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ABSTRACT

Because of the mandate imposed by the Federal Highway AdministratigwAFon
the implementation of Load Resistance Factor Design (LRFR)linew bridge projects
initiated after October 1, 2007, research on developing the LRFD neeondations for pile
foundations that reflect local soil conditions and construction expesefur the State of
lowa becomes essential. This research focuses on the most conumsedlysteel H-pile
foundation. The research scope is to (1) characterize soilgsiwmses under pile driving
impact loads, and (2) understand how the generated information could bt usgmove

design and construction control of piles subjected to vertical loads in accordamt&RwiD.

It has been understood that efficiency of the pile foundation eagldvated, if the
increase in pile resistance as a function of time (i.e., @tap¥ can be quantified and
incorporated into the LRFD. Because the current pile foundptictice involves different
methods in designing and verifying pile performances, the resulisaggepancy of pile
performances often causes an adjustment in pile specifisatitat incurs incremental
construction costs, significant construction delays, and other asslos@teduling issues.
Although this research focuses on the most advanced dynamisiamaBthods, such as Pile
Driving Analyzer (PDA), Wave Equation Analysis Program (WEA#)d CAse Pile Wave
Analysis Program (CAPWAP), the accuracy of these metho@stimating and verifying
pile performances is highly dependent upon the input selection of dysahiparameters

that have not been successfully quantified in terms of measured soil properties.

To overcome these problems and due to the limited data availablettieohowa
historical database (PILOT), ten full-scaled field teststhen steel H-piles (HP 250 x 63)
were conducted in lowa. Detailed in-situ soil investigationsguthe Standard Penetration
Test (SPT) and the Cone Penetration Test (CPT) were conhplete test piles. Push-in
pressure cells were installed to measure total laterthl @ad pore water pressures during the
life stages of the test piles. Soil characterization and caoasioin tests were performed.
Pile responses during driving, at the end of driving (EOD), and mikesswere monitored
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using PDA. PDA records were used in CAPWAP analysis tmaggi the pile performances.
In addition, hammer blow counts were recorded for WEAP analy&fter completing all

restrikes, static load tests were performed to measure the pianesi.

The information collected from the tests provided both qualitative aadtigative
studies of pile setup. Unlike the empirical pile setup methods fourttieiriterature,
analytical semi-empirical equations are developed in terms df cefficient of
consolidation, SPT N-value, and pile radius to systematically quahsfpile setup. These
proposed equations do not require the performance of pile restrikeaddtests; both are
time consuming and expensive. The successful validation of these guopqgsations
provides confidence and accuracy in estimating setup fortétpiés embedded in cohesive
soils. For the similar study on large displacement pilesiethdts indicate that the proposed

methods provide a better pile setup prediction for smaller diameter piles.

Based on statistical evaluations performed on the availablbad&tafield tests, and
sources found in the literature, it was determined that differer@rtainties were associated
with the estimations of the initial pile resistance at thedDEADd pile setup resistance. To
account for this difference, a procedure for incorporating the ggtup in LRFD was
established by expanding the First Order Second Moment (FOSMhodyewhile
maintaining the same target reliability level. The outcomehef research provides a
methodology to determine resistance factors for both EOD and ssigpances based on
any regional database. Therefore, the practical implenn@mtaf pile setup can now be
included in a pile design, which has not been provided in the faestican Association of
State Highway and Transportation Officials (AASHTO) Bridge Desigec8ications.

Combining the PILOT database with the field test resultsionatly calibrated
resistance factors for bridge deep foundations embedded in clay, aad mixed soil
profiles were established for the dynamic analysis methodkis fEgional calibration
generated higher resistance factors and improved theeefficiof pile performances when
compared with those recommended by the latest AASHTO Bridggg&pecifications.
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Furthermore, using these calibrated results of the dynamigsaatethods that serve as the
construction control methods, the resistance factors of the lowa in-hmiked (lowa Blue
Book) that serves as the design method were enhanced through the demélopna
construction control procedure.  Construction control consideration minimizes
discrepancy between design and field pile resistances, and iegetiratconstruction control

methods as part of the design process.

An improved CAPWAP signal matching procedure was developed to provieltea
guantification of the dynamic soil damping factor and quake valtre raspect to different
soil properties along the shaft and at the toe of a pile. Caorelstudies resulted in the
development of several empirical equations for quantifying the dynaoil parameters
using the measured SPT N-value. In addition, the results réxeaifluences of pile setup
and pile installation on the dynamic soil parameters. The apipiic of these estimated
dynamic soil parameters was validated through the improvemanCAPWAP signal match

quality.



CHAPTER 1: INTRODUCTION

1.1. Background

Deep foundations are frequently selected by designers to suppaursisughenever
the subsurface soils at structures are too soft or loose to supalioivsfoundations safely
and economically. Deep foundations are referred to as pile foonsiatvhich are classified
into displacement and nondisplacement piles. Displacement piles, swaiod piles, steel
H-piles, and precast concrete piles, are inserted into the grouhérbsner driving with
surrounding soil experiencing lateral displacements during pilellatgia. On the other
hand, nondisplacement piles, such as drilled shafts, are cast inapladech concrete is
placed into the void left after a volume of soil is excavated (Salgado, 2008).

The lowa Department of Transportation (lowa DOT) conducted hdb®&64 static
pile load tests between 1966 to 1989 to improve their pile foundationmndesagtice. Of
these tests, 164 (62 %) were performed on steel H-piles, 75 (28r&performed on wood
piles, and the remaining 25 (10 %) were performed on other pile $ypbsas pipe piles and
drilled shafts. Recently, an electronic database known a$. ®©Hd Tests in lowa (PILOT)
was created by Roling et al. (2010) with all of the relevant ie®rmation stored
electronically. PILOT provides significant amount of data neddethe proposed research.
In addition, a recent survey completed by AbdelSalam et al. J20di@ates that the steel H-
pile foundation is the most common bridge foundation used in the Unitexs S¢éapecially
in the Midwest. Therefore, the proposed research focuses pyinoarithe steel H-pile
foundations. This dissertation presents the experimental studiels rasponse
characterizations of axially-loaded steel H-piles using dynamalysis methods while the
investigation using static analysis methods and dynamic fornmalas been performed in
companion studies by AbdelSalam (2010) and Roling (2010).

Steel H-pile responses are related to soil-pile-wateractien. The surrounding soll

is remolded during pile driving, and drainage of pore water in sdilentes the effective



soil strength. The gain in effective soil strength incredsegpile resistance, and the rate of
effective strength increment dictates the gain in pile taasi® over time. Specifically, a clay
soil requires a longer time for pore water to drain out, has sldissipation of any built-up
pore pressure resulting from pile driving and has a smaller consolidataihaa a sand soil.
Therefore, piles embedded in clay soil usually exhibit resistancrements due to
consolidation, which are known as pile setup. In contrast, piles embetddadd soil gain
resistance immediately after the end of driving (EOD). &tlay soils are more common in
the Midwest, the dissertation includes an extensive research awhigreecommendations
on pile setup for the Load and Resistance Factor Design (LRFirthermore, the accuracy
of pile resistance estimations using the dynamic analydisate is largely dependent upon
the selection of appropriate dynamic soil parameters (spndglamping characteristics of
one-dimensional soil-pile model), and yet the quantification of thesemgders possesses

challenges.

1.1.1. Foundation design philosophy

Deep foundations are traditionally designed based on AllowaldesSiresign (ASD)
philosophy, which combines uncertainties of applied load (Q) and resisfBh¢hrough a
factor of safety (FS). The FS is highly dependent on an indivlgatiesigner’s experience
and judgment, and the FS does not reflect the variation in pile, tgpgsconditions, and
design methods. To overcome the limitations of the ASD, Load andt&essFactor
Design (LRFD) philosophy is being implemented for foundation desiggraughout the
United States. The basic principle of the LRFD uses probabiéipproaches and account
for uncertainties individually for the resistance as well asdftferent design loads. The
focus of LRFD is to achieve a consistent and reliable desigrepgrating the variability of
the load and resistance components. The load and resistance companeniftiplied by
load factor 1) and resistance factop), respectively. In foundation designs, the load factor
takes the values used in the superstructure designs, and iftanass factor is calibrated
using reliability analysis methods from available data.



1.1.2. Pile design and verification methods

The main challenge associated with the deep foundation desi¢ne iabtlity to
accurately predict and verify pile resistance, which primatém from significant variations
of soil properties. Furthermore, pile resistance can be estimaging static analysis
methods, dynamic formulas, and dynamic analysis methods. Bexfathseempirical nature
of some of the methods combined with the influence of variation in smhysers, the
resistance of a pile calculated based on different methodslifferysignificantly even if the
different methods follow the same analysis concept (e.g., static armabtieds).

Driven pile foundations are normally designed using the stattysia methods.
Static analysis methods approximately estimate the pilstaesie based on soil properties
obtained from both laboratory and in-situ soil tests. However, thie staalysis methods
cannot be used to verify the estimated pile resistance durindrpiieg. In recognizing this
deficiency, the pile resistance is usually verified by an expensnd time consuming
approach known as the static load tgsécified inthe American Society for Testing and
Materials (ASTM) as ASTM D 1143: Quick Load Test Method. In addition, pileidg
formulas, which are formulated from the principle of conservationwofk done, are
conventionally used for verifying the pile resistance and introduoeans to limit the pile
depth—this practice is often referred as construction control. Wnfzely, pile driving
formulas produce unimpressive and conservative resistance (Coduto, 2001).

As a result, alternative methods, such as dynamic analysimdsetare desired to
improve the pile design and verification. With the advent of digitshputers, dynamic
analysis methods have not only gained popularity and but also continuadodreed. They
are now used as routine methods for verifying pile performancelsaedbeen incorporated
into a standard specification for testing deep pile foundations iierican Society for
Testing and Material{ASTM), ASTM D-4945. The advantages of using the dynamic
analysis methods are as follows: (1) give accurate pilstagsie estimation; (2) evaluate

time dependent pile resistance; (3) provide pile driving control; (#®cteile damage and



check pile integrity; (5) evaluate driving system performar(6¢;assess soil resistance
distribution; and (7) less expensive than static load testheésetreasons, dynamic analysis
methods are used to evaluate pile performances and assess surreaidiagaviors during
and after pile driving in this research. The following methodsevebosen: wave equation
analysis using the Wave Equation Analysis Program (WEAP), puadranalysis using the
Pile Driving Analyzer (PDA) method, and pile resistance and dimasuil properties

estimations using the CAse Pile Wave Analysis Program (CAPWAP).

WEAP was developed based on Smith’s (1962) numerical mathamatclel that
exploits the one-dimensional wave propagation concept to charadterihammer-pile-soil
system under a hammer impact. Subsequently, WEAP was furtheopledeb incorporate
all available hammers information by Goble, Rausche and Likins Y@R& a commercial
program, GRLWEAP. To accurately capture the hammer impaet jpite, Pile Dynamic
Inc. (PDI) developed a data acquisition equipment known as PDiRein960s to measure
strains and accelerations near the pile head during driving. RD¥eds the measured
strains and accelerations to forces and velocities respectiadlyises them to estimate the
pile resistance—this approach is known as Case method. Utillzn@DA records, the
Case method and the wave equation method, they developed an improved lpdes ana
method known as CAPWAP in the 1970s. CAPWAP uses the Smith’s modedfares the
Case method results by performing force and velocity signatshimg process. Despite
having numerous advantages over other methods, the aforementioned dyndgsis ana
methods have some challenges, such as finding suitable dynamiarsmilgters, requiring
understanding of wave mechanics and requiring operational as viiégmetational skills.
The details of the dynamic analysis methods are describetlapt€& 2 of the dissertation:

Literature Review.

1.2. Current State of Knowledge
1.2.1. Soil properties

Standard Penetration Test (SPT) is the most commonly uséd sos tests in lowa



and Cone Penetration Test (CPT) has becoming more popular ohepigns. Usually, both
SPT and CPT are not concurrently available for pile designs.efbiney correlations of soil
properties are desired to estimate relevant soil properniése absence of either method.
Correlations between SPT and CPT soil properties have been iawedtigy many
researchers, such as Kruizinga (1982) and Robertson et al. (1983). dfotlve\correlations
were not calibrated specifically to represent the localcgmitlitions in lowa. Another in-situ
soil test is the borehole shear test (BST), which was developeoh emeritus Professor
Handy of lowa State University, to directly and quickly meagte soil friction angleg
and cohesion (c). BST is commonly used in slope stability aledigt not in pile designs.

Currently, only the SPT soil properties can be directly applied in WEAPsasaly

1.2.2. Pile setup

Pile setup refers to the gain in pile resistance over dinteit has been observed by
many researchers. The setup phenomenon is mostly due to the idissypgtore pressure
and the healing of remolded soil near piles over time (Salgado).28n though pile
responses resulted from pile setup can be measured using dyaraatysis methods, the
actual soil-pile interactive behavior that causes pile setup cdmngenerally quantified.
Furthermore, pile setup characterization using dynamic anatysiisods requires the field
data from re-striking of the pile at different times after &mel of driving (EOD), which
might not be practical and economical procedures for in routine raotish practice.
Nevertheless, many empirical relationships have been developed fudifyjog pile setup,
including the frequently used equation based on an empirical consfaan@Atime ratio
proposed by Skov and Denver (1988). The reliability of these enlpcations has yet to
be proven especially in the context of LRFD. In addition, thelahlai empirical equations
have no relationship with commonly used soil properties, such adlSflue, CPT friction,
or coefficient of consolidation (¢ Komurka et al. (2003) had provided the discussion of
several empirical relationships for estimating pile setup, anddtecluded that the existing
good pile testing data did not have promising subsurface informatiorpil®rsetup
correlation studies. Furthermore, Salgado (2008) highlighted thatgtilg has not been



confidently accounted for in current pile designs because of ingufficiata available for

accurately estimating the pile setup evolution over a period of time.

1.2.3. Construction control

Construction control involves procedures and methods for nondestructifreatien
of designed pile resistance during construction. lowa in-houskothdased on the Blue
Book (originally written by Dirks and Patrick Kam, 1989) is curngnited to design piles,
and WEAP is generally used as the construction control method antypnactices in lowa.
If the desired pile resistance is not attained, pile driving ipaons will be adjusted
accordingly, such as increasing pile length. The adjustmemtregilt construction cost
increment as well as significant delays and other associdteddtg issues. To improve
the accuracy of pile resistance estimation during the desiga atad the accuracy of cost
estimation during the design and cost estimated stage, construotitnol cusing either
WEAP or CAPWAP analysis is desired to be integrated asqgbatte design procedures.
Although the procedure may not be the same, similar efforts arg bramined by other
states (e.g., Long et al. (2009) have examined a probability methoghtove pile resistance

estimation for the Illinois DOT).

1.2.4. LRFD resistance factors calibration

The latest American Association of State Highway and Tratetpmr Officials
(AASHTO) LRFD Bridge Design Specifications (2007) were publish&sed on the studies
of both Paikowsky et al. (2005) and Allen et al. (2006). The resestautors for driven
piles were developed based on the Davisson’s criterion, the Giidgtr Second Moment
(FOSM) reliability method and AASHTO (2007) Strength | load corabon. The
recommended AASHTO (2007) resistance factors for dynamic amafgsithods were
calibrated for general driven pile and soil types. However, AASHillows every state to
develop its regionally calibrated resistance factors that hater bepresentation of the local
soil conditions, local design and construction practices. A costtigflemplementation of

the regionally developed LRFD specifications can be achieved, aniteahsand reliable



pile performances can be ensured. Currently, twenty-seven si@tesimplemented the
LRFD approach to foundation design while seventeen other states inclogiagare in
transition from ASD to LRFD (AbdelSalam et al., 2008).

1.2.5. Dynamic soil parameters

The accuracy of dynamic analysis is dependent upon the properohguitable
dynamic soil parameters: damping coefficient (c) and stiffilgssThe damping coefficient
(c) was recommended by Smith (1962) as a product of ultimate stédtresistance (i and
Smith’s damping factor (J). The spring stiffness (k) wasirasdl as the ratio of ultimate
static soil resistance (JRand Smith’s soil quake (q). Currently, the Smith’s soil parammete
are implemented in WEAP analysis. On the other, Goble et al. \p8dposed the damping
coefficient (c) as a product of Case damping facta)safdd pile impedance (Z) for use in
PDA analysis. The Case damping factors were reported by Haneigl. (1998). Note that
all the recommended dynamic soil parameters are only codelbta simple soil types
and/or pile geometry, and no relationship has been developed to eortebah with
measurable soil properties. Furthermore, Svinkin and Woods (1998 niastbghat the
present dynamic soil parameters cannot reflect the time depemdegation in the pile
responses. They believed the use of variable dynamic soil pansnas a function of time

will improve the pile resistance prediction.

1.3. Problem Statement

The Federal Highway Administration (FHWA) has mandated allv reidges
initiated after October 1, 2007 should follow the LRFD design appro&mfortunately, the
current AASHTO LRFD Bridge Design Specifications (2010) havenbdeveloped for
general soil conditions and pile types. Also, the current lowa pi@Tdesign manual does
not comply with the LRFD design philosophy. Even though AASHTO allthesuse of
regional calibrated resistance factors in LRFD pile desigmsg @OT has insufficient usable
pile database, such as pile driving data with PDA records, folapewg resistance factors

for dynamic analysis methods. In recognizing the problems,cilva Highway Research



Board (IHRB) sponsored research project to develop LRFD bridge foomddéesign
recommendations for the State of lowa. One of the researcktivbgeis to develop
regionally calibrated LRFD resistance factors for dynamialysis methods. The research
focuses primarily on the most commonly used steel H-pile foundahdosva. In lieu with
the problems encountered at the national and the state levels, tephoidems listed below
were examined in order to establish cost-efficient LRFD gésign guidelines at the state
level.
1. Pile setup has not been successfully estimated and implementegrrent pile
designs;
2. Pile setup quantification methods have not been incorporated in curRSiTFO
(2007) LRFD Specifications;
3. Construction control has not been considered in pile designs prior to pile driving; and
4. Current recommended dynamic soil parameters are vague and haveearot

successfully correlated with any measurable soil properties.

1.4. Research Scope And Obijectives

In light of the aforementioned challenges and opportunitiesrésisarch is on the
characterization of soil-pile responses under pile driving impaatlsl and how this
information could be used to improve design and construction control ofspitgscted to
vertical loads in accordance with LRFD. The scope of the proposedrchswas achieved
through the following objectives:

1. Improve dynamic pile driving characterization of vertically loadedspile
Investigate variation of pile resistance as a function of time and soilticorsgli
Incorporate the advantages of pile setup into the LRFD;

Recommend regional LRFD design guidelines for dynamic analysisods and

o k~ w0

Improve the estimation and verification of pile performances limgeof strength

using dynamic analysis methods.



1.5. Research Tasks

The objectives noted above were accomplished by completing tlosvifayl five

tasks, which were described explicitly in this dissertation.

1.5.1. Task 1: Literature review

A literature review on dynamic analysis methods and the L&dtbration procedure
is an essential task for improving dynamic analysis methodsdaweloping the regional
LRFD recommendations. A literature review beginning with introdactif the history and
theory of dynamic analysis methods (PDA, CAPWAP and WEAP) pafrmed. Past
reliability studies of dynamic analysis methods published by rotksearchers were
summarized. The LRFD philosophy and calibration procedures werebéescand the
latest LRFD resistance factor results reported by otherarelsers for driven piles were
summarized. Next, a detailed literature review on pile setgpperformed. Furthermore,
brief literature reviews on construction control and dynamic soiamaters were also

conducted in their respective chapters of the dissertation.

