estimation method is accounted for; teasling to an objective
evaluation regarding the effectiveness of a given pile capesiiyation method. Based on
these efficiency factors, both McVay et al. (2000) and Paikowskl €004) found that the
Gates formula was the most efficient or economical of treawhic pile driving formulas
analyzed in each study for the construction control of driven pile foamdatiAllen (2005),
on the other hand, did not consider the original Gates formula anhiysis, but found an
enhanced version of this formula (i.e., the WSDOT formula), which fegedly addressed
energy transfer efficiencies for particular hammer andtpge combinations, to be the most
efficient or economical. Moreover, all three investigations presentédsisdction found the
ENR formula to be the least efficient of the dynamic pile dgviormulas analyzed. A
summary of the LRFD resistance and efficiency factors dewvelapader the three
investigations presented in this section for various dynamic p¥ngdrformulas has been

provided in Table 2.22 for completeness.

Table 2.22: Summary of Recommended LRFD Resistance and EfficignEactors for
Dynamic Pile Driving Formulas at the EOD Condition and Redundant He Cap

Configurations
McVay et al. Paikowsky et
Dynamic Pile Driving ( 20())/0) ( al. 2004); (Allen 2005)
Formula = = =
[0 0/Ag 9 O/Ag ¢ O/Ag
FDOT 0.91 0.382 - - - -
ENR 0.12 0405 0.26 0.162 - -
MSHC Modified ENR 0.16 0.357 - - - -
Gates 0.82 0.472 0.73 0.409 - -
FHWA Modified Gates - - 0.36 0.383 0.45 0.464
WSDOT - - - - 0.55 0.647

As with the comparative studies presented in Section 2.4, the tivestigations
summarized in this section failed to comment on the quality ofudad in the calibration of
their respective LRFD resistance factors. Although Davisqd882) objective criteria was
consistently used in each study to define the measured ultipilatecapacity, a clear

definition of the classification rules applied for the generatimabf the subsurface profiles
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in which the various test piles were driven was lacking. Thus, tihese static load test
datasets were incomplete, allowing room for inconsistencidseinnterpretations obtained
from one individual to the next and making reliable soil specifisistence factor
recommendations almost meaningless. In other words, the assurahata gfuality is an
important task in any study to guarantee that the correspondingsrpsovide as actual a
portrayal of reality as is humanly possible. As a final point, n@inthe investigations
presented in this or the preceding section attempted to actuallyifguaow the energy
imparted by one hammer blow is dissipated by a specific pilesgsiem; a reality that is
fundamental to the understanding of why or how one dynamic pilengriformula is

superior to all the rest.
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CHAPTER 3: STATE OF THE PRACTICE AND PILOT-IA
DEVELOPMENT

3.1 INTRODUCTION

Before comparative analyses and subsequent LRFD resistarioe ¢atibration
efforts can be carried out on a predetermined set of the mostadg used dynamic pile
driving formulas, a comprehensive review of lessons learned from LiIEDfoundation
design practices in other states as well as a histopeedpective on the driven pile
foundation design process adopted by the lowa DOT is first exami@ecden this current
state of practice, historical and recent pile load test datinettan the State of lowa is then
formulated to aid with the performance of the aforementioned cotham@nalyses and
LRFD resistance factor calibration efforts. Thus, for detineaof the current state of
practice, this chapter presents the major findings associate@ wationwide survey of state
DOTs as well as a local survey of lowa county engineers and consultrggifivolved in the
design of county bridge foundations. Additionally, this chapter providedetailed
description of the database for Plle LOad Tests in lowa (PiLA)T which is an
amalgamated, electronic source of information consisting of botb atat dynamic data for
pile load tests conducted in the State of lowa. By ensuring temsysand quality, the
PILOT-IA formulation was intended for use in the establishmentRFL resistance factors

for the design and construction control of driven pile foundations.

3.2 NATIONWIDE SURVEY OF STATE DOTSs

In order to determine the current design and construction practiceseay
foundations nationwide, a study was conducted by means of a websbageyl In addition
to the basic questions related to the implementation of the LREDods in bridge
foundation design practice, information on design and construction practibesigeé deep
foundations was gathered and analyzed in the following topic arBapilé analysis and
design, (2) pile drivability, (3) pile design verification methoaisd (4) quality control of
pile construction. Although the main conclusions of this survey, whichtha first of its
kind to be conducted following the FHWA'’s policy memorandum requiringeall bridges
initiated after October 1, 2007, to be designed according to the LRpidach, have been
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presented herein, the reader is referred to AbdelSalam €04I0) for a comprehensive
documentation of the major findings of this survey. Based oneffponses received from
the FHWA Eastern Federal Lands Highway Division, Alberta (@ajpdnfrastructure and
Transportation, and 31 different state DOTSs, the important conclusiaws drom the study

are as follows:

1) As of June 2008, 52% of the state DOTs whom responded to the survey kady alr
adopted the LRFD approach for the design of bridge deep foundatioites 38% are
in a transition phase from ASD to LRFD and the remaining 19%dtow the ASD
approach with a factor of safety ranging from 2 to 2.5. Of tleaseently using the
LRFD approach, six state DOTs are using geotechnical aesestfactors obtained
from fitting to ASD calibration efforts, eight state DOTs ai@lowing the
recommendations provided in tASHTO LRFD Bridge Design Specifications
(2007), and twelve state DOTs have adopted their own regionallyatelibt RFD
resistance factors using reliability theory.

2) A summary of the reported regionally calibrated geotechni¢dFL resistance
factors is provided in Tables 3.1, 3.2, 3.3, and 3.4. As observed in these summary
tables, the LRFD regionally calibrated resistance factepsrted for piles driven in
sand and clay type soils are either equal to or greater thaalthess recommended in
the AASHTO LRFD Bridge Design Specificatid@907). More specifically, for piles
driven in sand soils, the reported LRFD resistance factors anei@sas 50% greater
than those recommended in thSHTO LRFD Bridge Design Specificatid@907),
while for piles driven in clay soils, the reported LRFD resistafactors are as much
as 100% greater than those recommended inABWSHTO LRFD Bridge Design
Specifications(2007). As one may surmise, such large increases in geotechnical
LRFD resistance factors will ultimately lead to an overatluction in the cost of

bridge deep foundations.
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Table 3.1: Summary of Responses to a Nationwide Survey on the use of LRFD forddye Deep Foundations (AbdelSalam

et al. 2010)
State Soil/Rock Pile Tvoe Static Analyses Dynamic Dynamic Reported LRFD Resistance Factors
Type yP Cohesive Cohesionless Analyses Formulas Sand Clay Mixed Glacial Loess Alluvial
AK Alluvium CIDH? o-Method SPT Method Not Used Not Used 0.45 N/A N/A N/A N/A AN/
CA Glacial Steel H-Piles M?altz;w-lc—)d Nordlund P+C+W FHWA-G® 045 035 N/A N/A N/A N/A
. SPT ENR, G,
CcO Alluvium CIDH Method SPT Method P+C+W FHWA-G 0.10 090 0.50 0.30 0.70 0.70
CT Limestone Prestressed In-House In-House P+C+W NotUsed 0.65 0.65 0.65 N/A N/A N/A
FL Alluvium CIDH M%E;gd Nordlund P+C+W In-House 0.65 0.65 0.65 0.65 0.65 0.65
HI Mud Steel H-Piles p-Method  B-Method P+C+W NotUsed 0.65 0.65 0.65 0.65 0.65 0.65
1A Glacial Steel H-Piles In-House In-House Not Used Natdds 0.73 0.73 0.73 0.73 0.73 0.73
ID Alluvium  Steel H-Piles p-Method SPT Method P+C+W FHWA-G 0.45 0.45 0.45 N/A N/A 0.45
IL  Alluvium Opegib'i”ded a-Method  Nordiund  NotUsed  NotUsed 070 070 070 NA NA 070
MA N/A Opeg‘ibi”ded In-House Nordlund P+C+W NotUsed 065 0.65 065 0.65 0.65 0.65
NH  Glacial E%‘;Séegi'pe o-Method  Nordlund P+C+W  NotUsed 045 035 NA NA NA NA
NJ Alluvium CIDH a-Method Nordlund P+C+W NotUsed 0.45 0.35 0.40 N/A N/A N/A
NM Alluvium  Steel H-Piles B-Method Nordlund P+C+W FEHNVI\TA% 0.35 045 N/A N/A N/A N/A
NV N/A Steel H-Piles o-Method Nordlund Not Used NotUsed 0.35 0.25 N/A N/A N/A N/A
PA Alluvium  Steel H-Piles pB-Method Nordlund P+C+W Not Used 0.50 050 0.50 0.50 0.50 0.50
PA Alluvium  Steel H-Piles A-Method SPT Method P +C + W NotUsed 0.45 055 0.55 0.50 0.50 0.50
uT Alluvium  Steel H-Piles a-Method Nordlund Not Used Not Used 0.50 0.70 0.70 0.50 0.50 0.50
WA Glacial Steel H-Piles In-House In-House WEAP FHWA-G 0.50 0.50 0.50 0.50 0.50 0.50
WY Alluvium  Steel H-Piles Mcéti-[)d Nordlund Not Used Not Used 0.45 0.35 0.35 0.35 N/A 0.35

'CIDH = Cast-In-Drilled-Hole ShaftP + C + W = PDA, CAPWAP, and WEABEHWA-G = FHWA Modified Gates Formula; afié = Gates Formua
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Table 3.2: Mean Values and Standard Deviations of the Reported Regional LRFD
Resistance Factors According to Different Pile and Soil Types (AletSalam, Sritharan,
and Suleiman 2010)

Reported Factors in Reported Factors in  Reported Factors in Mixed
Pile Type Sand Clay Soil
N) Mean SD? N Mean SD. N Mean S.D.
SteelH- 411 o048 011 12 048 015 8 0.55 0.13
Shaped
CIDH 4 0.40 0.23 3 0.60 028 3 0.50 0.13
Opelz',‘ibi”ded 2 065 NA 2 067 NA 2 0.67 N/A

N = Sample Size
23.D. = Standard Deviation

Table 3.3: Mean Values and Standard Deviations of the Reported Regional LRFD
Resistance Factors According to Different Static Analysis Methods anBoil Types
(AbdelSalam, Sritharan, and Suleiman 2010)

Static Analysis Reported Factors in ~ Reported Factors in Repor'ged Fact_ors in
Method Sand Clay Mixed Soil
N Mean SD. N Mean S.D. N Mean S.D.
Nordlund 11 0.50 0.12 - - - 4 0.53 0.17
SPT Method 3 0.45 0.25 - - - 3 0.53 0.11
a-Method - - - 6 0.47 0.19 - - -
B-Method - - - 4 0.49 0.13 - - -
CPT Method - - - 3 0.45 0.17 - - -
In-House 3 0.62 0.11 4 0.63 0.10 3 0.62 0.11

Table 3.4: Comparison of the Reported Regional LRFD Resistance Factorstiwthose
Recommended in the NCHRP 507 Report and th2007 AASHTO LRFD Bridge Design
Specifications(AbdelSalam, Sritharan, and Suleiman 2010)

Soil Static Analysis NCHRP 507 AASHTO Mean of Reported
Type Method (Paikowsky et al. 2004) (2007) Resistance Factors
SPT Method 0.45 0.30 0.45

Sand B-Method 0.30 N/A 0.65
Nordlund 0.45 0.45 0.50
In-House N/A N/A 0.62
a-Method 0.45 0.35 0.47

Clay B-Method 0.20 0.25 0.49
In-House N/A N/A 0.63
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In the design stages of a deep foundation project, state DOTSragestaic analysis
methods to determine the ultimate driven pile capacities. Forigelsssls, the most
commonly used methods are ttteand f-methods. Alternatively, for cohesionless
soils, the most commonly used methods are the Nordlund and SPT methods.

Furthermore, most of the respondents chosextimethod and the Nordlund method

to be the most accurate methods for predicting the ultimateitapépiles driven in
cohesive and cohesionless soils, respectively.

4) During the construction of deep foundations, state DOTs employ ethgnamic
analysis method or a dynamic pile driving formula to verify the mapacity
estimated by a static analysis method in the design stagébough all of the
respondents noted that they use WEAP as a dynamic analysis mé®8odof
respondents indicated that they use a combination of PDA and CAPVARIition
to WEAP. Of those respondents using dynamic pile driving fornfatagriven pile
capacity verification, the majority either use the FHWA MatlfiGates formula or a

locally developed/enhanced formula.

3.3 LocAL SURVEY OF lowA COUNTY ENGINEERS

To determine the present pile design and construction practi¢the abunty-level
and understand how they differ from those at the state-level, & sfudowa county
engineers as well as consulting firms involved in the design of county bridge flomsdaas
conducted by means of a web-based survey. By way of thigysumformation was
collected regarding the design method, dynamic pile driving formwasl analysis
procedures used for driven pile foundation design. More specificallystim®y acquired
the aforementioned general information via an organizational tsteudefined by the
following four focal areas: (1) foundation practice, (2) timber pile usaggiléanalysis and
design, and (4) drivability, testing, and quality control. In théoWahg subsections, the
major results of this survey, which received complete respormaseihgineers located in 44
different counties within the State of lowa, as seen in Figureand eight civil engineering
consulting firms, will be presented, first for the responding loaanty engineers according

to the four focal areas previously delineated, and then for the responding consulténg firm
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Pottawattamie
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Each county that provided a complete survey response contains the following information (if available):
1) Typical soil formations (see Map Key)

2) Average depth to bedrock

3) Most frequently used pile type(s) (see Map Key)

4) Commonly used pile size(s) for the most frequently used pile type(s)

Dubuque

[d| Complete Survey Responses
- Incomplete Survey Responses

[ ] Did Not Respond to Survey

Jackson
L& LG, TP & HP

Map Key

A = Alluvium Soil Formation

L = Loess Soil Formation

WG = Wisconsin Glacial Soil Formation
LG = Loamy Glacial Soil Formation

LOTG = Loess on top of Glacial Soil Formation
HP = Steel H-Piles

TP =Timber Piles
PCP = Precast Concrete Piles
PSCP = Precast/Prestressed Concrete Piles

Figure 3.1: lowa County Map Showing Survey Respondents, Typical Soil Formationverage Depth to Bedrock, and

Most Frequently Used Pile Types and Sizes
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3.3.1 Foundation Practice

The questions contained within this first section of the surveysked on obtaining
information regarding typical soil formations, average depths dcobk, routine soil in-situ
and laboratory tests, the main criteria used for the selectiamioen type of driven pile, the
most commonly used types of driven piles, as well as the sslgqmitential of drilled shafts
over driven piles on future bridge projects. Figure 3.1 preserd#srmanary of results
obtained for the common foundation practice in different lowa countiesluded in this
figure are the typical soil formations, the average depth to bedsod the most frequently
used pile types and sizes. It is important to point out thataihéosmations identified for
each county in Figure 3.1 were determined based on the survey es@ensvell as the
typical soil formations found in geological maps (NRCS 2010). hieantore, for questions
regarding the use of in-situ and/or laboratory tests to estadgisparameters for pile design,
61% of respondents indicated that no such tests are performed, whilentaming 39%
unanimously cited the use of the Standard Penetration Test (SPpite des subjective
nature.

Based upon the responses received, as summarized in Figure 3.8, fauwd that
54.5% of lowa county engineers rely on past design experience whmmés to the
selection of a given type of driven pile foundation, whereas 18.2% eitenomy as the
main criterion, 15.9% stated that the selection criteria diffessveen projects, 13.6%
reported using the same type of driven pile foundation for all bnmggects, 9.1% cited
available construction equipment as the main criteria, and theniema1.4% stated that a
particular selection criteria other than those defined formerly was used.

With all respondents preferring the use of driven pile foundations feepreand
future applications over drilled shafts, no further information was médaregarding the
percentage of usage of different types of drilled shaftswewer, a distribution of the most
commonly used types of driven pile foundations for bridge type structures wasataid is
presented in Figure 3.3. Explicitly put, all respondents indicéteduse of steel H-shaped
piles, while 43.2% indicated the use of timber piles, 22.7% cited thefysecast concrete
piles, 20.5% reported the use of prestressed concrete piles, 2.3% ththeatese of closed-

ended steel pipe piles, and the remaining 2.3% reported the use of plter¢ypes other
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than those defined former Although the unanimous use of steelshkbped piles by
respondents of this survey is consistent with tleslts obtained at the st«level
(AbdelSalam et al. 2010)he significant use of timber piles as a fourmapractice was nc
found in the statéevel survey; thus, providinvaluable new insight into the pile foundati
practice of lowa.
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Experience Pile Type  Construction Differs
Equipment Between

Projects

Figure 3.2 Main Criterion Used for Driven Pile Type Selectin

Furthermore, the respondents were asked to idetitdymost common pile siz()
used for the pile types reportedFigure 3.3 This information has been includedFigure
3.1, which shows that steel-shaped piles are commonly used in almost all losantes.
However, in North Central lowa where the soil fotima is mainly defined as glacial ti
precast and prestressed concrete piles are alsowith increased frequency. Likewise,
East Central lowa where the soil formation is maicbmposed of loess and glacial ti
timber piles are used with more frequel
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Figure 3.3 Distribution of the Most Commonly Used Types of Driven Pile Foundation
for Bridge Type Structures

3.3.2 Timber Pile Usage

In this second section of the survey, questionevasked to those who had repot
the use of timber type driven pile foundationsustify the need to estash regional LRFLC
resistance factors for this specific pile type.e3& questions gathered information regar
the bridge types recommended for support by a émepdation system consisting of driv
timber piles as well as the soil types recommerfdr use with driven timber piles. Bas
upon the responses received (Figure 3.4, it was found that 72.2% of lowa cour
engineers use a deep foundation system compriséichbér piles to support Ic-volume
bridges, 55.6% use such a pile type for short $palges, 1€7% do not recommend the L
of deep foundation systems comprised of timberspite bridge type structures, and 5.
use such a pile type for pedestrian bridgeThe findings associated with the soil ty;
recommended for use with driven timber pilese results were widespread, as showi

Figure 3.5 and no one soil type is recommended over an:
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Figure 3.4: Distribution of Bridge Types Recommended for Support byDeep
Foundation Systens Comprised of Driven Timber Piles
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Figure 3.5 Distribution of Soil Types Recommended for Use wh Driven Timber Piles
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3.3.3 Pile Analysis and Design

For the pile analysis and design section of the survey, theiausestere directed to
obtain information regarding the individuals responsible for the design ie¢éndipile
foundations for bridge type structures, the specifications usedhémr design, and the
method of analysis most commonly called upon for driven pile founddegsign. Based
upon the responses received, it was found that 59% of lowa county eagacteally
perform the design of driven pile foundations for bridge type strestimemselves, whereas
39% enlist the services of private engineering consulting fantsthe remaining 2% seek
the aid of the lowa DOT or an outside agency for their design.

For those lowa county engineers whom reportedly perform therdetidriven pile
foundations for bridge type structures themselves, 73% citedotme County Bridge
Standards (lowa DOT 2009) as their primary driven pile design specibeatil5%
acknowledged use of thewa ASD/LFD Bridge Design Manudglowa DOT 2010), 4%
made use of thAASHTO LRFD Bridge Design Specificatiq@907), and the remaining 8%
cited pile design specifications other than those defined formiriy.important to point out
that the aforementioned list of primary driven pile design spetifins utilized by lowa
county engineers does not include liwa LRFD Bridge Design Manu@lowa DOT 2010).

On the other hand, for those lowa counties reporting the enlistmeptivaite
engineering consulting firms for the performance of driven pésigh procedures, 45%
solicited the services of Calhoun-Burns & Associates, Inc. (€B&4% made use of the
services offered by HGM Associates, Inc.; 9% enlisted eitieeassistance of 1IW Engineers
and Surveyors, PC (IIW), Shuck-Britson, Inc., or Kirkham Michael,; 16% solicited the
services of either Terracon Consultants, Inc. or Sundquist Engined?@g and the
remaining 4% made use of the services offered by WHKS & Cpreaented in Figure 3.6.
Given this information, an enhanced version of the survey issued téowse county
engineers was sent to the aforementioned private engineearimsylting firms to better
understand the county-level foundation design practice in lowa. Thesre$uhis survey

have been presented in Section 3.3.5.
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i Shuck-Britson, Inc.
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2 HGM Associates, In
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i Terracon Consultants, it
i Sundquist Engineering, |

Figure 3.6. Private Engineering Consulting Firms Enlisted bylowa Counties for the
Performance of Driven Pile Foundation Design Procadtes

Finally, in regards to the method of analysis most commosédwy lowa count
engineers for the design of driven pile foundatjoB8% of respondents cited the use
dynamic pile driving formulas for this particulask, with the remaining 14% reporting f
useof static analysis methods. In particular, therumaus dynamic pile driving formula
choice for the design of driven pile foundations Ibya county engineers was the El
formula, which has been shown in Chapter 2 to bppnopriate since about 19 with the
unanimous static analysis method of choice beiegi-method regardless of the foundat

soil type.

3.3.4 Dirivability, Testing, and Quality Control

The questions contained within this final sectidrthe surveyfocused on obtainin
information regarding the methods for determininig driving termination, the use of sta
pile load tests for design verification, and thegirency of performance of quality cont
tests. Based upon the responses receives found that 61.4% of lowa county engine
use a WEAP analysis and field observations to deter the termination of the pile drivir
process, 29.5% make use of dynamic pile drivingnidas for this same purpose, and 9.
rely on the initial results oduced by static analysis methods in the desiggestaf the
project and consequently make no adjustments toldehgths of production piles,

presented in Figure 3.7Interestingly, 15.9% of respondents noted thay tdrive piles unti
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refusal regardless of the pile penetration lengtimeated in the design stages of the proj
where pile refusal is defined by an observed patietr of less than one inch pen hammer
blows, while 6.8% indicated that they prefer tovdrpiles until bedrock has been reach
The remaining 4.5% of respondents stated that th&y no well defined method f
determining pile driving termination. Although nokarly as common the methods
presented in Figure 3.9% of respondents did indicate the use of stakicload tests for th

verification of design pile capaciti
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WEAP Dynamic Pile Drive Until Static Drive Until  Not Definec
Driving Refusal Analysis Bedrock
Formula: Methods

Figure 3.7 Methods for Determining Pile Driving Termination

Furthermore lowa county engineers were asked to report orfrdggiency to whicl
quality control tests, such as pile verticality m@@ments and inspectionf welds used for
splicing, are performed on driven pile foundatiods illustrated irFigure3.8, about 22% of
respondents indicated that such quality controls are always performed on 5% of 1
installed piles, with 3% of respondents statingt ttheese tests are performed on a n
frequent basis (i.e., greater than 5% of the iletgbiles) and another 19% suggesting
these tests are performed on a leequent basis (i.e., less than 5% of the instalis)
The remaining 56% of respondents indicated thatlityuaontrol tests for driven pil

foundations are never perform
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£ Always

= More Frequentl
i | ess Frequent
i Never

Figure 3.8 Frequency of Performance of Quality Control Tests on Driven Pile
Foundations by the County Office

3.3.5 Contribution from Engineering Consulting Firms

As previously mentionec39% of respondents, or about tiifferent lowa count
engineers, indicatetthe enlistment oprivateengineering consulting companies/firfor the
conduction ofbridge deep foundation design procedures, espgdalllarge-scale projects.
Consequently, the surveglistributed to the lowa county engine was modified ant
dispersed again to theast commonly used consulting firms reportedRigure 3.6. After
sending the survey to nine different local and aratiide privateengineeringconsulting
firms, eight conplete responses were receiveln this section, a summary of the recei
responses concerning theur main topic areas of the survey is provided, incigda brief
comparison showing the main differences betweenptaetices of local county engirrs
and consulting firms.

For the first sectiorof the survey concerninfoundation practic, 50% of the
consulting firms indicated that they perform sai-situ and laboratory tests to eblish
different soil parameters; S was the most commonly used in-sgoil test, with soll
classification and Atterberg limicomprising the typical laboratory tests. Interggiy, only
one respondent indicatdtle performance of the c-dimensionalconsolidation te, with
anotherrespondent indicating the use the triaxial test for largeeale projects. Wit

regards to the main criterion used for the selaatiba given type of driven pile foundat,
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about 44% of the consulting firms indicated a reliance on past desdjrcanstruction
experience, 28% cited economy as the main criterion, and the rem28¥%tgtated that the
criterion is dictated by either available construction equipmersioore alternative means.
All respondents indicated that steel H-shaped piles are the wmoshanly used pile type
within their respective regions, followed closely by closedeensteel pipe piles and precast
concrete piles, in that order. Interestingly, only one respondent deti@ause of timber
piles, which happened with a frequency of about 14%. Finally, all respsndepressed
their desire to use driven piles over drilled shafts.

In the pile analysis and design section of the survey, 50% of #ponding
consulting firms cited théowa LRFD Bridge Design Manuglowa DOT 2010) as their
primary driven pile design specification, whereas 37.5% of respondekt®wledged the
use of thdowa County Bridge Standardtowa DOT 2009) and the remaining 12.5% made
use of theAASHTO LRFD Bridge Design Specificatiq@907). Therefore, it is evident that
design engineers still prefer local design manuals over theHA&Especifications, seeing as
the latter is characterized by unnecessary conservatisntaardador soil variations across
the country (AbdelSalam et al. 2010). Furthermore, to attain a mohesive image
concerning the design and construction practices enacted at timéy-wel, several
guestions related to different pile analysis methods weralasBarvey results showed that
60% of the consulting firms rely on dynamic analysis methods tandieie design pile
capacities, with WEAP analyses based on the SPT N-valuengoit method (i.e., SA-
method) being the most common, whereas the remaining 40% of respomdiérdated the
use of conventional static analysis methods based on SPT datdy, [uestions regarding
the performance of serviceability limit checks during the gitesif deep foundations were
asked. All responses received from the engineering consultimg fndicated that the
vertical settlement of a single pile or group of piles is nobanted for in design, while half
of the respondents indicated that lateral displacements are actdonten design, an
important design consideration, which was addressed by only 22% obuh&y engineers,
given the common use of integral abutments in practice.

The last section of the survey acquired information regardingdpiebility and

quality control aspects. As expected, more than 75% of respondentdeddibat pile
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design verification is accomplished through WEAP analyses,ewtiie remainder of
respondents indicated a reliance on the original design capacitycptbty static analysis
methods or that offered by dynamic formulas. Of particulaerést were the responses
received regarding the effect of soil setup on pile capacitgouA70% of the responding
engineering consulting firms indicated that this effect onqajeacity is neglected in design.
However, one respondent indicated that soil setup affected pileityaipaa range from 5 to
10%, with another respondent indicating that soil setup can increl@aseapacities from
anywhere between 11 and 20%, depending on the soil type. Find#yms of pile capacity
verification by means of the SLT, none of the respondents reportegehaf such a test, as
it is a sophisticated, expensive, and time consuming test (Abdel®aka. 2010). Likewise,
in regards to the use of other quality control measures, 80% of resp®nelgorted that such
tasks are never performed; thus, leading to a hidden increase itosheof the deep
foundation that could have been significantly reduced through the condwdtieither

simple or sophisticated quality control tests.