1.5.2. Task 2: Full-scale pile tests and soil characterizations

1.5.2.1. Full-scalepiletests

Full-scale pile tests were performed to increase the W& insufficient usable pile
database and to produce new data for pile setup investigation and leRiSEance factor
calibrations for dynamic analysis methods. Ten full-scaleasull pile tests were conducted
on selected under construction bridge sites in lowa with threedtiffesoil profiles (clay,
sand, and mixed). Standard Penetration Test (SPT), Cone Peneliedt (CPT) with pore
water dissipation tests and Borehole Shear Test (BST) weiegmped. At some of the test
sites, push in pressure cells were installed adjacent to fldege to measure in-situ total
lateral soil and pore water pressures during pile driving, kesgriand load testing. Soill
characterization tests (gradation, Atterberg limits and meistantent tests) were conducted
using the collected disturbed soil samples, and one-dimensional consoligsts using the
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collected undisturbed soil samples were performed. HP 250 x 6B pskes, the most
common in lowa, were instrumented with strain gauges mounted Hiengile embedded
lengths. PDA tests were performed during driving, at the erttihg (EOD) and at the
beginning of restrikes (BORSs) before axially and stafycllading the test piles to failure.
The restrikes were performed at several times after @B, Eand the pile resistance was

eventually measured using static load tests.

1.5.2.2. Sail profiles categorization

To increase sample sizes for analyses and to improve acoofranyalyses with
respect to different soil types, the PILOT database and the fieédv data have been
categorized into sand, clay and mixed soil profiles. The signdeaf the soil profiles
categorization approach has been evaluated using WEAP throughRfi@ resistance

factors comparison.

1.5.2.3. Soail properties characterization

As previously mentioned in the Section 1.2: Current State of Knowledgesetup is
mainly influenced by the rate of soil consolidation, and pile setupgbi@a have not been
guantified in terms of a coefficient of consolidation. Horizontal fociehts of consolidation
(Cr) were estimated using the CPT test results based on stthimmgdhod reported by
Houlsby and Teh (1988) and were compared with the in-situ soil pregestich as SPT N-
value. Similarly, vertical coefficients of consolidation,\Oneasured from the one-
dimensional soil consolidation tests were correlated with the$®alue. This correlation
helps in estimating the \Cor G, value from the SPT N-value for a practical pile setup
guantification purpose.

1.5.3. Task 3: Pile setup investigation

1.5.3.1. Dynamic analysis methods

Pile responses as a function of time were monitored using R@Aeifields during

pile driving, at EOD and at several restrikes. The amount ofeptlgp was evaluated using
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both WEAP and CAPWAP. The contribution of pile setup to the increaskaft and toe
resistances of the surrounding soil was studied using CAPWAP. itdivel correlation
studies between pile setup distribution along embedded pile length aimdisvaoil
properties, such as SPT N-value, coefficient of consolidation andcplashdex, were

presented.

1.5.3.2. Analytical setup quantification methods

Instead of using the less reliable empirical equations proposethéyresearchers in
literature, the research focuses on developing better pilp sstimation methods in terms of
measurable soil properties. The proposed analytical pile setup fopadiioth methods
incorporated measurable and commonly used soil properties, suchTabl-&tues and
horizontal coefficient of consolidation (C The proposed methods do not require the
performance of time consuming restrikes and use an initiatgsistance estimated at EOD
using either WEAP or CAPWAP as a reference pile resistaivalidation of the proposed
methods was conducted using both local PILOT database and data soumesin
literature. Moreover, confident levels of the proposed methods evataated and suitably
recommended. Although these proposed setup methods were originally devietope
experimental studies on steel H-piles, their applications on ptleetypes were evaluated.
These pile setup estimation methods were incorporated into theDi®Wadesign guidelines

for practical applications.

1.5.4. Task 4: Construction control

To improve pile resistance estimations and to consider using dynamailysis
methods for verifying pile resistances in the design stagejastil pile resistances using the
lowa DOT in-house method were compared with the predicted pigtareses using WEAP,
and similar comparisons were performed for CAPWAP. Constructioitrat correction
factors for the lowa in-house method with respect to differgnaushic analysis methods at
different soil profiles were determined based on a probabiiéyhod. By applying the

correction factors to estimated pile resistances using tha lomwhouse method, the
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construction control was assimilated in pile designs with thentiotes to improve the
accuracy of pile resistance estimation using the lowa DOT in-hous®dnahd to reduce the

discrepency of pile resistances estimated during designs and measureaalsingctions.

1.5.5. Task 5: LRFD calibration

Regional LRFD resistance factor calibrations are allowed=HWA to maintain
consistent and reliable pile performances, to represent lotadlosdition and construction
practices, and to design cost effective pile foundations. LREBBtaace factors for WEAP
analysis were calibrated based on five different soil input proesdiar sand, clay and
mixed soil profiles, and the five procedures are DRIVEN, spi tyased method (ST), SPT
N-value based method (SA), lowa in-house design chart, and currenDIOWaapproach.
The soll profile input procedure that gives the highest efficienejficient /1), a ratio of
the resistance factor and the corresponding resistance biasacht soil profile was
recommended. These comparisons provide a rational basis for pgeeatego adopt varies
soil input procedures for different soil profiles in WEAP. Besid#&-D resistance factors
were calibrated for CAPWAP. These newly and regionally chlor LRFD resistance
factors were compared with the latest AASHTO (2010) recommemdatnd with the
resistance factors proposed by other researchers, such as $kgilaivel. (2004) and Allen
(2005).

Furthermore, a new procedure was developed to enabling incorporation of a
resistance factor separately for pile setup such that tp s#fect can be accounted in
addition to the design resistance estimation for a pile at theoEmaiving (EOD) for a
chosen target reliability index. The procedure, which uses tlsé Gider Second Moment
(FOSM) method, not only allows incorporation of any form of setupmese to the
estimated pile resistance at EOD, but also facilitatesisiah of two resistances affected by
each other to reach a target reliability level in accordavide the LRFD framework. The
main benefit of this approach is that it eliminates the inap@@means to use the same
resistance factor for both setup and pile resistance estin&ti®@®D, which could result in

an overestimated pile design.
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1.5.6. Task 6: Dynamic soil parameters characterization

One of the challenges with dynamic analysis methods is ttitable dynamic soil
parameters for accurate pile resistance estimations anficatwns. Dynamic soll
parameters were estimated by matching the pile responséist@deusing CAPWAP with
the measured pile responses collected using PDA. Becauseairteéet default CAPWAP
matching procedure, constant dynamic soil parameters for are estil profile were
estimated regardless of the different soil types and propexisted along a pile shaft. For
this reason, correlation studies between these dynamic samhegars and any measured soil
properties become much more challenging. In lieu with thistdilon with the current
CAPWAP matching procedure, a new matching procedure based on valyahlmic soil
parameters was proposed. The newly proposed matching procedure provited a
correlation between the estimated dynamic soil parameterSRRdN-value. The effects of

pile installation and pile setup on the dynamic soil parameters were alstbgatess

1.6. Thesis Outline

The dissertation was written in a journal paper format and cersigiht chapters.
Chapter 1 begins with an introduction, description of current state ofl&dgepertinent to
pile foundations, problem statement, research scope and objectivesesaagcin tasks.
Literatures on dynamic analysis methods, LRFD, and pile setup reviewed in Chapter 2.
Full scale pile tests and soil characterizations pertinent léo getup were described in
Chapter 3. Detailed pile setup analysis and verification wererided in Chapter 4. The
development of the proposed calibration procedure to incorporate pile setifg-D was
illustrated in Chapter 5. The results of the LRFD resistéaxters calibration, construction
control consideration and recommendations were covered in Chapter i@tifiQateon of
dynamic soil parameters was included in Chapter 7. Summaryusmnd and suggested
future researches were enumerated in Chapter 8. A brigfigtesn of each chapter is given
as below.

e Chapter 1 —Introduction: An overview of the current bridge pile foundations, the

pile foundation design philosophies, and the driven pile foundation design
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verification methods. Current state of knowledge pertinent to quiedations. Brief
descriptions of problem statement, research scope and objectives, and res&arch t
Chapter 2 — Literature Review: Description of the history and theory of dynamic
analysis methods. Summary of past reliability studies of dimamalysis methods
reported by other researchers. Detailed discussion of LRFD atadibrmethods and
pile setup.

Chapter 3 —Pile Setup in Cohesive Soil with Emphasis on LRFD-ANn Experimental
Investigation: Detailed description of the pile driving, restriking, dynanasting,
and static load testing procedures on test piles performed @ 16wl description of
the in-situ and laboratory soil tests and results. Evidence ofspilgp and its
qualitative correlation with surrounding soil properties were presented.

Chapter 4 — Pile Setup in Cohesive Soil with Emphasis on LRFD-Analytical
Quantifications and Design Recommendations. Pile setup investigation using
dynamic analysis methods. Development, validation, and application of prqutesed
setup prediction methods.

Chapter 5 — A Procedure for Incorporating Pile Setup in Load and Resistance
Factor Design of Steel H-Piles in Cohesive Soil: Development of a new calibration
procedure using First Order Second Moment (FOSM) reliabiléthod to separately
account for the uncertainties associated with initial pile teeste at EOD and pile
setup resistance in accordance with LRFD framework.

Chapter 6 — Integration of Construction Control and Pile Setup Into Design:
Development of regionally calibrated LRFD resistance facfors steel H-pile
foundation for dynamic analysis methods with considering pile setuegrhtion of
construction control using dynamic analysis methods in pile desigresl lmas a
probability approach. Compared the newly and regionally calibrateidtarce
factors with the AASHTO (2010) recommendations as well astaesis factors
determined by other researchers.

Chapter 7 —An Improved CAPWAP Matching Procedure for the Quantification of
Dynamic Soil Properties: Development of an improved CAPWAP signal matching
procedure. Correlation studies between dynamic soil paramdgmping and quake
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values) and SPT and CPT measured soil properties for the enlenicempile
resistance estimations.
e Chapter 8 — Summary, Conclusions and Recommendations. Summary of the

research, conclusions, and recommendations for future research.
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CHAPTER 2: LITERATURE REVIEW

This chapter provides a detailed review and background information on daynami
analysis methods, the Load and Resistance Factor Design (LRHFlg ifoundations, and
pile setup. The dynamic analysis methods focused in this reggajelt are Pile Driving
Analyzer (PDA) method, Case Pile Wave Analysis ProgramPMAP) method, and Wave
Equation Analysis Program (WEAP). A historical summary, dsallterature reviews
pertinent to these three methods and their reliability studies teejpan literature are
described in this chapter. Also, a detailed review on pile satwgso included in this

chapter.

2.1. Introduction

Dynamic analysis methods have unique advantages over staticiamagthods.
One of the advantages is an application in estimating time depepte resistance (or
capacity), which is increased by soil setup and decreassdilglaxation. To measure the
change in pile resistance, the pile is tested using dynamalgsis methods at the beginning
of re-strike (BOR) over a specified duration after the end ofirdyi (EOD). Besides,
dynamic analysis methods are used to control pile drivilegect pile damage, evaluate
driving system performance, assess soil resistance distributidrdedermine dynamic soil
parameters. Svinkin and Woods (1998) noted that dynamic analysisdseising the wave
propagation theory were first proposed by St. Venant almost a ceadary In the United
States, the dynamic analysis methods have been progressivelpmil over the past
decades. They are now used as routine methods and thus are inedrpdcat standard
specification for deep foundations by the American Society fatiigg and Materials
(ASTM) D4945 (ASTM 2008). The historical summary of the dynaamalysis methods is
described in Section 2.2. Literatures pertinent to PDA, CAPWAPMIBAP are reviewed
in Sections 2.3, 2.4, and 2.5, respectively. Reliability studies on tiardy methods are
summarized in Section 2.6. Literatures that focus on evaluatindgRiRP resistance factors

for dynamic methods are reviewed in Section 2.7. Finally, seleip was reviewed in
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Section 2.8.

2.2. Historical Summary

Dynamic analysis methods were developed by applying the theorywagsk
propagation. Svinkin and Woods (1998) noted that the first solution to thasniy analysis
problem in the longitudinal direction of piles was suggested by &taimt almost a century
ago. In 1931, D. V. Isaacs was the first researcher to higlthg occurrence of wave action
during pile driving, but it was E. N. Fox who published the firstusoh to this problem in
1938 (Smith 1962). Soon after the Second World War and with the advéme digital
computer, Smith (1962) developed a mathematical model of a hammeopistem to
characterize the actual behavior of both the pile and surrounding soil under arhiampact.
Furthermore, Smith, who was one of the first to use a digaiputer in solving pile
problems, developed the first computer program for driving anatysmles (Goble et al.
1980). Details of the Smith’s model for pile dynamic analyssdéscussed in Section 2.4.2.
The Smith’s model has been modified and improved by many researcOaes of these
improved methods is known as the Case method that was developed by Professor G.G. Goble
and his students in 1960s through funding from the Ohio Department ofpdraaison
(ODOT) and Federal Highway Administration (FHWA) at Case t&fesReserve University.
Concurrently, a data acquisition system called the Pile Drivinglyker (PDA) was
developed using the Case method to measure strains and accelerations duringngle drivi

In 1970, a rigorous numerical modeling technique called the Case Pile Wavsignaly
Program (CAPWAP) was developed by Professor Goble and his studergghe PDA data
to evaluate the pile resistance (Hannigan et al. 1998). Both tAeaRDCAPWAP software
have been commercially available since 1972 (Coduto, 2001). Aftezssiiclly developing
the PDA and CAPWAP, the FHWA continuously supported Drs. Goble and fatecthe
development of a computer program known as WEAP using the Smith’s conoel76,
the WEAP program was commercialized by GRL Engineers, laed it has been

continuously improved until the present time.
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Today, the dynamic analysis methods have become a routine @rictive design
and construction of pile foundations in the United States as well many other countries.
The dynamic analysis methods have been incorporated into manyn dasigs and
specifications as highlighted by Likins et al. (2004) and describedtaisdby Beim et al.
(1998). For example, Australia Standard AS 2159, Brazil Standard 18888, China
Standard JGJ 106-97, and the United States Standard ASTM D 4945 andcafimer
Association of State Highway and Transportation Officials (AASHT-298-33 are design
standards that include PDA, CAPWAP and WEAP as the dynaralgsas methods for pile

foundations.

2.3. Pile Driving Analyzer (PDA) Method

2.3.1. Introduction

Pile Driving Analyzer (PDA) is a data acquisition equipméiat records strains and
accelerations at locations typically near the pile top whgiteas driven or subjected to a re-
strike with a pile driving hammer. For this purpose, two strainsttacers and two
accelerometers of PDA were installed at 750 mm (30-in) below the top ofeheTpie strain
transducers were bolted to both sides of the web along the centaniihthe accelerometers
were attached to either sides of the web at a distance of 78+mpleft and right of the
strain transducers to measure the strains and accelerafiba€?DA converts the strain and
acceleration signals to force and velocity records as a funetibme using Egs. (2.1) and

(2.2), respectively (Hannigan et al. 1998).
F(t) = EAe(t) (2.1)

T
() = f a()dt 2.2)

where,
F(t) =force attime t, kN or kip,
v(t) = velocity at time t, m/s or ft/s,
E = pile elastic modulus, kN/mor ksi,

A = pile cross sectional area at gauge locatioAgyrin2,
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g(t) = strain at time t, mm/mm or in/in,
a(t) = acceleration at time tfs or ft?/s, and
T = default maximum time limit which is 0.2048 second, s.

| b |
I Pile Top |

Accelerometer ] [ |——Steel H-Pile

|
¥ 1 —Strain Transducers
3D —] 3n }_—_
.\ Accelerometers

Strain Transducer]

Longitudinal
Axis

Section x-x . Side View PDA

Figure 2.1: Typical locations of the PDA transducers and the accelerometers

The modern PDA equipment automatically computes the force and tyebouil
produce graphical and numerical summary of the pile responsesvas ishiBigure 2.2. The
complete force and velocity records are digitally stored iA R the CAPWAP analysis to
be performed after the pile driving is completed. With todagtdvancement in
computational technology, a typical input preparation and running ofAepgPogram are
straight forward. However, interpretation of PDA outputs requikéis $or one to avoid
misinterpretation of results. Thus, Goble G. and Likins G. (1996) neemtied that the
PDA data shall be analyzed by qualified engineers or spesiali® have the knowledge of
wave propagation and pile foundation. The PDA method has exhibited adaaptages

over the conventional static load test, and the most important benpfie itesting is that it
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can be performed quickly and economically (Fellenius and Altaee 200%)th more than
twenty years of experience in using the PDA, Fellenius (1999% ib&é¢ he has numerous
examples of good agreement between resistances determinedbfm@ing static load tests
on various piles. A similar conclusion has been drawn by Wei é1391) and Abe et al.
(1990) through testing of steel H-piles. However, in some casespilderesistance
prediction from the PDA method does not correlate well with thiand from a static load
test. The main reason for such discrepancy is attributed tadgpendent issues such as the
time between the compared tests, the changes in pile resistdhdene, and the variation
of soil properties with time are not considered in the comparismegs (Svinkin & Woods
1998, and Long et al. 2002).

PILE DRIVING ANALYZER ®
Version 2001.086

steel H test
T1 = Time of hammer impact; 10x57
T2 = Time after a complete wave propagation; Hammer blow number (BN) = 175
t* =Time when first velocity peak occurs, ms; OUTPUT 12/18/2007 9:58:26 AM
800 L =Pile length below gauges, ft; and 26.7_ velocityatTimeT1(VvT1) = 12.4 f/s
kips C =Wave speed, ft/s. f/s |velocityatTimeT2(v12) = 9.5 f/s
. - e Force at Time T1 (FT1) = 410 kips
orce (F) | 1 T Velocity(V) | £orce at Time T2 (FT2) = -20 kips
Total Soil Resistance (RTL) = 239 kips
l t,+2L/C Max. Static Resistance (RMX)= 138 kips
_ — Max. Comp. Stress (CSX) = 24.5 ksi
Max. Tensile Stress (TSX) = 2.8 ksi
Integrity Factor (BTA) =100.0 (%)
— - INPUT
Pile Length (L) = 33.00 ft
_____ 3 | | o Pile Area (A) = 16.80in"2
0 R R T T Pile Modulus (E) = 30000 ksi
21/c=4.00 ms| | | Tene () S12ms  pie pecific Weight (SP)=  0.492 k/ft3
t* : t*42L/C Pile Wave Speed (C) =16807.9 f/s
th4L/C Pile Impedance (EA/C) = 30.0 ksec/ft

Figure 2.2: Typical PDA graphical and numeric summary outputs
2.3.2. Wave propagation concept

As described by Hannigan et al. (1998), when a pile is impactedhbaynaner, it is
only compressed at the ram pile interface and a compressivepldseeis generated. This

compressive force pulse expands down toward the pile toe at a rtossess wave
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propagation speed, @s shown i Figure 2.3 The variable C depends on the density

elastic modulus of a pilmaterial (see E (2.4)). When the compressive force pulse tra
along the embedded portion of the pile, its maglatis decreased by the surrounding

resistance. The incremental soil resistances dluagile shaft and at the pile toe genere
reflective force, whichmay be either a tensile or a compressive forceepihlat travels bac
up the pile length. The compressive force puldgpggally considered as positive values i
the tensile force pulse is treated as negativeegalu A permanent pile set (i.e.,
penetration into soil per hammer blow) is formedewlthe combined effects of the fol
pulses are large enough to overcome the effectbotii the static and dynamic s
resistances. The total duration for the force @utstravel near the pile heac the gauge
location to the pile toe and returns is equal t6C2lwhere L is the vertical distance betwi
the gauges and the pile toe. Because the time BL¢@mparably shorter than the interva
hammer blows, Coduto D. P. (2001) noted that tifects of a single hammer blow can

characterized as shownhigure 22.

@ lHammer Drop Helmet
Cushion
i
Gauge_“____. Tensile
Location Pile Top 3 (Negative) or
Compresses Compressive
And Moves Force Pulse
(Reflected)
Downward

-~ Pile

Surrounding
Soil

v

Pile Toe

Ground
@ 7 Surface <N Y (Positive) N

Compressive
Force Pulse

Expands Down

Soil
Resistance
Along

Pile Shaft

Soil ResistanceT
At Pile Toe

1993)

Compressive
Force Pulse
(Attenuated)

c
|, { | Compressive
Force Pulse

Permanent Set 4

Figure 2.3 Wave propagation in a pile (adapted and modiiiom Cheney and Chass
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2.3.3. Wave mechanics

The principle of wave mechanics is the basis for the Case methivdtide that
determines the static pile resistances. As described UscRa et al. (1985), when a uniform
elastic rod of cross sectional area (A), elastic modulus (#),wave speed (C), is axially
loaded by an impact force, the relationship between the forcp (R(the rod and the
velocity of particle motion (v(t)) can be expressed using E®) @s long as there are no

resistance effects on the rod or no reflections arrive at the poddr consideration. The

EA . .
term—is also known as rod impedance (Z2).

F(t) = (%) v(t) = Zv() 2.3)

where,

F(t) =force in a uniform rod, kN or Kip,

E = elastic modulus of a uniform rod, kN/rhor ksi,

A = cross sectional area of a uniform rod, frmir?,

v(t) = particle velocity in the a uniform rod, m/s or ft/s,

C = wave speed of a uniform rod, m/s or ft/s, and

Z = rod impedance, kN-s/m or kip-s/ft.

The wave speed can be expressed in terms of mass denstyd(elastic modulus
(E) of a uniform rod material using Eqg. (2.4). The detailed direvaf this equation is

given by Timoshenko and Goodier (1951).

c= |E (2.4)

where,
C = wave speed of a uniform rod, m/s or ft/s,

E

elastic modulus of a uniform rod, kN ksf, and

p mass density of a uniform rod; kRira* or kip-</ft*.
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When a uniform free end rod is impacted by a mass, a compréssieepulse is
created and travels down the rod at its material wave speecerrdReto Eq. (2.3), the
particle velocity is directly proportional to the force and it nevethe same direction of the
compressive force. Attime L/C after the impact, the commeé$srce pulse arrives the free
end of the rod. Since there are no resistance effects actthg and of the rod, a same
magnitude tensile stress wave occurs and reflects from theprdzhdk toward the top.
Thus, the compressive and tensile forces at the free end cachebther and the net force
becomes zero. However, the particle velocities from both the downveanpressive force
and the upward tensile force are moving in the same direction andfbysarticle velocity

term doubles in magnitude.

On the other hand, for a uniform rod with a fixed end, the particle itxelat the
fixed end is prevented from moving and becomes zero. However, theessmprforce that
travels down the rod at its wave speed reflects and superimpoties fated end. As a
result, the net force doubles and the particle velocity becasresduring reflection at the
fixed end. By relating the above wave mechanics of a rod téeatpe increase in soil
resistance acting on a pile decreases the velocity recotidebianore than the force record.
This phenomenon can be seen from a typical force-velocity recdetteal from a PDA test
as shown in Figure 2.2. The separation of the force and velecityds between the time of
a hammer impact (T1) and the time for a complete wave propag@fR) indicates the
presence of soil resistance alongside of a pile. The extesepmdration qualitatively
describes the magnitude of the soil shaft resistance. Famariy frictional pile with a
relative small end bearing resistance as shown in Figure 2.®yrtdeeapproaches zero while
the velocity increases immediately near time T2.

2.3.4. Case method

2.3.4.1. Soil resistance

Case method is a numerical technique used in the PDA to detettmirstatic soil
resistance (i.e., pile resistance), which is developed from theigles of wave mechanics.
The Case method assumes a uniform cross section, linear, sticlf@le, which is subjected
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to one-dimensional axial load and is embedded in a perfectlycptaét Under a hammer
impulsive load, the total static and dynamic soil resistancd Rcting on a pile can be
estimated using Eqg. (2.5), for which the detailed derivation repsrted in Rausche et al.
(1985).

1 1 EA
RTL = o [FT1 + FT2] + 2 [VT1 - VT2] — (2.5)

where,

RTL = total static and dynamic soil resistance on a pile, kN or kip,

FT1 = measured force at time of initial impact, kN or kip,

FT2 = measured force at time of reflection of initial impact from pie t
(T1+2L/C), kN or kip,

VT1 = measured velocity at time of initial impact, m/s or ft/s,

VT2 = measured velocity at time of reflection of initial impact from foke
(T1+2L/C), m/s or ft/s,

T1 = time of initial impact, s,

E = elastic modulus of a uniform pile, kN/rhor ksi,

A = cross sectional area of a uniform pile, fronir?, and
C = wave speed of a uniform pile, m/s or ft/s.

A correct static soil resistance is not represented byZs), pecause some dynamic
soil resistances are included due to the rapid movement of dieavoid a serious error in
the soil resistance computation, the total soil resistancevidedi into both static and
dynamic components. Assumptions made by Rausche et al. (1985) ihdibatethe
dynamic resistance can be expressed as a linear function wtlves damping coefficient

and the pile toe velocity

R4 = RTL — R = Cyvy, (2.6)
where,
Ry = dynamic soil resistance, kN or kip,

RTL = total soil resistance, kN or kip,
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Rs = static solil resistance, kN or kip,

C = linear viscous damping coefficient], (EA/C), KN-s/m or kip-s/ft,
N = Case damping factor, dimensionless, and

Vp = velocity of pile toe at time T1+L/C, m/s or ft/s.

The pile toe velocity is expressed using Eq. (2.7), which is equla¢ teummation of
the initial pile top velocity (¥) and the net velocity, induced by the difference in pile force
and soll resistance. Substituting Eqg. (2.7) into Eqg. (2.6) and repléonG with J. and
EA/C, the static soil resistance can be rearranged as Bj. Rurthermore, the maximum
static soil resistance can be determined by replacing thes ttimvith t,, the time when
maximum total resistance occurs, and by substituting RTL(t*) with Eq. (2.&)niglan et al.
(1998) noted that Eq. (2.8) is best used for displacement piles asdwgile large shaft
resistance. Also, they noted that Eq. (2.9) is more appropriatedyfaspiles with large toe

resistances, piles with large toe quakes, and piles with delay in tdanmesss

Vi <t* + %) — vp(t) + % [Fr(t") — RTL(t)] 2.7)
R,(t") = RTL(t") — J. [%VT(t*) +Fp(t) — RTL(t*)] 2.8)
R, (t,,) = RMX
1 EA
= {0 =10 [F(tw) + v (tw)| 2.9)
) B2

where,
RTL(t*)= total soil resistance at time t*, kN or kip,
R«(t*) = static soil resistance at time t*, KN or kip,
R«(tm) = maximum static soil resistance at timekN or Kip,
Fr(t*) = measured force at pile top at time t*, kN or kip,
vr(t*) = measured velocity at pile top at time t*, m/s or ft/s,

tm = time when maximum total resistance occurs, s,
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t* = time corresponding to the maximum velocity, s,

NS = Case damping factor, dimensionless,

C = pile wave speed, m/s or ft/s,

E = modulus of elasticity of a pile material, kN/fhar ksi,
A = cross sectional area of a pile, fnon i, and

L = pile length below gauges, m or ft.

2.3.4.2. Case damping factor

Referred to Eq. (2.9), all the variables on the right can be mezhsu determined
except the Case damping facterwhich is a purely empirical value that describes the
dynamic soil resistances. Rausche et al. (1985) pointed ouh¢éhdtdan be calculated by
substituting the maximum static soil resistance shown in Eq. (@t8) the ultimate pile
resistance determined from a static load test using the Dassutetia. The recommended
J.values given by Hannigan et al. (1998) are shown in Table 2.1. Theabdgvalues were
determined by Goble et al. (1975) from 69 static load test dathiheey were organized
according to five soil types in the region of the pile toe. Tha daed in the original.J
correlation were within 20% of the difference between Case metledicfad results and the
static load test results. In addition, a single bgsialle was selected from the correlation
study for each soil type and tabulated under the “Best Correlgfadue” in Table 2.1.
Subsequently, the Jalues were updated by Pile Dynamic, Inc. (1996) with additidaats
load test data.

Table 2.1: Summary of Case damping factors (after Hannigan et al. 1998)

Soil Type at Pile Toe Origi'nal Case Best Correlation Updgted Case
Damping Factors Value Damping Factors
Clean Sand 0.05t0 0.20 0.05 0.10to 0.15
Silty Sand, Sandy Silt 0.151t0 0.30 0.15 0.15t00.25
Silt 0.20 to 0.45 0.3 0.251t0 0.40
Silty Clay, Clayey Silt 0.40t0 0.70 0.55 0.401t0 0.70

Clay 0.60to 1.10 1.10 0.70 or higher
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For a pile with very hard driving, the pile toe velocity is venyall and close to zero,
and the total resistance is approximately equal to the staistaiece. Thus, the pile
resistance computation is insensitive to the selectiog. oOd the other hands, the pile toe
velocity is higher in easy driving and the pile resistance caatipat is sensitive tocJ
Chiesura G. (1998) noted that a correct selection & ilnportant in estimating a realistic
static soil resistance. He suggested that both dynamic amdlssal tests should be carried
out to obtain the rightc.value. Furthermore, Hannigan et al. (1998) suggested that the J
should be at least 0.40 when the maximum static resistance Eqgs(@s@d and it is usually
on the order of 0.20 higher than the value used in the standard Caseesiatance Eq.
(2.8).

2.3.5. Pile driving stresses

Besides the pile resistance determination, PDA is used to aacplle driving
stresses. PDA calculates both compressive and tensilsestras the gauge location and
compares them with the maximum allowable stresses giv@mabre 2.2. In addition, the
structural pile driving stress limits can be determined so@ance with AASHTO (2010)
LRFD Bridge Design Specifications. The compressive steesalculated using Eg. (2.10).
Whereas, the tension stress is calculated based on the superpaoiiti@n upward and

downward traveling stress waves, expressed in Eq. (2.11) given by Gobld 88@). (

o.=c¢E (2.10)
1
op = E{(VTz)z — FT2 — (VT3)Z — FT3} (2.11)
where,

Oc = compressive stress, kN/mor ksi,
€ = measured strain at gauge location, mm/mm or in/in,
E = pile modulus of elasticity, kN/mfnor ksi,
or = tension stress, kN/nfror ksi,

VT2 = measured velocity at time T2 = T1+2L/C, m/s or ft/s,

VT3 = measured velocity at time T3 = T1 + 2(L-x)/C, x is distance wheretensi
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stress occurs measured below gauge location, m/s or ft/s,

FT2 = measured force at time T2, kN or Kip,

FT3 = measured force at time T3, kN or kip,

Z = pile impedance = EA/C, kN-s/m or kip-s/ft,
L = pile length, m or ft,

E = pile modulus of elasticity, kN/nfnor ksi, and
C = pile wave speed, m/s or ft/s.

If the stress limits are exceeded, the PDA will give anvmg by highlighting the
maximum compression stress (CSX) or the maximum tensiéssstfTSX). Thus, the
warning allows the construction personnel in the field to check thendrprocess and to
employ the required steps to prevent any damage caused by overstressmgraduing.

Table 2.2: Recommended Driving Stress Limits (after Pile Dynamic20tl)
Stress Limits in

Stress Type S| Unit Remarks
Steel Compression 090K F, = Steel yield strength
Steel Tension 0.90
Prestressed Concrete Compression  0.85 f. — f, f'. = Concrete 28 day strength

Prestressed Concrete Tension foe + 0.25 (f)°~ fpe = Effective prestress (MPa)
Regular Reinforced Concrete Compress 0.85f1,
A = Steel reinforcement area
A. = Concrete area
Timber 3 MPa* *- Allowable static stress

Regular Reinforced Concrete Tension 0.70 F (AJA.)

2.3.6. Structural integrity

PDA can be used to check integrity of piles below ground surfei@anigan et al.
(1998) noted that the convergence between the force and velocity recordsed before
2L/C indicates a reduction in the pile impedance (Z). For a unifooss section pile, a
sharp reduction in pile impedance means a possible pile damage.h&®andcGoble (1979)
derived the integrity factor (BTA) given by Eq. (2.12) to descrifeedegree of convergence

as illustrated in Figure 2.4.



where,

Force

Figure
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BTA= % o84 (2.12)
1+« 2(FT1 — AR)
BTA =integrity factor used in PDA, %;
a = a defining term, dimensionless;
Au = the change between force and the apparent velocity at the location where
change in pile impedance occurs, kN or kip;
FT1 =the force at pile top at the time of impact, kN or kip; and
AR  =the soil resistance at the time before the sudden increase in the velocity

becomes noticeable, kN or kip.

Kips
FT1 f---.-.
I. Force
400 ]
l Velocity
200 /_ -
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"»“.’.' \ L
-200 e N e =}
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240 ft j_||
o 38.2 ms
2.4: A typical pile damage force and velocity record (after Raasch&oble, 1979)
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Rausche and Goble (1979) classified the damage as given in Z.8blender the
presumption that BTA indicates how much the pile cross secti@mained. Webster and
Teferra (1996) noted that most of the pile damages were caugele loyerstressing, either
in compression or tension, during driving. However, piles may alsdabsaged due to
bending. They suggested that the difference between maximum csapretress at the
gauge location (CSX) and the individual compressive stress medsome single gauge

(CSI) should be kept minimal to avoid any excessive bending.

Table 2.3: Pile damage classification (Rausche and Goble 1979)

BTA (Percentage) Severity of Damage
1.0 (100%) Undamaged
0.8 —1.0 (80% - 100%) Slight damage
0.6 — 0.8 (60% - 80%) Damage
Below 0.6 (below 60%) Broken

2.3.7. Hammer/driving system

PDA monitors the hammer energy transferred to a pile to rethgcprobability of
pile damage and to ensure an efficient hammer performance. iHasséi (2002) noted that
the hammer driving energy is dependent on hammer ram weight, ,stred@hanical
efficiency, hammer and cushion characteristics, pile dimensida, ppoperties, and soil

resistance effects. Hannigan et al. (1998) expressed the transferggdiesieg

Ey(D) = f TF(t)v(t)dt (2.13)
0
where,
Eo(t) = transferred energy at gauge location as a function of time t, KN-m-&ir kip
F(t) = measured force, calculated using Eqg. (2.1) as a function of time t, KN or kip,
v(t) =the measured velocity calculated using Eq. (2.2) as a functioneof,tim
m/s or ft/s, and

T = default maximum time limit, which is 0.2048 second, s.
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Hammer efficiency defines the performance of a hammer anhglisystem, and it
can be expressed in percentage using Eqg. (2.14). Wei et al. (199 thrette¢he average
efficiencies of 58 kN (6.5 ton), 62 kN (7 ton), and 71 kN (8 torgraylic hammers are
about 56%, 68% and 57%, respectively. In addition, the average effioémac22 kN (2.5

ton) diesel hammer is about 37 %.

Transferred Energy to Pile Head Using Eq. (2.13)

Efficiency = (2.14)

Manufacturer Rated Hammer Energy
Hussein and Goble (1987) revealed that the separation between tharfdreelocity
records before impact (between time zero and T1 of Figure 2.Zjaused by the
precompression in the hammer combustion chamber. The separatiorseacesal the
immediate peak (at time T1) reduces if the gases are igmfede any impact. In addition,
they pointed out that a cushion has a large influence on a successfiiiyng installation.
Used cushion will induce a higher peak force and a shorter mee tWWebster and Teferra
(1996) emphasized the importance of proper selection of pile drivingoreqnt and

adequate cushioning used, so pile overstressing or damage can be prevented.

Hussein et al. (1996) suggested several general guidelinesldotirag a hammer
used in the PDA testing on drilled shafts. They recommendedhbabhammer weight
should be at least 1.5% of the anticipated static test load. drnenér stroke should be
approximately 8.5% of the pile length or a minimum of 2 m (6.6 ft)e @ushion thickness
of t. = L?/2D, where L = pile length and D = pile diametersugygested with a minimum
value of 100 mm (4-in), and an additional of 150 mm (6-in) should be addleql tlve pile
length exceeds 30.5 m (100 ft). Likins et al. (2004) related the bkarsinoke of an open-

end diesel hammer to an equivalent blow rate using

2

H= 402( 60)
[T \BPM

— O.Bl (2.15)

where,
H = hammer stroke, ft, and
BPM = equivalent blow rate, blows per minute.
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2.3.8. Interpretation and calculation of PDA results

Goble and Likins (1996) suggested that final PDA results intergretatiould be
performed by qualified engineers who understand wave propagation cabasptmethod,
pile design, and pile driving. Soil resistance effects on pite lie evaluated qualitatively
from the force and velocity records. Noted that the velocitgrcehas been multiplied by
the pile impedance Z, and it is plotted together with the foroerde Figure 2.5 illustrates
the pile responses induced by various soil resistance conditionspil&@heading section
happens between the time of impact when the first peak of both fedceetocity records
occur and the time at 2L/C. The unloading section occurs aftetintiee 2L/C. The
separation between the force and velocity records between theftimgact and the time

2L/C represents the shaft resistance, and the toe resistance iseidentihe time 2L/C.

Figure 2.5(a) shows a minimal separation between force and yeluathin the
loading section. The velocity peaks and the force decreasesg#tive at the time 2L/C.
These typical responses indicate that only small shaft and sis¢arees acting on the pile
which is similar to a free end rod as described in Section 2.3.3. Within the unloatiog,se
the force increase from negative to positive value and rises abewelocity record that
decreases from positive to negative value. Similar to the loasiagon, the small
separation between the force and velocity records show a smadtliresistance on the pile.
Figure 2.5(b) shows a similar response as observed in Figur@ at5(e loading section.
However, the force increases and velocity decreases signijiartime 2L/C, indicating a
small shaft resistance and a large toe resistance on the Ail the unloading section,
because of high toe resistance, the force continues above the vie&doity a dissipation of
the force. In contrast, Figure 2.5(c) shows a large separatioedretive force and velocity
records during the loading section. These typical responses bBabwhe¢ pile has a large
shaft resistance, and a similar observation is noticed in the umdpaéiction. Detailed
interpretation of the PDA results can be referred to Hannigah €1998) and Hussein and
Goble (1987).
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Figure 2.5: Typical force and velocity records for various soil resistamdtons (after
Hannigan et al. 1998)
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2.3.9. Example calculation

Referred to the PDA record shown in Figure 2.2, the measured fomdegelocities
at time of initial impact (T1) and at time of reflection of initial impfaom pile toe (T2) after
a duration of 2L/C as well as the steel H-pile properties are listed as below

1. FT1 = 410 kips;
2. FT2 =-20 kips;

3. VT1=12.4ftls;

4. VT2 =95 ft/s;

5. E = 30,000 ksi;
6. A =16.8irf; and
7. C =16,807.9 ft/s.

Using these numerical values, the total static and dynamicesigtance on the pile (RTL)

was calculated using Eq. (2.5) as follows
1 1 EA
RTL = > [FT1 + FT2] + > [VT1 — VT2] <

30,000 x 16.8
16,807.9

RTL = %[410 —20] + % [12.4 —9.5] = 239 kips

The maximum static resistance (RMX) was found to occurtime of 7.4 ms after the time
of initial impact (T1). Thus, referred to the PDA record showniguie 2.2, the force and
velocity at the time when RMX occurred,\twere 115 kips and 2.5 ft/s, respectively. The
force and velocity after the timepftfor a duration of 2L/C were 107.9 kips and -0.7 ft/s,
respectively. Using Eg. (2.9) and assuming a case damping (agtof 0.7 for a typical
cohesive soil in lowa, the calculation of the RMX was shown aswbelln addition, the
percent shaft resistance and end bearing are estimated uskPigAhand the procedure was
illustrated in Ng et al. (2011).