3.4 DATABASE OF PILE LOAD TESTS INIOwA (PILOT-1A)

Having defined the current state of practice in lowa regardieg design and
construction of deep foundations at both the state- and county-leigehatv appropriate to
examine the collection of data associated with pile load tesiducted within lowa. This
information, as previously noted, will be used for the performanceraparative analyses
and subsequent LRFD resistance factor calibration efforts ordatpreined set of the most
commonly used dynamic pile driving formulas. The collected dgtaghich consists of a
historically collected subset that was used for the perfazenahpreliminary analyses and a
recently collected subset that was used for verification of ékalts obtained from the
preliminary analyses, was assessed for quality and then corresppmicgd in a relational
database management system to allow for the efficient periceva filtering, sorting, and
querying procedures required by the aforementioned LRFD resistaote calibration
process. In the following subsections, the importance of PILOT-IAbeidetailed together
with a brief discussion of the structure and key parametersindbd development of this
database. A detailed description of the historical dataset uporh whec database was

originally fashioned will also be provided, before a comprehensivewewf all fields
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contained within the database is given. For a detailed hardsimg lof all pile load test
information stored within the electronic framework of PILOT-IAe reader is asked to refer
to Roling et al. (2010).

3.4.1 Significance of PILOT-1A

In response to AASHTO'’s permittance of regionally calibrated-DRresistance
factors for the design of driven pile foundations, which was introduc&hapter 1, many
states across the nation have made an effort to develop suclsfao as to improve the
economy of bridge foundation elements. More specifically, FlofMeVay et al. 2000),
lllinois (Long, Hendrix, and Baratta 2009), Washington (Allen 2005), \&istonsin (Long,
Hendrix, and Jaromin 2009) have all published studies recommending LRidDamee
factors for the design of driven pile foundations by means o€ staalysis methods and the
construction control of driven pile foundations by means of dynamitysasamethods,
which includes dynamic pile driving formulas. While these stugies/ide valuable
information including the identification of available regional piledidest data, in all cases,
except for the State of Florida study, the reported LRFD aemistfactor calibrations were
accomplished through the use of national databases such as th&'&-B@ép Foundation
Load Test Database (DFLTD), which contains 1500 deep foundation loagdesis from
nearly 850 sites covering various parts of the world. Such procederesadopted due to
the absence of quality assurance provisions and required geotechnit@hcmesst data for
the regionally reported static pile load tests.

According to McVay et al. (2000), the University of Florida haen collecting pile
load test data for the Florida DOT since 1989. The resultant datatamed PILEUF,
contains data for 247 piles of various types (e.g., square corronatel, concrete, pipe, and
steel H-shaped), with 180 of those piles being located in the @t&terida. Although it is
unknown as to whether PILEUF exists in an electronic formgéiseral characteristics
resemble those of PILOT-IA. With the goal of becoming a modelbdae for an effective
regional LRFD calibration process that can be refined as mat@ becomes available,
PILOT-IA is based on a well-defined hierarchical clasatfan scheme, in addition to an
appealing user-friendly interface, that has not yet been sebanothiér databases such as

DFLTD and PILEUF. Furthermore, imposition of a strict acceptanceiontéor each of the
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three hierarchical pile load test dependability classificatierppunded in the subsequent
section, ensures that the resulting data available in PILOBARFD regional calibration
is of superior quality and consistency. These aforementioned qualgigseate the
importance of establishing databases such as PILOT-IA at the state iandlIravels.

3.4.2 Key Terminology Used for Data Quality Assurance

As mentioned in Chapter 1, an estimate of a pile’s capacitypeachieved through
the use of static and/or dynamic methods. Employing a statimoheequires a detailed site
investigation for the evaluation of soil parameters, while for manhyc method driving
record information and reported pile driving equipment charadtsrigte typically required.
Consequently, it was determined during the formulation of PILOTH#& a well-defined
hierarchical classification scheme would be required to lglédentify those pile load tests
containing sufficient information for the estimation of pile cagaby means of both static
and dynamic methods. Furthermore, based upon the reality thavergt gle load test
yielded dependable results, an additional level in the hieraratiasdification scheme was
deemed necessary for initial separation of the reliabldqale tests from the entirety of the
PILOT-IA database.

The unique classification system developed for PILOT-IA cgtalule load tests as

“reliable,” “usable-static,” and “usable-dynamic.” The fiiteer of the hierarchical system,
which was originally termed by Dirks and Kam (1989), assignsedimble classification to a
pile static load test that has achieved the displacement batsth dor pile capacity, as
defined by Davisson (1972), prior to the pull-out of any anchor piles. The seepaddigns
the usable-static classification, which identifies those pilé l@sts possessing sufficient
information for the prediction of pile capacity by means ofictaethods, to a reliable pile
static load test that has soil boring information and SPT diéittnvone hundred feet of the
test pile. Furthermore, the third tier assigns the usable-dgnalassification, which
identifies those pile load tests containing sufficient informafammthe prediction of pile
capacity by means of dynamic methods, to a usable-statitopiletest that has complete
driving records and information concerning characteristics opileedriving equipment for

the test pile under consideration.
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As a final means of ensuring data quality and consistenéynaRILOT-IA, distinct
classification rules, which were missing from the numerous dasalmssented in Sections
2.4 and 2.5, were established for generalization of the soil profitgdd along the test pile
embedded length. In other words, a test pile is classifiediag embedded in a sand soill
profile when at least 70% of the soil located along the sliidfte pile is classified as a sand
or non-cohesive material according to the Unified Soil Clasgifin System (USCS).
Likewise, a test pile is classified as being embedded layasoil profile when at least 70%
of the solil located along the shaft of the pile is clagsiie a clay or cohesive material
according to the USCS. However, when neither of the aforementidassifications is
achieved, the test pile is classified as being embedded ineal mdil profile. In light of the
key terminology defined in this subsection, a descriptive summatheohistorical data
subset upon which PILOT-IA was originally fashioned is presented below.

3.4.3 Descriptive Summary of PILOT-IA Historical Data Subset

Over a twenty-four year period defined by the years from 1966 to 1®@8miation
concerning 264 pile static load tests (SLTs) conducted in the State of loweebH-shaped,
timber, pipe, Monotube, and concrete piles (Figure 3.9) was collectethébylowa
Department of Transportation (lowa DOT). During this time qekrithe entirety of the
aforementioned collected information, although not always wholly dlejlancluded details
concerning the site location, subsurface conditions, pile type, haoiragacteristics, EOD
blow count, and static load test results. All of this informati@as stored by the lowa DOT
in hardcopy format, making its usage for the LRFD resistanderfaalibration process
cumbersome and almost impractical. As a part of the researafmedun this thesis, the
electronic database for Plle LOad Tests in lowa (PIUA)Twas developed using Microsoft
Office Access™ and in conjunction with the lowa DOT to allow fboe tefficient
performance of reference and/or analysis procedures on the eamdataset, as stated
previously. In the following subsections, a descriptive summary diigherical data subset

is presented as a function of pile type.
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3.4.1.1 Steel H-Pile SLTs

Of the 264 pile SLTs conducted by the lowa DOT, 164 were perfoonddshaped
steel piles. A distribution of the number of static pile loadstesnducted on the various
sizes of steel H-shaped piles has been provided in Figure 3.k@wi&e, a distribution
indicating the various embedded lengths for the 164 steel H-shagtqullés is depicted in
Figure 3.11, for which the mean and standard deviation are 53.20 and 18.56 feet,
respectively.

Of considerable interest and value to the objectives of this tlsekis fact that a total
of 141 steel H-pile load tests were classified in PILOT-$Aeliable, with 82 of those being
classified as usable-static and 34 of those 82 being grouped asdyadoi@ic. For the 82
usable-static steel H-pile load tests, distributions amongst’dofiae predominant soll
regions, lowa’s 99 counties, and the predominant soil medium encountemgdta shaft of
the pile have been provided in Figure 3.12, Figure 3.13, and Figure 3.14, respectivel
Likewise, for the 34 usable-dynamic steel H-pile load testsjlilifons amongst lowa’s five
predominant soil regions, lowa’s 99 counties, and the predominant soil medagountered
along the shaft of the pile have been provided in Figure 3.15, R3glée and Figure 3.17,
respectively.

Lastly, to assist with future investigations concerning the etiesbil setup on pile
capacity, the time interval between the EOD condition and thalaSLT was established
for each of the 82 usable-static steel H-pile load testsh Wi$ information, distributions
for both the usable-static and usable-dynamic data subsetsgemeeated and have been
provided in Figure 3.18 and Figure 3.19, respectively. More specifithltyusable-static
distribution of Figure 3.18 possesses a mean of 5.3 days and a stéexdatidn of 3.8 days,
whereas the usable-dynamic distribution of Figure 3.19 possessemaoim&8 days and a
standard deviation of 5.2 days. When considering only those steeldHepileedded in a
clay soil profile, for which the influence of soil setup is gesaton account of a
characteristically slow time rate of consolidation, the meah standard deviation for the
distribution of the time interval between the EOD condition and theab&L.T become 4.6
days and 1.9 days, respectively, for the usable-static recotd$8.8 days and 0.8 days,

respectively, for the usable-dynamic records.
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Figure 3.14 Distribution of Historical Usable-Static Steel HPile SLTs by Test Site Soi
Classification
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Figure 3.17 Distribution of Historical Usable-Dynamic Steel HPile SLTs by Test Site
Soil Classification
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3.4.1.2 Timber Pile SLTs

Of the 264 pile SLTs conducted by the lowa D(75 were performed on timb
piles. For the entirety of this timbeile load test data subset, it was presumed thaest
piles were 10 inches in diameter as a consequencmadequate size classificati
information. This assumption follows that ne by Dirks and Kam (1989 their derivatior
of the skin friction and end bearing design chéotsnd in Foundation Soils Informatio
Chart: Pile Foundation The various embedded lengths for these 75 timbes fibve bee
provided in the distribution esented in Figure 3.2Gor which the mean and stand:
deviation are 29.00 and 10.68 fe
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Out of the 73otal timber pile SLTsconducted by the lowa DOT, were classified
in PILOT-IA as reliable, with 24 of thosbeing classified as usable-stagicd 9 of those -
being grouped as usabdgnamic For the 24 usablstatic timber pile load test
distributions amongst lowa’s five predominant s@gions,the predominant soil mediu
encounteed along the shaft of the pile, and low99 counties have been providedFigure
3.21, Figure 3.22, andigure3.23, respectively. Similarlyor the 9 usab-dynamic timber
pile load tests, distributions amongst lowa’s fpredominant soil regionthe predominant
soil medium encounted along the shaft of the pile, and lov 99 counties have bes
provided in Figure 3.245igure3.25, and Figure 3.26, respectively.

To finish, distributions of the time interval bet@rethe EOD condition and the act
SLT for both the usablstatic and usab-dynamic timber pile data subsets have &
provided in Figure 3.2and Figure 3.28 respectively. More specifically, theable-static
distribution of Figure 3.2 possesses a mean5.8 daysand a standard deviation of days,
whereas the usabbinamic distribution oFigure 3.28possesses a mean of 5.0 days a

standard deviation of 3.2 da
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Figure 3.21 Distribution of Historical Usable-StaticTimber Pile SLTs amongst lowa’s
Predominant Soil Regions

Figure 3.22 Distribution of Historical Usable-Static Timber Pile SLTs by Test Site Soi
Classification
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Figure 3.24 Distribution of Historical Usable-Dynamic Timber Pile SLTs amongst
lowa’s Predominant Soil Regions

Figure 3.25: Distribution of Historical Usable-Dynamic Timber Pile SLTs by Test Site
Soil Classification
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3.4.1.3 Pipe, Monotube, and Concrete Pile SLTs

Finally, the 25 remaining pile SLTs conducted by the lowa DOewerformed on
steel pipe, Monotube, and prestressed concrete piles. More spigciodkeen pile SLTs
were performed on steel pipe piles, seven were performed on Monotubewdilieh are
essentially steel pipe piles with fluted walls and a tapereds-section, and two were
performed on prestressed concrete piles. A distribution showing thbenwf pile SLTs
conducted on the various types and sizes of steel pipe, Monotube, amespegstoncrete
piles has been provided in Figure 3.29. In addition, the various embeddéus|éor these
25 steel pipe, Monotube, and prestressed concrete piles have beedegravithe
distribution presented in Figure 3.30, for which the mean and standardiateaet 41.47
feet and 16.21 feet, respectively.

Of the 25 total pile SLTs conducted on steel pipe, Monotube, and psestres
concrete piles, 21 were classified in PILOT-IA as relighke, 15 steel pipe, 5 Monotube,
and 1 prestressed concrete pile SLT), with 17 of those beingfieldsas usable-static (i.e.,
14 steel pipe and 3 Monotube pile SLTs) and 2 of those 17 being graaupsdide-dynamic
(i.e., 2 steel pipe SLTs). For the 17 usable-static steel pigpeMmnotube pile load tests,
distributions amongst lowa’s five predominant soil regions, the predmisoil medium
encountered along the shaft of the pile, and lowa’s 99 counties hawelmvided in Figure
3.31, Figure 3.32, and Figure 3.33, respectively. As for the two usaldeadysteel pipe
pile load tests, one was performed in lowa’s loess on top of gkaiaregion, while the
other was performed in the loess soil region. Additionally, one ofwheusable-dynamic
steel pipe pile load tests was performed in Shelby County, wiglether was performed in
Woodbury County. Finally, a mixed soil medium was encountered alonghdfe of both
usable-dynamic steel pipe piles.

To conclude, a distribution of the time interval between the EOD conditnd the
actual SLT for the usable-static steel pipe and Monotube pilesdatet has been provided
in Figure 3.34, where the mean and standard deviation are 10.4 and XKl.Eedpgctively.
As for the two usable-dynamic steel pipe pile load tests, theroren in Shelby County was
statically load tested to failure seven days after the B@ile the one driven in Woodbury

County was statically loaded to failure fourteen days after the EOD.
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Figure 3.32 Distribution of Historical Usable-Static Steel Pipe and Monotube Pile SLT
by Test Site Soil Classification
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3.4.4 PILOT- IA User Manual

As alluded tagpreviously, PILO™-IA was developed to provide a means for all g
present, and future lowa DOT bridge pile load tista to be storein electronic formfor
subsequent reference and/or analysis. The pugdthe followinguser manual is to provic
a comprehensive explation of the many featurdncorporated into PILOTIA, the details of
how the quality of data was ensured, as we¢ informationon how to add new SLT data a

the minimum required extent of details for these test:.

3.4.2.1 Accessing PILOTIA
To download andsave a copy (the most recent version 8iLOT-IA, follow the

steps listed below:

1) Open theMy Compute system folder on @omputer to which PILO-IA will be
installed.

2) Insert the PILOTIA CD-ROM into the computer's CBROM drive. Once th
PILOT-IA CD-ROM has been placed in the computer's DM drive, the CL
drive found in thevly Compute system folder will display the name PIL-IA.
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3) Open the PILOT-IA CD-ROM by double-clicking with the mouse on @i drive
icon found in thevly Computersystem folder.

4) Drag the PILOT-IA folder found on the PILOT-IA CD-ROM to the bb®isk (C:)
drive. The computer will now begin copying the PILOT-IA foldette Local Disk
(C:) drive; note that this process may take a few minutes. (Glome wish to save
the PILOT-IA folder to a location other than the Local Disk (diye, simply drag
the PILOT-IA folder found on the PILOT-IA CD-ROM to the desired location.)

5) Once the PILOT-IA folder has been successfully copied to theedekcation,
PILOT-IA can be opened by first double-clicking with the mouse hen recently
copied PILOT-IA folder.

6) Upon opening the PILOT-IA folder, locate and open the Database tojdeouble-
clicking with the mouse.

7) Once the Database folder has been successfully opened, Emwatopen the
Microsoft Office Access™ 2007 file named “PILOT-1A.accdby double-clicking
with the mouse. (Note that PILOT-IA is best viewed at aestiresolution of 1600
by 1200 pixels.)

3.4.2.2 Description of PILOT-IA Database Fields

The first screen one will see upon properly opening the Micrdsafess 2007 file
named “PILOT-lA.accdb” is shown in Figure 3.35. As illustratedhis figure, the values
located under the “ID” column contain a hyperlink to the complete LRisel Test Record
Form (PLTRF) for the specified pile SLT. A screenshot efPhTRF is provided in Figure
3.36 and the database fields identified in this figure are desdnbaetail in the following

subsections.
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Click here to open a || Click here to open a form Use this drop down
blank Pile Load Test|| that provides information ¢ || menu to quickly apply
Record lorm PILOT-IA filters toPILOT-IA

m
] | ]
D -| County - Township - LabNumber - |Project Numr - Design Num - | Contractor - | PileType - Designload - | Date Driven - Date Tested - TestSite Soi - |Initial Bored - |Pile Toe Ele
1 Black Hawk Orange AXP3-T I¥-520-6{8)--3P 1983 Lunda Construc  HP 10 X 42 32 12/9,/1983 12/20/1983 Mixed 28.0 835.63
2 Johnson Clear Creek AXP3-9 1-380-5(44)243- N/A A.M.Cohron & HP 10X 42 34 6/15/1973 6/20/1973 0.0 M/A
3 Fremont AXP3-10  FN-184-1(3)--2 173 A.M.Cohron & HP 10X 42 7 7/2a/1973 7/26/1973 Mixed 0.0 908.85
a Jones AXP3-14  FM-38-3(7)--21 170 Grimshaw Con:  HP 10 X 42 37 8/21/1973 8/23/1973 Mixed 0.0 759.68
5 lasper Malaka AXPE-Z BROS-9050(2)-- 383 Herberger Con  HP 10X 42 31 5/23/1384 5/30/1984 Clay 9.0 831.37
[ Decatur Center AXPa-3 BRF-2-5(10)--34 1082 Godberson - Sr HP 10X 42 s 6/18/1984 6/21/1984 Clay 0.0 965.60
7 Cherokee Afton AXPA-G BRF-3-2(20)--3 683 Christensen Br  HP 10 X 42 35 11/21/19384 11/27/1984 Mixed 0.0 1396.85
8 Linn Rapids AXP4-22  I-1G-380-6{57)2 1672 schmidt Constr  HP 10 X 42 37 &8/7/1974 &/15/1974 Mixed 4.0 33.35
E] Linn Rapids AXP4-23  I-1G-380-6{57)2 1672 schmidt Constr  HP 10 X 42 37 11/14/1974 11/19/1974 Mixed 0.0 4116
10 ida Garfield AXP5-1 BRF-175-3(15)- 383 Christensen Br  HP 10 X 42 36 6/18/1385 6/20/1985 Mixed 0.0 1115.20
11 Hamilton Liberty AXPS5-2 DP-F-520-4(9)-- 1670 Christensen Br  HP 10 X 42 37 4/17/1975 4/22/1975 Clay 8.0 1136.20
12 Linn Clinton AXP5-3 F-30-7(62)--20- 1781 Schmidt Constr  HP 10 X 42 37 9/13/1985 9/18/1985 Clay 0.0 820.00
13 Delaware Richland AXPE-2 SP-G03-0(3)--T¢ 276 Grimshaw Con:  HP 10 X 42 37 3/11/1976 3/16/1976 sand 0.0 925.78
14 Audubon Hamlin AXPE-3 FM-44-3(15)--2 176 Capital Constr.  HP 10 X 42 37 5/28/1976 6/3/1976 Mixed 0.0 1199.06
15 Cherokee Cedar AXPE-3 BRF-59-7(24)-2 1183 Christensen Br  HP 10 X 42 36 5/19/1986 5/28/1986 Clay 0.0 1328.08
16 Osceola Ocheyedon AXPE-4 SN-720(7)--51-" 176 Koolker Inc. HP 10X 42 30 6/10/1576 6/15/1576 Mixed 0.0 1437.17
17 Fremont Benton AXPE-6 BRF-2-1(21)--3 184 Godberson - Sr HP 10 X 42 36 9/20/1986 9/25/1986 sand 8.0 862.04
18 Muscatine Pike AXPE-T BRF-22-4(30)-- 284 United Contrac  HP 10 X 42 37 10/8,1986 10/15/1986 Sand 0.0 549,60
19 Marion Clay AXPE-8 BRF-592-2(12)3 373 Grimshaw Con:  HP 10 X 42 37 10/7/1976 10/12/1976 Sand 0.0 652.55
20 Muscatine Pike AXPE-8 BRF-22-4(30)-- 284 United Contrac  HP 10 X 42 37 10/17/1986 10/22/1986 Sand 0.0 554.30
21 Harrison Little Sioux AXPE-9 1-29-5(8)97 463 Hobe Engineer HP 10X 42 32 2/9/1966 2/17/1966 sand 0.0 970.20
22 Dallas Boone AXP6-15  |-80-3(15)113 1065 Al Munson HP 10 X 42 55 3/15/1966 3/18/1966 Clay 0.0 969.70
23 Harrison Little Sioux AXPG-16  1-29-5(8)97 363 lensen Constru  HP 10 X 42 37 3/14/1966 3/22/1966 Sand 0.0 975.78
24 Harrison St. John AXP6-22  I-1G-29-5(7)78 265 Sioux Falls Con  HP 10 X 42 37 7/18/1966 7/27/1966 Sand 24.0 947.60
25 Harrison Taylor AXPE-28 1-1G-29-5({7) 78-- 1065 Capital Constr.  HP 10 X 42 37 10/ 24/ 1966 10/28/1966 Sand 16.5 967.56
26 Harrison Morgan AXPT-1 E-ACI-29-5(19)¢ 665 A M. Cohron & HP 10X 42 27 1/31/1967 2/9/1967 Clay 18.0 981.43
27 Harrison Morgan AXPT-4 E-ACI-29-5(19)¢ 665 A M. Cohron 8 HP 10X 42 27 2/10/1567 2/17/1967 Mixed 18.0 956.43
28 Fremont Benton AXP2-6 I-25-1(9)10--01 369 United Contrac HP 10X 42 37 2/19/1972 2/24{1572 Mixed 8.0 S00.00
28 Fremont Benton AXP2-T 1-25-1(59)10--01 365 United Contrac  HP 10X 42 7 2/25/1572 21251572 Mixed 8.0 880.00
30 Fremont Benton AXP2-10 I-25-1(9)10--01 369 United Contrac  HP 10X 42 7 3/3/1972 3f9/1972 Sand 8.0 863.00
31 Allamakee Fairview AXPO-Z BRF-76-2(11)--: 479 Brennan Const  HP 10 X 42 37 5/30/1580 6f4/1980 Mixed 0.0 540.70
32 Audubon Sharon AXPO-3 BRF-44-3(17)--: 280 A.M.Cohron & HP10X42 37 6/20/1980 6/24/1980 Clay 0.0 1197.20
33 Benton Polk AXPO-4 EACI-380-7(2)2 877 A M. Cohron 8 HP 10X 42 34 10/28/1980 10/30/1980 Clay 0.0 286.75
34 Dubugue Dubugue AXP1-2 BRF-561-4(5)--: 14739 Lunda Construc  HP 10X 42 50 2/18/1981 2/25/1981 Sand 0.0 549.08
35 Clinton Dewitt AXP1-4 FFD-561-2(5) 277 Lunda Construc  HP 10X 42 38 3241981 3/31/1981 Sand 23.0 536.20
36 Dubugue Dubugue AXP1-5 BRF-561-4(5) 1479 Lunda Construc  HP 10X 42 46 4/6/1981 4/14/1981 Mixed 0.0 557.50
37 Dubugue Dubugue AXP1-6 BRF-561-4{5)-- 1579 Lunda Construc  HP 10X 42 48 6/19/1981 6/25/1981 Sand 0.0 537.50
38 lowa Honey Creek AXPL-T BRF-21-3(6)38~ 179 A.M.Cohron & HP10X42 33 7/14/1981 7/16/1981 Mixed 0.0 T24.64
39 lowa Honey Creek AXP1-8 BRF-21-3(6)38~ 179 A M. Cohron & HP10X42 33 7/17/1981 7/21/1981 Mixed 0.0 T12.64
40 Linn Washington AXPL1-9 I-380-6(77)280- 2777 Schmidt Constr  HP 10X 42 7 8/4/1981 8/11/1981 Sand 0.0 684.37
| 41 lackson uth ____ AXP1-11 __ RRF-54.3(35)..¢ 1078 Grimshaw Cone HP 10X 42 17 S/79/19R1 1/RM1GR Sand an 290 T
Record: M+ [10f266 | » M b [ G HoFiter | Searcn K1 ™ ] »
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Click here to
print the Pile
Load Test

Record Form

Click here to
close the Pile
Load Test
Record Form

3] pile ad Test Records - = x

Pile Load Test Record Form

All Record Data Entered? W

e

P o Data Folder Location: B

Contractor: D ] Project Number: E | Design Number: E
oy ot H e —
Pile Location: | J I
TesledBy:| K | Date Tested: I| Date Reported: |I|
2. Date Driven o0 ]

3. Design Load (Tons) P

4. Bearing By Formunla (TONS)........c oo ceescscicsassnsnsnscneansasansassnssssssnsansasessnsnnsnsnssnsan
B TypactHammerUsad .
6. Depth of Hole Bored Before Driving Pile (ft)....

7. Length of Test Pile in Contact with the Soil (ft)

8. Elevation at the Bottom Tip of the TestPile (ft)..........cooom

9. Highest Gauge Reading Under | R PR ——
10. Gauge Reading after Load Released for Minutes (i)..........

Static Load Test Results | Dynamic Load Test Results | Average Soil Profile | Borehole/SPT information | Advanced ¥ *| Record Comments:
Static Load Test Results
|| Load (Tons) - | Gauge Reading(in) » | 1l.Davisson Ple Capacity (Tons).. I:I
¥
Static Load Test Remarks:
Attachments (1):
AA |
§ . Artachments (2):
Record; M ([Lofl | » M+ | Wk NoFilter | Reliable Static Load Test? [J BB |
Attachments (3):
Attachments (4):
EAnachments (5):
Attachments (6):
FF |

Record: 4 < [Lofl | » ¥ b [\ Filtered | [Searcn ]

Figure 3.36: Pile Load Test Record Form (PLTRF)

Use these controls to navigate amor
the various records in PILCG-IA
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3.4.2.2.1 General Pile Load Test Record Form Information

Described below are various fields included in the general Iei¢el Test Record

Form (PLTRF) with reference to labels included in Figure 3.36.

A.

ID: A unique cataloging number automatically assigned by MicrosdficeO
Access™ to each record within PILOT-IA.

Data Folder Location: A database field that specifies the location of the pile load
test records for each load test contained within the databasedirébry housing
these various pile load test records, the Pile Load Testsrdedirectory, is
organized by three volumes. Volume 1 consists of pile load testdsefor steel H-
piles, Volume 2 consists of pile load test records for presilessncrete, Monotube,
and steel pipe piles, Volume 3 consists of pile load test recordsrber piles, and
Volume 4 consists of pile load test records for those pilesdtestea part of the
research defined in this thesis (i.e., Chapter 4). Therefaregydbsible entries into
this database field are as follows: Volume 1, Volume 2, Volume 3, or Volume 4.
Lab Number: The identification number used by the lowa DOT to distinguish
between the various test piles (e.g., AXP0O-1, AXP1-9, etc.).

Contractor: The name of the contracting company responsible for the constructi
of the specified bridge project including driving of the test pile.

Project Number: The unique lowa DOT cataloging number assigned to each
construction project.