Ry(ty) = %{(1 =10 [Ftm) + ETAVT(tm)] + (141 [F(tm + %) - ETAVT (tm + ZC—L>]}

1
RMX = = {(1 = 0.7)[115 + 30 x 2.5] + (1 + 0.7)[107.9 — 30 x ~0.7]} = 138 kips



37

2.4. Case Pile Wave Analysis Program (CAPWAP)

2.4.1. Introduction

Case Pile Wave Analysis Program (CAPWAP) method waslajsx@® by Professor
Goble and his students in the 1970s. It is a computer prograamiore accurate numerical
estimation of the soil resistance distribution, and dynamic sadnpeters. The CAPWAP
pile model adapted the Smith’s model that was introduced it966s. The Smith’s model
is described in Section 2.4.2 and the CAPWAP model is described irorbéct.3.
CAPWAP uses the PDA records, the force-time and velocity-tirftgmation, as an input
data and improves the pile resistance estimation by performing sigatdking process. The
analysis produces several important information, such as the @ltipilat resistance, soil
distribution along a pile, soil Smith and Case damping factors, a@hdjsakes. Coduto
(2001) noted that CAPWAP results could be further used to provide rooveate input
parameters for the wave equation analysis discussed in Section 2.8epmaospecific Case
damping factor for PDA analysis, measure soil setup or rédexdily analyzing data

collected at EOD and BOR, and produce predicted static load test results.

2.4.2. Smith’s models

In the late 1950s, Smith developed a mathematical model usingeakdiroansional
wave equation for the hammer-soil-pile system and used the digtaputer in his pile
driving analysis. Svinkin and Woods (1998) acknowledged that Smith wa®fote
pioneers in using a mathematical model to analyze pile driving. yTddig mathematical
model is called the Smith’s model that idealized the soil deftwmand actual driven piles
behaviors by taking into account of the accumulated experience omirpileg. Smith
(1962) illustrated that his model divided the pile, hammer, and driviogsaories into a
series of short distinct sectional weight (W) and springsa&shown in Figure 2.6. The
interface between the side of a pile and its surrounding soiogeled with a series of
instantaneous shaft damping resistancestgRR;1). Similarly, a toe damping resistance
(R1o) is placed at the bottom of a pile. During any pile driving, the tsrdivided into small

time intervals, such as 1/4000 second, for an accurate numerical analysis. fi¢raatiaal
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Figure 2.6: Smith’s Model (after Smith 1962)
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computation is stable only when the time increment is shorterthigaaritical wave travel
time of any pile segment (Pile Dynamic Inc. 2005). Becautsrly long wave is usually
induced during pile driving, a division of pile lengths from 1.5 m (5dtBmn (10 ft) will
usually produce a stable computation with an acceptable accuf@doy.hammer ram as
shown in Figure 2.6, is represented by a rigid, heavy and short sieigjet W1 without any
elasticity. The cap block is represented by a spring K1 #raialy transmit compression
but not tension. The pile cap likes the ram is representecingle weight W2 without any
elasticity. The cushion is used under the pile cap to protectldseffum damaging and it is
represented by a non-tensional spring K2. The pile is divided isetdional weights from

W3 to W12 and they are connected with springs from K3 to K11.

Smith adapted Chellis’s concept of soil mechanics, which soipoesses elastically
to a displacement called quake (g) and fails plastically witlorestant ultimate static soil
resistance (B as illustrated with a black solid line OABC shown in Figure 2Smith
developed a mathematical equation which accounts for both static amanidysoil
behaviors as illustrated with a dash line’B®& shown in Figure 2.7. The total soil resistance

at any point Xwith x deformation on the line OBC is given by

R =R + Rg = Kx + JsRgvp, = Rg(1 +J5v) (2.16)

where,

R = total soil resistance, kN or kip,

Rs = static solil resistance, kN or kip,

Ry = dynamic soil resistance, kN or kip,

NS = Smith damping constant, s/m or s/ft,

Vp = instantaneous velocity of a pile segment, m/s or ft/s,

K = spring constant for soil model, kN/m or kip/ft, and

= soil deformation, m or ft.
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Figure 2.7: Stress strain diagram of the soil resistance at a pilgatentCoyle and Gibson,
1970 and Smith, 1962).

Smith (1962) described that the velocity of any particular pilanseg at any
particular time interval produces a displacement, which servesbasindary condition for
the next time interval. Then, the displacements of two adjacentspdments produce a
compression in the spring between them and create a spring fidreespring force and the
resistance acting on the particular segment produce a net fbinég net force accelerates or
decelerates the segment and produces a new velocity which inptoduces a new
displacement in the next succeeding time interval. This praeespeated for each segment
and each spring at each time interval until all downward védscdre dissipated. The
displacement of a pile given by Smith can be expressed by Eq).(Zhé shaft resistance
alongside of a pile can be expressed by Eqg. (2.18), and the wianesican be expressed by
Eq. (2.19). The difference between the pile displacement and thesponding ground
displacement (D — Dis represented by a soil quake (q). Soil quake along skpén( soil
guake at toe ( are denoted to describe the difference in deformation alongsideibd

(Dm — D1y) and at the pile to{, — D), respectively.
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gAt?

[(dm—l - dm)Km—l - (dm - dm+1)Km - Rm] (2-17)

m

Rpm = Om — D)KL +J'viy) = qu’m(1 + ]’Vm) (2.18)

R, = (Dp — Dp)Kp (1 +Jvp) = qrK'p(1 + Jvp) (2.19)

= displacement along pile segment m at time interval n, m or ft,

= displacement along pile segment m at time interval n-1, m or ft,

= displacement along pile segment m at time interval n-2, m or ft,

= acceleration due to gravity, ms ft/s2,

= time interval used in calculation, sec,

= pile weight, kN or kip,

= shaft resistance along pile segment m at time interval n, kN or Kip,
= pile spring constant, kN/m or kip/ft,

= ground plastic side displacement at time interval n, m or ft,

= ground spring constant along pile segment m, kN/m or kip/ft,

= damping constant applicable to resistance along a pile, s/m or s/ft,
= instantaneous velocity along pile segment m at time intartaim/s or ft/s,
= toe resistance at the pile point, kN or kip,

= pile toe displacement at time interval n, m or ft,

= ground displacement at pile toe at time interval n, m or ft,

= ground spring constant at pile toe, kN/ft or kip/ft,

= damping constant applicable to pile toe, s/m or s/ft,

= instantaneous velocity at pile toe in time interval n-1, m/s or ft/s,

= soil quake along a pile shaft, m or ft,

= soil quake at a pile toe, m or ft,

= time interval for which calculations are being made, and

= subscript denoting the general pile segment m.
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Smith established four routines that act as the bases forlaislpiing computer
program. The condition in the routine No. 1, which is applied only tadniclongside the
pile, is the ground displacemed{, will remain unchanged unless eith¥y, is less than R~
g or Dy, is greater than Prg. Routine No. 2, which is applied only to the pile toe, sets the
condition that the ground displacemdjt will remain unchanged unlegy, is less than B-

g. Routine No. 3 takes into account the inelasticity of spring Ktdpblock and delivers
the ability to use Eq. (2.20pr compression and Eq. (2.219r restitution alternatively.
Similar to the routine No. 3, routine No. 4 is applied to spring K2 fohiouas Egs. (2.20)
and (2.21) are similarly applied to spring K2 by changing thecsipbsl to 2. The only
exception is the forceHn routine No. 4 has an alternative of being zero, negative, or

positive value.

F1 = ClKl (220)
F—[Kl]c [1 1]1((: (2.21)
1 (el)z 1 (el)z 1~1 max .
where,
Fr = force exerted by spring 1 at time interval n, kN or Kip,
Ci = spring 1 compression at time interval n, m or ft,
Cimax = maximum value of C1, m or ft,
Ki = spring 1 constant, kN/m or kip/ft, and
e = coefficient of restitution for spring K1.

Svinkin and Woods (1998) highlighted that one of the limitations of Ssoitmodel
is the difficulty with determining the soil parameters, soil gggkg and damping factors (J),
from any standard geotechnical tests. Robert Liang and Sheng (E283gd that the
accuracy of dynamic analysis using the Smith’s model depepds the proper input of
representative Smith’s soil parameters. Robert Liang and Zhou (1Li88d)a probability
method to determine a better representative of the Smith saihpters and to establish an

alternative approach to estimate pile resistance. Althoughimeeal investigations have



43

been carried by many researchers for the estimation sé ttignamic soil parameters, the
accuracy and reliability of the pile resistance predictioryatéo be achieved. Table 2.4 and
Table 2.5 summarize the suggested values of soil quakes and Smith deofrgfrom ten
references. Additional references on recommended Smith’s saihpters can be referred
to Soares et al. (1984) for all soil types and Swann & Abbs (1984jatoareous soails.
Robert Liang and Sheng (1993) concluded that the size of the peneshtfigexerts
significant influence on the soil quake and Smith damping factor, theyl gave the
relationship between the penetrating velocity) (and accelerationv() and the Smith
damping factor. It can be concluded from Table 2.4 and Table 2.5hthaoil quakes and
damping factors are not only dependent on soil types, but the quakesepal on pile
dimension while the damping factors also depend on both pile dimension and pile penetration

rate.

2.4.3. CAPWAP model

Similar to Smith’s model, CAPWAP model is divided into piledasoil models.
CAPWAP uses the PDA data to quantify the two of the three unknavimish are the pile
force and velocity. The remaining unknown is the pile boundary conditiomsh vare
defined by the soil resistance distribution, soil quake and soil danfipotgrs of the soil
model (Hannigan et al. 1998). By adjusting the boundary conditions, CARMl&&ates
an equilibrium pile head force, which is comparable to the PDA neédarce. Several
iteration adjustments are made to the soil model until the beashimg signal between the
calculated and measured force is obtained. The schematicARP\&A&P model is shown in
Figure 2.8. Goble and Rausche (1980) described that the pile iseshodiéh a series of
masses and springs, and the soil resistances are modeled alangsaddoe of the pile with
elasto-plastic springs and linear dashpots. CAPWAP modemigasito Smith’s except
CAPWAP model does not include the driving systems and the pilerseatiove the PDA

gauges.
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Measured Force Computed Force
B Measurement Location
)
1 M1
2
M2 i i% Linear Dashpot
—— Elastic-Plastic Spring
Surrounding Soil 3 | M3
Elastic Spring
B ki
: > V5 Side
Pile Frictional

6 VE Resistance
7 M7 Pile Segmental Mass

Surrounding Sail 8 | M8 ?:‘T

Np-1=9 o
Np=10| M10
L] - % % )
Surrounding Sail }J—_‘E
Toe Resistance
Actual Field Condition CAPWAP Model

Figure 2.8: CAPWAP model (after Goble & Rausche, 1980 and Hannigan et al., 1998)
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2.4.3.1. Pile mode

Pile Dynamics, Inc. (2000) described that a typical uniformscsection pile in
CAPWAP is divided into I\ segments of pile masses (M) with each has approximate 1 m
(3.3 ft) equal lengthAL) and each pile mass is connected with a series of elasttepl
springs. The sum of allL equals to the total pile length (L) and the sum of all waaeet
time At equals the total wave travel time L/C. A pile can be dividaa different lengths as
according to their material properties. For piles with variabbss section, force reflection
happens between segments with different geometries. Thus, basedveawvehpropagation
concept, reflected waves traveling upward will superimpose with thenwlard waves.
CAPWAP assumes that all pile segments are unstressed defong; however, in reality,
residual forces could develop in pile segments during driving whenamndea pile forces
occur before coming to rest. Hannigan and Webster (1987) statebdlsimmation of pile
forces must be in equilibrium at which pile segments with rebicnapressive forces are
balanced by segments with residual tension forces.

2.4.3.2. Soil mode
The CAPWAP soil model at each pile mass is represented leyasto-plastic spring

and a linear dashpot as shown in Figure 2.9. Generally, the soil oawmdbe described by
three parameters: soil resistance (R), quake (q), and viscous damoeffigent (G) at a soill
segment k and pile segment i with a relationship given by Eq.)(2ai&ch is equal to the
summation of soil static and dynamic resistances. The statiresistance ([ represented
by a spring is equal to the product of the spring constant or gbiess (k) and the pile
displacement (u). Whereas, the dynamic solil resistangerépresented by a linear dashpot
is presented by a product of the viscous damping coefficigpt g the instantaneous

velocity ().

Rk = Rsk + de = kskui + Cvkﬁi (222)

where,

R« = total soil resistance force at soil segment k, kN or kip,



48

Rsk = static soil resistance force at soil segment k, kKN or Kip,

Ra = dynamic soil resistance at soil segment k, kN or Kip,

Ksk = soll stiffness of the k-th segment resistance, kN/m or kip/ft,

Ui = pile displacement at segment i, m or ft,

C,, = viscous damping coefficient at soil segment k, kN-s/m or kip-s/ft, and
U = instantaneous pile velocity at segment i, m/s or ft/s.

The CAPWAP soil model introduces a linear viscous damping caeffi¢G,) to
replace the Smith damping coefficientRs) used in Eq. (2.16). This linear damping
coefficient can be approximately related to the Smith dampaetprf (d) and the Case
damping factor () using the Egs (2.23) and (2.24), respectively (Rausche et al. 1992).

However, any change in ultimate static resistangg Rl change the svalue but not the.J

value.
C
Js = R_: (2.23)
o= 2o (2.24)
Z
where,
Js = Smith damping factor, s/m or s/ft,
NS = Case damping factor, dimensionless,
C = linear viscous damping coefficient, KN-s/m or Kip-s/ft,
Ry = ultimate static resistance, kN or kip, and

Z = pile impedance, kKN-s/m or Kip-s/ft.
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Pile Segment i
Soil Segment k
Jk
Mass
Rsk / "\ de

Static Dynamic
Resistance Resistance
(Spring) (Dashpot) Co

|

|

|

| -
q, Displacement, u, Velocity, U,

Figure 2.9: CAPWAP soil model (after Pile Dynamic, Inc. 2000)

An extended CAPWAP soil model shown in Figure 2.10 includes a i@diat
damping model that simulates the surrounding soil motion. It provides@onved model
for a better correlation with static load tests by limitihg maximum Smith’s shaft damping
factor to 1.3 s/m (0.4 s/ft) (Likins et al. 1992). For the shafatami damping model, a soil
mass (M) and a dashpot with damping coefficientCGare used to replace the rigid soil
support of the traditional Smith model. Similarly, the toe raglatnodel uses a soil mass
(My) and a dashpot with a damping coefficientzs{)C The model allows the energy
dissipation in the soil-pile interface and prevents interfadarés. Likins et al. (1992)
suggested that the radiation damping model is used only when thie &mping factors
exceed 0.79 s/m (0.24 s/ft). Furthermore, a toe gap is included ixtdreled CAPWAP
model. A gap (g) between the pile toe and the soil happens whetetliegiven on a very
hard soil layer. The static toe resistance is developed wheodsplacement exceeds the
gap. For a full activation of soil toe resistance, the sutheofoe gap and the quake must be
less than the maximum pile toe displacement, and the static soil resistambe revised as

Rek = kg (uj — g;) (2.25)
where,

Rs = static soil resistance force at soil segment k+=LNkN or kip,
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Ksk = soil stiffness of the k-th segment resistance, kN or kip,
Ui = pile displacement at segment i 5, & or ft, and
07 = pile gap beneath pile toe, m or ft.

Pile Segment, Np

Toe Soil Segment, N.+1

Bottom Skin Friction, Segment N,

Quake Shaft, g, /Ultimate Shaft Resistance, R

- Shaft Linear Viscous Damping Coefficient, C,,
Soil Mass, M,

Shaft Damping Coefficient of
Support Soil Mass (M), Cq,

Shaft Radiation Damping Model
Plug Mass, M;

‘kﬁe Linear viscous damping, C,; / Toe damping option, O,

Toe Radiation ]
Damping Model Soil Mass, M,
Quake Toe, g; /Ultimate Toe Resistance, R,
Toe Damping Coefficient of Support Soil Mass (M,), Cgr

Figure 2.10: The extended CAPWAP soil resistance model includes toe gap askigamd
radiation damping (after Pile Dynamic, Inc. 2000)

Another consideration is the pile plug which is modeled with a sadisn(ll,) as
shown in Figure 2.10. The soil mass exerts an external resitanegR,) on pile toe at

time j. The additional external resistance due to pile plug force can besegess

Mp (s, = ) (2.26)
At

RMj =

where,
Rv; = external resistance force due to pile plug at time j, kN or kip,

M, = soil mass in pile plug, kN3n or kip-S/it,
= pile bottom velocity at time j, m/s or ft/s,

= pile bottom velocity at previous time j-1, m/s or ft/s, and



51

At = computational time increment, s.

With this new radiation damping model shown in Figure 2.10, theweldisplacement and
velocity between pile and the support soil mass at any pileesggran be computed using
the Eqgs. (2.27)and (2.28) respectively. These two equations are written for alltshaf
segments; however, thesMnd Gk can be replaced with Mind Gy for the toe calculation.

The pile segment i and soil segment k at time counter j are selected faraligation.

Uy = U — [ussi,j—l + (ussi,j—l)At] (227)

(Ry + Cyxlti — Coilisij—1)

Upj = Uj — Uggij—1 (Csk N %) (2.28)
where,
Ui = relative displacement between pile segment i and its soil mass, m or ft,
Ui = pile displacement at segment i, m or ft,

Uss,ij-1 = Soil mass displacement at time j-1 and pile segment i, m or ft,

Ussij—1 = SOil mass velocity at time j-1 and pile segment i, m/s or ft/s,

At = computational time increment, s,

Uy = relative velocity between pile and support soil mass, m/s or ft/s,

U = pile velocity at segment i, m/s or ft/s,

R« = total soil resistance force at soil segment k, kN or kip,

Cw  =linear viscous damping coefficient at soil segment k, kN-s/m or kip-s/ft,
Cs« = radiation damping coefficient at soil segment k, kN-s/m or kip-s/ft, and
Ms = support soil mass at soil shaft segment k, ¥sr kip-$/it.

2.4.4. CAPWAP signal matching

The main objective of CAPWAP analysis is to achieve the bgstaksimatching
between the computed and measured signals through the simultaneotraeadgusf pile
model and soil model. In CAPWAP, the quality of the signal magcisirmeasured in terms

of a match quality (MQ). The match quality is calculatediyming the absolute values of
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the relative differences between measureg éhd computed @ signals at individual points
in time divided by the maximum pile top signak)fgiven by Eq. (2.29). Also, due to the
difference between measured and computed hammer blow counts, titie guoality is
penalized by a blow count penalty (BCP). The signal matchimgpsoved as the MQ value

reduces closer to zero.

+ BCP (2.29)

MQ = Z Z |FmF_XFC

Period Time

where,
BCP = blow count penalty (BCP = OAfet< 1 mm, or BCP Aget [ 1 if Aget> 1
mm), and

Aset = absolute difference between measured and computed pile sets.