Design Number: This database field goes hand in hand with the previously described
field E (i.e., Project Number). For every construction projethénState of lowa, in
addition to assigning a unique project number, each bridge project within t
construction project is assigned a unique design number. The bridge desiger

corresponding to a specified pile load test is entered into this database field.

. County: This database field utilizes a drop-down menu for simple sateof the

lowa County in which the specified bridge construction project is located.

. Township: This field allows one to manually enter the name of the township

corresponding to the location of the specified lowa bridge construction project.
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Section: This numerical database field allows one to manually enterselgon
number in which the specified lowa bridge construction project is located.

. Pile Location: This text database field allows one to manually enter a short
description of the test pile location in relation to the featureth@fbridge under
construction. For instance, a typical description will spedifthe test pile was
located near an abutment or a pier. Furthermore, either the pileenwma detailed
narrative identifying the exact location of the pile within gigutment or pier is
usually provided.

. Tested By: This text database field allows one to manually enter theesainthose
people who were responsible for carrying out the pile load test on the specified pile.
. Date Tested:In this database field, which has been formatted to accept ddtexbe

of the form: Month/Day/Year (e.g., 3/8/1984), the date on which thesfatec load

test was conducted on the specified pile is specified.

. Date Reported: In this database field, which has been formatted to accept dated
entries of the form: Month/Day/Year (e.qg., 3/8/1984), the date oohwthe pile load
test results for the specified pile were reported to the lowa DOT igisdec

. 1. Pile Size:This database field utilizes a drop-down menu for simple tsateaf the

test pile type and size. The options available for selectiondrd#tabase field are as
follows: Steel H-Piles (42, 10«57, 153, 1X74, 1473, 1489, and Steel H — a
generic option that may be utilized for instances where the &tael H pile size is
unknown), Monotube Piles, Steel Pipe Piles (107, 127, 16", and 18" outside
diameter), and Timber Piles (18’, 20’, 25’, 30’, 34", 35, 40’, 45, 50’, 5%id &0’
length or Timber — a generic option that may be utilized faantes where the exact
timber pile length is unknown).

. 2. Date Driven: In this database field, which has been formatted to accepd date
entries of the form Month/Day/Year (e.g., 3/8/1984), the date on whechpicified

test pile was driven is included.
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3. Design Load (Tons)This database field specifies the total sum of all desigisloa
for which any given pile in the structure is anticipated to suppased on the
superstructure loading evaluation. In other words, the given pile pusstess a
bearing capacity equal to or greater than this value to enbareafety of the
structure.

4. Bearing by Formula (Tons): This database field specifies the anticipated bearing
capacity for a given pile as determined through the use ofotke DOT Modified
ENR dynamic pile driving formula, which is supplied in Article 25010t3he lowa
Department of Transportation Standard Specifications, Series 2008 DOW 2008)

and was presented in Section 2.3.4 of this thesis.

. 5. Type of Hammer UsedThis database field contains information about the type of

hammer used for driving the test pile. Examples of possible mt®this database
field include: Gravity, Kobe K-13, and Delmag D-12; the last twangples specify
both a brand and series number.

6. Depth of Hole Bored before Driving Pile (ft): The depth, in feet, of the hole
bored to initiate pile driving of the specified test pile. (Aueabf zero in this field
indicates that no hole was bored prior to driving.)

7. Length of Test Pile in Contact with the Soil (ft):The length, in feet, of the test

pile in direct contact with the soil.

. 8. Elevation at the Bottom Tip of the Test Pile (ft) The elevation, in feet, at which

the toe of the driven test pile resides with reference to the mean sea level datum
9. Highest Gauge Reading Under ### Ton Load (inBased upon the SLT results
for the specified pile (the location of the SLT results fohe&cord in the database is
shown in Figure 3.37), the maximum load experienced by the pileasdezt where
the number signs (i.e., ###) appear in the above statement and the displagauge
reading, in inches, corresponding to this maximum applied load is imclude
database field W.

10. Gauge Reading after Load Released for ### Minutes (inJhe final entry into
each record’s static load test table shows a load of zerondres @rresponding non-

zero gauge reading. This gauge reading represents the rebotnedspetified pile
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after the release of the maximum applied vertical load fovengeriod of time. The
time between the release of the maximum applied load to tharli¢he subsequent
recording of the final gauge reading is added where the number (signst##)
appear in the above statement. The final gauge reading, in inctres) specified in
database field Y.

Z. Record Comments:Any pertinent additional information regarding the record as a
whole is included in this text database field.

AA - FF. Attachments (1) — (6): These six hyperlink database fields were created so that
important information related to each pile load test could be easilgssed from the
PLTRF. The hyperlinked text descriptions found within these databelsks
maintain a direct path to the file of interest.

To add a new hyperlink to the PLTRF, follow the steps outlined below:
1) Open the desired PLTRF to which a new hyperlink will be added.
2) Position the cursor over the preferred location, Attachments (1) fo(@he
new hyperlink.
3) Right click with the mouse and selecypérlink-Edit Hyperlink...
4) Locate the file to which the hyperlink will be tied and provide a isenbut

meaningful description of the file in the &Xt to display:” option.

GG. All Record Data Entered?: This yes/no database field was created mostly for the
one(s) responsible for the data entry procedures, so that adistsgtion could be
made between those records still requiring data to be enterebdamedthat had been
termed complete. When all available information has been dnterea specific

record, this field receives a check mark.

3.4.2.2.2 Static Load Test Results Tab of PLTRF

As illustrated in Figure 3.37, the first of nine tabs encountereth@PLTRF (i.e.,
Static Load Test Results) houses those results related tte ataiic load test. Most
importantly, this tab contains a table which displays the loagusedisplacement results
obtained during static load testing of the pile. The remainingsfiebntained within this tab

are elucidated below.
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A. 11. Davisson Pile Capacity (Tons)uUtilizing the static load test results supplied for
each pile, shown in Figure 3.37, the Davisson failure criterion wtdized to
determine the ultimate pile capacity. The Davisson failutermon states that the
ultimate load of a pile subjected to a vertical load test isldtlael which the
displacement of the pile exceeds the elastic compression ofehey®.15 + D /120
inches, whereD is the pile depth or diameter (Davisson 1972). The elastic
compression of the pile is simply the length of the pile dividedsglastic modulus
and cross-sectional area (i.e., the pile stiffness), then multipliethe applied load.
The Davisson pile capacity established for each pile SLT awiged in this
numerical database field.

B. Static Load Test Remarks:Any additional comments or information relating to the
pile SLT results are supplied in this text database fieldanites of information
presented in this database field include the time duration stepfasedch load
increment and pertinent test reliability information such as obdgrile punching,
pulling out of anchor piles, or no observed yielding of the test pile.

C. Reliable Static Load Test?:This yes/no database field receives a checkmark if the
SLT data for the specified pile is considered reliablerelfable test is one in which
the test pile reached its displacement-based capacity l{feeDavisson pile capacity)
with no anchor piles being pulled out prior to its achievement. ISthe data for a
specified test pile does not meet this criterion, then thesesinsidered unreliable
and this database field is left unchecked.

3.4.2.2.3 Dynamic Load Test Results Tab of PLTRF

As illustrated in Figure 3.38, the second of nine tabs includedh@rPLTRF (i.e.,
Dynamic Load Test Results) houses those results obtained fromamit pile load test
using PDA. The fifteen fields contained within this tab are described below
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Static Load Test Results | Dynamic Load Test Results " Average Soil Profile i| Borehole/SPT Information " Advanced * L

Static Load Test Results
I"| Load (Tons) - | Gauge Reading(in) - [J11. Davisson Pile Capacity (Tons)........... | A ‘
N

Static Load Test Remarks:

Record: M 4/1of1 | » M b | W& No Filter Reliable Static Load Test? [J< C

Load vs. Displacemel
results as obtained fro
SLTs

Figure 3.37: Static Load Test Results Tab of PLTRF

Static Load Test Results | Dynamic Load Test Results | Average Soil Profile || Borenole/SPT Infarmation || Advanced * *

12. Was PDA used to moritor the pile during driving or restike? (14— A
13. EOD Date/Time . ... oo § B |
. EODCapamty(]ﬂpn)| C ]
15. First Reetrike Data/Time. ... 1 D ]
16. Capacity After First Restrike (kips)................. | E |
17. Second Restrike Date/Time. .............coeenne..... | = |
12. Capacity After SecondRestuike .. I G ]
19 Third Restrike Date/Time | H |
dUL.apauqﬂ.ﬁer'l’hlrdllesmhel I ]
21. Fourth Restnke Date/Time. ... .._.....oooooevieemicnnne J
22. Capacity After Fourth Resinke. ... ... K
23. Fifth Restrike Date/Time L ]
24. Capacity After Fifth Restrike. ....................... ! M ]
25. Sixth Restrike Date/TIME........cccoeivmmeenmmmmminneen N
26. Capacity After Sixth Restnke .. .. .. ... (@)

Figure 3.38: Dynamic Load Test Results Tab of PLTRI
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. 12. Was PDA used to monitor the pile during driving or restrik€: This yes/no
database field receives a checkmark when the Pile Driving Aeralilardware
product is used to monitor the installation of the test pile, which bausstrumented
with accelerometers and strain transducers near the pile drehdssess its bearing
capacity at either the EOD or BOR conditions; otherwise, thisbdat field is left
unchecked.

. 13. EOD Date/Time:In this database field, which has been formatted to accept dated
entries of the form: Month/Day/Year Time-of-Day (e.g., 3/8/1984 263 AM), the
date and time at which the EOD condition was achieved is input.

. 14. EOD Capacity (kips): The maximum static pile capacity estimate, in units of
kips, provided by PDA at the EOD (i.e., RMX).

. 15. First Restrike Date/Time: In this database field, which has been formatted to
accept dated entries of the form: Month/Day/Year Time-of-Dayg.( 3/8/1984
10:12:55 AM), the date and time corresponding to the beginning of theeftsike

are added.

. 16. First Restrike Capacity (kips): This field represents the maximum static pile
capacity estimate, in units of kips, provided by PDA at the beginointe first
restrike (i.e., RMX).

. 17. Second Restrike Date/Timetn this database field, which has been formatted to
accept dated entries of the form: Month/Day/Year Time-of-Day.( 3/8/1984
10:12:55 AM), the date and time corresponding to the beginning of the second
restrike are inserted.

. 18. Second Restrike Capacity (kips)This field represents the maximum static pile
capacity estimate, in units of kips, provided by PDA at the beginminige second
restrike (i.e., RMX).

. 19. Third Restrike Date/Time: In this database field, which has been formatted to
accept dated entries of the form: Month/Day/Year Time-of-Day., 3/8/1984
10:12:55 AM), the date and time corresponding to the beginning of the ¢lirtke

are input.
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20. Third Restrike Capacity (kips): This field represents the maximum static pile
capacity estimate, in units of kips, provided by PDA at the beginoiripe third
restrike (i.e., RMX).

. 21. Fourth Restrike Date/Time:In this database field, which has been formatted to
accept dated entries of the form: Month/Day/Year Time-of-Dayg.( 3/8/1984
10:12:55 AM), the date and time corresponding to the fourth restrike are added.

. 22. Fourth Restrike Capacity (kips): This field represents the maximum static pile
capacity estimate, in units of kips, provided by PDA at the beginmirtge fourth
restrike (i.e., RMX).

. 23. Fifth Restrike Date/Time: In this database field, which has been formatted to
accept dated entries of the form: Month/Day/Year Time-of-Day.( 3/8/1984
10:12:55 AM), the date and time corresponding to the fifth restrike are inserted

. 24. Fifth Restrike Capacity (kips): This field represents the maximum static pile
capacity estimate, in units of kips, provided by PDA at the beginointye fifth
restrike (i.e., RMX).

. 25. Sixth Restrike Date/Time:In this database field, which has been formatted to
accept dated entries of the form: Month/Day/Year Time-of-Deyg.( 3/8/1984
10:12:55 AM), the date and time corresponding to the sixth restrike are input.

. 26. Sixth Restrike Capacity (kips):This field represents the maximum static pile
capacity estimate, in units of kips, provided by PDA at the beginoiripe sixth
restrike (i.e., RMX).

3.4.2.2.4 Average Soil Profile Tab of PLTRF

As illustrated in Figure 3.39, the third of nine tabs included on the PL{R.,

Average Soil Profile) houses information concerning various salnpaters characteristic of

the average soil profile found at the location of the test pile. veneus soil parameters

included in the table provided in this tab include thickness, an av&Rgeblow count
(NAVG), and a unit skin friction value specified by the desibart found in théowa LRFD

Bridge Design Manuaflowa DOT 2010) for each soil layer, as well as a totallagér skin

friction value resulting from the multiplication of the soil layickness by the unit skin

friction value.
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. 27. Total Sum of Soil Layer Thicknesses (ft)This database field refers to the
average soil profile table illustrated in Figure 3.39. Based upoavidrage soil layer
data found in this table, the sum of the thicknesses of the variowsdratal identified

in the table is reported in this field.

. 28. Calculated Total Skin Friction Using Design Charts (Tons)This field refers

to the average soil profile table illustrated in Figure 3.39. dap®n the average
soil layer data found in this table, the sum of the total skitidricvalues listed for
each of the various soil strata identified in the table is reported in this dafadds

. 29. Calculated End Bearing Using Design Charts (Tons)he value input into this
field is determined through the use of the average soil prafite tillustrated in
Figure 3.39 and the design chart found in bwa LRFD Bridge Design Manual
(lowa DOT 2010). Based upon the average blow count (i.e., NAVG) valumedtbta
for the soil layer in which the test pile toe resides and theementioned design
chart, a total end bearing value is established and recorded into this détidase

. 30. Total Pile Capacity Using Design Charts (Tons)The value input into this
database field is the result of the addition of the value found idlatebase field
marked with a number 28 (i.e., Calculated Total Skin Friction Usiegjgd Charts)
and the value found in the database field marked with a number 2Zéleu)ated
End Bearing Using Design Charts).

. 31. Factor of Safety: The value entered into this database field is the result of
dividing the value found in the database field marked with a number 11 (i.e.,
Davisson Pile Capacity) by the value found in the databas# rirdirked with a
number 3 (i.e., Design Load).

. Test Site Soil Classification:This database field utilizes a drop-down menu for
simple selection of the predominant soil medium (i.e., sand, claymied)
encountered along the shaft of the test pile. When at leasbiinypes are present
along the shaft of the test pile and none account for 70 percent erahthe soil
profile encountered along the shaft of the test pile, then a motedassification is

used to describe the predominant soil medium.
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Average Soil Profile | Borehole/SPT Information | Advanced In-Situ Soil Tests | Dynamic Analysis Parameters | Stz ¢ *

K @] Dol Tt
Average >0l Frofle Data

Soil Layer = Material Description - | Thickness (ft) ~

Available data concerning the averz
soil profile at the test pile locati

Figure 3.39: Average Soil Profile Tab of PLTRF

3.4.2.2.5 Borehole/SPT Information Teof PLTRF

NAVG =~ | Unit Friction - Total Friction -

*
Record: W l1ofl M
27. Total Sum of Soil Layer Thicknesses (ft) A
28. Calculated Total Skin Friction Using Design Charts (Tons) B
29, Calculated End Bearing Using Design Charts (Tons) C
30. Total Pile Capacity Using Design Charts (Tons) D

E
Test Site Soil Classification F

As illustrated inFigure 3.40, the fourth of nine tabs included the PLTRF i.e.,

Borehole/SPT Information) houses information conicey the availability of borehole ar

SPTdata at the location of the test pile. Most imaptly, this tab possesses a table

displays the available borehole and SPT data atestepile location.The remaining fielc
contained within this tab are descri below.

A. 32. Total Number of Boreholes The total number of boreholedrilled for the

correspondingconstructiol project.

project Situation Plan She

Thisinformation is taken from the releve

B. 33. Total Number of Borehole with SPT Data The total number of borehol

possessing soil penetration data or SF-values. Thignformation is taken from th

relevant project Sounding Data Plan St

C. 34. Borehole(s)near Test Pile Location: This yes/nodatabase field receives

checkmark if a borehole is locatwithin 100 feet of thespecified test pil location.
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If no borehole is located within 100 feet of the test pile locatibe, fteld is left
without a checkmark.

D. 35. Borehole Number(s) near Test Pile LocationWhen the Borehole(s) at Test
Pile Location database field is checked, the identification nuragsociated with
each of the boreholes located within 100 feet of the test piledaciat reported in
this text database field. Otherwise, if no boreholes are lowatieith 100 feet the test
pile location, the word “None” is entered into this database fielden\a borehole or
boreholes are located within 100 feet of the location of the testtipdeesulting soll
profiles are displayed in the table identified in Figure 3.40.

E. 36. SPT Data Available near Test Pile LocationWhen any of the boreholes listed
in the Borehole(s) at Test Pile Location database field ppsSB3 data, then the
identification number of such boreholes is repeated in this datdiedseand the
resulting data, soil profile and SPT values are entered intaatile identified in
Figure 3.40. If none of the boreholes listed in the Borehole(sgsttHile Location
database field have SPT data, then the word “None” appearsiddtabase field.
Although, if the soil profile at the test pile location matchleat tof any of the
boreholes with SPT data, even though these boreholes are not loaatedthain 100
feet of the test pile location, the resulting information for shorheholes is also
provided in the table identified in Figure 3.40.

F. Usable-Static Test?This yes/no database field receives a checkmark if a chéckma
already exists in the Reliable Load Test? database field #rete is acceptable SPT

data available at or within 100 feet of the test pile location.

3.4.2.2.6 Advanced In-Situ Soil Tests Tab of PLTRF

As illustrated in Figure 3.41, the fifth of nine tabs included onRh&RF (i.e.,
Advanced In-Situ Soil Tests) houses those results obtained fromcadvansitu soil tests
such as the CPT and the BST, as well as horizontal stress amdaper pressure data
collected from push-in pressure cells. The twelve fields cadainithin this tab are

described below.
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Usable-Static Test? 14— F

Available information
concerning borehole and Sl
data at the test pile locati

Figure 340: Borehole/SPT Information Tab of PLTRF

A. 37. Were Pushin Pressure Cells used t monitor lateral earth and porewater
pressure?: This yes/no database field receives a checkmaokef or more pu«in
pressure cells were installed nethe location of the test pile for acquisition
horizontal stress and porewater pressure datarwise, this database field is ¢
unchecked.

B. 38. Numberof Pressure Cells UsedWhen thedatabase field marked with a num|
37 (i.e., Were Pusin Pressure Cells used to monitor lateral earth powtwate!
pressure?) is checked, the total number of -in pressure cells installed nethe
location of the test pile is reported in this tdatabase fiels

C. 39. Depth of Pressure CellsWhen thedatabase field marked with a number i.e.,
Were Pushn Pressure Cells used to monitor lateral earthpordwatr pressure?) is
checked, the depths to which each of the -in pressure cells identified in tl
database field marked with a number i.e., Number of Pressure Cells Used) w
installed are reported in this text database
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. 40. Complete Pressure Cell DataThis hyperlink database field allows for the
establishment of a direct path to the file(s) holding all data esdjfriom the installed
push-in pressure cells. The reader is referred to Section 3.4.2.2n%tfactions on
how to add a new hyperlink to the PLTRF.

. 41. Was a Cone Penetration Test (CPT) Performed?his yes/no database field
receives a checkmark if one or more CPTs were performedtiimedocation of the
test pile; otherwise, this database field is left unchecked.

. 42. Number of CPT SoundingsWhen the database field marked with a number 41
(i.e., Was a Cone Penetration Test (CPT) Performed?) is chéle&edial number of
soundings performed near the location of the test pile is reporthts itext database
field.

. 43. Number of Pore Pressure Dissipation Test8hen the database field marked
with a number 41 (i.e., Was a Cone Penetration Test (CPT) Ped®jns checked,
the number of pore pressure dissipation tests conducted in conjundioeash of
the CPT soundings identified in the database field marked with a nu@bg.e.,
Number of CPT Soundings) is reported in this text database field.

. 44. Complete CPT Data:This hyperlink database field allows for the establishment
of a direct path to the file(s) holding all data acquired from \thgous CPTs
performed near the location of the test pile. The reader is referredtiors3.4.2.2.1
for instructions on how to add a new hyperlink to the PLTRF.

45. Was a Borehole Shear Test (BST) Performed?his yes/no database field
receives a checkmark if one or more BSTs were performedtimedocation of the

test pile; otherwise, this database field is left unchecked.

. 46. Number of BSTs Performed\When the database field marked with a number 45

(i.e., Was a Borehole Shear Test (BST) Performed?) is chetiethtal number of
BSTs performed near the location of the test pile is reported in this text skafeddd.

. 47. Depths of BSTsWhen the database field marked with a number 45 (i.e., Was a
Borehole Shear Test (BST) Performed?) is checked, the depthscat @ach of the
BSTs identified in the database field marked with a number 46Nueper of BSTs

Performed) were performed are reported in this text database field.
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L. 48. CompleteBST Data: This hyperlink database field allows for the estdirhent
of a direct path to the file(s) holding all datagared from the various BST
performed neathte location of the test pile. The readereferredto Sectior3.4.2.2.1
for instructions on how to add a new hyperlinkiie PLTRF

Advanced In-Situ Soil Tests | Dynamic Analysis Parameters | Static Analysis Results | Dynamic Analysis Results| D ¢ *

37. Were Push-In Pressure Cells used to monitor later earth and porewater pressure? Ce—— A

ssure Cells Used B

39. Depth of Pressure Cells C
40. Complete Pressure Cell Data D

41. Was a Cone Penetration Test (CPT) Performed? [le——E
42 ber of CPT Soundings F
43. Number of Pore Pressure Dissipation Tests G
44. Complete CPT Data H

45. Was a Borehole Shear Test (BST) Performed? Fi$— I

| J
K
48. Complete BST Data L

Figure 341: Advanced In-Situ Soil Tests Tab oPLTRF

3.4.2.2.7 Dynamic Analysis Paramet« Tab of PLTRF

As illustrated inFigure 3.42, the sixth of nine tabs includes the PLTRF i.e.,
Dynamic Analysis Parameters) houses inform: necessary for the prediction of p
capacityby means of dynamic methods (e.g., WEAP, I, CAPWAP, and dynamic pil
driving formulas). Thelever fields contained within this tab are descrilbetbw

A. 49. Water Table Location: The elevation at which the groundwater table
encountered at the site of the test fis included inthis database field. Su

information is taken from the relevant SoundingdDRlan Shee

www.manaraa.com



127

. 50. Driven Pile Length (ft): The total length of pile, in units of feet, placed in the
leads of the pile driving rig is inserted into this database field.

. 51. Pile Cross-Sectional Area (square inches)The total cross-sectional area, in
units of square inches, of the pile driven for load testing purpsseserted into this
database field.

. 52. Pile Weight (Ib): The total weight, in units of pounds, of the pile driven for load
testing purposes is inserted into this database field. Thswalght should be in
agreement with the length of pile specified in the databasg rirrked with the
number 50 (i.e., Driven Pile Length).

. 53. Hammer (Ram) Weight (Ib): This numerical database field presents the total
dynamic weight, in units of pounds, of the hammer used for driving thpikes The
dynamic weight of the hammer is determined by taking the staéic weight of the
hammer less such deductions resulting from air resistance, lead friation, et

. 54. Cap Weight (Ib): The total weight of the cap, in units of pounds, used while
driving the test pile is inserted into this database field.

. 55. Anvil Weight (Ib): The total weight of the anvil, in units of pounds, used while
driving the test pile is inserted into this database field.

. 56. Hammer Stroke (ft): The average height above the pile head, in units of feet,
from which the hammer is dropped during the final five to ten blows ieindris
recorded in this database field.

57. Developed Hammer Energy (ft-tons)The total developed energy, in units of
foot-pounds, imparted by the hammer to the test pile is recorded in this ddialohse
Simply put, the total developed energy is determined by multiplmeghammer
(ram) weight with the hammer stroke.

. 58. Average Number of Blows per Foot of Pile Penetration (blasift): The
average number of blows needed to advance the test pile tip one fothenead of
driving is recorded in this database field. This value is d@étedrfrom the average
penetration of the test pile over the last five to ten blows five. blows for gravity
hammers and 10 blows for steam or diesel hammers) as recordeé tirog of

Piling Driven” record.
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K. UsableDynamic Test? This yes/lm database field receives a checkmark
checkmark already exists in tlUsable-Static Te8tdatabase field and complete
driving records and information concerning chanasties of the pile driving
equipment are available for the test |

Dynamic Analysis Parameters | Static Analysis Results | Dynamic Analysis Results  Dynamic Formula Results AN

o = IO mm oo m

Figure 3.42 Dynamic Analysis Parameters Tab oPLTRF

3.4.2.2.8 Static Analysis Resul Tab of PLTRF

As illustrated inFigure 3.43, the seventh of nine tabs includedthe PLTRFi.e.,
Static Analysis Resultsflisplays the results obtained fr the application offive static
analysis methods upon the given test pile. five static analysis methods displayed on
tab were chosen bfbdelSalam(2010) in response to an depth literature reew of the
most common and weflerforming methods. Thfive fields contained within this tab a

described below.
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A. 59. Pile Capacity bylowa Blue Book Method (Tons):The pile capacity, in ton:
predicted by thdowa Blue Book static analysis meth(Dirks and Kam 19¢;
AbdelSalam et al. 20) is placed in this field.

B. 60. Pile Capacity by SPT Method (Tons' The pile capacity, in tons, predicted
the SPT-Meyerhostatic analysis methc(Meyerhof 1976)s placed in thifield.

C. 61. Pile Capacity by Alphe-API Method (Tons): The pile capacity, inons,
predicted by thei-APl (American Petroleum Institutestatic analysis meod (API
1984)is placed in this fiel

D. 62 Pile Capacity by Beta Method (Tons The pile capacity, itons, predicted b
thep static analysis methc(Burland 1973) is placed in this field.

63. Pile Capacity by Nordlund Method (Tons) The pile capacity, in toi, predicted
by the Nordlund static analysis metr(Nordlund 1963)s placed in this fielc

Dynamic Analysis Parameters | Static Analysis Rasults | Dynamic Analysis Results | Dynamic Formula Rasults R

= |
mi O O W | >

Figure 3.43: Static Analysis Results Tab of PLTRF
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3.4.2.2.9 Dynamic Analysis Results Tab of PLTRF

As illustrated in Figure 3.44, the eighth of nine tabs included orPthiERF (i.e.,

Dynamic Analysis Results) displays the results obtained froen application of three

dynamic analysis methods upon the given test pile. The thremmilyranalysis methods

displayed on this tab were chosen by Ng (2011) in response to aptimlderature review

of the most common and well-performing methods. The fields codtairtbin this tab are

described below.

A.

64. Pile Capacity by WEAP (Tons):The pile capacity, in tons, as predicted by the
Wave Equation Analysis Program (Pile Dynamics Inc. 2005) is placed in this fiel
65. Shaft Quake used in WEAP AnalysisThe elastic compression limit or quake,
in units of inches, for soil located along the shaft of the tdésttpat was used to
determine the WEAP pile capacity is placed in this field.

66. Toe Quake used in WEAP AnalysisThe elastic compression limit or quake, in
units of inches, for soil located at the toe of the test pilevilas used to determine
the WEAP pile capacity is placed in this field.

67. Shaft Damping Factor used in WEAP AnalysisThe damping factor for soil
located along the shaft of the test pile that was used to deéetire WEAP pile
capacity is placed in this field.