In order to reduce the analytical time required to achéeveasonably good signal
matching, default and automated CAPWAP (AC) matching procedurerimally used
during practices. Referred to Figure 2.11, the AC procedure simulisigeadjusts the
resistance at each pile segment shown in Window 2 and dynamigasarheters listed in
Window 3 until the best MQ value shown in Window 1 is achieved. The suomwdtthe
resistances for all pile segments yields the total shaittance (B as indicated in Window
2. The total end bearing is equal to the summation of all resestaxtdche Toe, Toe2, and
Toe3. Toe2 and Toe3 refer to as second and third toe cross sectiamsrgiasite pile. The
addition of the total shaft resistance and end bearing gives tmataltpile resistance (R,
which is considered as the total pile resistance estimated G&RYVAP. The limitations
with AC procedure are described below:

1. Unrealistic high resistance near pile top may be generated,

2. Unrealistic low resistance near pile bottom may be generated,

3. The estimated soil resistance distribution may not represeactbal soil profile

and properties,

4. Constant dynamic soil parameters, such as shaft damping fagtor @S in

CAPWAP) and shaft quake {@r QS in CAPWAP) as shown in Window 3, are
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assigned for the entire embedded pile length regardless of diffevé layers,
and

Non-unique solution is generated from matching the same measufegigial
due to the indeterminate nature of the AC procedure.
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2.5. Wave Equation Analysis Program

2.5.1. Introduction

Wave equation analysis method was first introduced by Smith irathel950’s and
was applied to the Wave Equation Analysis Program (WEARjddyle and Rausche (1976).
The WEAP was developed extensively, upgraded to the latest Windosione and
commercialized by Pile Dynamic, Inc. WEAP simulatesrtimgion and force on a pile when
driven by an impact or vibratory hammer. Long et al. (2002) highliigthtat wave equation
analysis can be used to assess the behavior of a pile with mifferemers used before the
pile is actually driven. He concluded that the wave equation method provides a moageaccu
and reliable result than dynamic formulae. In fact, Coduto (200&dutte replacement of
dynamic formulae with wave equation method. Based on a stdtiiogarison of 99 static
pile load tests, Rausche et al. (2004) concluded that the wave equatloyd generally
under predicted the pile resistance by 18% and gave a high cagfGteariation (COV) of
0.44 when the end of driving (EOD) blow counts were used. In addition, bechtise
uncertainty in recording the exact blow count and the hammer parficenhe found that the
wave equation method over predicted the pile resistance by apptekir@2 % and gave a
relatively lower COV of 0.35 when the beginning of re-strike (BO®Rw counts were used.
Furthermore, Paikowsky (2004) stated that the evaluation for pile resistadogipns using
WEAP is difficult due to a large range of input parameters dhatgreatly affected by the
actual field conditions.

WEAP requires the modeling of hammer, driving system, pile, s@ive soil as the
inputs for wave equation analysis. Similar to the Smith’s modBIA®models the hammer,
the pile, and the soil resistance in a series of massasgspand viscous dashpots as shown
in Figure 2.12. This program computes the blow count, the axial drire=ss ©n a pile, the
hammer performance, and the pile resistance. Each model ity lhisfussed in the

following sections.
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2.5.2. Hammer model

Hammers can be divided into either internal or external combustioméss. All
diesel and vibratory hammers are internal combustion hammersyaigdraulic and drop
hammers are external combustion hammers. Diesel hammers ocaasbéied as liquid
injection, atomized injection, open end, and closed end. Hydraulic hammerdeca
categorized into single acting, double acting, drop, and powerezksastd their energy can
be transferred by steam, compressed air, pressurized hydhaidlicor simply a hoist and a
rope.

In WEAP hammer modeling, a ram segment is usually about 900 rftin¢Bg and
a slender ram is connected with a series of ram springser&ffhammer types are modeled
with different combination of masses, springs, and/or dashpots, and theehassembly for
the external combustion hammer is shown in Figure 2.12. The WEAPV20§ibn has a
database of various hammer types, and modifications of hammeereffic pressure, and

stroke values that represent the actual hammer used are allowed.

2.5.3. Driving system model

The WEAP driving system model consists of a striker plate, lmoashion, helmet,
and a pile cushion which are represented by masses and springsieiheof each piece
should be included in the mass. The driving system model also habmotthat is placed
parallel with the hammer cushion spring as illustrated in Figui®, and its damping

constant can be computed using

Can = %thim (2.30)
where,
Cyn = damping constant for hammer cushion, kN-s/m or kip-s/ft,
Cani = non-dimensionalized input value, default value of 1.0, dimensionless,
Kr = hammer cushion stiffness, kN/m or kip/ft, and
My = either the impact block mass density for diesel hammer or helmet mass

density for external combustion hammer, Kvsor kip-S/it.
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2.5.4. Pile model

Pile model is divided into pile segmental masses with eachg@sximate 900 mm
(3 ft) long. The masses are connected together with a serggsiofs and dashpots. The
mass, the spring stiffness, and the dashpot damping constant atleaségpient i can be
computed using Egs. (2.31), (2.32), and (2.33), respectively. The pile inpulsdeatarssists

of pile material yield strength, perimeter, toe area, and pile size and type

mp; = A(AL)p (2.312)
ki = i_‘ﬁ (2.32)
Cap = %Cdpi% (2.33)
where,
Mpi = pile mass at segment i, g or Ib,
A = pile cross sectional area?or ft,
AL = pile length at segment i, m or ft,
P = pile material density, g/fror Ib/ft,
Kpi = pile spring stiffnes, KN/m or kip/ft,
E = pile material modulus of elasticity, kNfror kip/ft,
Cispp = pile damping constant at pile segment i, KN-s/m or kip-s/ft,
Capi = non-dimensionalized input value for pile, and
C = pile wave speed, m/s or ft/s.

2.5.5. Splice model

Splice model is included in WEAP for modeling cushion, helmet, andqple The
splice model is represented by a slack),(a coefficient of restitution { and a round out
deformation (¢). Referring to Figure 2.13, when the spring model is compressefhrtee
increases nonlinearly to;f at a round out deformation and later increases linearly with a
slope given by a nominal spring stiffness, k. When the model expdmseg unloading, the

force decreases linearly with a slopezk/cOn the other hand, during the spring extension,
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the spring stiffness develops only when it has extended beyond ¢tkedsdtance (g), and
the spring force is always zero within the slack distance. milily, a splice model is
required when some forceless deformation is desired such asetttsamical splices of

concrete piles.

Compressive
Force
\
Nominal Stiffness, k

. fim |
L A
| | |
L ' .. Compressive
' f | Deformation
| |

Figure 2.13: Force deformation curve for slack model (after Pile Dynamic2005)

2.5.6. Soil model

WEAP used the Smith’s approach to model the surrounding soil with spaimd)
dashpots as shown in Figure 2.12. Quake and the damping factor are sod (veoameters
that describe the soil model, and their estimates have beenmecai®d by Hannigan et al.
(1998) as listed in Table 2.5 for WEAP analysis.

Five soil damping models are available in WEAP. The standarth &md Smith
viscous damping models are the most common in practices. The iregnaiodels are the
Case non-dimensionalized viscous damping, Coyle and Gibson damping, armtheRaus
damping, and they are mainly used for research applicationsstdimgard Smith damping
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model calculates the dynamic soil resistance using Eq. (2.16jeadthe Smith viscous soill
model replaces the static soil resistancg (Red in Eq. (2.16) with ultimate soil resistance
(Ry) for dynamic soil resistance computation. The Smith viscous Intecommended for
residual stress analysis because it produces damped pile maftenspile rebounds,
especially when the static resistances are small (Rihamic Inc. 2005). Also, this model is
preferable for vibratory hammer because of the relative srahltities of vibratory driven
piles. The Case non-dimensionalized viscous damping model computegntdmial soil
resistance at pile segment i using Eg. (2.34). The Coyle drstiGapproach uses Eq. (2.35)
to compute the dynamic soil resistance. Because of numericaepr®hlith Coyle and
Gibson approach, Rausche et al. (1994) proposed Eqg. (2.36) for dynamicssbdnice
computation. The accuracies of these three methods are yet toviea for different pile

types, soil conditions and driving conditions.

Rai = Jaivi /kpimpi (2.34)

Rgi = RgiJgivi (2.35)
N (Vi
Rai = Railrivi (—> (2.36)
Vxi
where,
Rui = dynamic soil resistance, kN or kip,
N = Case damping factor, dimensionless,
Vi = pile segment velocity, m/s or ft/s,
Kpi = pile segment stiffness—EEé, KN/m or Kkip/ft,

my = pile mass density, kN#sn or kip-S/it,

Rsi = static solil resistance, kN or kip,

i = Gibson damping factor with units of time over length to the 1/N power
(refer to Table 2-14 in Coyle and Gibson (1970)), {4/t

N = exponential power typically 0.2 for sand and 0.18 for clay, dimensionless

Rai = maximum activated static resistance, kN or kip,

Fi = Rausche damping factor; converted from standard Smith damping factor
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using Figure 5 in Rausche (1994), ($Af)and

Vyi = maximum pile velocity, m/s or ft/s.

2.5.7. WEAP computation and analysis

As described in Section 2.4.2, the time increment adapted in WE&f®sen as the
smallest of the wave travel time increment through any hanamérpile segments. To

ensure stability in WEAP computation, the minimum time is divided by a féctiven by

min <h or ﬂ)
At = Ci ki (2.37)
¢
where,

At = time increment, s,
L = pile length at segment i, mor ft,
G = wave speed at pile segment i, m/s or ft/s,
m = alump segment mass, kRl or kip-$/ft,
ki = hammer or driving system stiffness, kN/m or kip/ft, and
[0) = a reduction factor greater than 1, WEAP default value is 1.6.

WEAP performs a pre-integration for velocity from accaien and for displacement
from velocity. The initial acceleration is taken as the graweital acceleration of the
hammer. WEAP computed the spring force by multiplying spshfiness to relative
displacements of the neighboring pile segments. Also, the dashpeti§ calculated by
multiplying pile damping factor to relative velocities of r@igring pile segments. Using
Newton’s Second law, the acceleration of a pile segmentmatgtep j is revised using the
external resistance forces given by Eq. (2.38). Thereaftevetbeity and displacement are
refined and all forces are recalculated. The computatibmepieat until either the required

iteration steps have exceeded or the convergence of top and bottom velocitieseaezlachi

(Fsu + Fdl] 51] qu 31] 51])
ai]- = m; (238)
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a = acceleration at a pile segment i, m/s or ft/s,

o = gravitational acceleration of the pile, fnds ft/<,

ng]- = force at top spring on pile segment i, kN or kip,

F(tii]- = force at top dashpot on pile segment i, kN or kip,

Ffi]- = force at bottom spring on pile segment i, kN or kip,

ng]- = force at bottom dashpot on pile segment i, kN or Kip,

Rsj = external resistance spring force at the end of previowsdiap, kN or kip,

Rgj = External resistance dashpot force at the end of previous time step, kN or kip,
m = pile segment mass density, kiMns or kip-$/ft.

WEAP computes the permanent set from the difference betwesimom toe

displacement and average toe quake, and the blow count is the inverse of peretayies s

by Eqg.

where,

(2.39) for the non-residual force analysis.

S = Umt — Jave = Umt — Z[i—iltql] = Bict (2.39)
S = permanent set, m/blow or ft/blow,
Unt = maximum toe displacement, m or ft,
Oave = average quake, m or ft,
g = individual quake, m or ft,
Rui = individual ultimate resistance, kN or kip,
Rut = total ultimate resistance, kN or kip, and
Bct = blow count, blow/m or blow/ft.

WEAP performs residual stress analyses (RSA) and allwsvisput of the number of

trial iterations. Residual stress happens when the surroundingxb®ite skin friction

forces

on a pile. Residual stress usually occurs on long and égxies with large toe

guakes. However, little studies have been done on using RSA argdhbeéa proven only
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for monotube piles. Furthermore, RSA cannot be performed togethemwibile analysis,
two pile toe analysis, vibratory analysis, and on piles involving slatkdns et al. (1996)
suggested that RSA is useful for piles with high blow count and notr@ended for piles
with easy driving situations. Nevertheless, RSA provides betj@ogimations than the

traditional Smith’s method on piles with residual forces.

2.5.8. Soil profile input procedures

Soil type based method (ST) and SPT N-value based method (&#&)eatwo soil
profile input procedures customized in WEAP, which yield a rougimate of static soil
resistance. In addition, three other procedures: (1) Drivengrodeveloped by the Federal
Highway Administration (FHWA) FHWA; (2) lowa Blue Book (low2OT steel pile Design
Chart); and (3) the lowa DOT current procedure are enumerated hable 2.6 summarizes

the five soil profile input procedures with respect to different soil types.

The soil type based method (ST) simplifies the soil @3t& calculation and aids in
the input process for both bearing graph and driveability analys®$EAP. The soil
parameters used in the analysis are based on the Bowles (12D6jebenius (1991)
recommendations as shown in Table 2.7 and Table 2.8 for non-cohesivansodehesive
soils, respectively. This method uses phmethod, an effective stress method, to estimate
the unit shaft and toe resistances for non-cohesive soils. udowse modifiedn-method, a

total stress method, is used to predict the unit shaft and toe resistances foecatitsi

The SPT N-value based method (SA) is based on soil typesyrsbilveights, and SPT
uncorrected N-values, which are limited to 60. The correlation eetat these input soll
parameters can be referred to Bowles (1988) as shown in Tablen®.9able 2.10 for
granular soils and cohesive soils respectively. Table 2.6 showhéhanit shaft resistance
for sands, gravels and clays can be calculated based on the bastcothgoil mechanics
given by Eq. (2.40). The toe unit resistances for sands, gravels and clegkale@ed based

on SPT uncorrected N-value. In addition, Bjerrum-Borlgsmdethod is used to calculate
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shaft unit resistances, and Fellenius (1996) method is used to aalthéattoe unit

resistances for silts.

qs = ko tan(8) oy, (2.40)
where,
gs = unit shaft resistance, kNfror kip/ft,
Ko = earth pressure coefficient at rest, dimensionless,
d = pile-soil effective friction angled(’) degree, and
c'V = effective vertical static geotechnical stress, kiNgmkip/ft’.
Table 2.7: Soil Parameters for non-cohesive soils
. SPT  Friction Unit Beta Toe bearing Limit Unit Limit Unit
Soil , - g Shaft Toe
T N- Angle  Weight coefficient, coefficient, . .
ype value (Degree) (kN/m?) B N Resistance, Resistance,
t q: (kPa) o (kPa)
very 25-30 135  0.203 12.1 24 2400
Loose
Loose 7 27-32 16.0 0.242 18.1 48 4800
Medium 20 30-35 18.5 0.313 33.2 72 7200
Dense 40 35-40 19.5 0.483 86.0 96 9600
[\)/:?S’e 50+ 38-43 220  0.627 147.0 192 19000
Table 2.8: Soil Parameters for cohesive soils
Unconfined Limit Unit - :
. SPT N- compressive  Unit Weight Shaft L|m|t.Un|t Toe
Soil Type . Resistance,q
value strength, g (KN/m3) Resistance, (kPa)
(kPa) g (kPa)
Very Soft 1 12 17.5 3.5 54
Soft 3 36 17.5 10.5 162
Medium 6 72 18.5 19 324
Stiff 12 144 20.5 38.5 648
Very Stiff 24 288 20.5 63.5 1296

Hard 32+ 384+ 19-22 77 1728
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Table 2.9: Empirical values for, D,, andy of granular soils based on corrected N-value
Very

Description Loose Loose Medium Dense Very Dense
Re'a“"g Density, 4_.045 015-0.35 035-065 0.65-0.85 0.85-1.00
r
Corrected 0-4 4-10 10-30 30 - 50 50+
N-values
AIEOMEE — og ege gy apr 30 - 35° 35 - 40° 38 - 43°
frictional angle ¢
Approximate
moist unit weight, 11— 15.7 14 -18 17.3-20.4 17.3-22 20.4 - 23.6

v (KN/m?)

Table 2.10: Empirical values for, @ndy of cohesive soils based on uncorrected N-value
Very

Description Soft Soft Medium Stiff Very Stiff Hard
Unconfined
COMPIESSIVE 6 _ o4 24-48 48-96 96-192 192 — 384 384+
strength, g
(kPa)
Uncorrected N- - , 5 _4 4-8 8-16 16 - 32 32+
values
Saturated unit
weighty  ag  inp  173-204 188-22 188-22 188-22
(kN/m3) : :

DRIVEN program generates the entire soil profile of a fué piepth and creates an
input file for WEAP analysis. It requires the soil unit weift all soil types, which are
obtained either from laboratory soil tests or from Table 2.9 adeT2.10 for granular soils
and cohesive soils, respectively. Furthermore, SPT N-valueuadichiined shear strength
(Sy) are required for defining the granular soil strength and cohesiile strength
respectively. The undrained shear strength KSestimated either from Cone Penetration
Test (CPT) or by taking half of the unconfined compressive gitng(q),) given in Table 2.8.
General pile adhesion for cohesive soils after Tomlinson (1980)esteél Next, the unit
shaft and toe resistances are calculated based on the sthtstsamathods as listed in Table
2.6. The detailed descriptions of the DRIVEN program can beredfdo the FHWA
DRIVEN User’'s Manual written by Mathias and Cribbs (1998).
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WEAP analysis based on the lowa Blue Book method uses the lowagiEdesign
charts found in the lowa DOT LRFD Design Manual Section 6 underwélbsite
(URL://www.iowadot.gov/bridge/manuallrfd.hdnfior determining the unit shaft dgand unit

toe (q) resistances. The lowa Blue Book method initially applied theewaguation
concepts to develop the end bearing chart and applied the Meyerhafiisespirical
method and Tomlinson method to develop the shaft resistance chart. Ttseothained
from the combination of these methods were adjusted to correldtethgitstatic load test
results performed during the past 30 years in lowa. The urttrelssstance is determined
by dividing the friction value in kips per foot chosen from the desigartcwith
corresponding to the width of the steel H-pile, the soil descriptidrntfze SPT N-value with
the perimeter of the boxed section of a steel H-pile. Howevevang perimeter for H
section was assumed for calculating the unit shaft for sand osionless soil. The total toe
resistance in kips is determined by multiplying the unit end hgaralue in ksi with the
cross sectional area of the H-pile for any soil conditions, assuming sod@ésgnot occur in

cohesive or clay soil.

lowa DOT method uses the SPT N-values as the only soil pamamieich is input
into the WEAP’s variable resistance distribution table witlpeetsto the depth where the
SPT N-values are taken. Static geotechnical analysis anelaliiiy analysis cannot be
performed because the SPT N-values are only served to defiredtiee and approximate
stiffness of the soil profile. Nevertheless, the bearinglg@nalysis can be performed to

estimate pile resistance.

2.5.9. Output options

The three WEAP analysis output options are (1) bearing graphlataoy (2)
driveability analysis; and (3) Inspector’s Chart. The firstaspis the most commonly used
WEAP analysis. In the bearing graph calculation, ultimate rpgéstance, hammer stroke,
pile stresses are plotted as a function of hammer blow countireR2gl4 shows the sample
output of the bearing graph analysis, which also lists the hamrmer tlynamic soil

parameters, pile information, and the soil skin friction distributiomceSthe hammer blow
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count is typically recorded during pile drivings, the pile respooaede estimated using this
bearing graph. For instance, if 197 blows/m (60 blows/ft) of pifeeation is recorded, the
ultimate pile resistance is estimated to be 1068 kN (240 kips), wheadnsidered as the pile
resistance estimated using WEAP for the Load ResistaacterrDesign (LRFD) resistance
factors calibration discussed in Section 2.7. In addition, the hasinodée is expected to
reach at least 2.9 m (9.6 ft) to achieve the 60 blow counts. Theopilpressive and tensile
stresses are expected to be 290 MPa (42 ksi) and 15 MPa (2.2e&ppctively, which
provide the necessary information for comparison with the allowdiieng stress limits
listed in Table 2.2.

%0 20 DELMAG D 16-32
——a
x 40 40 = Efficiency 0.800
@ <
% ﬁ Helmet 0.00 Kips
o 30 0 &
= c Skin Quake 0.100 in
o 5 Toe Quake 0.083 in
g 2 20 é Skin Damping 0.200 sec/ft
8 Toe Damping 0.150 sec/ft
|
|
10 10 } Pile Length 60.00 ft
[ .. Pile Penetration 55.00 ft
- Pile Top Area 12.40 in2
T e = 22
. +
500 prw—— e e 10 Skin Friction
',l—-"""— —> 9.6 Pile Model Distribution
./
@ 7
a 400 ’ 8
< s
2 -
S /I £
% 3008 =6 O
! [
h 5
% 240m ‘/./-/ 2
E 200 » 4
S l
100 2
0 0
0 20 40 60 80 100 120 Res. Shaft=100 %
Blow Count (bl/ft) (Proportional)

Figure 2.14: Sample output of WEAP bearing graph analysis
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The second output option is the driveability analysis. This anatgdtsilates the
static soil resistance, pile stresses, blow count, hammer parfoenand soil distribution as
a function of a pile penetration depth. The third output option is thedimsigeChart, which
calculates and plots the hammer strokes as a function of hamoreeicbunts at a desired
pile resistance. It provides a flexible driving criterion to fieéd inspector to adjust the

hammer stroke in order to satisfy the field requirements.

2.6. Reliability of Dynamic Analysis Methods

The reliability of dynamic analysis methods have been studiaddrny researchers,
especially Pile Dynamic Inc., in the past 30 years. Timahyc analysis methods described
here are PDA, CAPWAP and WEAP. All the reliability studie=re correlated with static
load test results based the Davisson'’s criterion. Paikowsky (2084luded that Davisson’s
criterion was the best failure resistance interpretatiothodefor driven piles with diameters
of 610 mm (2 ft) or less. The following simple guidelines describedlikins & Rausche
(2004) and Hannigan & Webster (1987) are required to obtain reliabldatmns between
the dynamic and the static load test results.

1. A sufficient time is allowed before performing re-striket$eafter EOD, so that the
changes in solil resistance are stabilized.

2. ldeally, dynamic tests and static load tests should be castiedh a closer time
period after EOD. Hannigan and Webster (1987) suggested that theotrekdtion
between static load test and CAPWAP results can be adhigviemiting the time of
dynamic re-strike testing to 24 to 48 hours prior to the static load test.

3. The test piles must experience sufficient displacement duringneig testing in
order to mobilize the full dynamic resistance. In fact, BM@&ving Contractors
Association (PDCA) specification 102-07 (2007) suggested that the évansed for
re-striking shall be warmed up in order to achieve the requiredyg to mobilize the
test piles. The maximum penetration required during re-strike lsbalb mm (3-in)
or the maximum total number of hammer blows required shall be 2@hexar
occurs first. Hannigan and Webster (1987) believed that an order of 36rbl¢ins
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blows/ft) or less is required to fully mobilize the soil remige. Also, re-strike
testing is recommended with a few hammer blows to mininmeddss of the effect
of soil setup or soil relaxation.

4. A driving hammer shall have the sufficient impact force to mobileepile during
the re-strike tests. Hannigan and Webster (1987) suggestealltihvarfg guidelines

for dynamic testing.

.. . . Ultimate Pile Resistance
Minimum impact force for steel piles= Y

.. . .. _Ultimate Pile Resistance
Minimum impact force for concrete piles—= o

1 Hammer Ram Weight
Pile Weight

<3

In order to improve the reliability of dynamic analysis meth&lsnkins and Woods
(1998) suggested the implementation of time dependent soil properti¢snatieg the pile
resistance. They concluded that the time between static aadhéytests has to be within a
short duration at which the time difference should not exceed 1day® They used the
ratio of pile resistances obtained from dynamic and statts s the main criterion for
comparison and correlation studies. Lo et al. (2008) stated thadtrantages of using the
ratio are to avoid the total uncertainty in innate variabilitiea$ of pile installation on soil
properties, prediction model, and input parameters for resistanegatialc using dynamic
measurements. This ratio is treated as a random variable,iamthdiracterized by the mean
and the coefficient of variation (COV). The COV is calculateddbyding standard of
deviation by the mean. Lo et al. (2008) implied that dynamicyasisamethods will tend to
give a conservative pile resistance in a pile design and areatige method is not
necessary a better method from a probabilistic point of view. ddiitian, the degree of
conservatism of a method and its related variability should be coediddren establishing

statistical resistance factors for limit state design of pile foummat

Past correlation studies of the dynamic and static tests bheea performed

extensively starting from 1980’'s and the results are chronologicaitanged and
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summarized in Table 2.11, Table 2.12, and Table 2.13 for PDA, CAPWAP, aWdPWE
respectively. The piles tested included timber piles, screaed, steel H-piles, closed and
open ended steel pipe piles, precast concrete square piles, dirdfes] prestressed concrete
cylinder spun piles, monotube piles, and composite steel, and conceste Pile number of
test database (N) used in the analyses varied from one (1l)ageass two hundred and six
(206). The average mean ratio values of PDA, CAPWAP, and the VAEAR118, 0.979,
and 1.008 respectively. The results depict that dynamic analggi®ds using PDA and
WEAP tend to over-predict the pile resistance and CAPWAP temdgvé conservative
results. By comparing the mean values, WEAP provides the lyasimit method in
estimating pile resistance with the closest mean ratio to lPDé; gives the relative less
accurate results, and CAPWAP in between. In fact, many oiMBAP analyses were
refined using CAPWAP soil parameters determined at BORt{has@ould be the reason for
generating good estimations from WEAP. Among the three metR#dBWAP is the most
popular dynamic analysis method in estimating the pile resestand many studies were
published to compare CAPWAP results with static load tests. eTalll shows that the
ratios for PDA method vary from 0.734 to 2.132. In addition, the ratios ABVZAP as
shown in Table 2.12 vary from 0.725 to 1.457. As for WEAP shown in Table 2.1r3fithe
vary from 0.873 to 1.295. This study illustrates that PDA has arlacgéter prediction than
CAPWAP and WEAP.

The average COV of all cases used in the PDA, CAPWAP, and/E&P analyses
are 0.200, 0.166, and 0.166 respectively. Generally, the average @tanes estimation
within each case is relatively more scatter for PDA thaP'@WAP and WEAP. The range of
COV for CAPWAP and WEAP are between 0.014 to 0.411 and 0.065 to 0.350, redpecti
whereas the range for PDA is from 0.059 to 0.329. Furthermore, thef@Cthe PDA
method increases from cases with single material piles ste# or concrete piles to
composite piles as noticed by comparing Cases 4 and 11 with Gamesd 9. Similar
observations are noticed in the CAPWAP and WEAP.

The relationship between soil profile and the mean ratios of thandgnanalysis
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methods is obscure and it cannot be easily developed. The relatimnsttheer complicated
because other factors such as pile types, time of staticdets] soil variability, and number

of database used have some influences on the analyses.

Instead, the relationship between the time of static loadgeditsrmed and the mean
ratio for CAPWAP is studied and the results are plotted iurBid.15. Unfortunately,
similar analysis cannot be performed for PDA and WEAP whisfe rasufficient database.
As shown in Figure 2.15, the mean ratio of pile resistances prmdiota the CAPWAP and
the static load tests is drawn against the time differeet@een the static load test and the
dynamic test. The lower and upper ranges of each case drgethg¢owith the average day
represented by solid square markers are best fitted withhapdamomial line. Generally,
the dash line is above zero, which indicates that all the dynasti using CAPWAP were
performed before the corresponding static load tests wereccatte The profile of the dash
polynomial line shows that the mean ratio shifts away from unitgnvthe day delay
increases. The result is consistent with the recommendatida byaSvinkins and Woods
(1998) to conducting the static load and dynamic tests withlosg period of time, 1 to 2

days, in order to obtain a good correlation study.

In summary, based on these literature studies, dynamic anahedisods are
concluded as reliable methods for pile resistance prediction andesifieation purposes.
Therefore, these methods are included in the latest AASEZ000] LRFD Bridge Design

Specifications shown in Table 2.16.
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Table 2.11: Correlation studies between PDA and static load tests

Number Days Aye.
. of test Soil delay ratio of
Case Reference Pile type ' (ahead) of PDA cov Remarks
database profile
(N) SLT after and
PDA SLT
Loose Used J=0.2;
10.6 x 10.6 silty Settlement
Holmetal. in precast limit method
1 (1984) concrete : ;indd LD 23 AT (0 was used as
piles - SLT failure
criteria
231, 41, Ivldeedr:lsjtran EeDr'fAc\)rmed
2 Seitz J. M. and 5 ft 3 sand Some 2.132 0.194 some months
(1984) concrete b months fter SLT-
bored piles above after SLT;
gravel Use J=0.1
Hammer ICE
640 was used
3 A?leggg;"" JUSC silt N/A 0986 N/A for re-strike
P at one day
after EOD
Sites in
. Singapore;
Var|.es The static
soll :
tvoes load test is
o e based n e
4 Wei at al. Vane; steel 35 silt, 41033 0.876 0.09 ele}st|c—plast|c
(1991) H-piles soil model
clayey S
) that is similar
silt or .
) to dynamic
marine
formula
clay)
energy
concept
Glacial JFK airport
14 in sand project at
5 VErte el monotube 5 with Close 0.734 0.123 New York;
(1994) ; X
piles fine Ground water
gravel from 4 to 8 ft
14 to 19.7
in outside
diameter Water The cement
soil-cement borne  (20) to (2) filled was not
Lee et al. injected sand =5piles, 1 considered in
6 (1996) prestressed 10 with to 27 =5 1.435 0319 the CAPWAP
concrete gravel piles analysis;
spun deposit Korea
cylinder

piles
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Table 2.11: (continue)
Days Ave.
delay ratio of

Number

Case  Reference Pile type dgft:e:fgse rS(;;:e (ahead) of PDA cov Remarks
P SLT after and

(N) PDA SLT

Three 20 in Water
and one 24 borne
Lee etal. indiameter sand
8 (1996) Steel 4 with 4to11 1.310 0.171
cylinder gravel

piles deposit

Six soll
layers
from 23 0 1.077 N/A
ft silty
Longetal. HP12 x53 1 clay to
(2002) steel pile szag] Lt SLT 22
Y (15) 0.815 N/A  days after

till \_Nlth EOD
till
below

10

Average 1.118 0.200
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Table 2.12: Correlation studies between CAPWAP and static load tests

Davs Ave.
Number deIz\y ratio of
Case Reference Pile type of test SO.'I (ahead) of CAP- cov Remarks
database profile WAP
(N) SLT after and
CAPWAP SLT
Mostly Test Piles
Goble et al. closed end All soil pre-
. (1980) steel pipe i types R LOLE G dominantly
piles in Ohio
Driven into
loose sand;
10.6 x 10.6 Loose Settlement
2 Holmetal. in precast 5 silty sand 7 0996 0.128 limit
(1984) concrete method
. and sand
piles used as
SLT failure
criteria
17.7 in
Hannigan square Carbonate Immediate
3 and Webster prestressed 2 Sand ly after 1.001 0.057
(1987) concrete SLT
piles
17.7 in
Hannigan square
4 and Webster prestressed 1 Sandy silt 8 0.728 N/A
(1987) concrete
piles
Hannigan iioallrr}dl; 4 Silty clay
5 and Webster 3 with fine Close 0.88 0.077
in steel
(1987) . ; sand
pipe piles
Hannigan HP 10x42
6 and Webster steel pile 1 Silty clay Close 0.992 N/A
(1987) P
ORI I Layers of Interpolat- Close e
Denver and square y b Close standard of
7 14 sand and edto SLT to S
Skov (1988) concrete . to 1.0 deviation is
. clay time 0.13
piles 0.13
7 ft sand Hammer
fill, 33 ft .
silt/clay efficiency
fill. 7 ft and blow
Hunt and 14 in steel dense BZeZI?nA
8 Baker ine pile sand or N/A 0.966 0.014 BOR
(1988) Pipe p gravel, vsis:
20 ft analysis;
lacustrine Water level
and7ft, 6.5t0 10in
below

basal sand
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Table 2.12: (continue)

Gy Ave.
Number ratio of
. of test o (ahead) “op
Case  Reference Pile type database Soil profile o; f?(la_rT WAP COV  Remarks
(N) cap.  and
WAP SLT

. North
121n Carolina
Abe et al. diameter Sandy and )
10 (1990) prestressed 1 clayey silt 0 1.024 N/A gsoggmaco
pile hammer

17.7in 36 ft silty
o solid sand, 13 ft
12 L"‘(ngezt)a" prestressed 2 clay,and36 10  1.036 0.014 \;‘t";t‘:{ table
concrete ft silty
pile clayey sand

35in
square 36 ft silty
prestressed sand. 13 ft
14 ""‘(ngezt)a" concree 2 clayand3s 14 0791 0086 \i3o table
P oo ft silty
diameter clayey sand
void

Table 2.12: (continue)



Days

Ave.
delay )
e ey S
Case  Reference Pile type database Soil profile  of SLT WAP cov Remarks
after
(N) CAP- and
WAP SLT

Based on

all soil
All pile All soil types and
types 109 types BOR 0.789 0.336 CAPWAP

Paikowsky BOR
et al. (1994) results

Based on

clay
regions and
CAPWAP
BOR
results

All pile

23 Clay BOR 0.797 0.411
types

Combinatio
n o;nséeel <3 (59 Based on
17 Thendean et concrete 99 Various soil  piles) 0.920 0.22 measured
al. (1996) ; types >3 (40 ’ ) PDA BOR
piles from iles) data
GRL P
database

Table 2.12: (continue)



5323 Ave.
Number ratio of
Case  Reference Pile type of test Soil profile E)a:‘hgfg) CAP- cov Remarks
P€ Jatabase P WAP
after
(N) CAP- and
wap ST

14into 18
in (6) to
Lo etal Prestressed V\gtr?é a?trge 1) =3
20 “(ggg) ~ concrete 9 wravel | Ples1 1309 0.109
spun : to 15 =
cyli_lnder deposit 6 piles
piles

Silty clay
HP10x42 over till
Liang and and (HP10),
22 Zhou(1997) HP14x89 2 Clayeysand °OR 11110293
steel piles over sand
(HP14)

12in & 14
. in .
Liang and Silty clay
24 prestressed 2 ; BOR 0.828 0.041
Zhou (1997) concrete over till
piles

Table 2.12: (continue)



Days Ave.
delay Ratio
e (ahead)  of
Case Reference Pile type database Soil Profile  of SLT  CAP- cov Remarks
(N) after WAP
CAP- and
WAP SLT

Fine to
Fellenius I\/Iopr;loet;J e 1 course, 2 0.965  N/A
27  and Altaee ?eencggTo New York
(2001) ?JEZI t?:[e)zr 1 dense glacial 2 0.990 N/A
P sand

Use super-
8 ft fat clay, position of
. _ CAPWAP
30 in square 48 ftcoarse 41 = .
end bearing
. prestressed sand and EOD
Hussein et ; . from EOD
29 concrete pile 1 hard mixture  and 0.991 N/A
al. (2002) " \ih 18 in of clay 2) = and shaft
circular void sand, shell BOR resistance
and gravel from BOR.
) Water table
7.6 ft

. Sandy clay
Rausche et 24 in steel ; At
3l al. (2004) pipe pile L Ovse;:c'ilty Close 1.457 N/A Louisiana

Table 2.12: (continue)
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Days

delay Ave.
Number ratio of
: of test : ~ (ahead) "o )\p
Case Reference Pile type database Soil Profile  of SLT WAP cov Remarks
after
(N) and
CAP- giT
WAP
16 in
Rausche et prestressed Clay over At
& al. (2004) concrete € clayey sand Cloee  DEEs 002 Louisiana
piles
14in Silty clayey
34 Rausche et~ prestressed 1 sand over  Close 1.223 N/A At
al. (2004) concrete ; Louisiana
. silty clay
piles
Nine 12 in x
12 in x 10 Test
Fungetal. Ib/in and Granite locations in
= (2005) four 12 in x = saprolites e Dems G Hong
12inx 8.3 Kong.
Ib/in H-piles
Based on
maximum
16 in auger measured
Alvarez et pressure resistance
36 grouted 1 N/A N/A 1.041 N/A  using
al. (2006) .
displacemen embedded
t pile dynamic
sensors
modules
14 in square
Sel[:# dntou precast Mainly clay At
37 Roberts prestressed 3 and sandy  (160) 1.060 0.033 Louisiana
concrete clay
(2007) .
piles
3g  Loetal iy 15 Granite |\ 0766 0119 loetions in
(2008) 12.4 Ib/in H- saprolites ' '
. Hong Kong
piles
Average 0.979 0.166

Table 2.13: Correlation studies between WEAP and static load tests



Days Ave.
Number delay Ratio
. of test . ) (ahead) of
Case Reference Pile type database Soil Profile of SLT WEAP cov Remarks
(N) after and
WEAP SLT

. North
121in Carolina
2 Abe et al. diameter 1 Sandy a_nd 0 0.951 N/A  Conmaco
(1990) prestressed clayey silt 65E5
pile hammer.

Based on
N adjusted
Combination <3(59 WEAP
Thendean  of steel and Various soil iles) analysis
4 etal. concrete piles 99 P 1.16 0.35 aly
types >3 (40 using
(1996) from GRL | d
database piles) measure
PDA BOR

data.

Six soil

layers from 0 1295 N/A

Longetal. HP12x53 7m silty clay
(2002) steel pile to 6m sandy
till with till
below

(22 days

(15) 0901 NA T

Average 1.008 0.166
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2.7. LRFD Resistance Factors for Dynamic Analysis Methods

2.7.1 Introduction

A study by Transportation Research Board (TRB) in 1987 concludedtltibat
American Association of State Highway and Transportation Oi¢l@ASHTO) standard
specifications for highway bridges contain gaps and inconsistesnuikdid not use the latest
design philosophy and knowledge, the limit state design or also knowrpas and
Resistance Factor Design (LRFD). The relative slow LREelopment in deep foundation
is associated with the challenges of high variability in soil ptegerand the ability in
predicting realistic pile resistance. The initial LRFD semnce factors calibration was carried
out by Barker et al. (1991). A review of worldwide LRFD codesdiegp foundations was
performed by Goble (1999), and the short summary of each code washekbsoy
Paikowsky et al. (2004). LRFD gains acceptance over the convenstboabble stress
design (ASD) in the recent several decades, because LRFD prawvifi@sn level of safety
and reliability by calibrating the resistance and load fadimm actual bridge databases. In
addition, a more uniform level of safety that should ensure superagebserviceability and
long term maintainability. Most importantly, LRFD is believasla more cost effective and
efficient design method. Because of the LRFD’s impact on tfetysaeliability, and
serviceability of National Bridge Inventory (NBI) which contamsre than 590,000 bridges
in the United States, the AASHTO in concurrence with the FeHiegaway Administration
(FHWA) has mandated that all bridges initiated after Ogtdh&007, must be designed in
according to the LRFD specification. According to the AASHTCeBight Committee
(OC) 2005 survey, sixteen (16) States have fully implemented LRR@ tree remaining
States are in the transition of full implementation. In 2007, the HAS Oversight
Committee (OC) updated that forty-four (44) of fifty (50) ssanall fully implement LRFD
for all new bridges by October 1, 2007. In response to the recomnoendgtFHWA to
improve the AASHTO LRFD specifications that have a better septeof local soil and
local experience, the lowa Department of Transportation (lo®d)0n cooperation with
lowa State University (ISU) began the LRFD foundation researoject TR-573 in July

2007. The main objective of this research project is to examinentypile design and
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construction procedures used by the lowa DOT, and recommend changeganedments
to the current AASHTO LRFD bridge design specification. In agidito TR-573, dynamic
analysis methods using PDA, CAPWAP, and WEAP for pile desigrcanstruction control
were added in the research project TR-583 that allows the developn@#at improvement
of LRFD foundation design for dynamic analysis methods. The fundahuifficulties of

developing LRFD resistance factors for dynamic analysis metli@sorrect identification
of pile penetration, static resistance calculation, and time deperpglentresistance
(Paikowsky et al., 2004). Many studies have been made on develoRifD for deep
foundations in the recent years, especially by Paikowsky. €2@04) and Allen (2005),
which were adopted in the recent AASHTO (2010) Bridge Design Speaficati

2.7.2 Reliability theory approaches

The principle of LRFD is to incorporate the margin of safetguph the combination
of load and resistance factors. The uncertainties involve in tlik dod resistance are
guantified using statistical based methods to achieve a conslsiazit of reliability.
Uncertainties in loads are small compared with soil resistanc@his fundamental
relationship can be given by Eq. (2.41). As noticed from this equadartial safety factors

are applied separately to the load (Q) and resistance (R).

zniYiQi < ¢R (2.41)
where,
ni = a modifier factor to account for effects of ductility, redundancy and
operational importance,
Yi = load factor,
Q = load, kN or kip,
(0] = resistance factor, and

R = ultimate resistance, kN or kip.
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Figure 2.16 shows probability density functions (PDFs) for loadai@@) resistance
(R). In principle, failure happens when the load exceeds treaese, and the probability
of failure (p) is related to the extent to which the two probability densitytions overlap.
By combining both the probability density functions, the margin oftgafethe reliability
index () can be expressed as shown in Figure 2.17. The relialbitlgxi) is defined as
the number of standard deviations of the derived PDFs separatingetire safety margin
and the nominal failure value of zero (Paikowsky et al., 2004), roplgi the distance
measured in standard deviations between the mean safety margire dailre limit (Allen,
2005).