68. Toe Damping Factor used in WEAP AnalysisThe damping factor for soil
located at the toe of the test pile that was used to determine the WEAPppité\ces
placed in this field.

69. Pile Capacity from PDA (Tons):The pile capacity, in tons, as predicted by PDA
(Pile Dynamics Inc. 1992) is placed in this field.

. 70. Case Damping Factor used by PDAThe Case damping factor utilized by PDA

to predict the ultimate capacity of the test pile is reported in this field.

. 71. Pile Capacity from CAPWAP (Tons):The pile capacity, in tons, as predicted by

the CAse Pile Wave Analysis Program (Pile Dynamics 2@€0) is placed in this
field.
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72. Smith Shaft Damping Factor Calculated by CAPWAP:The damping factor
for soil located along the shaft of the test pile that wasutated by CAPWAP in
predicting the pile capacity is placed in this field.

. 73. Smith Toe Damping Factor Calculated by CAPWAPThe damping factor for
soil located at the toe of the test pile that was calculagedAPWAP in predicting
the pile capacity is placed in this field.

. 74. Shaft Quake Calculated by CAPWAP:The elastic compression limit or quake,
in units of inches, for soil located along the shaft of the testtpdt was calculated
by CAPWAP in predicting the pile capacity is placed in this field.

. 75. Toe Quake Calculated by CAPWAPThe elastic compression limit or quake, in
units of inches, for soil located at the toe of the test pile Wwes#t calculated by
CAPWAP in predicting the pile capacity is placed in this field.

. 76. Case Shaft Damping Factor Calculated by CAPWAPThe Case damping
factor for soil located along the shaft of the test pile Weat calculated by CAPWAP
in predicting the pile capacity is reported in this field.

. 77. Case Toe Damping Factor Calculated by CAPWAPThe Case damping factor
for soil located at the toe of the test pile that was caledildy CAPWAP in
predicting the pile capacity is reported in this field.

3.4.2.2.10Dynamic Formula Results Tab of PLTRF

As illustrated in Figure 3.45, the final tab included on the PLTRF, Dynamic

Formula Results) displays the results obtained from the appiicat seven dynamic pile

driving formulas upon the given test pile. The seven dynamic pikndriformulas

displayed on this tab were chosen as a consequence of the resutisdototan the in-depth

literature review of the most common and well-performing foamydresented in Chapter 2

of this thesis. The fields contained within this tab are described below.

A. 78. Pile Capacity by ENR Formula (Tons):The pile capacity, in tons, as predicted

by the Engineering News Record formula (Wellington 1893) is reported inelds fi
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Dynamic Analysis Parameters | Static Analysis Results | Dynamic Analysis Results

WEAP Analysis
66. Toe Quake used in WEAP Analysis
67. Shaft Damping Factor used in WEAP Analysis
68. Toe Damping Factor used in WEAP Analysis
69. Pile Capacity from PDA (Tons)
10. Case Damping Factor used by PDA
T1. Pile Capacity from CAPWAP (Tons)
T2. Smith Shaft Damping Factor Calculated by CAPWAP
13. Smith Toe Damping Factor Calculated by CAPWAP
T4. Shaft Quake Calculated by CAPWAP
15. Toe Quake Calculated by CAPWAP
16. Case Shaft Damping Factor Calculated by CAPWAP

T1. Case Toe Damping Factor Calculated by CAPWAP

Figure 3.44: Dynamic Analysis Results Tab of PLTRF

Dynamic Formula Results nls

ZZr X" a = T®mm g0 w >

. 79. Pile Capacity by lowa DOT Modified ENR Formula (Tons): The pile capacity

in tons, as predicted by the lowa DOT Modified Eragring News Record formi

(lowa DOT 2008js reported in this fiels

80. Pile Capacity by Gates Formula (Tons The pile capacity, in tcs, as predicted
by the Gates formuléGates 1957) is reported in this field.
81. Pile Capacity by FHWA Modified Gates Formula (Tons): The pile capacity, ii

tons, as predicted by the FHWA Modified Gates fda (AASHTO 2007 is

reported in this field.

. 82 Pile Capacity by Janbu Formula (Tons) The pile capacity, in tcs, as predicted

by the Janbu formulgBowles 1996) is reported in this field.

. 83. Pile Capacity by Pacific Coast Uniform BuildingCode Formula (Tons) The

pile capacity, in tons, as predicted by the Pad@imast Uniform Building Cod

formula(Bowles 199€ is reported in this field.
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G. 4. Pile Capacity by Waslington Department of Transportation Formula (Tons):
The pile capacity, in tons, as predicted by the Mfagon State Department
Transportation formul(Allen 2005) is reported in this field.

Dynamic Analysls Paramaters | Static Analysis Results | Dynamic Analysis Results | Dynamic Formuia Resuits

Mmoo O w >

Figure 3.45: Dynamic Formula Results Tab of PLTRF

3.4.2.3 Disclaimer Notice

PILOT-IA was established as part of a research projext TR573: Development ¢
LRFD Design Procedures for Bridge Piles in I¢) funded by the lowa Highway Reseal
Board (IHRB). Neither the IHRB nor the author bistthesis makes any warranty, eess
or implied, or assumes any legal liability or resgibility for the accuracy, completeness
usefulness of any information contained in PIl-IA. If a problem arises during the use
of PILOT-IA or more knowledge is required, contact thoseremtly maintaining the
database at the lowa DOT.
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CHAPTER 4: SUMMARY OF FIELD TESTING OF STEEL H-PILES

4.1 |INTRODUCTION

For verification of the regionally calibrated LRFD resistafea#ors recommended in
this thesis for the construction control of driven steel H-pile fotiowis via dynamic pile
driving formulas, one HP 10x57 and eight HP 10x42 steel piles weendind load tested
in different counties spanning the five predominant soil regions encodntéfen the State
of lowa. Table 4.1 provides a summary of the location and subsuliacacteristics for
each of the nine tested steel H-piles. In addition to simply dyiamd statically load testing
the piles to failure, most of the test piles were instrumentad strain gauges and
dynamically monitored during driving and restrikes using the PDAcdeviMoreover, the
subsurface conditions at the location of each of the test piles were chagdctsing various
laboratory tests (e.g., moisture content, grain-size distributidtterberg limits,
consolidation, and Triaxial Consolidated-Undrained compression tests)-gitu tests (e.g.,
SPT, CPT, and BST). In some cases, ground instrumentation (i.e.inppigssure cells)
was used to capture horizontal stress and porewater pressureedathe test pile during

driving and static load testing.

Table 4.1: Location and Subsurface Characteristics for Each of the Testedegl H-Piles

. . . : Test Site Soill
ProjectID  Pile Type lowa County Soil Region Classification
ISUL HP 10x57 Mahaska Loess on top of Glacial Mixed
ISU2 HP 10x42 Mills Loess Clay
ISU3 HP 10x42 Polk Wisconsin Glacial Clay
ISU4 HP 10x42 Jasper Loess on top of Glacial Clay
ISU5S HP 10x42 Clarke* Loess on top of Glacial Clay
ISU6 HP 10x42  Buchanan* Loamy Glacial Clay
ISU7 HP 10x42 Buchanan* Loamy Glacial Mixed
ISU8 HP 10x42  Poweshiek* Loess on top of Glacial Mixed
ISU9 HP 10x42 Des Moines Alluvium Sand

*Push-in pressure cells were installed at these sites Imededt pile to capture horizontal stress and
porewater pressure data during driving and static load testing

Since the majority of the aforementioned data can be consideredsayefor the
performance of comparative analyses and LRFD resistance fealibration efforts for
dynamic pile driving formulas, a detailed presentation of suchnrd@bon has not been
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provided in this thesis. In other words, given the scope of this thadis those details

associated with the pile driving and axial load testing procdese=ach of the nine tested
steel H-piles will be elaborated on in the following sectioHswever, the reader is referred
to Ng et al. (2011) for a complete description of the procedused as well as the data

gathered from all tests performed at each of the nine test sites.

4.2 PILE DRIVING

4.2.1 Driving System

Summary characteristics of the pile driving hammers used to dagke of the nine
test piles are provided in Table 4.2. Moreover, even though a totalradifterent hammer
models (i.e., Delmag D16-32, Delmag D19-32, Delmag D19-42, and AaneHidedriving
Equipment (APE) D19-42) were used for driving the nine test pilésralopen-ended,
single-acting diesel hammers, where the term “open-ended” sgythiie the hammer is open
at the top, allowing the ram to become exposed during driving. Such a hammer tygtesoper
by manually raising the ram with a cable and then releasings the ram free-falls within
the cylinder, fuel is injected into the combustion chamber benkatham and the fuel/air
mixture becomes pressurized. Once the ram strikes the amié bbttom of the cylinder,
the fuel/air mixture ignites, pushing the ram back to the top oftileke. This process,
illustrated in Figure 4.1, will continue as long as fuel is ingatd¢o the combustion chamber

and the stroke is sufficient to ignite the fuel.

Table 4.2: Characteristics of Pile Driving Hammers

Project qu C‘?‘p Anyil Maximum Maximum
D Hammer Type ngght ngght ngght Stroke (ft) Rate(_j Energy
(kips) (kips) (Kips) (Kip-ft)
ISU1 Delmag D19-42 4.000 2.000 0.753 10.8 43.23
ISU2 Delmag D19-42  4.015 1.920 0.753 10.8 43.23
ISU3 Delmag D19-32 4.000 2.000 0.753 10.6 42.44
ISU4 Delmag D19-42  4.015 2.000 0.750 10.8 43.23
ISU5 Delmag D16-32 3.520 2.050 0.810 11.4 40.20
ISU6 Delmag D19-42  4.190 2.000 0.750 10.2 42.80
ISU7 Delmag D19-42 4.190 2.000 0.750 10.2 42.80
ISU8 Delmag D19-42  4.015 2.000 0.750 10.8 43.23
ISU9 APE D19-42 4.189 1.345 0.749 11.3 47.34
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Figure 4.1: Single-Acting Diesel Hammer Operation (Pile Dynamics i 2005)
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4.2.2 Driving Process

Except for the testing conducted as a part of ISU1, two HP 10xd2 wére used at
each test site to anchor the loading frame described in Section 4.3.1. These exkha@rpi
driven ahead of the test pile, but with all pile driving occurring e 4ame day. Upon
achieving the EOD condition for all HP 10x42 test piles, restik&® conducted according
to the schedule outlined in Table 4.3 to examine the change in pdeityaas a function of
time (i.e., soil set-up). The PDA device, which uses two stgamges and two
accelerometers to calculate the force and velocity impartéuetpile by the hammer, was
used to monitor the driving and restriking of these HP 10x42 test pildle PDA strain
gauges and accelerometers were installed on the steglilesstoy bolting them through
drilled holes in the web approximately 30 inches from the pile h@ two PDA strain
gauges were positioned opposite to one another on either side of theamdekihe
accelerometers were placed to the right of each of the gaaipes, as shown in Figure 4.2.
Furthermore, resistance strain gauges were installed on bleth «fi the web along the pile
centerline at different depths. Protected by a L2x2x3/16 weldedtlosides of the web,
these resistance strain gauges were primarily utilized dstaig load testing to characterize
the load transfer mechanism of the test pile.

Table 4.3: Restrike Schedule from the EOD Condition

Days After EOD Condition
1St 2nd 3I‘d 4th Sth 6th 7th 8th
Restrike Restrike Restrike Restrike Restrike Restrike Restrike Restrike

Project
ID

ISU1 - - -

ISU2 0.1700 0.920 2.97 = = = = =
ISU3  0.00280 0.00730 0.01700 1.110 1.950 - - -
ISU4 0.00410 0.01600 0.0410 0.740 1.740 4.75 = =

ISUS5 0.00538 0.01300 0.0480 0.920 2.90 7.92 - -
ISU6 0.001600 0.00440 0.01200 0.0700 0.830 2.82 6.79 9.81
ISU7 0.001860 0.00600 0.01500 0.800 2.77 6.76 9.76 -
ISU8 0.00707 0.01100 0.0390 0.970 3.97 4.95 - =
ISU9 0.00384 0.01074  0.0375 0.690 2.87 9.77 - -

As for ISU1, four HP 12x53 piles were used at the test site¢boa the load test
frame. These anchor piles were driven one day before drivingRh£0x57 test pile. The

PDA device was used to monitor the driving of the test pile and, unlike the other tgshpile
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restrikes were performed upon achieving the EOD condition. Furtheymesistance strain
gauges were not installed along the HP 10x57 embedded pile lengthafracterization of

the pile load transfer mechanism.

PDA Strain Gauge
(Second Gauge on
Reverse Side)

| @ PDA
R 4 Accelerometer

.

PDA Accelerometer
(Reverse Side)

Figure 4.2: PDA Strain Gauge and Accelerometer Attached to the Web of aRH1L0x42
Test Pile

In all cases, the steel H-shaped piles were lifted into podigarutting a hole in the
web or flange and passing a lifting chain through it. The liftingncheas attached to the
lower end of the hammer, as shown in Figure 4.3, such that as the hamsngised, the
pile was lifted into a vertical position beneath it. The hamess were then positioned in
the desired location and adjusted until they were perfectly akrt\l@hen the leads and pile
were vertical, a worker climbed the ladder on the side of tlus|es seen in Figure 4.3, to
guide the hammer helmet onto the top of the pile as the hammdreandt were lowered.
When the leads, hammer, and pile were in the correct position, thefrdma pile driving
hammer was lifted manually by the crane and dropped. In sonaméest the resistance
provided by the soil to pile penetration was minimal for approxipahe first five to ten
feet of penetration and the ram needed to be raised manuadyaéimes before the

hammer was able to develop enough combustion pressure to continue operating.
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Figure 4.3: ISU4 Test Pile Lifted into Position via Pile Driving Hammer [eft) and
Hammer Helmet Guided into Place via Construction Worker (Right)

4.2.3 Results

In addition to the pile driving hammer characteristics listetahle 4.2, dynamic pile
driving formulas require the measured pile penetration distance anddrammer blow, i.e.,
the pile set, as well as the observed hammer stroke at thatifaa blow for field estimation
of a pile’s ultimate bearing capacity. Table 4.4 provides a suynofaihese quantities as
measured by PDA for both the EOD and BOR conditions. In addition, #idblpresents a
summary of the embedded pile lengths witnessed at the EODQ@IRcc8nditions versus the
total driven pile length.

It is important to point out that several of the piles experiemo@dmal local
buckling or bending of the flanges near the pile top as a restlieqgbile driving process,
which has been illustrated in Figure 4.4. When such flange local bgakhs experienced,
the damaged area was cut off to ensure uniform pile section &ipttend for load testing

purposes or to allow for correct assembly of the static load testing frame.
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Table 4.4: Measured Pile Set and Hammer Stroke at EOD and BOR Conditions

Pile Set (in)/Hammer Stroke (ft)

Prlog)ect EOD Restrike Number
1 2 3 4 5 6 7 8

0.97/

ISUL o - - - - - - - -

isup 095/ 073/ 0.52/ 0.46/ ) ) ) )
580 6.48 7.29 7.15

isuz 103/ 106/ 0.99/ 0.76/ 0.74/ 0.45/ ] ]
569 586 592 6.07 679 7.06

isuq 062/ 064/ 1.05 0.73/ 0.61/ 0.26/ 0.33/ )
6.24 651 6.63 7.00 897 7.48 7.39

isus 028/ 034/ 0.23/ 0.26/ 0.14/ 0.6/ 0.15/ ]
6.97 7.07 696 7.43 820 8.82 8.69

isug 054/ 054/ 059/ 045/ 0.50/ 0.31/ 0.07/ 0.15/ 0.21/
6.25 6.85 6.86 655 826 820 847 875 826

ISU7 7.08T/ 4.301/ 3.34T/ 4.271/ 1.13/ 1.46/ 111/ 097/
10.2 102 1072 102 435 5.70 6.43 5.92

isug 0-62/ 032/ 0.44/ 023/ 046/ 0.65 038 )
6.74 6.82 7.15 7.11 7.39 7.46 7.43

isyg 0-75/ 0.94/ 0.86/ 0.79/ 0.72/ 0.82/ 0.68/ ]
800 739 771 7.81 8.14 7.66 7.57

t Approximate hammer stroke based on field observations die timability of
the PDA device to capture such measurements.

Table 4.5: Embedded Pile Lengths at the EOD and BOR Conditions

Embedded Pile Length (ft)

Project  Driven Pile Restrike Number

ID Length (ft) EOD 1 5 3 2 5 6 7 3
ISU1 36 325 - - - - - -
ISU2 60 540 55.0 553 558 - - - - -
ISU3 60 48.0 485 490 495 50.2 51.0 - - -
ISU4 60 55.0 55.3 557 56.0 56.3 56.6 56.8 - -
ISU5 60 55,0 553 557 560 56.3 56,5 56.7 - -
ISU6 60 55.3 556 559 562 564 56.6 569 57.2 573
ISU7 35/40 19.8 205 215 225 240 255 26.0 26.6 -
ISU8 60 550 555 56.2 565 56.8 571 57.3 - -
ISU9 53 47.0 474 477 480 483 48.6 493 - -

t A 10 foot deep hole was pre-bored before driving, and adiveléng extension was spliced to the
test pile after the third restrike; in all other caseshole was pre-bored before driving of the test

pile.
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Figure 4.4: Local Buckling Damage of Test Pile Flanges for ISU5 (Left) and 18J
(Right) due to Pile Driving

4.3 PILE AXIAL STATIC LoOAD TEST

4.3.1 Loading Frame and Test Setup

Apart from the testing conducted as a part of ISU6 and ISU7steeeH-shaped pile
was load tested vertically at each test site using thegeoation of test and anchor piles
depicted in Figure 4.5. As indicated in this layout, a centeetdec spacing of®, whereD
refers to the section depth of the test piles, was maintainegdrethe vertically tested pile
and the adjacent anchor piles to ensure that a soil shear fastigated by the stress
intensity from overlapping stressed zones was minimized (Bowles 1996).

The two piles tested as a part of ISU6 and ISU7 were loaddtestéically at the
same test site, and the same loading frame was used to loadlesthTjiie configuration of
test and anchor piles used for this site is provided in Figure 4.édissated in this layout, a
center-to-center spacing ob5vas maintained between the two vertically tested piles, while
a center-to-center spacing ob 6vas maintained between each test pile and the adjacent
anchor piles.

Plan, side and elevation views of the two employed loading franeegravided in
Figure 4.7 and Figure 4.8. To assemble such loading frames, ghitateegments, labeled
as “Welded HP 10x42” pieces in the aforementioned loading frame digwere welded
onto either side of both anchor piles after they had been driven, as shéwure 4.9. The
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welded HP 10x42 pieces were positioned so that the top of eadh \péec at the same
elevation, providing level supports for the main reaction beam. Subsegguéetimain
reaction beam was lifted and placed on the protruding flanges of éltedvHP 10x42
pieces, with the clamping beams and height adjusters being placexp af the main
reaction beam afterward. The three inch diameter rodstivenelowered through the holes
in the height adjusters and clamping beams and through thelspawded by the protruding
flanges and web of the welded HP 10x42 pieces. Finally, sleevedvetgstightened
against a steel plate located directly underneath each wdledx42 piece. A picture of
the fully assembled loading frame is shown in Figure 4.10.

During testing, a hydraulic jack was used to apply the véttea on the test pile,
causing an equal load vertically upward on the main reaction beaexmain reaction beam
reacted upward against the clamping beams extending across theetmh aff its ends. The
upward force on the clamping beams was transferred to the thhediamseter rods on either
side of the main reaction beam. The rods reacted against the plathe bottoms of each
welded HP 10x42 piece, and the welds transferred the verticalfioadthe welded HP
10x42 pieces to the anchor piles, subjecting them to axial tensitverefore, the load
capacity of either test frame was controlled by the frictimpacity of the anchor piles, which
in turn was dependent upon the subsurface conditions encountered atseaite.telf the
friction capacity of the anchor piles was not exceeded firsipteetest frame could be used
to apply a maximum load of 670 kips to the ISU6 and ISU7 test pilesp@aximum load of
870 kips to the remainder of the tested piles. These maximum load values werédecoloyrol

the tension capacity of the three inch diameter rods.

4.3.2 Testing Equipment

A 200 ton hydraulic jack was used to apply the vertical load oretheiles, as noted
previously, and a 300 kip load cell was used to measure the applied load. Four 10 inch stroke
displacement transducers were used to measure the verticateispla of the top of each
test pile. These transducers were mounted on 2x4 inch wooden refeeamaes, which were
supported on either side of the test pile by short ladders setmutbd reference beams as

illustrated in Figure 4.11.
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Figure 4.5: Typical Configuration of the Test and Anchor Piles used folesting Piles in this Project
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Figure 4.6: Configuration of the Test and Anchor Piles used for ISU6 and 1%/
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Welded HP10x42Piece:!

#;
HP10x42 Test Pil \

HP10x42 Anchor Piles

Figure 4.9: ISU5 Piles at Completion of the Driving and Restrikes, withie Welded HP
10x42 Pieces Secured to the Anchor Piles

Figure 4.10: Completed Vertical Load Test Setup used for ISU5
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These short ladders were driven several inches into the soitliatance of about four feet
from the test pile to prevent any movement or instability issubih in turn allowed for
independent measurements of the absolute vertical movement ofegheTpié transducers
were connected to the top of the pile using eye hooks screwed into waodks glued to
the test piles, as illustrated in Figure 4.12.

The strain gauges, which were installed on both sides of the leal the pile
centerline at different depths, were used to measure strathe test pile at various depths
below the ground surface. Ultimately, these strain measuremfadlitated the
characterization of the load transfer mechanism for a gasrptle, as seen in Section 4.3.4.
Data from these strain gauges as well as the load celldafidction transducers was
collected using a Megadac data acquisition system.
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Figure 4.12: Displacement Transducers and Eye Hooks Mounted to the ISU4 TéXle

4.3.3 Test Procedure

Vertical load testing of all test piles followed the “Quic&st’ procedure outlined in
American Society for Testing and Materials (ASTM) D 1143143 M — 07. Accordingly,
each test pile was subjected to five percent load incremertke ainticipated failure load
given by PDA. The load was kept relatively constant during ezauh dtep until deflection
readings had stabilized, which typically took between five andmeutes for any given
step. Deflection, strain, and load measurements were recordtomlelly at every second
for the duration of each sustained load increment. This proces$oll@ved until failure
occurred, which was defined by the Davisson’s displacement-bastedion. After
experiencing failure, the test piles were unloaded in ten perc@ements of the measured

failure load, and the data was again recorded at the saguefi@es used during the loading

www.manharaa.com



149

stage. The load step durations were also increased to abeen fift twenty minutes for the
failure and final zero loads, as recommended by ASTM, to monieepcand rebound
behavior, respectively.

Furthermore, the load-displacement behavior of each test pile mastored
throughout each vertical load test. The Davisson failure critevias used to determine the
ultimate capacity of the pile and terminate the load test. ejdained in the preceding
chapter, the Davisson failure criterion defines the ultimate @fad pile subjected to a
vertical load test as the load at which the displacement of theegceeds the elastic
compression of the pile b§.15 + D/120 inches, wheré is the pile depth or diameter
(Davisson 1972). The elastic compression is simply the length gbildhalivided by its
elastic modulus and cross-sectional area (i.e., the pile stiffribesn multiplied by the

applied load.

4.3.4 Results

From the deflection, strain, and load data collected during eachssiial load test,
the load-displacement behavior and the load transfer mechanisnadortest pile were
established. As an example, the load-displacement relationstiip ¢6U5 HP 10x42 test
pile is provided in Figure 4.13. As seen in this figure, the pde lwaded to a maximum of
263 kips and the Davisson failure criterion for the steel H-shagégite was reached at a
load of 243 kips. During this 243 kip load step, the pile experienced amnaxi
displacement of 0.90 inches. Additionally, the test pile experieagemanent set of 0.56
inches according to measurements taken 10 minutes after thevaslaunloaded. This
permanent soil deformation indicates that the soil supporting the 1&4# pile experienced
plastic behavior during the load test. Although a summary of thes&xm failure criterion
for each of the nine steel H-shaped test piles is provided i Aiab)| the reader is referred to
Ng et al. (2011) for a complete presentation of the load-dispkaerelationships associated
with all nine test piles.

As for characterization of the load transfer mechanism for esthpile, the strain
gauges were used to determine the skin friction along the embleahdgld of the pile. The
loads in the pile at the location of each pair of strain gauges calculated by multiplying

the average strain by the elastic modulus and cross-sectienalfahe pile. As an example,
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the load transfer mechanism obtained for the ISU5 HP 10x42 tes$ pitevided in Figure

4.14, where about 22 percent of the Davisson failure criterion sede@ by end-bearing.

The reader is referred to Ng et al. (2011) for a completeeptation of the load transfer

mechanisms associated with all nine test piles.
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Figure 4.13: Load-Displacement Relationship and Davisson Failure Criten for ISU5

Subjected to Axial Static Load

Table 4.6: Pile Capacities Established from the Davisson Failure Gerion

Project ID Davisson Failure Criterion (kips) Testing Time after EOD (days)

ISU1 198
ISU2 125
ISU3 150
ISU4 154
ISU5 243
ISU6 213
ISU7 53
ISU8 162
ISU9 182

100
9
36
16
9
14
13
15
25
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Figure 4.14: Load Transferred by Skin Friction to the Surrounding Soil for the ISU5
Test Pile, as Calculated from Measured Strain Gauge Data
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CHAPTER 5: CALIBRATION OF LRFD RESISTANCE FACTORS

5.1 INTRODUCTION

As stated in Chapter 1, the LRFD approach, as it applies tofdeegation design,
separates the uncertainties associated with the applied load edidtgat pile foundation
capacity and rationally quantifies them using probability-basethods aimed at achieving
engineered designs with consistent levels of reliability. In fiiiwing sections, a
description of the calibration process for estimating LRFDstasce factors for several
dynamic pile driving formulas using reliability theory will be geated. Furthermore, the
results obtained from calibration procedures carried out on the PIAQiBable-dynamic
steel H-pile and timber pile data subsets will also be sumethprior to formulating the

final recommendations.

5.2 FRAMEWORK OF CALIBRATION PROCESS

Based upon the results of numerous comparative studies, as summaribagter @,
as well as the outcomes from a nationwide survey of state @@d s local survey of lowa
county engineers, which have been presented in Chapter 3, seven aynli@miriving
formulas were chosen for the LRFD resistance factor calilorgirocess presented in this
section; i.e., the Gates, FHWA Modified Gates, ENR, lowa DOddiled ENR, Janbu,
PCUBC, and WSDOT formulas. This calibration process was dastieon the PILOT-IA
usable-dynamic steel H-pile and timber pile data subsetspormnss to the feedback received
from the lowa DOT as well as the lowa county engineers coimgethe most commonly

used types of driven pile foundations for bridge type structures.