Ol

F(R), f,(Q)

R, Q

Figure 2.16: Probability density functions for load and resistance (AdapéedPafkowsky
et al. 2004)
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fe)| po, |

M

Failure Region I

Area = p¢ ]
0 T%-:F\kR/Q) g= In(I-R/Q)

Figure 2.17: Combined PDFs that represents the safety margin and rglinéit (Adapted
after Paikowsky et al. 2004)

Two statistical methods are commonly used in the resistandelcad factors
calibration, and they are First-Order Second-Moment (FOSM)Farst-Order Reliability
Method (FORM). Existing AASHTO specifications are based onRBEM analysis. A
comparison in calculating resistance factors using both methodddwas studied by
Paikowsky et al. (2004). They concluded that FORM provides highstamese factors than
the FOSM by approximate 10%. Kim (2002) described that the loadn@jesistance (R)
are lognormally distributed, mutually independent, and In(Q) and) lafl® normally
distributed. Thus, the mean value of limit state function g(Q,R)beaexpressed by Eq.
(2.42)and its standard of deviationgf can be expressed by Eq. (2.43). By definition, the
reliability index @) is the ratio of overog given by Eq. (2.44). Replacing R with Eq. (2.41)
and rearranging Eq. (2.44), the resistance fagipis(given by Eq. (2.45). Paikowsky et al.
(2004) described that the probabilistic characteristics of the randaables for dead load

(Qp) and live load (Q) are based on the assumption used by current AASHTO and load

combination for strengthas listed in Table 2.14vhich are different from the initial factors
proposed by Barker et al. (1991).
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g=In(R)—In(Q) =1In

R Q R |1+COV§
Troo T Mo Trcow| 42

0y = \/olzn(R) + 00 Q) = \/ln[(l + COV2)(1 + covg)] (2.43)

ARR (1+covi +covj )
ApQp+ALQL (1+COVg)

- g (2.44)
% Jln[(l +COVR)(1 + COVE, + COVZ )]
o) [
© = (2.45)
(7\])& N )\L) e{sT\/ln[(1+cov2R)(1+cov5D+covéL)]}
QL
R = mean value of the resistancegR, kN or Kip,
Q = mean value of the load\5Qp + A.Qy., KN or kip,
COVRr = coefficient of variation of resistance,
COVq = coefficient of variation of load,
g =standard of deviation of function g,
B = reliability index,
Br = target or desired reliability index,
AR = resistance bias factor = Ratio of measured to predvetie@ for resistance,
Ap = dead load bias factor = Ratio of measured to predicted value for dead load,
AL = live load bias factor = Ratio of measured to predicted value for live load,
YD = dead load factor,
YL = live load factor,

Qo  =dead load, kN or kip, and
QL = live load, kN or kip.
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Table 2.14: AASHTO assumed random variables for dead load and live load

Load (Q) Load Factory) Load Bias }) Coefficient of Variation (COY)
Dead (D) 1.25 1.05 0.1
Live (L) 1.75 1.15 0.2

The calibration of LRFD factors requires a proper selectiora afet of target
reliability levels that are represented by target rditgindex and determine the probability
of failure. An approximate relationship between the probabilityadbtire and the target
reliability index for lognormal distribution can be given by.H.46). However, this
approximation is not accurate fpelow 2.5, which is at the mid zone of interegigffom
2 to 3) for foundation design (Baecher, 2001). According to Barkak €1991), the target
reliability index for driven piles can be reduced to a value batvizz0 and 2.5 especially for
a group system effect. The initial target reliability indesed by Paikowsky et al. (2004) is
between 2 to 2.5 for pile groups and as high as 3.0 for single pilegr fAliowing the
reviews, Paikowsky et al. (2004) developed their recommendationsefdartpet reliability

index as listed in Table 2.15.

pf — 460e—4.3ﬁT (246)
where,
Pr = probability of failure, and
Br = target reliability index.

Table 2.15: Recommended probability of failure and target reliability index

Pile Support Type No. of piles per cap Probability of Failure, p Target Reliability Indexp+

Non-Redundant Less than or equal ¢ 0.1% 3.00
Redundant 5 or more 1.0% 2.33

Another parameter used in the Eq. (2.45) is the ratio of dwmed to live load
(Qo/QL). The ratio shows little sensitivity to the resistareetdr calculations, and a typical
value of 2.0 is reasonably chosen by Paikowsky et al. (2004) and ao¥&@ukis chosen by
Allen (2005). Despite the proper selection of the parameters, fibierefies of the design
methods are not reflected from the resistance factors. MeVa}. (2000) proposed an
efficiency factor, which is defined by the ratio of theistance factor to the bias factori),

to better present the economic value of the design methods and to avoigddbaception
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between the economy of the design methods and their high resistance factors.

The FORM approach, another statistical method, has been us#t ihRFD
calibration for structural design. To maintain a consistency idgérdesign, FORM
approach is urged by Nowak (1999) to be used in the LRFD resdi@ctors calibration for
deep foundation. The failure events in deep foundation design can be tagsodih
ultimate resistance and serviceability, and they are desdpeadimit state function g
where the vector Xs defined as basic random variables representing resistamddeads.

The following steps to determinate the reliability ind@x (sing this FORM method have
been described by Assakkaf and Ayyub (1995) and Faber (2001).

1. The basic random variables are transformed into standardized normall
distributed random variables using Eq. (2.47).

2. However, for non-normal distributed random variables, they are apprexirbgt
both original probability distribution functions as represented by E48)Yand
original probability density functions as represented by Edt9). Combining
Egs. (2.48) and (2.49), the equivalent mean and standard deviation of the
approximating normal distribution can be obtained using Egs. (2.50) and (2.51),
respectively.

3. Let the standardized normally distributed random variatdg$ inh a function of
reliability index @) and a directional cosine(). The directional cosinex{) is
calculated using Eq. (2.52).

4. With of, py,, andoy.are now known, the Eq. (2.53) can be solved for the root
reliability index (3).

5. Using thep obtained from step 4, a new design point can be obtained from Eq.
(2.54).

6. Repeat steps 1 to 5 until a convergencg isfachieved.

7. Following the above procedures and for the given value$, obrobability
distributions and moments of the load variables (means and standaribdey,a
and the coefficient of variation for resistance, the resistdacwr can be

computed using Eg. (2.55).
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Xj - Hx;

X = :
= (2.47)
Xi — py.
ini(Xik) = (D< - 7 Xl) (2.48)
(%8
1 [Xi —
fy. (X)) = — - :
Xu( l) O_Xi ( G;(i (2 49)
g, = X; — @71 [Fx, (X)]ok, (2.50)
Xi fx, (XP)
dg ’
o G
af = fori=1,2,.....,n
2 (2.52)
().
i=1 X " GXi
g[(l"l‘g(l - a;(io-g(is)' " (I‘lg(n - a;(no-g(ns)] = 0 (253)
Xi = ng, — ok,0%,B (2.54)
n . .
Q= M (2.55)
Hr
where,
Xi* = a design point in reduced coordinate system,
X = a design point in regular coordinate system,
Hy; = mean value of the basic random variables,
by = equivalent mean of the approximating normal distribution,
Hoi = mean value of the load variable,
UR = mean value of the resistance variable,
ox; = standard deviation of the basic random variables,
ox, = equivalent standard deviation of the approximating normal

distribution,
Fx, (X{)= original probability distribution function of basic random variables
in design coordinates,

fx,, (X{)= original probability density function of basic random variables in
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design coordinates,

®() = cumulative distribution function of the standard normal distribution,
@() = probability density function of the standard normal distribution,

B = reliability index,

o = directional cosines fori = 1, 2,..,.n, and

Yi = given set of load factor refer to Table 2.15.

2.7.3 Fitting to ASD approach

The fitting to allowable stress design (ASD) approach isydwesed as a reference
whenever there is a fundamental change in either design philosogtl®sign specification
format (Allen, 2005). Barker et al. (1991) developed resistancergaasing the statistical
data and calibration by fitting to ASD approach based on Stréngtiich focuses only on
dead load (@) and live load (Q). The general formula used to calculate a resistance factor
by fitting to ASD is given by E(2.56). Based on the current AASHTO recommended load
factors as listed in Table 2.14 and a dead load to live load ratBo0othosen by Allen
(2005), Eq. (2.56) can be simplified to Eq. (2.57)

Yo (3—2) +vL

- (% +1)FS (2.56)
¢ = % (2.57)
where,
YD = dead load factor,
YL = live load factor,
Qo =dead load, kN or kip,
Q. =live load, kN or kip, and

FS = allowable stress design factor of safety.
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2.7.4 Recommended LRFD resistance factors

According to Allen (2005), the initial source of the resisteaceors in the AASHTO
LRFD Design Specifications (AASHTO 2004), Section 10, was based hen t
recommendation reported by Barker et al. (1991). However, th& |&fSHTO (2010)
Interim Revisions presented the resistance factors for driles goie based on the studies by
Paikowsky et al. (2004) and Allen (2005). Table 2.16 was adapted frentevised
AASHTO (2010) LRFD Bridge Design Specifications for dynamic ansiysethods.

Table 2.16: LRFD resistance factors for driven piles (AASHTO, 2010)

Resistance
Factor

Condition/Resistance Determination Method

Driving criteria established by successful static load tes
at least one pile per site condition and dynamic tetinfy 0.80
at least two piles per site condition, but no less than 2% '
the production piles
Nominal Bearing  Driving criteria established by successful static load test of 0.75
Resistance of Single at least one pile per site condition without dynamic testing '
Pile — Dynamic  Driving criteria established by dynamic tesffhgpnducted 0.75
Analysis and Static on 100% of production piles '
Load Test Methods, Driving criteria established by dynamic f&stuality
@Payn control by dynamic testi§j of at least two piles per site 0.65
condition, but no less than 2% of the production piles
Wave equation analysis, without pile dynamic
measurements or load test but with field confirmation of 0.50
hammer performance
(a) U Dynamic testing requires signal matching, and best estimétesminal resistance are made
from a restrike. Dynamic tests are calibrated to the static legdmieen available.

As described in the AASHTO (2010) Section 10.5.5.2.3 for driven piles, if the
resistance factors shown in Table 2.16 are to be applied to non-aedyrite groups as
described in Table 2.15, the factors should be reduced by 20 %ect rfhigher target
reliability index @r) of 3.0 or more. Furthermore, the resistance factors were de&smi
mainly from load test results obtained on piles with diamete&lOofmm (2 ft) or less. A
static or dynamic load test should be considered if piles ldngaer@10 mm (2 ft) diameter
are used during design using static analysis methods. The combioatstatic and/or
dynamic tests should be established based on the degree of sieilityar which is

characterized using field and laboratory exploration and test progriioted that the
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resistance factors (0.65 and 0.75) listed in Table 2.16 for dynartimgt@sthout static load
testing were developed for the beginning of restrike (BOR) conditiand their applications
for the end of driving (EOD) conditions may yield conservative tedidcause of soil setup
up. The 0.50 resistance factor for wave equation analysis Migiséal based on calibration
by fitting to past allowable stress design practice. Legpkrience or test results should be
used in wave equation analysis to enhance the confidence of pdtanee estimation, and

field verification of the hammer performance should be conducted.

2.7.5 Other LRFD resistance factors

Based on the calibration procedures described in Section 2.7.2, resfatance for
driven piles were calculated by other researchers based on uporavagable regional
database. Table 2.17 summarizes the resistance factors andréspauwding efficiency
factors for the dynamic testing with signal matching procedGAPWAP) and the wave

equation analysis.

Table 2.17: Other LRFD resistance factors for driven piles
Resistance Efficiency

Dynamic Source of  EOD or

Analysis Method Reference Database BOR (BF aEtgrgpa) F?Piior’
T— &.
Florida EOD 0.739 0.46
Pz (et DOT BOR 0.58% 0.46
Paikowsky et al. National EOD 0.64 0.40
Dynamic testing (2004) BOR 0.65 0.56
requires signal Paikowsky @)
matching Allen (2005) et al. (2004) BOR 0.71 n/a
(b)
Abu-Farsakh et al.  Louisiana Egg 131 0.36
(2009) DOT (14 days) 0.55 0.44
Paikowsky et al. ,
(2004) National EOD 0.39 0.24
: Transportation .
Wa;/ﬁa?q:ignon Research Board Fg)g_(lj_a EOD 0.35% n/a
y (2009)
Paikowsky
Allen (2005) et al. (2004) EOD 0.40 n/a

(a) [1 Based on Monte-Carlo simulation method; (b}or Lousiana soft soil; (c) Based orft =
2.50.
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2.8. Pile Setup

2.8.1 Introduction

Pile setup refers to the increase in resistance of drivenqiler time, especially piles
embedded in cohesive soils. When a pile is driven, the surrounding sdigpiaced
primarily radially along the pile shaft and moves downward adilig below pile toe. As a
result of this pile installation process, the surrounding sodrisofded and excess pore water
pressure is generated. Randolph et al. (1979) stated that pile diistundps soil stress up to
a distance about 20 pile radii, and the amount of excess pore wedsung can exceed the
existing overburden geostatic stress at a region within onedjaifeeter. A research on
closed-ended pipe piles performed by Pestana et al. (2002)e@\bal the magnitude of
excess pore water pressure decreases at an inverse relationship vgjtlateeotthe distance
from the pile. When healing of remolded soils and/or dissipation axtess of pore water
pressure occur, effective stress of the surrounding soil increalsies, increases the shear
strength and bearing resistance of the pile. Because of thedwmmsms happen over a
period of time depending on the rate of soil recovery and consoliddhe pile resistance
increases as a function of time. Soderberg (1961) reported thahtheftexcess pore water
dissipation is directly proportional to the square of the pile widthimretsely proportional
to the surrounding soil’'s horizontal coefficient of consolidation,).((Because soill
disturbance and excess pore water pressure generation and dissipetioprimarily along
the shaft, it is suggested that pile setup is primarilybatieid to the increase in shaft
resistance (Axelsson, 2002; Bullock, 1999; and Chow et al., 1998). Howevernnexyger

results relate pile setup to soil disturbance and pore water dissipationesastly

Pile setup has become an important research topic, because th&sfslicce
incorporation of setup in pile foundation designs contributes economic adwantager
civil infrastructure systems. A literature review on thieafof pile and soil on pile setup is
summarized in the following sections. Furthermore, current methods availabdeatute to
measure and estimate pile setup are described.
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2.8.2 Effect of pile

It was reported by Camp and Parmar (1999) with focus on aatdfconsolidated
cohesive calcareous soil that a displacement pile (such ased-eloded pipe pile), which
exerts greater disturbance to the surrounding soil than a low dispdat pile (such as a
steel H-pile), takes a longer time to fully gain its resise (i.e., a slower setup rate).
However, based on a database of pile static load and dynamicdkstsed from literature,
Long et al. (1999) found no clear evidence of difference in setup lebteeen large
displacement and low displacement piles driven into mixed and cibgrsfiles. A report
by Finno (1989) indicated that a closed-ended pipe pile generated bigless pore water
pressure than steel H-pile; however, the unit shaft resistdocé®th pile types matched
after 43 weeks. It is anticipated that pre-stressed cormleseexhibit larger setup than steel
H-pile, which is due to a higher coefficient of friction along tbi-soncrete pile interface as
reasoned by Priem et al. (1989). Furthermore, more permeable waitaierwhich absorb
water and allow faster dissipation of pore water pressure, ligkier setup rate than other

less permeable piles (Bjerrum et al., 1958 and Yang, 1956).

2.8.3 Effect of soil

Many research outcomes have confirmed the effect of diffea@htypes on pile
setup. Occurrence of pile setup has been recognized in bothveoaedicohesionless soils.
In cohesive soils, Komurka et al. (2003) qualitatively explained the¢ss pore water
pressure dissipates slowly and dictates the pile setup rateh winbderately relates to
logarithmic nonlinear relationship (Zone 1), mainly relates to ltdgarc linear relationship
(Zone 2), and slightly involves aging mechanism (Zone 3) showigurd-2.18. Randolph
et al. (1979) stated that the variation in soil stress around aaftée installation is
independent of the soil's overconsolidation ratio (OCR). However, Whittte Sutabutr
(1999) indicated that reliable pile setup estimations for largeeter open-ended pipe piles
depend on accurate measurement of OCR value and hydraulic conducfieitypiling pile
load test information published in literature, Long et al. (1999) foundpitest embedded in

soft clays experience more setup than in stiff clays. Thegetbpiles embedded in clay soil
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experiencing setup by a factor of 1 to more than 6 of its inigalstance estimated

immediately after installation, while piles in a mixed p#&xhibited over a range between
those for sand and those for clay. Although effect of soil on pilg $& apparent, necessary
data to quantitatively estimate pile setup in terms of soil propertie®lg esailable.

Zone 1: | |Zone 2:
Nonlinear Linear File Setup Zone|3:
Pile Setup Rate oy Pore Water Aging
Rate or Pore Dissipation
Water < >
Dissipation

Ratio of Final to Initial Pile Resistance

Time in Logarithmic Scale

Figure 2.18: Idealized schematic of pile setup zones (after Komurka et al. 2003)

For the case of piles embedded in cohesionless soils, Komurka(20G8) stated
that excess pore water pressure dissipates rapidly. Asul, neie setup occurs with a
logarithmic linear relationship (Zone 2 in Figure 2.18) and masdociates with aging in
the soil (Zone 3 in Figure 2.18) (Axelsson, 2002). Aging referstimedependent change
in soil properties at a constant effective stress. The effeetging increases soil shear
modulus, stiffness, and dilatancy, and reduce soil compressibilitglggon, 1998; and
Schmertmann, 1991). Research performed by Chow et al. (1998) on open-endatepipe
driven into dense marine sand showed an 85% increase in shaffresidtring the interval
between 6 months and 5 years after installation. They concludesepile was caused by
the changes in the stress regimes created during pilelatistaland the creeping effect

leading to the breakdown of arching around the pile shaft that atblia stress to increase
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close to the pile. Axelsson (2002) showed an average pile resigtanease of 40% per log
cycle of time, while Koutsoftas (2002) reported a pile resistarmease of 25% to 50% in
cohesionless soils. Based on an extensive research performed on 488 nmhsquare

prestressed concrete piles, Bullock et al. (2005a) concluded tipdeakegments embedded
in different soil layers exhibited side shear setup with similagnitude in both cohesive and

cohesionless soils.

2.8.4 Measuring pile setup

At least two field determinations of pile resistance with caleent at the end of
driving (EOD) and the other at a delayed time are required &sune pile setup. Static load
tests and dynamic analysis methods can be used to measuretyple 8ecause of the
construction sequence in setting up a reaction system, a top-ldatiedaad test usually
requires several days after pile installation before testarg be performed. Hence, this
method is considered impractical to determine the initialteesie at EOD (Komurka et al.,
2003). On the other hand, a static load can be applied at a pilsitgean Osterberg’s cell.
This method determines either the maximum end bearing or thenoraxshaft resistance
since both resistances are used as reactions to test each Siheg. pile setup is mainly
attributed to the increase in shaft resistance, it will bealsigitto evaluate pile setup from
bottom-loaded static load tests that fail in shaft resistaifcghe pile is internally
instrumented with strain gauges or tell-tales. However, thisrmeibaded static load test is
not suitable for driven pile. Due to a time required for settindhagdsting equipment and a

high cost of performing this test, it is practically infeasible to nteggile setup.