5.2.1 Comparative Analyses

The first step in the LRFD resistance factor calibration ggednvolves estimating
the relationship between the measured ultimate pile capastypbtained through the
application of Davisson’s method (1972), and the predicted ultimatecppacity, as
estimated by a specified dynamic pile driving formula. Torese this relationship, a pile
load test dataset containing measured ultimate pile capdoitiesstatic load test results and
sufficient information for the prediction of ultimate pile capasi using the dynamic pile
driving formula of choice (i.e., complete pile driving records and métion concerning the
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characteristics of the pile driving equipment) is required. hWitis information, the

resistance bias factor is determined for each pile loaddesrd in the dataset, where the

resistance bias factor is defined as follows:

=

m

Los = -
Ri Rn

(5.1)

where: /g = resistance bias factor for tHepile load test record in the dataset,

Rm
dataset, and

measured ultimate pile capacity for tH2 pile load test record in the

R, = predicted ultimate pile capacity for th8 pile load test record in the

dataset.

From the resulting set of resistance bias factors, the,ns&endard deviation, and coefficient

of variation parameters used to define the true population cartibmatesl by way of Egs.

(5.2), (5.3), and (5.4) (Withiam et al. 1997).

- XAgi
1. =
R™ N
~ 12
_[2(ARi — r)
=T N-1
O-AR
COV = -
=

where: 1 = mean resistance bias factor,

(5.2

(5.3

(5.4)

N = sample size (i.e., number of elements in the analyzed dataset),

0,,= standard deviation of the resistance bias factor, and

CcoV,,= coefficient of variation of the resistance bias factor.

Although these statistical parameters provide valuable informaélated to the
distribution of the resistance bias factor for a particular dymguite driving formula, they

yield no information regarding the overall shape of the distribution.s, Tie next task in

the LRFD resistance factor calibration process involves daetemgnthe most probable

probability distribution (i.e., either the normal or lognormal probabdistribution) for the
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set of resistance bias factors. To accomplish this task, thegamdBarling goodness-of-fit
test is used. In general, for a set of observatignsir,, ..., Arn that are to be fit with a
probability distribution, a goodness-of-fit test is a test of tilwing hypotheses (Fenton
and Griffiths 2008):

Ho: thelry Ar2 ...,Arn'S are governed by the fitted distribution function.

Ha: thelry Ar2 ...,Arn'S are not governed by the fitted distribution function.

Typical of any hypothesis test, the null or default hypothé&jsis only rejected if the data
are sufficiently far fronH,. The Anderson-Darling test is essentially a numericalafethe
empirical cumulative distribution function, determined from the seatbskrvations, against
the fitted cumulative distribution function. However, unlike other gocshoédit tests such
as the Kolmogorov-Smirnov test, the Anderson Darling test is designéetter detect
discrepancies in the tail regions of the probability distributioniaruktter able to discern
differences between the hypothesized distribution and the atistdabution (Fenton and
Griffiths 2008).

Once the most likely probability distribution, from which the sansgleof resistance
bias factors arose from, has been identified for a particuleardic pile driving formula, a
LRFD resistance factor can be calibrated using the sdlestististical approach. As
presented in Section 2.5, several statistical methods withngadggrees of sophistication
have been used to calibrate LRFD resistance factors fomdpie foundation design and
construction control methods. However, according to Kyung (2002), the moshanly
used methods are the first-order, second-moment (FOSM) reliadgiroach and the first-
order reliability method (FORM). Paikowsky et al. (2004) perforried LRFD resistance
factor calibration using both the FOSM and FORM approaches and concludethetha
resulting LRFD resistance factors differed by no more tHaoutaten percent, with the
FOSM approach providing the more conservative result. Given this iafiomand the fact
that the currenBASHTO LRFD Bridge Design Specificatiq@907) recommends resistance
factors for the design and construction control of driven pile foundatiasvere calibrated
using the FOSM approach, the FOSM reliability approach was chosemduct the LRFD
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resistance factor calibrations presented in this thesis. Thigsdaterounding this particular

statistical approach are outlined in the following section.

5.2.2 FOSM Approach

As described by Fenton and Griffiths (2008), the FOSM approach uses a Tagser seri
expansion of the limit state function to be evaluated. This expaisstomncated after the
linear, or first-order, terms and is used in conjunction with tisé tivo moments of the input
random variable(s) to determine the values for the first two entsnof the dependent
variable, i.e., the limit state function. Before any further axglion or derivation of the
FOSM approach, as it applies to the calibration of geotechnidaDLiRsistance factors, is
given, a suitable limit state function must be defined.

As offered by Allen et al. (2005), a limit state is a conditialated to a design
objective, in which a combination of one or more loads is just equal tawagable
resistance, so that the structure is at incipient failunaetby a prescribed failure criterion.
In the context of the LRFD approach, this failure criterion carepeesented by an equation

having the following general form:

2 YiQni < @Ry (5.9
where: y; = load factor applicable to a specific load component,
Qni = a specific nominal load component,
Y. v:0,; = the total factored load for the load group applicable to the $itaie being
considered,
¢ = the resistance factor, and

R, = the predicted nominal resistance available.

Although Eg. (5.5) is a design equation, it can serve as thefbatii® development
of a limit state equation that can be used for calibration purpdsmsinstance, if only one
load componentQy, is taken into consideration, Eq. (5.5) can be rewritten as:

®Ry — YQQn =0 (5.6)

where: R, = the nominal resistance value,
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Qn = the nominal load valu
@ = a resistance factor, a

yo = a load facto

Consequently, the limit state equation that cowadp tcEq. (5.6)is as follows

(5.7
where: g = arandom variable representing the safety me
R = a random variable representing resistance

Q = arandom variable represent the load effect.

Within the LRFDframeworl, the magnitude of the load and resistance factord
consequently thelifference betweelR and Q, aredetermined such that the probability
failure, P, thatQ is greater thaR is acceptably smafllen, Nowak, and Bathurst 20C. In
other words, the goal of the LRFD approach is fmasate the load and resistance probak
distributions by a suitable margin so as to ensureacceptably low probability of failu
This concept has beenutitrated i the left-hand image of Figure 5dr the case of normall
distributed load and resistance random varic. To quantify the probability of failure,
parameter known as the reliability indegs, is used, whichs equal to the reciprocal of tl
coefficient of variation for the limit state funati and is related to the probability of failt
as shown in the rightand image oFigure 5.1. It is here where the methodology of f
FOSM approach is called upon to estimate the fiivet moments of the limit state functis

for quantification of the reliability inde

po

Load o standard deviationof R- Q
Distribution, 0 R e p = reliability index
D"‘“‘l‘m“ 2 P, = probability of failure
0 istribution,
Failure /
Region, P;
1 T i

0 7
g=R-Q

Frequency of Occurrence

Magnitude of Qor R

Figure 5.1 Probability of Failure (Left) and Reliability Ind ex (Right) (Allen 2005)
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For normally distributed random variables and the limit state fumctefined in Eq.

(5.7), the FOSM approach quantifies the reliability index as:

__r-0

'B -
\/m (5.9)

where: R = the mean of the resistance random variddle,

Q = the mean of the load random varial@e,
or = the standard deviation for the resistance random varRbdmd

oq = the standard deviation for the load random variable, Q.

However, if the load and resistance random variables are logmpmisgttibuted, the limit

state function of Eq. (5.7) becomes:
R
g=lnR—an=ln620 (5.9
and the reliability index estimated by the FOSM approach takes on the form:

M /1+COVQZ
nl= |——m—-—-—3
Q.1+ CoV? (5.10

) \/ln[(l +covp)(1+covg)]

B

where: COVk = the coefficient of variation for the resistance random varigblend

COV,, = the coefficient of variation for the load random variaQle,

As alluded to previously, the statistics available for the pedaoa of reliability
analyses, i.e., mean, standard deviation, and distribution type, arellgeexpaessed for
load and resistance data points as a ratio of the measuredlitdquevalues for a predefined
prediction method (Allen, Nowak, and Bathurst 2005). However, the equaticseniae
thus far in this section require that the load and resistance rarat@hlesQ andR, as well
as their associated statistical parameters be expressbdrasteristic, or measured, values

as opposed to a ratio of the measured to predicted values. Consedbertigsed data, or
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the data corresponding to the ratio of measured to predicted valulemdoor resistance,

must be scaled to obtain the associated characteristicistatisience, as presented by Allen

et al. (2005):

Q=0Qn- 4 (5.19)
R=R, 2 (5.12
gg = COVy, - Q (5.13
or = COVy, - R (5.19

where: Q = the mean value of the measured load,
R = the mean value of the measured resistance,
Qn = the nominal (or predicted) load value for the limit state considered,
R, = the nominal (or predicted) resistance value for the limit state coadjder

Ao = the mean value of the load bias factors,

Az = the mean value of the resistance bias factors,

the standard deviation of the measured load,

0Q
or = the standard deviation of the measured resistance,

CoVy,= the coefficient of variation of the load bias factors, and

Ccov,,.= the coefficient of variation of the resistance bias factors.

It is with this information that Egs. (5.8) and (5.10) can be reaarigts that shown in

Egs. (5.15) and (5.16), respectively.

_ Ry - iR - Qn : /TQ
b= — 2 — 2 (5.1
\/(COVAQ-QH-AQ) +(Covy, - Ry - 1)

- 2
R |1 COVAZQ
Qn Ao |1+ COVZ, (5.16

) \/ln |(1+ cov) (1+covy))]
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Furthermore, by incorporating Eqg. (5.6) into Egs. (5.15) and (5.16), one endghughav
following two equations, by which a resistance factor can sienated for a desired
magnitude off, depending on the assumed probability distribution for the load andiresst

bias factors.

&) -,

\/(COVAR -%Q : ,TR)Z +(cony, -,TQ)Z

7 ’1 + CoVZ2
In| 2 ZR 1+ COVAZQ
P - 1q AR (5.18

i \/ln |(1+ cov) (1+cov)]

ﬁ:

(5.17)

Lastly, if it is desired that multiple load sources, e.g., dwadl live load sources, be taken
into account in the limit state equation provided in Eq. (5.7), then, withdbef the same
principles employed for the derivation of Eqgs. (5.17) and (5.18), these suchoesjua
become Egs. (5.19) and (5.20), respectively.

() (2 ) - (M52

2 5.1
Yop (Q?_lz + %YoL _ 0p = \2 N (519
- x| +(COVag, G Top) +(COVig, - 201)

COVy, -

_ Yoo * @b \ 2 2
L g e \/1 + COVZ +COVZ,

In|—=- | =
¢\l , 5 / 1+ COVZ,
QL oL

i \/ln (14 covi) (1+covZ  +covz )

(5.20

where:y,p= dead load factor,

Yo.= live load factor,
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‘é_D = dead-to-live-load ratio,
L

Aop= mean value of the dead load bias factors,
A= mean value of the live load bias factors,

Cov,,,= the coefficient of variation of the dead load bias factors, and

COV,,, = the coefficient of variation of the live load bias factors.

For the LRFD resistance factor calibrations conducted in lileisig, both dead and
live load sources were considered. Therefore, using the restits obmparative analyses
performed according to Section 5.2.1, either Eq. (5.19) or (5.20) was ditiizehe actual
calculation of the LRFD resistance factors. Given that thesegparative analyses only
provide statistical information related to the distribution of theistance bias factor, the
following subsections have been provided to elaborate on the values dsBumthe

remaining unknown variables found in Egs. (5.19) and (5.20).

5.2.3.1 Characteristics of the Dead and Live Load Bias Factors

In an effort to again maintain consistency with the curfeh&HTO LRFD Bridge
Design Specification$§2007), the statistical characteristics for the dead and live Ihoas
factors defined in this doument were used for the LRFD resitéac®r calibrations
conducted in this thesis. Assuming lognormal distributions, AASKHTIGad factors and
statistical characteristics for the dead and live load bietorta have been reproduced in
Table 5.1.

Table 5.1: Load Factors and Statistical Characteristics for the Dead and Livedad Bias
Factors (AASHTO 2007)

Load (Q) Load Factor (yo) Load Bias (3,) Coefficient of Variation (COV;,)

Dead (D) 1.25 1.05 0.1
Live (L) 1.75 1.15 0.2

5.2.3.2 Target Reliability Index
The target reliability index, as defined in the curr@ASHTO LRFD Bridge Design
Specifications(2007), is the measure of safety associated with a particidaalptity of

failure, P.. Moreover, the probability of failure, as defined previously, s the
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probability for the condition at which the resistance multipliedHgyresistance factors will
be less than the load multiplied by the load factors (Paikowsky 2004). An approximate
relationship between the probability of failure and the reliabilityex for lognormally
distributed load and resistance bias factors was presentedseyiiteuth and Esteva (1972)

and has been reproduced in Eqg. (5.21).
Pf = 460 - e—4—.3'ﬁ (52])

Baecher (2001) showed that this relationship is not very accarateliability index values
of less than about 2.5, which is within the zone of interest for dpiterfoundation design
as shown by Barker et al. (1991). Namely, Barker et al. (1991) shihaea reliability
index value in the range of 2.5 to 3 is appropriate for the desigrivein pile foundations,
and that this range could be reduced to a range of 2 to 2.5 given the reguimdaiie
groups. Therefore, the following reliability indices and probtadiof failure were used for
the LRFD resistance factor calibrations conducted in this thekish were developed and
recommended by Paikowsky et al. (2004) for use with capacityai@h methods for single
pile foundations and adopted by the current edition ofAREHTO LRFD Bridge Design
Specificationg2007):

e For redundant piles, defined as five or more piles per pile capetimenmended
probability of failure is 1%, corresponding to a target reliability index of 2.33.
e For non-redundant piles, defined as four or fewer piles per pile cagchmmended

probability of failure is 0.1%, corresponding to a target reliability index of 3.00.

5.2.3.3 Dead-to-Live Load Ratio

The dead-to-live load ratio for bridge type structures vaaimrding to the span
length of the bridge. For the design of most bridges, the livedffadt is obtained by a
standard procedure, while the dead load effect is determined basedhepsize& of the
structure (Perez 1998). In other words, for most bridge structhedive load effect will
remain fairly constant, while the dead load effect will fluatua®n account of the short span
bridges typically constructed within the State of lowa, the ID@A employs a dead-to-live
load ratio of 1.5. In the NCHRP 507 report, Paikowsky et al. (2004) usedtodive load
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ratios of 2 and 2.5 in their NCHRP 507 report, while Allen (2005¢d a relatively
conservative dead-to-live load ratio of 3 in his Washington 33&@& report. Since the
studies conducted by Nowak (1999) and Paikowsky et al. (2004) both indibatethe

effect of the dead-to-live load ratio on the calculated LRFHistance factor is minimal, a
dead-to-live load ratio of 2 was considered, in this thesis, toreasmnable value for the

LRFD resistance factor calibrations conducted in this thesis.

5.3 RESULTS OF CALIBRATION PROCESS
5.3.1 Steel H-Piles

5.3.1.1 Estimated Nominal Pile Capacities

Using the PILOT-IA usable-dynamic, steel H-pile data subset, nominal pile
capacity was estimated for each of the test piles usingsdékien dynamic pile driving
formulas identified in Section 5.2. The corresponding measured and paeatictenal pile
capacities for each of the test piles in the analyzed ddtagetbeen summarized according
to the predominant soil medium encountered along the embedded pila.shasgnd, clay,
or mixed, in Table 5.2, Table 5.3, and Table 5.4, respectively.

5.3.1.2 Distribution of Resistance Bias Factors

As discussed earlier in Section 5.2.1, the first step in the LRIsBtance factor
calibration process exploited in this thesis requires that thaiomthip between the
measured and predicted nominal pile capacities be establisheacfoof the seven dynamic
pile driving formulas under investigation. Ultilizing the Andergaring goodness-of-fit
test, this relationship was quantified through the determinationh@f niost probable
probability distribution (i.e., either the normal or lognormal proligbdistribution) from
which the sample set of resistance bias factors arose Wdéith. twenty-one different sample
sets of resistance bias factors, corresponding to a partiogiamitc pile driving formula
used in combination with one of the three soil related subsets oflitk®l A usable-
dynamic, steel H-pile dataset, the Minita2009) statistical software package was employed

to carry out the numerous goodness-of-fit tests.
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Table 5.2: Measured and Calculated Nominal Axial Pile Capacities for thea®d Soil Subset of the PILOT-IA Usable-

Dynamic, Steel H-Pile Dataset

Dynamic Formula Predicted Nominal Pile Capacities (kips)

ID . Davisson 1A Days
# County  PileType Lengtht (f) =i 0™ Gates FgWA ENR DOT Janbu PCUBC WSDOT 2.
ates ENR SLT

17 Fremont  HP 10 X 42 68 132 152 259 243 230 182 187 171

20  Muscatine HP10X42 65 120 136 203 387 153 146 126 140 5
24 Harison  HP 10 X 42 89 184 188 346 312 218 209 184 216

25  Harison HP10X42 60 224 164 264 549 209 193 164 210 4
34  Dubuque  HP 10 X 42 60 224 137 205 388 150 149 129 146

46 lowa HP10X 42 50 164 141 233 225 203 167 160 4
48  Black Hawk HP 10 X 42 44 144 126 197 189 159 137 151 136

70 Mills HP10X42 80 128 156 246 480 160 159 200 5
74 Benton  HP 10 X 42 60 150 157 248 497 205 185 159 194

90 BlackHawk HP12X53 75 190 197 367 328 263 255 227 4
99  Wright  HP 10 X 42 59 104 107 154 156 137 106 123 115

151 Pottawattamie HP 10X 42 100 200 145 222 369 155 146 247 4

158  Dubuque HP14X89 110 582 315 601 2222 818 465 360 674

'Driven pile length
“Time between the EOD condition and the static load test in days
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Table 5.3: Measured and Calculated Nominal Axial Pile Capacities for thel@y Soil Subset of the PILOT-IA Usable-
Dynamic, Steel H-Pile Dataset

Dynamic Formula Predicted Nominal Pile Capacities (kips)

ID . Davisson Days
g county  PileType Length (M) “uing)"  Gaes THWA  Eng DI(A)\T Janbu PCUBC WSDOT « 2u0
Gates ENR SLT

6  Decatur HP 10 X 42 55 118 112 165 165 141 113 129 121

12 Linn  HP10X42 30 204 163 263 570 243 241 211 194 5
42 Linn  HP 10 X 42 26 82 124 177 285 125 136 137 148

51  Johnson HP10X42 40 190 166 268 578 213 218 187 205 3
57  Hamilton HP 10 X 42 66 168 137 225 211 168 150 154 150

67 Audubon HP10X42 35 140 144 221 395 155 171 160 185 4

102 Poweshiek HP 10 X 42 45 130 120 184 152 143 128 140 107

109 Poweshiek HP12X53 55 176 140 212 424 158 168 145 142 4
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Table 5.4: Measured and Calculated Nominal Axial Pile Capacities for the Med Soil Subset of the PILOT-IA Usable-
Dynamic, Steel H-Pile Dataset

Dynamic Formula Predicted Nominal Pile Capacities (kips)

ID . Davisson Days
# County Pile Type  Length () “nins) Gates FIWA  Eng DIcA)T Janbu PCUBC WSDOT
Gates ENR SLT
7 Cherokee HP10X42 55 176 134 218 206 169 149 157 147 6
8 Linn HP10X 42 60 170 162 261 536 222 195 168 209 8
10 Ida HP10X 42 55 116 82 94 116 84 69 79 87 2
43 Linn HP10X 42 46 142 146 226 403 186 176 165 196 5
44 Linn HP 10X 42 46 136 151 236 437 202 187 173 203 5
62  Kossuth HP10X42 47 100 116 157 249 107 113 109 124 5
63 Jasper HP 10X 42 65 66 131 211 182 155 140 144 128 2
64 Jasper HP10X42 75 122 138 226 192 161 146 145 135 1
66  Black Hawk HP10X42 45 180 156 247 488 189 192 169 197 5
73 Johnson HP10X42 60 232 156 247 482 166 173 149 201 6
76 Sheby ~ HP10X42 50 526 174 286 601 252 226 196 246 8
77 Shelby ~ HP10X42 50 354 183 308 738 291 243 199 235 12
106 Pottawattamie HP 10 X 42 48 148 108 155 165 128 107 121 122 6
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identification results for the lowa DOT Modified ENR formula ugedombination with the

sand, clay, and mixed soil subsets of the PILOT-IA usable-dynatae| H-pile dataset,

166

Provided in Figures 5.2 through 5.4, are the Miffitairobability distribution

respectively. A complete summary of the Minftaprobability distribution identification

results for all twenty-one sample sets of resistance bisré has been supplied in Table

5.5.
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Figure 5.2: Anderson-Darling Goodness-of-Fit Test for the lowa DOT Modied ENR
Formula with the Sand Soil Subset of the PILOT-IA Usable-Dynamic, t8el H-Pile
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Figure 5.3: Anderson-Darling Goodness-of-Fit Test for the lowa DOT Modied ENR
Formula with the Clay Soil Subset of the PILOT-IA Usable-Dynamic, Stel H-Pile

Dataset
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P-Value = 0.309

Lognormal
AD=0.211
P-Value = 0.819

Probability
o
&
Probability
o

0.1 1.0 10.0
Davisson/lowa DOT ENR Davisson/lowa DOT ENR

Figure 5.4: Anderson-Darling Goodness-of-Fit Test for the lowa DOT Modied ENR
Formula with the Mixed Soil Subset of the PILOT-IA Usable-Dynamic, Stel H-Pile
Dataset

As indicated in Table 5.5, the assumption of a lognormal probabisitsilaition for
the various sample sets of resistance bias factors wasedegphe 5% significance level in
all instances except for the cases in which the WSDOT formvaka used in combination
with the sand soil subset of the PILOT-IA usable-dynamic, stqale dataset and the Gates
and FHWA Modified Gates formulas were used in conjunction with lgne soil subset of
the PILOT-IA usable-dynamic, steel H-pile dataset. Howethex,lognormal probability
distribution was accepted for these three cases at the 1%csigoe level. Given this
documented acceptance of the lognormal probability distribution fovdheus analyzed
sample sets of resistance bias factors coupled with the a$simmeormal probability
distributions for the dead and live load bias factors, Eq. (5.20) capfrepriately used for
the calculation of LRFD resistance factors.

Before the calibrated LRFD resistance factors areepted, it is important to first
discuss how each of the seven analyzed dynamic pile driving forecwigsare in regards to
prediction power and accuracy. Under the accepted assumption thatljzedsample sets
of resistance bias factors are lognormally distributed, théfibdegnormal probability
distributions were plotted for each method and can be observed in bi§uFegure 5.6, and
Figure 5.7, which have been organized according to the three sigdedubsets of the

PILOT-IA usable-dynamic, steel H-pile dataset. It is important to point
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Table 5.5: Summary of the Anderson-Darling Goodness-of-Fit Tests CarrieOut on the Various Combinations of Dynamic
Pile Driving Formulas and Soil Related Subsets of the PILOT-IA Usabl®ynamic, Steel H-Pile Dataset

Anderson-Darling Goodness-of-Fit Test

Soil Nt Dynamic Pile ) 3 3 4 Best Normal Lognormal
Type Driving Formula P'vomar  AD’Normai  Plognomal ~ ADognormar  CV Distribution Assumption Assumption
13 Gates 0.045 0.720 0.145 0.526 0.702 Lognormal jecaml Accepted
13 FHWA Gates 0.179 0.492 0.345 0.382 0.702 Logabrm  Accepted Accepted
13 ENR 0.191 0.482 0.057 0.681 0.702 Normal Acabpte Accepted
Sand 13 lowa DOT ENR 0.008 1.012 0.065 0.659 0.702 Lograd Rejected Accepted
13 Janbu 0.222 0.456 0.483 0.323 0.702 Lognormal cepted Accepted
13 PCUBC 0.007 1.027 0.030 0.785 0.702 N/A Rejected Rejected
13 WSDOT 0.016 0.889 0.122 0.554 0.702 Lognormal je®ed Accepted
8 Gates 0.141 0.503 0.039 0.705 0.666 Normal Accepted Rejected
8 FHWA Gates 0.142 0.502 0.045 0.684 0.666 Normal Accepted Rejected
8 ENR 0.035 0.721 0.080 0.594 0.666 Lognormal Rejected Accepted
Clay 8 lowa DOT ENR 0.431 0.326 0.337 0.366 0.666 Normal Accepted Accepted
8 Janbu 0.353 0.359 0.195 0.453 0.666 Normal Accepted Accepted
8 PCUBC 0.475 0.309 0.177 0.469 0.666 Normal Accepted Accepted
8 WSDOT 0.674 0.240 0.280 0.396 0.666 Normal Accepted Accepted
13 Gates 0.027 0.805 0.514 0.308 0.702 Lognormal jecaml Accepted
13 FHWA Gates 0.122 0.554 0.731 0.237 0.702 Logabrm  Accepted Accepted
13 ENR 0.014 0.919 0.059 0.676 0.702 Lognormal Regk Accepted
Mixed 13 lowa DOT ENR 0.309 0.401 0.819 0.211 0.702 Lograd Accepted Accepted
13 Janbu 0.192 0.481 0.668 0.255 0.702 Lognormal cepted Accepted
13 PCUBC 0.091 0.604 0.753 0.231 0.702 Lognormal cefated Accepted
13 WSDOT 0.248 0.438 0.906 0.174 0.702 Lognormal cefted Accepted

N = Sample Size
p = P-value; i.e., the probability that the sani@ing tested was drawn from a population with aijeedistribution (i.e., normal or lognormal); tifie P-
value is less than 0.05, then the null hypothesiikély to be false and differences between thepas are likely to exist
3AD = Anderson-Darling test statistic for the asstiopof a normally or lognormally distributed sdtresistance bias factors
*CV = Critical value at the 5% significance levet fohich the Anderson-Darling test statistic must exceed, otherwise the assumed probability
distribution is rejected
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Figure 5.5: Summary of the Lognormally Distributed Resistance Bias Factorgsing
Seven Dynamic Pile Driving Formulas and the Sand Soil Subset of thelLl@T-IA
Usable-Dynamic, Steel H-Pile Dataset
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Figure 5.6: Summary of the Lognormally Distributed Resistance Bias Factorgsing
Seven Dynamic Pile Driving Formulas and the Clay Soil Subset of the POT-1A
Usable-Dynamic, Steel H-Pile Dataset
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Figure 5.7: Summary of the Lognormally Distributed Resistance Bias FactsrUsing
Seven Dynamic Pile Driving Formulas and the Mixed Soil Subset of the PQT-IA
Usable-Dynamic, Steel H-Pile Dataset

out that the legend in the lower right-hand corner of Figure 5gur&i5.6, and Figure 5.7
presents the mean (Loc) and standard deviation (Scale) for tiraldagarithm of the set of
resistance bias factors identified in the upper right-hand legend of thesssfi

By inspection of these figures it can be ascertained tl@atBNR and FHWA
Modified Gates dynamic pile driving formulas produce small valoevdth the mean and
standard deviation of the corresponding resistance bias facgagiless of the soil type
under consideration. This implies that the ENR and FHWA Modifiatt&formulas have a
tendency to overpredict the measured pile capacity, but to & faorsistent degree.
Conversely, the Gates, lowa DOT Modified ENR, Janbu, PCUBC, and WSIy®dmic
pile driving formulas produce values for the mean of the correspgndisistance bias
factors that are very close to one, or zero when looking dbgagithmic mean, but with
much larger standard deviation values. Consequently, these fivalldsriprovide, on
average, an accurate estimate of the measured pile capaditwith a lesser degree of

consistency.
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5.3.1.3 Calibrated LRFD Resistance Factors

Using the statistical parameters determined in the previoumrsdor the best-fit
lognormal distribution to the various sample sets of resisthiasefactors, the load factors
and statistical parameters for the assumed lognormaligbdied dead and live load bias
factors presented in Section 5.2.3.1, a dead-to-live load ratio of twd;can®.20), LRFD
resistance factors were calculated for each of the sevamiexd dynamic pile driving
formulas on a soil type basis and at reliability indices of 2r2B3a00. Table 5.6 provides a
summary of the preliminarily calibrated LRFD resistanaadis for the construction control
of driven steel H-pile foundations via selected dynamic pile driving formulas

The results provided in this table show that the higher the resaséa factor is for
a particular dynamic pile driving formula, the higher the correspon@isigtance factor will
be. For instance, the ENR formula, when used with steel H-pilesndin a predominantly
sand soil profile, produces a mean value for the resistanceaoias 6f 0.503 and a LRFD
resistance factor of 0.25 for a reliability index of 2.33, wherea$3ates formula, when used
with steel H-piles driven in a mixed soil profile, produces eamvalue for the resistance
bias factor of 1.297 and a LRFD resistance factor of 0.47 for &iljyiandex of 2.33. This
observed phenomenon appears logical in terms of the definition forsisanee bias factor.
As defined in Section 5.2.1, the resistance bias factor symboheesatio between the
measured and predicted ultimate pile capacities. Consequentdrge Value for the
resistance bias factor indicates an overly conservative pileicapatimation method, which
requires a higher resistance factor to achieve the tagtiability index, or probability of
failure.

Although the absolute value of the LRFD resistance factor is aigdashtor of the
degree of conservatism exhibited by a particular pile capasttynation method, it does not
provide a clear indication of the method’s accuracy. Howekiergfficiency factor, which
was first introduced in Section 2.5.1 as the ratio between thearesstactor and the mean
value of the resistance bias factor for a particular pileagpastimation method, provides
an excellent criterion for the evaluation of a given method’'sracgu In essence, the
efficiency factor,p /A, indicates the percentage of the measured ultimate pile tafizai

can be utilized in design to reach a predefined structural rélabih other words, higher
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values for the efficiency factor indicate a more reliable andativeuperior pile capacity
estimation method.
Table 5.6: Preliminary LRFD Resistance and Efficiency Factors Pnided on a Soil

Type Basis for the Construction Control of Driven Steel H-Pile Foundabns via
Dynamic Pile Driving Formulas

W omme L L, o, LR o
13 Gates 1.152 0.317 0.276 0.66 0572 052 0.453
13 FHWA Gates 0.707 0.191 0.270 0.41 0578 0.32 0.459
13 ENR 0.503 0.175 0.349 0.25 0493 0.19 0.376
Sand 13 lowa DOT ENR 0.885 0.257 0.291 0.49 0556 0.39 0.437
13 Janbu 1.006 0.248 0.247 0.61 0.605 0.49 0.486
13 PCUBC 1.098 0.330 0.300 0.60 0545 047 0.426
13 WSDOT 0.922 0.220 0.239 057 0.615 0.46 0.495
8 Gates 1.080 0.198 0.183 0.73 0.677 0.60 0.559
8 FHWA Gates 0.698 0.110 0.158 0.49 0.704 0.41 0.587
8 ENR 0.514 0.234 0.455 0.20 0.392 0.15 0.283
Clay 8 lowa DOT ENR  0.893 0.132 0.148 0.64 0.714 0.53 0.598
8 Janbu 0.921 0.169 0.184 0.62 0.676 0.51 0.558
8 PCUBC 0.952 0.180 0.189 0.64 0.671 0.53 0.552
8 WSDOT 0.980 0.234 0.239 0.60 0.614 0.49 0.495
13 Gates 1.297 0.632 0.487 047 0366 0.34 0.259
13 FHWA Gates 0.846 0.392 0.463 0.33 038 0.23 0.277
13 ENR 0.564 0.254 0.450 0.22 0396 0.16 0.287
Mixed 13 lowa DOT ENR 1.044 0.425 0.407 045 0436 034 0.322
13 Janbu 1.146 0.492 0.430 0.48 0415 0.35 0.303
13 PCUBC 1.211 0.564 0.466 0.46 0383 0.33 0.275
13 WSDOT 1.069 0.430 0.402 0.47 0.440 035 0.326

As presented in Table 5.6, for a reliability index of 2.33, it wasnd that the
WSDOT formula was the most efficient method for the constrnatontrol of steel H-piles

driven in a sand or mixed soil profile, while the lowa DOT ModifledR formula was
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found to be the most efficient method when considering a clay soilepréfs was expected
from the results of the comparative studies presented in Sectiotn@.BENR formula was
shown to be one of the least efficient methods, regardless oypbeot soil profile under
consideration. Bearing in mind that the lowa DOT Modified ENRmida is currently
specified in the lowa DOT’'Standard Specifications for Highway and Bridge Construction
manual as the preferred dynamic pile driving formula for the nactgin control of driven
pile foundations, it is important to point out that this formula is only%.%&d 0.91% less
efficient than the WSDOT formula at a reliability index of 2.@Bien consideration is given
to a sand and mixed soil profile, respectively. Consequently, in fart & avoid a
comprehensive maodification to the lowa DOT’s driven pile foundation deggghe, the
performance of the lowa DOT Modified ENR formula is sufficidot allow for its

recommended use with steel H-pile foundations driven in any soil type.

5.3.1.4 Sample Size Effects on Resistance Factors

Since the sizes of the sand, clay, and mixed soil subsets of LR A usable-
dynamic, steel H-pile dataset are all less than thintyy tare considered to be samples of
“small” size by Miller and Miller (2004), as well as mamyher statistical references.
Unfortunately, this implies that standard deviations or coeffisiasft variation of the
resistance bias factors presented in Table 5.6 may not be emjatese of the true
populations. Moreover, even for sample populations with similar gtatisharacteristics to
the true populations, a random sampling may still generate satificariation in the
computed LRFD resistance factors on account of the small sampl@cVay, Birgisson,
and Lee 2004).

In order to check the sample sizes of the sand, clay, and miXesubeets of the
PILOT-IA usable-dynamic, steel H-pile dataset on the varighilf the LRFD resistance
factors computed in the previous section, a Monte Carlo simulatiorperdsrmed using
MATLAB™ (2009). The Monte Carlo method, whose conceptual originse wast
proposed by Pierre Simon Laplace in 1886, consists of finding a numeiaealby realizing
a random event many times and observing its outcome experimg@attgmann 1976).
Focusing on the LRFD resistance factors calculated for thea ID®@T Modified ENR

formula, a random sample of resistance bias factors was exblé@m the assumed
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distribution for the true population, which was formed using the stafistharacteristics
outlined in Table 5.6 for each of the sand, clay, and mixed soil typsets. From this
random sample, which was chosen to be of the same size anthél3y clay (8), and
mixed (13) soil type subsets, the mean value and the coeffid¢ieatiation for the randomly
selected resistance bias factors were determined. Then Hesil(g.20), the load factors and
statistical parameters for the assumed lognormally distdbdgad and live load bias factors
presented in Section 5.2.3.1, a dead-to-live load ratio of two, aeldility index of 2.33, a
corresponding LRFD resistance factor was calculated. To aéplice random nature of the
sample population, another random sample of resistance bias factoseleeted from the
assumed distribution for the true population. Upon computing the mean galedl as the
coefficient of variation for this second set of randomly select=istance bias factors,
another LRFD resistance factor was calculated. Repeatmgribiess a total of 1,000 times,
a distribution of LRFD resistance factors was obtained forida@ DOT Modified ENR
formula, as it is used for monitoring the driving of steel H-gilesand, clay, and mixed soil
profiles. Figure 5.8 and Figure 5.9 provide a summary of the resuldmethtfrom the

formerly described Monte Carlo simulations.
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LRFD Resistance Factor (¢) for Steel H-Piles in Sand (lowa DOT ENR Formula) LRFD Resistance Factor (¢) for Steel H-Piles in Clay (lowa DOT ENR Formula)
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Figure 5.8: Variations in LRFD Resistance Factors for the lowa DOT Modied ENR
Formula
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Figure 5.9: Variation in LRFD Resistance Factors for the lowa DOT Modifed ENR
Formula used in Mixed Soil Profiles

The distributions provided in these figures indicate mean LRFBtaesie factor
values of 0.46, 0.61, and 0.43 for the sand, clay, and mixed soil type subsmistively.
As was expected, these values compare quite favorably with thesponding LRFD
resistance factors provided in Table 5.6. Using one standard deahtwa and below the
mean resistance factors as a measure of variability,9tolvaerved that such variability is
directly related to the coefficient of variation assumeditiiertrue distribution of resistance
bias factors. In other words, if the true population statistio® we change from those
assumed, a corresponding change in the variability of the cothpRieD resistance factors
would be realized. However, since it must be assumed thatithpdpulation statistics have
been correctly captured, the observed variability in the LRFBtaese factors can be used
to determine whether or not the utilized sample size sufficieabgures the characteristics
of the true population. As indicated in Figure 5.8 and Figure 5.9, thetamsasd deviation
bounds on the mean resistance factors determined for the sand,ndayjx@d solil type
subsets were found to be (0.40, 0.53), (0.56, 0.65), and (0.35, 0.52), respectively.
Considering the fact that McVay, Birgisson, and Lee (2004) defimgdfisant variability in
computed LRFD resistance factors at the one standard deviatibiddxe about 0.15, it is
appropriate to assume that the sample sizes available farrtiputation of LRFD resistance

factors for the lowa DOT Modified ENR formula, as it is usdathwsand, clay, and mixed
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soil profiles, effectively capture the characteristics of titue population, given that the
highest observed variability is only half of that value considerdztsignificant. Moreover,
it is only at the two standard deviation level that the observedbildgian LRFD resistance

factors begins to encroach upon the significant value defined by WiBfa@isson, and Lee
(2004).

5.3.1.5 Verification with Full-Scale Pile Load Tests

As a means of verifying the performance of the LRFD rasistdactors established
in Section 5.3.1.3, the design, or factored, pile capacities estitatdte seven examined
dynamic pile driving formulas were compared with the correspondiegsured pile
capacities for the nine steel H-piles tested as a part oésearch outlined in this thesis. To
begin with, the measured and predicted nominal pile capacities established for these
nine steel H-shaped test piles and the results have been smetmariTable 5.7. Using the
appropriate preliminarily calculated LRFD resistance factasspresented in Table 5.6, in
conjunction with the nominal pile capacities predicted by tversexamined dynamic pile
driving formulas, the predicted design pile capacities were rdgted and have been
provided in Table 5.8. Figure 5.10 and Figure 5.11 present the sameatidormmontained
in Table 5.7 and Table 5.8, respectively, but in a format thaichmore conducive to the

formation of comparisons.

Table 5.7: Measured and Predicted Nominal Pile Capacities for Nine StkeH-Piles

Predicted Nominal Capacity (kips)

Project Measur_ed lowa
ID C?kr;acny Gates FHWA ENR DOT Janbu PCUBC WSDOT
ps) Gates ENR
ISU1 198 128 184 288 131 137 141 186
ISU2 125 123 173 266 116 118 116 170
ISU3 150 117 161 242 104 108 107 160
ISU4 154 150 235 418 181 171 157 216
ISU5 243 191 326 775 306 244 201 272
ISU6 213 161 259 491 217 194 175 237
ISU7 53 24 0 71 36 34 38 46
ISU8 162 156 248 451 195 182 166 233
ISU9 182 162 260 473 233 203 194 269
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Table 5.8: Measured and Predicted Design Pile Capacities for Ninge®l H-Piles

Predicted Design Capacity (kips)

Project Measured owa
C it
ID apaclty  cates WA ENR DOT Janbu  PCUBC  WSDOT
(Kips) Gates ENR
ISU1 198 60 61 63 59 66 65 87
ISU2 125 90 85 53 74 73 74 102
ISU3 150 86 79 48 67 67 68 96
ISU4 154 110 115 84 116 106 101 130
ISU5 243 140 160 155 196 151 128 163
ISU6 213 118 127 98 139 120 112 142
ISU7 53 11 0 16 16 16 18 22
ISU8 162 73 82 99 88 87 77 110
ISU9 182 107 107 118 114 124 116 153
900
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Figure 5.10: Nominal Pile Capacities Predicted by Dynamic Pile Dring Formulas
versus Measured Pile Capacities obtained from Static Load Testing NerSteel H-Piles

www.manaraa.com



178

300
1 ™ Gates
1 @ FHWA Gates
250 +
- 1 ENR
=
=3 ® lowa DOT ENR
> .
S 200 + OlJanbu ®
g- _
S PCUBC
Q . &
T 150 1 A WSDOT A . b 4
c 1 ]
bo
7 A 4 ﬁ
&
S B &
-8 100 T A A’
5 ' v 52 o
b & &
g N
50 +
2
]
0 —— Tt
0 50 100 150 200 250 300

Measured Pile Capacity (kips)

Figure 5.11: Design Pile Capacities Predicted by Dynamic Pile Drivgy Formulas versus
Measured Pile Capacities obtained from Static Load Testing Nine SteH-Piles

One important observation that should be drawn from Figure 5.10 and Figure 5.11 i
that the preliminarily calculated LRFD resistance factoiscassfully establish safe design
pile capacities for all soil types; i.e., the design pile cdjgacare always less than the
measured pile capacities. Furthermore, Figure 5.11 provides a inldiaation and
verification of the efficiencies associated with each of tnes examined dynamic pile
driving formula, which were first established in Section 5.3.1.3. Mpezifcally, the
elevated efficiencies of the WSDOT formula in sand and mixddpsaiiles and the lowa
DOT Modified ENR formula in predominantly clay soil profiles gseominent in this
graphical display. On another note, Figure 5.10 emphasizes thigcaiginoverprediction in
pile capacity (i.e., poor performance) offered by the ENR formula.

Having verified the safety and efficiency of the preliminardglculated LRFD
resistance factors, the data obtained from the nine additited! 14-shaped test piles was
combined with that from the PILOT-IA usable-dynamic, stegpild-dataset to allow for

further enhancement of the preliminarily calibrated resistamed efficiency factors.
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Employing the same calibration procedures outlined previously, IflRED resistance and
efficiency factors were calculated for each of the severamiyc pile driving formulas on a
soil type basis. The results of this final calibration are plexviin Table 5.9. Although the
efficiency of the lowa DOT Modified ENR formula decreasedhgly from that reported in
Table 5.6 for clay soils, this can be explained by the variatiotiseimlegree of soil set-up

achieved at the time of testing.

Table 5.9: Final LRFD Resistance and Efficiency Factors Provided on ao® Type Basis
for the Construction Control of Driven Steel H-Pile Foundations usindifferent
Dynamic Pile Driving Formulas

W omme L L o, LR o
14 Gates 1.150 0.305 0.265 0.67 0584 053 0.465
14 FHWA Gates 0.706 0.184 0.260 042 0590 033 0471
14 ENR 0.494 0.171 0.347 0.24 0495 0.19 0.378
Sand 14 lowa DOT ENR 0.877 0.248 0.283 0.49 0564 0.39 0.445
14 Janbu 0.998 0.240 0.241 0.61 0.612 0.49 0.492
14 PCUBC 1.087 0.320 0.294 0.60 0552 047 0433
14 WSDOT 0.904 0.221 0.245 055 0.608 0.44 0.488
13 Gates 1.119 0.181 0.162 0.78 0.700 0.65 0.583
13 FHWA Gates 0.728 0.111 0.153 052 0.709 0.43 0.592
13 ENR 0.486 0.195 0.400 0.21 0.442 0.16 0.328
Clay 13 Ilowa DOT ENR 0.945 0.191 0.202 0.62 0.656 0.51 0.537
13 Janbu 0.986 0.188 0.191 0.66 0.668 0.54 0.550
13 PCUBC 1.039 0.201 0.193 0.69 0.666 0.57 0.547
13 WSDOT 0.924 0.202 0.219 0.59 0.637 0.48 0.518
16 Gates 1.351 0.613 0.454 053 0.393 0.38 0.284
15 FHWA Gates 0.848 0.372 0.438 0.35 0407 0.25 0.296
16 ENR 0.570 0.240 0.421 0.24 0423 0.18 0.311
Mixed 16 Ilowa DOT ENR 1.087 0.416 0.383 050 0459 037 0.344
16 Janbu 1.175 0.463 0.394 0.53 0447 039 0.333
16 PCUBC 1.219 0.513 0.421 0.52 0423 0.38 0.311
16 WSDOT 1.051 0.397 0.378 0.49 0.464 037 0.348
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5.3.1.6 Comparison with Design Specifications

In the current edition of thAASHTO LRFD Bridge Design Specificatipressistance
factors, developed for the EOD condition, are provided for the FHWA Mdd&ates and
ENR dynamic pile driving formulas. More specifically, resis& factors of 0.40 and 0.10
are recommended for use with the FHWA Modified Gates and ENRufas, respectively.
It is important to point out that these recommendations are prowidledut enhacement for
particular pile types and/or soil profiles. In comparing thesxte aecommended resitance
factors with those recommended in the previous section, i.e., Table bel@nhanced

enconomy of the regionally calibrated factors is evidenced.

Table 5.10: Comparison of the lowa (Steel H-Shaped) and AASHTO (2007)
Recommended LRFD Resistance Factors for the FHWA Modified GateENR, and
lowa DOT Modified ENR Formulas at a Reliability Index of 2.33

AASHTO (2007)

Soil Type Dynamic lowa .Recommended Recommended Economy Gain
Formula Resistance Factor . (%)
Resistance Factor
FHWA Gates 0.42 0.40 5
Sand ENR 0.24 0.10 140
lowa DOT ENR 0.49 - 5
FHWA Gates 0.52 0.40 30
Clay ENR 0.21 0.10 110
lowa DOT ENR 0.62 - 30
FHWA Gates 0.35 0.40 -15
Mixed ENR 0.24 0.10 140
lowa DOT ENR 0.50 - -10

*Gain in economy over AASHTO's (2007) recommended value for the FH\&t#&<Formula

In all instances outlined in Table 5.10, except for the combination oFH&YA
Modified Gates formula with a mixed soil profile, the lowa recanded resistance factors
are greater in value than those recommended in the curremneaditthe AASHTO LRFD
Bridge Design SpecificationsThis implies that, overall, the regionally calibrated reststa
factors for the State of lowa provide for the improved economyrmfge foundation
elements, which was the goal set forth by AASHTO in algnsuch regional calibration
efforts. As for the combination of the FHWA Modified Gates formwlith a mixed soil
profile, the small reduction in economy indicated in Table 5.10 shouldenetate concerns
since the resistance factors recommended by AASHTO (200@é)uitanately established as
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a result of rounding prcoedures carried out to the nearest 0.05. Theefme the lowa
recommended resistance factor for this combination is within ther@uWling tolerance of
the AASHTO (2007) recommended value, the two should be considered equivatiemto

net loss in economy.

5.3.1.7 Enhancement of LRFD Resistance Factors for Static Analysis Methods

As indicated by AbdelSalam et al. (2010), the lowa DOT cusrargés an in-house
static analysis method, known as the lowa Blue Book method (Bit#sKam 1989; lowa
DOT 2010), to predict the required length of piles to be driven ini¢lee fMoreover, during
actual pile driving, the lowa DOT Modified ENR formula is used tteeine when a pile
has developed adequate axial capacity. Given that the resthis IORFD resistance factor
calibration process presented in this thesis for dynamicdpileng formulas utilized in
conjunction with steel H-piles, coupled with those similar results preseptéddelSalam et
al. (2010) for static analysis methods, indicate that the cudesign and construction
control procedures for driven pile foundations in the State of lowasame of the most
efficient, as expected, there exists no need for the recomti@nadé alternative methods.
Provided this information, an attempt to further enhance the LRFBtaese factors
recommended by AbdelSalam et al. (2010) for the lowa Blue Bookoaheian be made so
that the recognized use of the lowa DOT Modified ENR formaitgpile driving termination
is taken into account.

In an ideal situation, the design length of piling predicted by dle IBlue Book
method would agree with that driven in the field, where the lowa DUified ENR
formula is used to terminate driving. Due to uncertainties involvethenpile driving
process, this ideal situation is never achieved. However, the prop#fuitthe length of
piling driven will be greater or less than that predicted bydiva Blue Book method can be
qguantified by looking at the cumulative probability distribution for ridwgo of the design, or
factored, pile capacity predicted by the lowa DOT ENR formula to that peddigtthe lowa
Blue Book method.

Provided in Figures 5.12 through 5.14 are the Miffitaoobability distribution
identification results for the lowa DOT Modified ENR to lowauBIBook design capacity
ratio used in combination with the sand, clay, and mixed soil substits afmassed PILOT-
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IA usable-dynamic, steel H-pile dataset, respectively. s Hmassed PILOT-IA usable-
dynamic, steel H-pile dataset simply combines the origiflaDP-IA usable-dynamic, steel
H-pile dataset with the information acquired from the nine, fullesdeeld load tests
conducted as a part of this research and summarized in Chagdterthermore, the design
capacities established by the lowa DOT Modified ENR formuleevaehieved through the
application of the appropriate LRFD resistance factors recommand€dble 5.9 of this
thesis, while for the lowa Blue Book method, the appropriate LR&fistance factors
recommended by AbdelSalam et al. (2010) were used; namely, mesidtctors of 0.47,

0.71, and 0.45 were used for piles embedded in sand, clay, and mixed ofibdls pr

respectively.
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Figure 5.12: Anderson-Darling Goodness-of-Fit Test for the lowa DOT Modiéd ENR
to lowa Blue Book Design Capacity Ratio used with the Clay Soil Subset of the
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Figure 5.13: Anderson-Darling Goodness-of-Fit Test for the lowa DOT Modiéd ENR
to lowa Blue Book Design Capacity Ratio used with the Clay Soil Subset of the
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Figure 5.14: Anderson-Darling Goodness-of-Fit Test for the lowa DOT Modiéd ENR
to lowa Blue Book Design Capacity Ratio used with the Mixed Soil Subset ofeth
Amassed PILOT-IA Usable-Dynamic, Steel H-Pile Dataset

As evidenced from Figures 5.12 through 5.14, the assumption of a lognormal
probability distribution for the three sample sets of lowa DOT MediENR to lowa Blue
Book design capacity ratios was accepted at the 5% significeevet in all cases.
Therefore, for the development of enhanced LRFD resistanceddotdhe lowa Blue Book
method, the best-fit, lognormal, cumulative probability distributions depicted nigtitenost
plots of Figures 5.12, 5.13, and 5.14 will be used. However, before such ehhesisance
factors are developed, an explanation of what these cumulative pitybdistributions
actually indicate must be given. The y-axes of these plsigre the probability that the
lowa DOT Modified ENR to lowa Blue Book design capacity ratith lbe less than or equal
to the specified design capacity ratio found on the x-axes. Inwthds, for piles driven in
sand soil profiles, a value of unity for the design capacity caicesponds to a cumulative
probability of about 31.6%, whereas for piles driven in clay and mixed soil profigsi@ of
unity for the design capacity ratio corresponds to cumulative pildles of about 54.3%
and 20.2%, respectively. This indicates that there is a 31.6% propé#imli the lowa DOT
Modified ENR to lowa Blue Book design capacity ratio will lesd than one for any given
pile driven in a sand soil profile, while the probability that thesign capacity ratio will be
less than one for any given pile driven in a clay or mixed soillersf 54.3% and 20.2%,
respectively. So, for piles driven in a sand soil profile inipaler, 31.6% of the time it can
be expected that the length of piling driven in the field wilgbeater than that predicted by
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the lowa Blue Book method. Conversely, 68.4% of the time, the lengthiraf griven will
be less than that predicted by the lowa Blue Book method.

Hence, the design pile capacity established by either the Blwe Book method or
the lowa DOT Modified ENR formula can be corrected to improve up@nprobability.
For instance, it may be desired that a majority of the thredength of piling driven in the
field be less than that predicted by the lowa Blue Book methodeimésign stages of the
project. Driving piles longer than predicted may require splicngven the acquisition of
additional piling from off-site. On the other hand, it may alsaésrable to correct one of
the formulas so that half of the time the length of piling driweshiorter than that predicted
and half of the time it is longer than predicted. Based on théablaidata, this would
represent a best guess for making the actual and predictednutéd correlate. Thus, at a
cumulative probability of 50%, the lowa DOT Modified ENR to lowa BBeok design
capacity ratio takes on values of 1.15, 0.97, and 1.33 when considering agndndimixed
soil profiles, respectively. In other words, if it were desitest there be a 50% probability
associated with the event that the driven pile lengths arerldinge those predicted by the
lowa Blue Book method, then it would be necessary to multiply thgrdesle capacity
established by the lowa Blue Book method by a factor of 1.15, 0.97, or 1.33 dependi
whether the embedded length of the pile was characterized &yda day, or mixed soll
profile. By incorporating these correction factors into the origiitiFD resistance factors
established for the lowa Blue Book method, one arrives at the fotjoenhanced LRFD
resistance factors: 0.54, 0.69, and 0.60, which are to be used in conjunctiopilest
embedded in sand, clay, and mixed soil profiles, respectively.

As demonstrated in Figure 5.15 and Figure 5.16, the enhanced LRSanesi
factors for the lowa Blue Book method, which account for the ustheflowa DOT
Modified ENR formula for pile design verification, successfullyftsihe lognormal
probability distributions for the lowa DOT Modified ENR to lowa BlB®ok design
capacity ratios achieved in sand, clay and mixed soil profildbaddheir expected value is
approximately equal to one. Although the reliability assuredhege enhanced LRFD
resistance factors is no longer equal to 2.33, it is importanitevaie that these factors are

to only be used in situations where it is known that the lowa Modified ENR formula
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will be used in the field as a construction control measure. Im oibv@s, since embedded
pile lengths will ultimately be determined via the lowa DOT Miedi ENR formula,

regardless of what was established by the lowa Blue Book metltod design stages of the
project, a reliability of 2.33 is ensured by means of the LREBt@ce factors calibrated for
the lowa DOT Modified ENR formula. Once more, it is the doiection of these enhanced

resistance factors to simply minimize the discrepancy lestwlee design and production pile
lengths.
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Figure 5.15: Original and Corrected Lognormal Probability Distributions for the lowa
DOT Modified ENR/lowa Blue Book Design Capacity Ratio

5.3.2 Timber Piles

5.3.2.1 Estimated Pile Capacities

Using the PILOT-IA usable-dynamic, timber pile dataset,rtbminal pile capacity
was estimated for each of the test piles using the seveamikympile driving formulas
identified in Section 5.2. The corresponding measured and predicted hpri@rapacities
for each of the test piles in the analyzed dataset have been smetheccording to the
predominant soil medium encountered along the embedded pile shaft, nd. ckegy, or
mixed, in Table 5.11, Table 5.12, and Table 5.13, respectively.
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Figure 5.16: Original and Corrected Lognormal Probability Distributions for the lowa
DOT Modified ENR/lowa Blue Book Design Capacity Ratio in Mixed Soil Profies

5.3.2.2 Distribution of Resistance Bias Factors

As done in Section 5.3.1.2, the Anderson-Darling goodness-of-fit test wdstas
guantify the relationship between the measured and predicted nominatapiéeities
established for the PILOT-IA usable-dynamic, timber pile ddtadgnoring the soil type
subdivisions of this dataset on account of the small available sampk seven different
sample sets of resistance bias factors, each correspondipgtiicalar dynamic pile driving
formula, were analyzed using the Minitatatistical software package to determine the most
probable probability distribution from which these sets of resistance biassfacbse from.

Provided in Figure 5.17 is the Minitatprobability distribution identification results
for the lowa DOT Modified ENR formula used in combination with thieCH -1A usable-
dynamic, timber pile dataset. A complete summary of thetsbhiprobability distribution
identification results for all seven sample sets of resisthiasefactors has been supplied in
Table 5.14.
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Table 5.11: Measured and Calculated Nominal Axial Pile Capacities for th8and Soil Subset of the PILOT-IA Usable-
Dynamic, Timber Pile Dataset

Dynamic Formula Predicted Nominal Pile Capacities (kips)

ID Davisson A Days
g Couny Pile Type - Length () “ins)  Gates FHWA ENR  DOT  Janbu PCUBC WSDOT 2
Gates ENR SLT
180 Black Hawk @ 10" Timber 20 88 134 197 335 195 155 153 129 2
181 Black Hawk @ 10" Timber 25 200 188 318 792 448 243 203 189 12
Table 5.12: Measured and Calculated Nominal Axial Pile Capacities for th€lay Soil Subset of the PILOT-IA Usable-
Dynamic, Timber Pile Dataset
Dynamic Formula Predicted Nominal Pile Capacities (kips)
ID C Pile T Lenath (ft Davisson 1A Dta yS
# ounty leType — Length (M “4ips)  Gates FHWA ENR  DOT  Jambu PCUBC WSDOT 2
Gates ENR SLT
174 Linn @ 10" Timber 25 76 86 104 132 126 83 105 99 4
206 Lucas @ 10" Timber 40 88 80 78 112 52 52 54 60 2
229 Polk @ 10" Timber 25 138 127 182 313 171 138 130 109 2
235 Mitchell @ 10" Timber 20 152 99 119 175 94 86 89 78 5
Table 5.13: Measured and Calculated Nominal Axial Pile Capacities for thelixed Soil Subset of the PILOT-IA Usable-
Dynamic, Timber Pile Dataset
Dynamic Formula Predicted Nominal Pile Capacities (kips) Days
ID . Davisson 1A
g Couny Pile Type  Length (M “ips)  Gates FHWA ENR  DOT  Jambu PCUBC WSDOT 2
Gates ENR SLT
175 Linn @ 10" Timber 30 94 54 28 a0 79 52 67 62 6
201 Calhoun @ 10" Timber 20 72 68 62 103 89 61 77 76 5
209 Woodbury @ 10" Timber 20 110 101 140 147 120 95 107 109 7
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Figure 5.17: Anderson-Darling Goodness-of-Fit Test for the lowa DOT Modiéd ENR
Formula with the PILOT-IA Usable-Dynamic, Timber Pile Dataset

As indicated in Table 5.14, the assumption of a lognormal probab#itytaition for
the various sample sets of resistance bias factors wasedegphe 5% significance level in
all instances. Given this documented acceptance of the lognormabifitplolstribution for
the various analyzed sample sets of resistance bias fadoped with the assumed
lognormal probability distributions for the dead and live load biasifacEq. (5.20) can be
appropriately used for the calculation of LRFD resistance factors.

Before the calibrated LRFD resistance factors are ptedeit is important to first
discuss how each of the seven analyzed dynamic pile driving forecuigsare in regards to
prediction power and accuracy. Under the accepted assumption thatlfzecasample sets
of resistance bias factors are lognormally distributed, théfibdegnormal probability
distributions were plotted for each method and can be observed in Figure 5.18.

By inspection of this figure it can be ascertained that the Hj{famic pile driving
formula produces a small value for both the mean and standard deviatiom refsistance
bias factor. This implies that the ENR formula has a tendenoyérpredict the measured
pile capacity, but to a fairly consistent degree. ConverselyGttes, FHWA Modified
Gates, lowa DOT Modified ENR, Janbu, PCUBC, and WSDOT dyname dhiving
formulas produce a value for the mean of the corresponding resistéas factors that is
very close to one, but with larger standard deviation values. Consegguiede six
formulas provide, on average, an accurate estimate of the meadaredpgaicity, but with a

lesser degree of consistency.

www.manaraa.com



Table 5.14: Summary of the Anderson-Darling Goodness-of-Fit Tests Caad Out on the Various Dynamic Pile Driving

Formulas Used in Combination with the PILOT-IA Usable-Dynamic, Tmber Pile Dataset

Anderson-Darling Goodness-of-Fit Test

Soil N Dynamic Pile Best Normal Lognormal
Type Dr|V|ng Formula PNormal ADNormaI PLognormal ADLognormaI Cv Distribution Assumption Assumption
9 Gates 0.064 0.640 0.127 0.527 0.677 Lognormal epiec] Accepted
9 FHWA Gates < 0.005 1.207 0.233 0.432 0.677 Logpadr Rejected Accepted

9 ENR 0.742 0.226 0.194 0.462 0.677 Normal Accepted  Accepted
All 9 lowa DOT ENR 0.269 0.409 0.643 0.252 0.677 Logradr Accepted Accepted
9 Janbu 0.333 0.374 0.563 0.276 0.677 Lognormal epiec] Accepted

9 PCUBC 0.426 0.333 0.657 0.248 0.677 Lognormal efted Accepted

9 WSDOT 0.700 0.237 0.929 0.156 0.677 Lognormal efoed Accepted
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Figure 5.18: Summary of the Lognormally Distributed Resistance Bias Fagts Using
Seven Dynamic Pile Driving Formulas and the Clay Soil Subset of the PILGIA
Usable-Dynamic, Steel H-Pile Dataset

5.3.2.3 Calibrated LRFD Resistance Factors

Using the statistical parameters determined in the previou®rsdor the best-fit
lognormal distribution to the various sample sets of resisthiasefactors, the load factors
and statistical parameters for the assumed lognormaligbdied dead and live load bias
factors presented in Section 5.2.3.1, a dead-to-live load ratio of Md;@ (5.20), LRFD
resistance factors were calculated for each of the sevamiexd dynamic pile driving
formulas at reliability indices of 2.33 and 3.00. Table 5.15 providesmanary of the
calibrated LRFD resistance factors for the construction controtrifen timber pile
foundations via selected dynamic pile driving formulas.

As presented in Table 5.15, for a reliability index of 2.33, it wasd that the Gates
formula was the most efficient method for the construction contrindfer piles driven into
any type of soil profile. As was expected from the resaftthe comparative studies
presented in Section 2.4, the ENR formula was shown to be one of theefiéa@ent
methods. Bearing in mind that the lowa DOT Modified ENR formsileuirrently specified

in the lowa DOT’sStandard Specifications for Highway and Bridge Construat@mual as
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the preferred dynamic pile driving formula for the construction cbndf driven pile
foundations, it is important to point out that this formula is sigmfigaless efficient, i.e.,
35.2% less efficient, than the WSDOT formula at a reliabiligex of 2.33. Although
timber piles are the second most frequently used pile typenwtiti@ State of lowa, this
statistic should not skew the fact that, relative to steel éspwWery few timber piles are
actually driven for bridge foundations in any given year. Thus, gemsnthe lowa DOT
Modified ENR formula was recommended for use with steel H-pikesyould seem
acceptable to also recommend its use with timber piles indigthte aforementioned reality
as well as for the maintenance of simplicity. Additionallgisg as only a small sample size
was available for the resistance factor calibrations preseiitgble 5.15, the true population
statistics for the various resistance bias factors mayawa been adequately captured by the
analyzed sample sets; thus, generating misleading reduies following section, however,

will seek to address this specific issue.

Table 5.15: Final LRFD Resistance and Efficiency Factors for the Consiction Control
of Driven Timber Pile Foundations via Dynamic Pile Driving Formulas

®  @/ip @ @/
9 Gates 1.134 0.323 0.285 0.64 0.562 050 0.443
9 FHWA Gates 1.140 0.870 0.763 0.23 0.203 0.14 0.126
9 ENR 0.630 0.270 0429 026 0415 0.19 0.304
All 9 lowaDOTENR  0.947 0.463 0489 035 0.364 0.24 0.258
9 Janbu 1.211 0.447 0.369 057 0472 0.43 0.356
9 PCUBC 1.118 0.389 0.348 055 0.494 0.42 0.377
9 WSDOT 1.184 0.402 0339 060 0503 046 0.385

5.3.2.4 Sample Size Effects on Resistance Factors

As done in Section 5.3.1.4 for steel H-piles, a Monte Carlo simulatisrpeormed
using MATLAB™ to check the sample size of the PILOT-IA usabeamic, timber pile
dataset on the variability of the LRFD resistance factors cadput the previous section.

Focusing on the LRFD resistance factors calculated for the IO®@T Modified ENR
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formula, a random sample of resistance bias factors was exklémim the assumed
distribution for the true population, which was formed using the stafisharacteristics
outlined in Table 5.15. From this random sample, which was chosen to lee s#me size
as the PILOT-IA usable-dynamic, timber pile dataset (9), teamvalue and the coefficient
of variation for the randomly selected resistance bias faeters determined. Then, using
Eq. (5.20), the load factors and statistical parameters for shenasl lognormally distributed
dead and live load bias factors presented in Section 5.2.3.1, a deasl{t@adl ratio of two,
and a reliability index of 2.33, a corresponding LRFD resistanderfa@s calculated. To
replicate the random nature of the sample population, another random sdmgdestance
bias factors was selected from the assumed distribution forrakepbpulation. Upon
computing the mean value as well as the coefficient of vanidor this second set of
randomly selected resistance bias factors, another LRFDaressfactor was calculated.
Repeating this process a total of 1,000 times, a distribution of LieEiStance factors was
obtained for the lowa DOT Modified ENR formula, as it is used for monitoring tkiengrof
timber pile foundations. Figure 5.19 provides a summary of the reshthsed from the
formerly described Monte Carlo simulations.
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Figure 5.19: Variation in LRFD Resistance Factors for the lowa DOT Modifid ENR
Formula used with Timber Pile Foundations

The distribution provided in this figure indicates a mean LRFD resistanoe fatue

of 0.35. As was expected, this value compares quite favorably wittotresponding LRFD
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resistance factor provided in Table 5.15. Using one standard deviatioa and below the
mean resistance factor as a measure of variability, st abserved that such variability is
directly related to the coefficient of variation assumed for tte distribution of the
resistance bias factor. In other words, if the true populatidiststa were to change from
those assumed, a corresponding change in the variability of theuteinLRFD resistance
factors would be realized. However, since it must be assumedhthdtue population
statistics have been correctly captured, the observed variahilithel LRFD resistance
factors can be used to determine whether or not the utilized saimplsufficiently captures
the characteristics of the true population. As indicated in Figut@, the one standard
deviation bounds for the mean resistance factor were found to be (0.26, Oci®idering
the fact that McVay, Birgisson, and Lee (2004) defined signifiganability in computed
LRFD resistance factors at the one standard deviation teve¢ about 0.15, it would be
difficult to assume that the timber pile sample size availtdiehe computation of LRFD
resistance factors for the lowa DOT Modified ENR formulaedif/ely captures the
characteristics of the true population, given that the observed Vigyiabfairly close to this
limit. As a consequence, the LRFD resistance and efficitautgrs presented in Table 5.15
should be taken with caution until more information for driven and loaddédshber pile

foundations becomes available to further improve these results.

5.3.2.5 Comparison with Design Specifications

In the current edition of thAASHTO LRFD Bridge Design Specificatipnssistance
factors, developed for the EOD condition, are provided for the FHWA Mdd&ates and
ENR dynamic pile driving formulas. More specifically, resist factors of 0.40 and 0.10
are recommended for use with the FHWA Modified Gates and ENRufas, respectively.
It is important to point out that these recommendations are prowidledut enhacement for
particular pile types and/or soil profiles. In comparing these cedemmended resitance
factors with those recommended in Section 5.3.2.3, i.e., Table 5.15, an indufation
enhanced enconomy and dependability associated with regionally tealibi@ctors is
evidenced. In other words, although it was advised in the previousrsétit the lowa
recommended resistance factors be taken with caution, what camideal®ut the
comparisons made in Table 5.16 is that there exists a strong imdiczt the poor
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dependability of the AASHTO (2007) recommended resistance factor thm FHWA
Modified Gates formulawhen used with driven timber pile foundationgh @ily two of the
210 piles used for the calibration of the AASHTO (2007) recommendeslarese factors
being timber in type, it becomes quite clear that generatiesithnce factors can lead to
unsafe estimates of pile capacities when such generalizatiersalyzed under much more

stringent boundaries.

Table 5.16: Comparison of the lowa (Timber) and AASHTO (2007) Recommered
LRFD Resistance Factors for the FHWA Modified Gates, ENR, and loa DOT
Modified ENR Formulas at a Reliability Index of 2.33

AASHTO (2007)

Dynamic lowa Recommended Economy Gain

Soil Type Formula Resistance Factor Rz(saiz?;:]?;g:i?or (%)
FHWA Gates 0.23 0.40 -43
All ENR 0.26 0.10 160
lowa DOT ENR 0.35 - -10

*Gain in economy over AASHTO's (2007) recommended value for the FH\W#@&<Formula
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CHAPTER 6: A THEORETICAL DYNAMIC MODEL FOR PILE
CAPACITY ESTIMATION

6.1 INTRODUCTION

Dynamic pile driving formulas have been criticized in many pabibas for their
unsatisfactory prediction of pile capacity as summarized in Chaptdlost notably, in the
FHWA'’s Design and Construction of Driven Pile Foundatiamsrkshop manual, Hannigan
et al. (1998) writes:

“Unfortunately, dynamic formulas have fundamental weaknesses iththato not
adequately model the dynamics of the hammer-pile impact, tliemae of axial pile
stiffness, or soil response. Dynamic formulas have also proveriabigein

determining pile capacity in many circumstances. Their contirussl is not
recommended on significant projects.”

However, based on the efficiency factors determined in the presi@der as well as those
reported by AbdelSalam et al. (2010) for the lowa Blue Bookcstatalysis method, the
lowa DOT Modified ENR formula is just as efficient, if not raoso, than the best
performing static analysis method. On account of this observatoimvastigation was
undertaken with the objective of developing a means by which a medieble, yet
uncomplicated construction control method may be utilized for the rdediglriven pile
foundations. This investigation was also intended to understand thepdistes between
the different dynamic formulas.

As developed in Chapter 2, for estimation of a driven pile’s beagdpgaity, typical
dynamic pile driving formulas require knowledge of charactesidtic the pile and the pile
driving hammer as well as the observed permanent pile penetati@en one hammer blow
(i.e., pile set). Except for the pile set, values for althefse variables are available to an
engineer in the design stages of a project. Consequently, for tessiut use of a dynamic
pile driving formula such as the lowa DOT Modified ENR formuwathe design of driven
pile foundations, an accurate estimate or assumption of this pilesttbe made. To
accomplish this task, a one-dimensional pile-soil model, similéinabproposed by Smith
(1962) and utilized by the Wave Equation Analysis Program (WEAP) a wisleaBAse Pile
Wave Analysis Program (CAPWAP), may be used. Furthermigeptocess assumes that
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additional parameterssed to definthe soil's dynamic characteristics da@ quantifier with
sufficient accuracyn the design stages of a deep foundation pu.

According to McVay and Kuo (1999), the best approach for met@ng these
dynamic, or Smith, soil pameter is through the performance of CAPWAP analyses u
PDA data. As a result, significant efforts weredatowards the end of the twentieth cent
to compile numerical values of the CAPWAP estimabaith soil parameters (McVay a
Kuo 1999). Howeverthe collected data exhibited a large degree oftescand with nc
apparent tren@s seen in the examples providecFigure 6.1 making the establishment
empirical relations for the estimation of Smith'silsparameterspractically impossible.
Given thatthe purpose of a CAPWAP analysis is to determimentiobilized static capaci
for a given pilethrough a trial and errorgnal(i.e., upward traveling force wa\ matching
technique the actual Smith soil parameters of quake andptlgnused in a given analys
have a negligible effect on the end re (Svinkin 2004), which explainte large scatter ar
non-uniqueness of &se parameters withessed by McVay and Kuo (1

In an effort b improve theuniqgueness of a CAPWAP analysis and, correspory,
the estimated Smith soil parameters for a giverosebnditions, a displacemebased signal
matching proceduréerived fom the theory of structural dynamicsimestigate in this
chapter. Based updhe results obtained from this procedure on tweldt-piles driven in
predominantly clay soil profis, the ability to establish improved empirical relatsofor
Smith’s sdl parameters is assessed, ultime enabling for a improved approar

concerning the use of a od@nensional pil-soil modelfor the estimation of pileet.
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Figure 6.1: SPTN Values versus Shaft SoDamping Factors (Left) and Shaft Soil
Quake Values (Right) from McVay and Kuo (199¢
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6.2 BACKGROUND

6.2.1 One-Dimensional Pile-Soil Model

As expressed in the preceding section, the simplest wayetticbthe permanent
displacement of a pile under the influence of a single hammer ibltwough the use of a
one-dimensional pile-soil model, like that proposed by Smith (1962). rilitest in Figure
6.2, such a model assumes that the pile can be discretized initeanfimber of lumped
masses connected together by linear elastic spring and dakhpents. These linear elastic

spring elements defining the pile stiffness are characterized by khwifa spring constant:

kpl' = - (61)

where:  k, = spring constant for th& pile segment,
A = cross-sectional area of the pile,
E = modulus of elasticity of the pile material, and

L = length of the'! pile segment.

Unlike pile stiffness, pile damping does not significantlyuefice the dynamic response of
the pile-soil system during driving because this structuraleeldamping is assumed to
produce relatively small energy losses when compared to the dammuwgled by the
surrounding soil (Pile Dynamics, Inc. 2005). However, to model theagileealistic as
possible, a linear dashpot element characterized by the following visaopindacoefficient

is typically used:

Cpi = 26 kpl-mpl- (62)

where: ¢, = viscous damping coefficient for th& pile segment,
¢ = pile damping ratio; assumed to be about 1% for steel, 2% for cencret
and 3% for timber pile materials (Pile Dynamics, Inc. 2000), and

my,i = mass of thé"i pile segment.
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Figure 6.2: One-Dimensional Pile-Soil Idealization for Dynamic Analyses

Moreover, the pile-soil model depicted in Figure 6.2 assumes thaoth&cated

along the pile shaft as well as that at the pile toe candadizdd by elastoplastic spring and
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linear dashpot elements connected to the lumped mass points definipgetheThese
elastoplastic spring elements defining the static soil esgist are pile displacement
dependent and defined by the quantitigs Ry, and R., whereqgx is the soil quake or
maximum elastic soil deformation in the direction of installafmmthe K" soil segmentRk
is the ultimate static soil resistance in the direction ofiltaton for the K soil segment, and
Rnk is the ultimate static soil resistance in the direction oppdisé installation direction for
the K" soil segment. This cyclic behavior leads to a form of damgimyeniently referred
to as hysteretic damping. Such damping is assumed to be indepehttentate of loading
and is solely defined by the relative displacement resultiog fthe pile-soil interaction
mechanism. It is important to point out tli&k will always be zero for the spring modeling
the soil located at the pile toe to reflect the inability wd-&earing soil to provide tensile
resistance. Additionally, Smith (1962) recommends a quake value teq0dlO inches for
soils of any type located along the shaft of the pile as well as at the pile toe.

The dynamic soil resistance is handled by the linear dashpo¢rie, which are pile

velocity dependent and defined by the following equivalent viscous damping ceffici

Csk = JskRuk (6.3
where:  cq= equivalent viscous damping coefficient for tfiesoil segment, and

Jsk = Smith damping factor for the"ksoil segment.

This equivalent viscous damping coefficient attempts to account for the viscoetl as the
radiation, or inertial, damping of the soil. In essence, these \asticedashpot elements
attempt to model the increase in resistance provided under a rappligd displacement as
compared to a slowly applied displacement. It is important to moihthat as a pile is
driven downward, the soil under the pile toe is displaced or caused to flow asidepidiy ra
However, the soil alongside the pile is not correspondingly displacki. implies that the
value ofJs for soil located along the pile shaft should be smaller thewalue ofl for soil
located beneath the pile toe. Hence, Smith (1962) recommends ddagiorg of 0.05 s/ft
and 0.15 s/ft for soil located along the pile shaft and beneath the pile toe, regpective
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6.2.2 CAPWAP Signal Matching Technique

With measurements of pile top acceleration and force availableyagiven hammer
blow from PDA, both input to and response of the pile top for a one-dimehgitgsoil
model, like that presented in the previous section, are known. Howeeesoit portion of
the pile-soil system, which dictates the measured responsgrswn. In order to calculate
the static as well as the dynamic properties of the sbiéci-analysis must be performed, in
which the unknown soil model parameters are quantified. This babtks@naor signal
matching analysis, requires an iterative procedure to convergee atolution. In other
words, an assumption is first made of the unknown soil parametersumeessively
improved by performing an analysis using a one-dimensional pilersodel with the
measured force history as a pile top boundary condition. It is tevgdio point out that in
the CAPWAP signal matching procedure, one quake value and one Smiimnddactor are
used to characterize the soil located along the entire pile relggirdless of the variation in
the solil profile, but separate quake and Smith damping factor \eleesed for soil located
beneath the pile toe. If there is disagreement betweemehsured upward traveling force
wave and its calculated counterpart, then the procedure is répeittethe improved soil
parameters. The upward traveling force wave, which is obtainead fath force and

velocity measurements, is defined as follows (Pile Dynamics, Inc. 2000):

F(t) + Zu(t)
Wy = ————————— (6.4
2
where: Fwy= upward traveling force wave,
F(t) = measured pile top force at time

EA o
Z= - = pile impedance,

E
c= \/; = wave speed,

p = mass density of the pile material, and
u(t) = measured pile top velocity, obtained from integration of the meahsure

acceleration time history, at tinhe
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Obviously, the more realistic the soil model is, the more accuha&tenodel will be in
matching the measured quantities. On the other hand, a very sapbismodel may have
too many unknowns and may not be uniquely defined by the matching gr@tassche,
Robinson, and Liang 2000). For that reason, Smith’s (1962) soil modeksed in the
preceding section, has been employed for CAPWAP'’s signal matching technique.

As pointed out by Rausche, Robinson, and Liang (2000), an important part of the
CAPWAP signal matching procedure is the evaluation of the matchygua., quantifying
the difference between the measured and computed pile top quankiti€APWAP, the
match quality is the normalized, weighted sum of the absoluteevadf the differences
between computed and measured values of all analyzed time stdpsmalization is
achieved with respect to both the maximum pile top force and the nwhloata points
used. The match over a 3 millisecond time period, following the rigtsirn of the stress
wave from the pile toe, is given a double weight because ohjgsriance in determining the
total pile capacity. Consequently, a satisfactory match quabty, in fact, correspond to a
match that has failed to correctly or uniquely quantify the neimg soil model parameters,
i.e., the quake values and Smith damping factors for soil locatecloott) the pile shaft and
beneath the pile toe, besides the fact that it cannot be czlistexpected that the quake
values and Smith damping factors will remain constant with isorgadepth below the

ground surface (Tomlinson 1971).

6.3 DISPLACEMENT -BASED SIGNAL MATCHING TECHNIQUE

Rausche, Robinson, and Liang (2000) suggested that it is reasonaddigiite that
the CAPWAP signal matching process also produces a mathk afd¢asured and calculated
pile top set, assuming that the PDA measured acceleration rezamdbe satisfactorily
doubly integrated to obtain the measured displacement histories. Hpagwdll be shown
in the following section, an acceptable wave-up (i.e., Eq. (6.4)) ndek not always
correlate to a match of the measured and computed pile top dieplaichistories due to
inaccurately defined soil hysteretic and equivalent viscous darppnagneters. To improve
upon this reality and the fact that the current CAPWAP sign&thimay process places little
emphasis on the soil quake values and Smith damping factors, a diggiatesed signal

matching technique is proposed.
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When performing a CAPWAP signal matching analysis, the ragoroehind
changing such soil related parameters as the quake values @&hdd&mping factors is not
at all intuitive given that the matching is done against a mehsue computed upward
traveling pile force wave. A more instinctive approach would bead bt matching the
measured and computed pile top displacement histories given thajus&g values and
Smith damping factors are more closely related to the dispkEmeof the pile and not the
force within the pile. For instance, an increase in the soil qualkes decreases the elastic
stiffness of the soil and causes the pile to undergo a more rapidgb@mneti.e., increasing
the rate of penetration. Additionally, by attempting to matchntkasured and computed
pile top displacement time histories in entirety, as opposed taglaignificant emphasis on
a small portion of the response as is done in the CAPWAP sigrtahing process, an
accurate quantification of the soil behavior under displacements ithpypg®site to the
loading direction can be obtained.

Derived using the theoretical concepts most commonly associatiedheidynamic
behavior of structural elements subjected to an impulsive loading, tbhposad
displacement-based signal matching technique begins by fstnasy that the distribution
of the static soil resistance at the EOD follows that providedsthmertmann’s (1978)
correlated CPT sleeve friction and tip resistance data. asssimption eliminates a
significant number of unknowns from the analysis and is an effiegtimation method for
the ultimate static soil resistance as confirmed by congresisonducted by Yoon et al.
(2008).

The next step in the proposed signal matching process requireakaldwn of the
typical pile top force history that is obtained from PDA measergsand input into a one-
dimensional pile-soil model as a pile top boundary condition. As illestia Figure 6.3, a
pile top force history is typically characterized by two ®ssive impulsive loadings. The
first impulsive loading results from the pile driving hammer intipacthe pile head, while
the successive impulsive loading results from the pile head rebousahgtriking the pile
driving hammer. If an emphasis is placed on the first impulsivdirigasoil quake values
can be quantified within this time duration to produce a match of éasumed and computed

pile top displacement time histories since damping mechanismsawitiave had a chance to
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respond. However, by the time the second impulsive load is appliegjrttamechanisms
will have had a chance to respond and influence the pile top disgatdime history.
Thus, after a successful match of the measured and computedppitiesplacement time
histories within the time interval of the first impulsive load Hseen achieved, Smith
damping factors as well as ultimate static soil resistafarepile displacements opposite the
installation direction can be quantified for each soil segmenbmoplete the match of the

measured and computed pile top displacement time histories.
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Figure 6.3: Pile Top Force History Obtained from ISU3 PDA Measuremeistat the
EOD Condition (Blow Number 273)

To further elaborate on how soil parameters characteristic offisp@il segments in
the pile-soil model are individually altered to provide the best plessnatch, a brief
introduction to how wave propagation takes place in a pile elemeardtigifen. As a stress
wave propagates along a pile, wave reflections are generatetlabges in pile cross-
sectional area, soil resistance forces along the shafthangile toe resistance. Thus, the

exact influence of any of these three wave reflection nmesims can be located on a pile top
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time history response plot by simply considering the distanteebea the pile top and the
location of the wave reflection mechanism as well as the sgtegllich waves travel within
the pile material. In other words, a stress wave originatriie pile head will travel to a

specific wave reflection mechanism in a time period given by the followinggsipn:

. 6.5

c
where: L = distance from the pile head to the wave reflection mechanism of intardst,

¢ = pile wave speed as defined previously.

Therefore, the influence of the specified wave reflection meshann the response of the
pile top will be apparent at a time interval twice that deteeoch by Eq. (6.5). Using this
theoretical concept, soil parameters characteristic of $pestil segments can be
individually adjusted using the proposed displacement-based signal mgatebhnique by

calculating the corresponding wave reflection times and locdtiegy on the pile top

displacement time history plot, where it is typically assurtteat the time at which the
maximum pile top velocity is achieved corresponds to the origmaif the induced stress

wave.
6.4 VERIFICATION RESULTS AND DISCUSSION

6.4.1 ISU3 EOD Condition

To verify the proposed displacement-based signal matching techriltqpieone-
dimensional pile-soil model of Figure 6.2 was created in SAP2000, asgiaral finite
element analysis program (Computers & Structures, Inc. 2008hddiSU3 test pile at the
EOD condition. The pile was discretized into 31 mass points connegtidebhr elastic
spring and dashpot elements defined by a spring constant and dangfiingect of 16170
kip/in and 0.0367 kip-s/in (1% pile material damping ratio), respectivélye soil located
along the pile shaft, which was mainly cohesive in nature, wagdlized into thirteen
segments and modeled by multi-linear plastic spring elements,ankinematic hysteresis
rule, and linear dashpot elements connected to alternating lumpeaagsiepoints beginning

at the pile toe. Similarly, the soil located beneath thetpéde which again was cohesive in
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nature, was modeled using the same multi-linear plastic spmishdireear dashpot elements
connected to the lumped pile mass point corresponding to the pile toe.

Using Schmertmann’s (1978) correlated CPT sleeve friction prrégistance data to
arrive at the ultimate, static soil resistance distribution urtéh directions of loading
(Figure 6.4) for this specific pile embedment condition and Sm{tte$2) recommended
soil quake values and damping factors, the pile top force history ofe=§3 was imposed
as a boundary condition and the displacement-based signal matathngjtee outlined in
the previous section was carried out using a non-linear, directatiteganalysis with a time
step of 0.0001 seconds to generate the computed pile top displacemehtstones. A
summary of the soil parameters associated with the beshrofthe pile top displacement

time history depicted in Figure 6.5 has been provided in Table 6.1.

Static Soil Resistance (kips)
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Figure 6.4: CPT Correlated Ultimate, Static Soil Resistance Distribtion for ISU3 at
EOD Condition
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Table 6.1: Soil Model Parameters for the Best Match of Computed to Meased Pile
Top Displacement Histories for ISU3 at EOD Condition

Shaft Soil ~ DePth Below
S Ground Ruk (Kips) Rk (% of Ry) Ok (in) Jsk (S/ft)
egment
Surface (ft)
1 2.0 9.92 10 0.25 0.0309
2 5.8 8.27 10 0.25 0.0383
3 9.7 9.11 10 0.25 0.0481
4 13.5 8.41 10 0.20 0.0720
5 17.3 7.27 15 0.20 0.0841
6 21.2 7.99 15 0.20 0.0840
7 25.0 7.50 15 0.20 0.0961
8 28.8 4.22 10 0.15 0.1079
9 32.7 4.92 15 0.10 0.1080
10 36.5 7.67 15 0.05 0.1439
11 40.3 5.86 15 0.05 0.1440
12 44.2 7.16 15 0.05 0.1585
13 48.0 4.82 15 0.05 0.1582
Toe 48.0 3.91 0 0.30 0.2699
1.6
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Figure 6.5: Best Match of Computed to Measured Pile Top DisplacemeHiistories for

ISU3 at EOD Condition
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As further validation of the displacement-based signal majchéchnique, the
upward traveling force wave time history computed at the pile head tie best match soil
parameters found in Table 6.1, was compared against that measufeDAbynd that
computed by a CAPWAP analysis with a match quality of 3.72, wipags20.27 inches and
0.06 inches for soil located along the pile shaft and beneath thto@ijleespectively)s is
0.122 s/ft and 0.158 s/ft for soil located along the pile shaft and betieatpile toe,
respectivelyR.k is 10 percent oR for soil located along the pile shaft, and the distribution
of Ry is as depicted in Figure 6.6. The results of this comparisonessped in Figure 6.7,
clearly show that the proposed displacement-based signal ntatelthnique also provides
for an acceptable match of the upward traveling force wave indacbd pile top. In fact,
one could argue that the match achieved through the displacementdigisal matching
procedure is better than that attained from the CAPWAP analysis.
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Figure 6.6: Ultimate, Static Soil Resistance Distribution Obtainedrbom CAPWAP
Signal Matching Analyses for ISU3 at EOD Condition
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In comparing the shaft soil quake values and Smith damping factoputeshby the
displacement-based signal matching procedure in SAP2000 with toogeuted by the
CAPWAP signal matching procedure, significant differencesoliserved, as seen in Figure
6.8. As pointed out previously, the CAPWAP analysis assumes a cosisédinsoil quake
value and Smith damping factor with increasing depth below the groufates. As a result
of the displacement-based signal matching procedure, a more ceaisétion of the shaft
soil quake values and Smith damping factors with increasing deutv & ground surface
is achieved. In other words, it should be expected that as one mopes ité@ a given soll
profile the shaft soil quake values will decrease on account ohthneasing overburden
pressure. Likewise, the Smith damping factors for the shdftremiel can reasonably be
expected to increase with increasing depth below the ground surfaaecount of the
increase in soll stiffness provided by the decreasing shaft soil quake values.
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Figure 6.7: ISU3 EOD Wave-Up Comparison
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Smith Damping Factor (s/ft)
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Figure 6.8: Shaft Soil Quake Values and Smith Damping Factors Compaos for ISU3
EOD Signal Matching Analyses Conducted by CAPWAP and SAP2000

Nonetheless, it is interesting to point out that although the Smitipidgnfactor obtained
from the CAPWAP analysis for the shaft soil model is somewbatparable to the average
value obtained from the displacement-based signal matching preltesCAPWAP obtained
shaft soil quake value is exceedingly different from the averadee obtained via the
displacement-based signal matching process. One would eékpeddr such similar wave-
up matches as those presented in Figure 6.7, the aforementioned songparould hold
true. Given that this is not the case, the inefficiency of th&\WAP signal matching
technique in accurately and/or uniquely quantifying the soil quakessahe Smith damping

factors is again demonstrated.

6.4.2 ISU3 Partial Embedment Condition

To ensure the reproducibility of the proposed displacement-baseal si@atching
technique, an earlier stage of embedment for the ISU3 testgdldirst analyzed. Using the
same pile model defined previously for the EOD condition and a saiehtharacterized by

the parameters listed in Table 6.1 for a corresponding totaémibedded length of 25 feet,
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the pile top force history of Figure 6.9 was imposed as a boundary ioanditd the
proposed displacement-based signal matching technique was enactedeupewly defined
one-dimensional pile-soil model in SAP2000, using a non-linear, diregratton analysis
with a time step of 0.0001 seconds to generate the computed pile togceispht time
histories. A summary of the soil parameters associatedtiativest match of the pile top
displacement time history depicted in Figure 6.10 has been provideBabte 6.2.
Additionally, Figure 6.11 has been provided to show the comparison dretitne upward
traveling force wave time history computed at the pile headguthe best match soill

parameters found in Table 6.2 with that measured by the PDA hardware product.
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Figure 6.9: Pile Top Force History Obtained from ISU3 PDA Measuremerstat a 25 ft
Embedment Condition (Blow Number 78)
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Table 6.2: Soil Model Parameters for the Best Match of Computed to Meased Pile
Top Displacement Histories for ISU3 at a 25 ft Embedment Condition

Shaft Soil Depth Below
Ground Ruk (Kips) Rk (% of Ry) Ok (in) Jsk (S/ft)
Segment
Surface (ft)
1 2.0 10.43 10 0.25 0.0162
2 5.8 8.59 125 0.25 0.0162
3 9.7 9.51 20 0.15 0.0163
4 135 8.82 35 0.15 0.0162
5 17.3 7.88 35 0.05 0.0161
6 21.2 8.78 35 0.05 0.0161
7 25.0 6.00 30 0.05 0.0116
Toe 25.0 2.00 0 0.10 0.0434
3
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Figure 6.10: Best Match of Computed to Measured Pile Top Displacementigtories for
ISU3 at a 25 ft Embedment Condition
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Figure 6.11: Measured and Calculated Wave-Up Comparison for ISU3 at 25 ft
Embedment Condition

As evidenced by the results presented in Table 6.2, Figure 6.10, ame &igl, the
same conclusions drawn for the EOD analysis generally hold foRimot embedment
stage analysis. However, a few additional comments must be negaleling comparisons
between the results obtained for the two separate stages of embedfnest, the Smith
damping factors obtained for the 25 foot embedment condition are oesmalijnitude than
those determined for the EOD condition. In other words, since theaupdergoes much
larger displacements for the earlier stage of embedment, mergyeis dissipated through
hysteretic damping, thus dissipating a relatively low percertégige input energy through
equivalent viscous damping. That is to say, the magnitude of thd 8amping factor is
dependent upon the stage of embedment.

Furthermore, if one looks closely at the parameters defining diehgsteretic
behavior in Table 6.1 and Table 6.2, a degradation of the shaftmesistad quake values
corresponding to pile penetration depth is observed. To more easilyhigedegradation,
the soil hysteretic behaviors at the 25 foot and 48 foot embedment conadir shaft soil

springs one and six _have been provided in Figure 6.12 and Figure 6.18tivebpe As
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illustrated in these figures, the observed degradation is moreedeveshaft soil spring six
than for shaft soil spring one because the soil corresponding to $og spr for the 25 foot
pile embedment condition is in a nearly virgin state of disturbaddéhough insufficient
data is available to accurately determine the relationshipeketthe hysteretic behavior of
the shaft soil resistance with pile embedment depth, what caaidbessthat when a soil
segment (i.e., soil spring six) in a near virgin state is stdgjdo approximately 205 hammer
blows, the ultimate, static resistance and quake values defmengoil hysteretic behavior
degrade by approximately 9% and 300%, respectively. SimilaHgn a soil segment (i.e.,
soil spring one), having already been subjected to nearly 71 hammey;, ®ubjected to an
additional 196 hammer blows, the ultimate, static resistance and gakkes defining the

soil hysteretic behavior degraded by only about 5% and 0%, respectively.
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Figure 6.12: Theoretically Established Shaft Soil Spring #1 Hysteriet Responses for the
25 ft and 48 ft Embedment Conditions
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Figure 6.13: Theoretically Established Shaft Soil Spring #6 Hysteriet Responses for the
25 ft and 48 ft Embedment Conditions

6.4.3 ISU5 EOD Condition
To independently verify the proposed displacement-based signal matietimique,

the EOD condition for the ISU5 test pile was analyzed. Usiegsame pile model defined
previously for the ISU3 EOD condition, Schmertmann’s (1978) corcel&PT sleeve
friction and tip resistance data, which were used to obtain timeatétj static soil resistance
distribution under both directions of loading (Figure 6.14) for this spegife embedment
condition, and Smith’s (1962) recommended soil quake values and damping thetqise
top force history of Figure 6.15 was imposed as a boundary condition andofiesqut
displacement-based signal matching technique was enacted on the areated one-
dimensional pile-soil model in SAP2000, using a non-linear, directratieg analysis with
a time step of 0.0001 seconds to generate the computed pile top dspiatene histories.
A summary of the soil parameters associated with the béshmgthe pile top displacement
time history depicted in Figure 6.16 has been provided in Table 6.3.
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Figure 6.14: CPT Correlated Ultimate, Static Soil Resistance Distribudn for ISU5 at
EOD Condition
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Figure 6.15: Pile Top Force History Obtained from ISUS5 PDA Measuremes at EOD
Condition (Blow Number 602)
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Table 6.3: Soil Model Parameters for the Best Match of Computed to Meased Pile

Top Displacement Histories for ISU5 at EOD Condition

Shaft soil ~ DePth Below | |
Se t Ground Ruk (Kips) Rk (% of Ry) Ok (in) Jsk (S/ft)
gmen
Surface (ft)
1 1.3 6.61 0 0.20 0.1905
2 5.2 9.18 5 0.20 0.1900
3 9.0 9.12 5 0.20 0.1903
4 12.8 9.07 5 0.20 0.1901
5 16.7 9.61 5 0.20 0.1904
6 20.5 9.57 5 0.20 0.1902
7 24.3 10.20 5 0.20 0.1900
8 28.2 9.26 5 0.15 0.1903
9 32.0 9.73 10 0.15 0.1902
10 35.8 10.78 10 0.15 0.1898
11 39.7 9.81 10 0.15 0.1902
12 43.5 8.40 10 0.15 0.1901
13 47.3 5.00 10 0.10 0.3041
14 51.2 11.00 10 0.10 0.1210
15 55.0 8.00 10 0.10 0.0831
Toe 55.0 15.00 0 0.30 0.3802
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Figure 6.16: ISU5 EOD Condition Pile Top Displacement Comparison
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As observed in Figure 6.16, the best fit pile top displacement tisteryhiobtained
using the displacement-based signal matching technique has been cbmgairest that
measured by the PDA hardware product and that computed by a CARWAARBIS with a
suitable match quality (2.28), whegeis 0.10 inches and 0.31 inches for soil located along
the pile shaft and beneath the pile toe, respectivglys 0.166 s/ft and 0.162 s/ft for soil
located along the pile shaft and beneath the pile toe, respgcRyveis 50 percent oR for
soil located along the pile shaft, and the distributioRgfis as depicted in Figure 6.17. The
results of this comparison clearly show that although the CAPW#eysis provided a
suitable match of the upward traveling force wave time historgputed at the pile head
(Figure 6.18), a suitable match of the pile top displacementHigtery was not achieved.
Once again, demonstrating the inefficiency of the CAPWAP sigrathing technique to
accurately and/or uniquely quantify the various one-dimensional soil model parame
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Figure 6.17: Ultimate, Static Soil Resistance Distribution Obtainedrdbm CAPWAP
Signal Matching Analyses for ISU5 at EOD Condition
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Figure 6.18: ISU5 EOD Condition Wave-Up Comparison

6.5 SUMMARY

The proposed displacement-based signal matching procedure, indikAPWAP
signal matching procedure, has been shown to not only produce acsatisimatch of the
measured pile top displacement time history, but also produce tadatig match of the
upward traveling force wave time history measured at thehpad. In fact, these satisfactory
wave-up matches are often times better than those computed AR\WAP analysis for
more accurate quantification of the one-dimensional soil model paeneConsequently,
the extended use of such a procedure on additional PDA dataset®msmended by the
author to allow for the establishment of meaningful prediction coiwak for soil quake
values, Smith damping factors, the percentage of the ultimate,sidtresistance mobilized
during pile rebound, and the degree-of-degradation experienced by, saili shaft
resistances and quake values as a function of pile penetration déptivided such
prediction correlations can be established, it is safe to assume that a oneataigils-soil
model could be used to estimate the pile set and, with the applicdtiardynamic pile
driving formula, establish the pile capacity more accuratetlesign, thereby improving the

construction control procedures.
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CHAPTER 7: SUMMARY, CONCLUSIONS, AND
RECOMMENDATIONS

7.1 SUMMARY OF RESEARCH

The three main categories of pile bearing capacity estimamnethods were
introduced in Chapter 1, emphasizing how they fit into the currentrdasid construction
process used in the State of lowa for driven pile foundations. Fgcimgrattention of this
thesis on the use of dynamic pile driving formulas to predict drigge foundation
capacities, a comparison of the two main design approaches, i.e., NdSIRED, available
for the evaluation of such predicted pile capacities was givemghmh df FHWA’s mandate
concerning the use of the LRFD approach for the design and constroicibmew bridges
initiated after October 1, 2007, and AASHTQO's allowance for theldpueent of regionally
calibrated resistance factors.

A review of published literature in Chapter 2 has shown thatHitey, Janbu,
PCUBC, and Gates dynamic pile driving formulas are better erage than the remaining
multitude of formulas in existence, with the ENR formula consistehsplaying the worst
performance. Three approaches for the performance of reliadnldlyses required for the
development of LRFD resistance factors were discussed in Se&ttonwith an added
presentation of the calibrated resistance factors generated bygatiests that adopted these
approaches.

Chapter 3 has presented the current state of practice witldsetgathe driven pile
foundation design process via a discussion of the results obtained fratioavide survey
of state DOTs and a local survey of lowa county engineers. Addily, this chapter has
provided a detailed description of the database for Plle LOad restsva (PILOT-IA),
which is an amalgamated, electronic source of information consisfirgpth static and
dynamic data for pile driving and load tests conducted in the 8tdtava and is intended
for use in the establishment of LRFD resistance factorshierdiesign and construction
control of driven pile foundations.

A brief summary of the adopted testing procedures and the corresgamsiults
obtained for nine steel H-piles driven and load tested within thte $f lowa for LRFD

resistance factor verification purposes has been presented in Chapter 4.
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The methodology and framework utilized for the calibration of LRfeBistance
factors for the construction control of driven pile foundations viarsdyaamic pile driving
formulas has been outlined in Chapter 5. In addition to presenting theepetalibration
results for both steel H-shaped and timber pile types, enhanced téd¥gdance factors,
which account for field capacity verification by means of theadOT Modified ENR
formula, for the design of driven pile foundations via the lowa Boek static analysis
method have been presented.

Finally, the success of a newly proposed displacement-based siatahing
technique over the more traditional CAPWAP signal matching proeetturproviding
accurate and unigue estimates for various one-dimensional soil gEepeas been
investigated in Chapter 6. The results of analyses carriedcgotding to the rules of the
proposed approach have shown that that soil quake values and Smith darmcipirsgviary
with increasing depth below the ground surface, besides the facsttiat, soil shaft
resistances and quake values have also been shown to degrade asioa tinpile

penetration depth.

7.2 CONCLUSIONS AND RECOMMENDATIONS
Conclusions drawn from the research investigation presented inthibéss are

presented in the following subsections.

7.2.1 State- and County-Level Surveys

The results obtained from both a state- and county-level survey tbouse
characterizing current design and construction practices forebpig foundations showed
that regional variation in pile foundation practice cannot be captuieda state-level
investigation, thus inhibiting the performance of effective regituRE#D calibrations. For
instance, the fairly common use of timber type piles by lowa coangineers on low-
volume and short-span bridges was not identified in the results otateelevel survey.
Furthermore, the results of the county-level survey, which indictited the degree-of-
implementation of the LRFD approach at the county-level is about &fte&yided
verification that the transition from the WSD approach to the LRBproach for bridge

foundation design, as indicated by the lowa DOT’s response in tteelestal survey, is
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almost complete. Additional conclusions drawn from the county-lewgky, in particular,

are provided below.

e 77% of the responding county engineers reported the use of pile dpsigfications
that were based on the LRFD approach; however, none of the citegh des
specifications included the locally establishedva LRFD Bridge Design Manual
Moreover, 100% of the responding engineering consulting firms repdrtedse of
pile design specifications based on the LRFD approach, with the ityagdr
respondents citing the use of tleeva LRFD Bridge Design Manuals their primary
driven pile design specification.

e During the construction of pile foundations, lowa county engineers and togsul
firms mainly rely on WEAP analyses and field observations to verify teecppacity
estimated by a static analysis method, which is consistemthégtpractice enacted at
the state-level. However, in some instances, county engineees fwresiimply drive
piles until refusal or bedrock has been reached. Such practioesheapotential to
yield uneconomical results given the average bedrock depthsa@poytvarious
counties spanning the state.

e Although county engineers failed to report on the effect of saipset relaxation on
pile capacity, about 70% of the responding engineering consulting fimthsated
that such effects on pile capacity are neglected in design. udowene respondent
indicated that soil setup affected pile capacity in a range frem10%, with another
respondent indicating that soil setup can increase pile casadiom anywhere
between 11 and 20%, depending on the soil type.

e The majority of lowa county engineers and consulting firmpaeding to the survey
indicated that quality control tests for driven pile foundations averngerformed,
including a unanimous agreement to the non-use of SLTs. Yet, about 22% and 19%
of responding lowa county engineers reported the use of such quaitgldests on
about 5% and less than 5% of installed piles, respectively.
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7.2.2 PILOT-IA

An electronic, relational database management system for tladgamation of
information on pile load tests, both static and dynamic in nature, caadwithin the State
of lowa was successfully formatted in Microsoft Office Azs®' 2007 to allow for the
efficient performance of filtering, sorting, and querying pthoes on the amassed dataset.
More specifically, this database was developed for use inalfiation of LRFD resistance
factors for the design and construction of driven piles in lower afirefully verifying the
interpreted test results from archived historical data dating bacl966 on 264 piles
statically load tested to failure. Conclusions drawn fromestablishment of the PILOT-IA

database are provided below.

e PILOT-IA uses a well-defined hierarchical classificatiorhesne in addition to
employing an appealing user-friendly interface. These featmeegnique to PILOT-
IA and have not been seen for any other pile load test databases.

e Imposition of a strict acceptance criterion for each of the thiemrchical pile load
test dependability classifications, i.e., reliable, usable-statid, usable-dynamic,
ensures that the resulting data available in PILOT-IA for LR&dgional calibration is
of superior quality and consistency.

e Of the 164 steel H-pile records contained within PILOT-IA, 82 asable for
investigations dealing with static analysis methods, while 34 uma&ble for
investigations dealing with dynamic analysis methods, includingmyc pile driving
formulas.

o Likewise, of the 75 PILOT-IA timber pile records, 24 were sifeesd as usable for
investigations dealing with static analysis methods, while @ wensidered usable

for investigations dealing with dynamic analysis methods.

7.2.3 Full-Scale Pile Load Tests

Verification and enhancement of the LRFD resistance factditwatad for steel H-
shaped piles in this study was enabled through the performance dulhiseale pile load
tests distributed amongst the main geological soil formations fauribei State of lowa.

Besides driving and statically load testing the piles taif@jla majority of the test piles were
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instrumented with strain gauges and dynamically monitored durivinglirand restrikes
using PDA. Additionally, the subsurface conditions at the locatioradh ef the test piles
were characterized using various laboratory tests (e.g., moistméent, grain-size
distribution, Atterberg limits, consolidation, and Triaxial Consolidasedrained

compression tests) and in-situ tests (e.g., SPT, CPT, and B&8T$ome cases, ground
instrumentation (i.e., push-in pressure cells) was used to captuizontal stress and
porewater pressure data near the test pile during driving ardiséat testing. Conclusions
drawn from the nine field tests are provided below.

e All piles were successfully driven, with only minimal local buckling or bendintef
flanges near the pile top, using open-ended, single-acting diesemdram
characterized by maximum rated hammer energies on theajrd@erkip-ft, to depths
ranging from 30 to 60 feet.

e Dynamic measurements obtained from the PDA device during drividgestrikes
captured the phenomenon of soil set-up, i.e., the increase in pile capacity as a function
of time, for piles driven in a clay soil profile.

e Strain gauges, which were installed on both sides of the web alemgehcenterline
at different depths, successfully characterized the load tram&fehanism for each
test pile, i.e., the percentages of load carried by skin friction eamttibearing.
Moreover, all nine test piles carried the majority of the agdb@d by skin friction,
with the end-bearing component not exceeding 30% at the displacemedt-ba
Davisson capacity.

e Based on the results of static load test, steel H-piles dnivelay soils to embedment
depths of about 55 feet can effectively achieve ultimate stapactties in the range
of about 125 to 240 kips, depending on the degree of soil setup experienced at the

time of testing.

7.2.4 Regionally Calibrated LRFD Resistance Factors
For the design verification or construction control of lowa driven pilmdélations by
means of a dynamic pile driving formula, the use of the lowa Modified ENR formula is

recommended. When used in conjunction with steel H-shaped piles, [dRSEance factors
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of 0.49, 0.62, and 0.50 are recommended for use with sand, clay, and mixefies,
respectively, assuming a 1% probability of failure. For timtirs, an LRFD resistance
factor of 0.35 is recommended for use with all soil profile typesuming, once again, a 1%
probability of failure. Additionally, the regional LRFD resistanéactor calibration
procedures utilized in the development of these values were shown throrighsva
comparative studies to provide more reliable and economicallyiezffiresults than those
provided in design codes and presented in similar studies. Madicly, the lowa DOT
Modified ENR formula showed improved economy over the AASHTO (2007) neended
values for the ENR and FHWA Modified Gates formulas of about 160% 18484,
respectively.

Based upon the results of Monte Carlo simulations, the previous soilfficpec
resistance factors recommended for steel H-shaped pilesstivenan to exhibit acceptably
small variation. However, the resistance factor recommendedséowith timber piles in all
soil profile types was shown to exhibit relatively high vaoiation account of the small
sample size utilized in the calibration procedures. Thus, @&cgmmended that this LRFD
resistance factor be taken with caution or altered to ensurgradiéevel of confidence; the
95% confidence interval for the timber pile type LRFD resistafactor was determined to
be (0.17, 0.54).

To take advantage of the prescribed use of the lowa DOT Modifid&l fanula for
the construction control of lowa driven pile foundations, enhanced LRFEiamese factors
are recommended for use with the lowa Blue Book static anathetisod with the goal of
minimizing the difference between design and production pile leniflose specifically, for
driven steel H-shaped piles, enhanced LRFD resistance factOt54f0.69, and 0.60 are
recommended for use with sand, clay, and mixed soil profiles, atesgdg. However, to
ensure a 1% probability of failure, it is emphasized that thecgaipacity predicted by the
lowa DOT Modified ENR formula should be considered final, regasdlef what was

estimated in the design stage by the lowa Blue Book static analygisan

7.2.5 Theoretical Dynamic Model
It was proposed that a one-dimensional pile-soil model can be upegldiot the set

of a driven pile provided the soil resistance distribution, soil quake sjafiraith damping
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factors, and the degree-of-degradation of such parameters witlttréspale penetration
depth are known. A displacement-based signal matching techniquemsmended for use
with PDA measured data to arrive at prediction correlationstiferaforementioned soil
parameters. Although data from only two sites was analyzetiebguthor, the accuracy,
uniqueness, and theoretical basis of the displacement-based sigclaihgapproach over
the more commonly employed CAPWAP approach was successfully deatedghrough

matches of both the wave-up and pile top displacement time histories.

7.3 FUTURE RESEARCH

Additional full-scale dynamic and static pile load tests shouldcdreied out on
various pile types, especially timber, concrete, Monotube, and pipe guilésn conjunction
with varying soil profiles to allow for the expansion of the Pll-@Tusable datasets as well
as a pile-type calibration of regional LRFD resistance factors.

To complete the transition from WSD to LRFD for deep foundations, fdatload
tests conducted on drilled shafts within the State of lowa should leetedl and an ensuing
regional LRFD resistance factor calibration should be performedwektkr, it should be
pointed out that work is currently underway to expand the structi?&GfT-1A to allow for
the inclusion of drilled shaft load test data. Additionally, LRFBistance factors should be
regionally calibrated for both lateral strength and servicealiinit states for both driven
piles foundations as well as drilled shafts.

Finally, to enable for the formation of prediction correlations tr guake values,
Smith damping factors, and the degree-of-degradation of these permmwih respect to
pile penetration depth, numerous EOD PDA datasets should be colledtedayzed using
the displacement-based signal matching technique proposed in tigs thas in turn will
allow for the future investigation of the efficiency and suit&pibf a pile design method
utilizing a one-dimensional pile-soil model in combination with aaigic pile driving
formula to predict pile set and ultimate capacity, respdgtivhus improving the

construction control procedures for driven piles.
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