On the other hands, dynamic analysis methods, such as PDA with ERRY
described in previous sections, are typically used to measuresqiip. PDA allows
measurement of pile responses during driving, which is approgdoatdetermining the
initial pile resistance at EOD. The gain in resistancasdasured by performing multiple
pile restrikes at various times after EOD, and the distributigrilefsetup along the pile can
be determined. The challenges with using dynamic analysis metteo(lk) dhe ability of a

driving hammer to fully mobilize the pile resistance (i.e., caugitg displacement to
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mobilize the resistance along the pile-soil interface) fomecurate measurement of pile
responses; (2) the use of representative dynamic soil parantied greatly influence the
pile setup quantifications; and (3) the performance of time consumahgheonvenient pile
restrikes. In fact, AASHTO (2010) acknowledges that it is eaisible in practices to
perform static load or dynamic restrike tests over a longgeaf time to quantify the pile

setup.

2.8.5 Estimating pile setup

Pile setup can be estimated using empirical, analytical, or taherethods. Eleven
methods and their limitations are chronologically summarized ibleT2.18 and are
explicitly depicted in the following paragraphs. Based on a largéeuof load test data on
concrete piles driven into Shanghai clay soils, Pei and Wang (1986yethseconsiderable
pile setup and proposed Eq. (2.58) to estimate the pile resistaang &tne (t) after EOD.
This setup equation is purely empirical and does not incorporatsodrgnd pile properties.
Furthermore, this method requires the determination of a maximienrgsistance (R
defined at 100% consolidation of the surrounding soil (i.e., completealissi of excess

pore water pressure), which is usually difficult to estimate in practice

R R
t — 0.236[log(t) + 1] ( max _ 1) +1 (2.58)
REop Reop
where,
R = pile resistance at any time (t) after EOD, kN or kip,

Reop = initial pile resistance estimated at EOD, kN or kip, and

Rmax = maximum pile resistance after completing soil consolidation, kN or Kip.
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Table 2.18: Summary of available methods for pile setup estimations

Reference Setup Equation or Method Soil Type Litioites

Pei and — Purely empirical

v Rmax Shanghai — Site specific
(\/1\/518?69) Reop 0:236[log(t) + 1] (REOD 1) 1 clay — No soil and pile properties
— Difficult to determine Ry
— Only predict pile resistance at"i4
Riy Shanghai  day
Zhu (1988) Regop 0.375S: +1 clay — No consolidation effect is
considered
Skov and R, t Clay, - Require restrikes
Denver = Alog (t—) +1 chalk, or — Wide range and non-uniqueness
(1988) 0 o sand of A parameter
— Challenge with determining
Lukas and n : .
Bushell AR = [Sa.(long) _s, (short )] X A, Silty correct adhesion factor (AF)
i i clay unless load tests are performed
(1989) =1 over time
Svinkin R; = 1.4 Rgopt®! (upper bound) igﬁéal — Purely empirical
(1996) R, = 1.025 Rgopt®! (lower bound) o1~ No soil and pile properties
Titi and A general numerical procedure using Sabine Highly technical and complex for
Wathugala (HiSS)-63; soil model, strain path method cla general applications by pile
(1999) and finite element nonlinear analysis. y designers

— Highly technical and complex for
Marine general applications by pile
clay designers

Whittle and A general numerical procedure using stre
Sutabutr  path model, MIT-E3 soil model, and finite

(1999) element nonlinear analysis _ Require detailed soil tests
— Require restrikes
Svinkin R General — B parameter has not been
and Skov = Bllog(t) + 1] + 1 cohesive  extensively quantified
(2000) Rgop soil - No clear relationship between B

and soil or pile properties.

Paikowsky Determine a suitable time for a pile restril C;Ir%/ _ Does not estimate bile setup bt
et al. at when the pile achieves 75% of its : P tup
(2004) maximum resistance granular  suggests time of pile testing
soll
Rt _ alog(—2) +1;
Karlsrud et Rigo o8 (E> T — Assumed complete dissipation
al. (2005) Clay after 100 days is not true

A=01+04 (1 _ ﬂ) OCR-08 Not practical to use {3,
- . . 50

Jeon and
Rahman A backpropagation neural network (BPNFM  All soils
(2007)

— Dependent on quality of database
Insufficient data
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Based on about 70 test piles at more than 20 sites in the coasmlofiEast China,
Zhu (1988) proposed a pile setup Eq. (2.59) in terms of cohesive soilvsgnés;). This
equation was developed to specifically estimate a pile resistat 1% day (R.), which is
not always practical due to the inflexibility of the method tedgct a pile resistance at any
desirable time.

R14

= 0.375S; + 1 (2.59)
Reop
Based on data collected in Demark and Germany summarized in Z.4BleSkov
and Denver (1988) developed a pile setup Eg. (2.60) for three soil tigpgschalk and sand
based on case history Nos. 1, 3 and 4, respectively. Due to thedlipi¢ test data, case
history No. 2 was not selected. Using the pile resistancesuneebfrom static load tests and
pile restrikes using CAPWAP, logarithmic lines were bittd through the data points with
the appropriate assumption of the initial reference timgef(tL day, 5 days, and 0.5 day for
clay, chalk, and sand, respectively. Figure 2.19 shows that differiéebaditions resulted
in the pile setup relationship with different slopes represenyetihd pile setup parameter
(A). It was found that piles embedded in chalk generated the highesiue of 5.0 while
piles in clay and sand had A values of 0.6 and 0.2, respectively. Skov audr{£988)
noted that the suggested values,adrid A were valid for these case histories, but they may
be used in other cases with caution.

R t

(o) o

= pile resistance at any time (t) after installation kN or kip,

= pile setup parameter, and

R
Ro = initial pile resistance estimated at tirgekiN or Kip,
A
to = initial reference time.
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Table 2.19: Summary of piling projects implemented by Skov and Denver (1988)

. : Delay of
Case Location Pile Type Pile Length Soil Hammer No. .Of SLT
(m) Type Restrikes (day)
Albory, 250%250 mm a) b) UDCOMB
Germay  concrete piles 19% and 21 clzy H5H € =
MRB600°
p ~ Hamburg, 762 mmd 33.7 sand 2N 1 7
Germany steel pipe pile Delmag
D46-02%
g Ulelme [ S 11 Chalk BANUT 6 14
Denmark concrete piles
4 Hamburg, 350x350 mm 21 Sand UDCOMB 4 19
Germany concrete piles H5H

(a) — Piles selected for restrikes; (b) — Pile selefdea static load test; (c) — Hammer used during
driving; and (d) — Hammer used during the restrike.

7.00

Note: Open markers refer to SLT data and ¢ Case 1 (Clay)
closed markers refer to restrike data mCase 3 (Chall

6.00 1 @®Case 4 (Sand)|
t,=5days; A=5.0

5.00 -
D:O
s 4.00 -

3.00 -

t,=1day; A=0.6
....... _‘_._.'o.........._._
1.00 . |
1 15 2 25
Log,, (t/t,)

Figure 2.19: The development of Skov and Denver (1988) pile setup relationship

The determination of,tand A values is challenging, and they are usually assumed
from literature, or back-calculated from experimental regltsnurka et al. 2003). Bullock

(1999) noted that the setup parameter (A) is a function of sthaltie, or vice-versa.



101

Komurka et al. (2003) noted that thevalue is a function of soil type and pile size. For
instance, Camp and Parmer (1999) concluded that piles with largeetdrahave largeg t
values. Due to the variability of soil and pile types, Svinkinle{1®94), Bullock et al.
(2005a), and Yang & Liang (2006) reported A values ranging fromoO110t For practical
application, Bullock et al. (2005b) recommended using a conservative tdt dalue of
A=0.1 for piles embedded in mixed soil profiles without performingirilees. The non-
uniqueness of the A value, which is usually determined from restrikas not been
successfully correlated with soil properties, which limits gemeral application of this
equation. In order to improve the estimation of setup using the estirpé¢ resistance at
EOD, Long et al. (1999) and Svinkin and Skov (2000) respectively proposed tbeQ8&
day and 0.1 day fop.t

Using pile load tests conducted at five separate sites in the Chicagolamdtiarear
compression tests and one tension test, Lukas and Bushell (1989) exbtpilatsetup in
clayey soils by first determining average undrained sheamgth () along the pile. Next,
they found that the soil-pile adhesiony)(%t short period of time after driving can be
approximated by the remolded shear strength ich is the ratio of Sand soil sensitivity
(S). Based on the field test results, the long tegrwa&ues corresponding to the time
between 30 and 80 days did not reach the measyreali#e. For this reason, the long term
S, value was suggested as the product,adrél an adhesion factor (AF). The increase in pile
resistance AR) was estimated by summing the product of the gain in adhesionrdddée
between long-term and short-termg #lues) and the corresponding segmental pile shaft
surface area given by Eq. (2.61). They suggested the adhedimns fafc0.83 and 0.64 for
stiff clay and soft to medium clay soils, respectively. Thallenge with this approach is the
determination of a suitable adhesion factor at a time of conswenatless field pile load

tests are performed over a period of time.

n
AR = Z[Sai (long term) — S, (short term)]| X Ag (2.61)

i=1
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where,
AR = increase in pile resistance, kN or kip,
[ = pile segment i,
n = total n number of pile segments,

Sa,(long term) = long term soil-pile adhesion 5 8 AF, kN/n or ksi,

AF = adhesion factor (0.83 for stiff clay and 0.64 for soft to medium
clay),

S,, (short term) = short term soil-pile adhesienS, kN/n? or ksi,

S = remolded shear strength #%; kN/m? or ksi,

S = soil sensitivity, and

As = segmental pile shaft surface are&omir?.

Using pile load test data in mostly glacial sandy soil, SvinkB96) presented the
upper and lower boundaries to estimate the pile setup of driven psasidly soil given by
Eq. (2.62). He found that the rate of pile setup with respect tantiee(t) from the pile test
data was generally the same (i.e., time t has the same pPalyebut the setup coefficient
ranged between 1.025 and 1.4. He also concluded that the pile setup irscidsmadyas
influenced by the level of ground water table. Similarly, this tooas purely empirical

and no soil or pile properties were incorporated for general applications.

R; = 1.4 Rgopt®?! (upper bound) (2.62)

R¢ = 1.025 Rgopt®?! (lower bound)

Titi and Wathugala (1999) presented a general numerical meth@stiorating the
variation of pile resistance with time for driven friction pilesibedded in saturated clay.
The numerical analysis formulated the completed life stagelseopite, starting from pile
installation, subsequent consolidation of surrounding soil to loading. Thigs@naas
performed using Hierarchical Single Surface (Hi8g)imodel, strain path method, and
nonlinear analysis of porous media through a commercial fireteexit program ABAQUS.

The (HiSS)é5; model was adapted, based on the nonassociative anisotropic iB®yel
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developed by Wathugala and Desai (1991), to characterize soil belaavibe pile-soll

interface and at the far-field. This model is capable dfiptiag very low effective stresses

at the interface during and immediately after pile instaltati The numerical simulation

procedure is summarized in the following steps.

1.

Estimate the strain fields induced in the soil around the pile dygldgo
installation using the principles of the strain path method preddnt Baligh
(1985).

Determine the effective stress paths for the soil pastielound the pile
during pile installation by integrating the constitutive equationb@{iHiSS)-
&5; model along the strain paths estimated in step 1.

Determine the equilibrated effective stresses and pore ywadssures at the
end of pile installation using the coupled theory of nonlinear porous media.
Simulate the subsequent soil consolidation around the pile using the finite
element program ABAQUS.

Simulate the pile load tests at different times during soil aafeion around
the pile using ABAQUS.

This numerical procedure was successfully verified based on dgbdriments
conducted on 43.7 mm (1.7-in) and 76.2 mm (3-in) diameter instrumented giteerse

models installed at Sabine Pass, Texas. Using the Sabinesailagondition, Titi and

Wathugala (1999) simulated the complete process of two full-stage (82.8 ft) long piles
with diameters of 300 mm (11.8-in) and 500 mm (19.7-in), starting froenipgtallation,

subsequent soil consolidation, and static load test. Although the proposesticalim

procedure can be used for full-scale piles, no full-scale fietdlp#ld tests were available to

validate the simulated responses. It is a highly technical anglexmprocedure that requires

in depth understanding of soil mechanics and involves simulation using &hement

methods. For this reason, it is practically infeasible for gilsigners to estimate pile setup

using this procedure.

Similar to the numerical procedure proposed by Titi and Wathu@8g0j, Whittle
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and Sutabutr (1999) proposed a numerical procedure to predict pilespettifically for
large diameter, open-ended steel piles used to anchor offshooemlaifhey used the strain
path model presented by Baligh (1985) to characterize pile ingtalldisturbance for a
given pile geometry. MIT-E3 soil model formulated by Whittle &=/vadas (1994) was
used to predict effective stress-strain strength propetiiesighout pile installation and
setup based on specified initial stress state, stress histody material input parameters
determined from one-dimensional consolidation tests and undrained |trsdvear tests.
Subsequently, one-dimensional finite element model was used tatnmainlinear coupled
consolidation that occurs radially around the pile shaft. The proposeddore for pile
setup estimation was validated using (1) Piezo lateral stress (PL&ateebn a closed-ended
model pile in a clay deposit performed at the Saugus siteteeply Azzouz and Morrison
(1988); and (2) an instrumented model pile with 104 mm outside diamete an long
embedded in a soft marine clay at Bothkennar site developed at ImpdiegjeCbondon, by
Lehane and Jardine (1994). Again, the numerical procedure is highhidal and complex
which may not conveniently implemented by pile designers for ipghcpile setup

estimations.

Maintaining the opportunity of using the logarithmic time scale skyting the
reference time { given in Eq. (2.60) to 0.1 day, Svinkin and Skov (2000) presented an
alternative setup Eq. (2.63) that accounts for the actual {epses immediately after EOD
and independent of.t Although this method has taken into an account the actual time after
EOD (top) by allowing the reference pile resistance to be estichat the EOD condition,
the alternative soil dependent setup factor (B) value was notifigehmh terms of any soil
properties and relied on pile restrikes for pile setup estimation.

R

=B [log;o(H) + 1] + 1 (2.63)

Reop

Using an extensive database of pile load tests and restrike CARWAP analysis
on closed-ended piles, Paikowsky et al. (2004) concluded that the sxixesse in pile
resistances measured using static load tests was much stamethat exhibited by the
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dynamic analysis methods. They suggested that scheduling of canstargpile testing for
setup measurement should consider the following recommended titmesreelapsed after
the pile installation to reach 75% of the maximum resistaingg) (n terms of a pile radius
(). For open-ended pipe piles, the pile radius (r) can be takemeabalf of the outside
diameter. For a square shape pile, the radius (r) can be assuhflad its side dimension.
The depth from the outer edge of one flange to the outer edfee amther flange can
considered the equivalent radius (r) for steel H-piles. Tpwsoach does not estimate pile
setup, but it suggests when pile static or dynamic testsedi@med to measure the increase
in pile resistance at 75% of the maximum value.

1. For piles embedded completely in clay:

For static testing purpos®z,, = 1540r?

For dynamic testing purpose;o, = 85r2

2. For piles embedded in alternating soil conditions (granular and cohesive):

For dynamic testing purpose;o, = 39r?

Karlsrud et al. (2005) tried to relate soil properties to pitepsey incorporating the
plasticity index (PI) and overconsolidation ratio (OCR) in Eq. (21643ed on a Norwegian
Geotechnical Institute (NGI) database that consisted of 36 well documemtéeispsl on steel

pipe piles with outer diameters greater than 200 mm and supplemented resalis dilaate
(1968). Referred to Eq. (2.64), the te[ml + 0.4 (1 —%) OCR‘O-S] is a dimensionless

resistance increase for a ten-fold time increase, andimiied to a range between 0.1 and
0.5. Fellenius (2008) concluded that the reference resistance at 1QRggyby assuming
complete pore water dissipation at this time was not true andeasibfy determined in

practices.

R, [ PI t
=10.1+04 (1 — —) OCR‘O'S] lo (—) +1 (2.64)
R100 50 8 T100

Jeon and Rahman (2007) developed a backpropagation neural network (BPNN) to
estimate the increase of ultimate pile resistance baseddatalbase from a variety of case
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studies available in literature. The database was estabfisimed total of 96 field dynamic
tests using PDA and CAPWAP. These 96 data points were randpimlyt® two groups.
The first group of 73 points was used for training the neural netwartteinwhile the
remaining 23 points were used for testing the model. Six input pemansoil type, pile
type, pile diameter, pile length, time after pile installatiom) @ffective stress at pile tip,
were selected in the development of the model. To demonstraedinacy of this method,
pile resistances estimated by the neural network model wenpazed with those from four
empirical relationships: Skov and Denver (1988), Svinkin (1996), Skov and Denve) (1998
with Long et al. (1999) suggestion, and Svinkin and Skov (2000). The resulke of
comparison indicated that the neural network model provided a bettectmedierified
based on a higher coefficient of determinatiofi) (@d a smaller root-mean squared error
(RMSE). Jeon and Rahman (2007) acknowledged that additional data ard metdare

for further training of the model to improve the quality of the pile setup estimation.
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CHAPTER 3: PILE SETUP IN COHESIVE SOIL WITH EMPHASI S ON
LRFD: AN EXPERIMENTAL INVESTIGATION

Ng, K. WX Roling, M%; AbdelSalam, S. §.Suleiman, M. T and Sritharan, .
A paper to be submitted to the Journal of Geotechnical and Geoenvironmental Eng., ASCE

3.1. Abstract

Setup of piles driven in cohesive soils has been a known phenomenon fot severa
decades. However, a systematic field investigation providing tedededata to develop
analytical approaches for integrating pile setup into the desigghod rarely exists. This
paper summarizes recently completed field investigation on dile ihstrumented steel H-
piles embedded in cohesive soils, while a companion paper discussks/glopment of the
pile setup method and its incorporation into the Load and Resistanoe Basign (LRFD)
approach. During the field investigation, detailed soil charaet@on, monitoring of soil
total lateral stress and pore water pressure using pustessure cells, collection of pile
dynamic restrike data as a function of time, and vertiadlcstoad tests were completed.
Restrike measurements confirm that pile setup occurs withagittegic increase following
the end of driving and its development correlates well with the afdissipation of the
measured pore water pressure. The field data further condhdednly the skin friction
component, not the end bearing, is largely contributes to the setup, sanidie accurately
estimated for practical purposes using soil properties, suchTabl-8&ue and coefficient of

consolidation.
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3.2. Introduction

Many researchers and practitioners have recognized theasecia resistance (or
capacity) of driven piles embedded in cohesive soils over time, agllenomenon is
referred to as pile setup. The mechanisms of pile setuplaredréo the healing of remolded
cohesive soils, the increase in lateral stresses, and the tiigsiph pore water pressure
(Soderberg 1962 and Randolph et al. 1979). When accounted for accuratelydeésigrg
the integration of pile setup can lead to more cost-effectivegress it will reduce the
number of piles and/or pile lengths. Unfortunately, experimental @guired for detailed

pile setup studies rarely exists.

Static or dynamic tests can be performed to evaluatesetlgp; however, it is not
feasible in practice to perform these tests over a periodnef &s acknowledged in the
interim report by the American Association of State Highway Transportation Officials
(AASHTO) (2008). Empirical methods to estimate pile setup hage peoposed by several
researchers, such as Pei and Wang (1986), Skov and Denver (1988) and Svirgoand
(2000). However, these methods have several shortcomings. For instahesdPWVang
(1986)’'s method was purely empirical, specifically developed for @tarsoil, and lack of
generalization in terms of soil properties. Skov and Denver (1988)'Sanélin and Skov
(2000)’'s methods require inconvenient and costly restrikes for theatsin of pile setup
factors, and lack of generalization in terms of soil properties. Ruansufficient
experimental data, these methods have not been substantially valatadedurate practical
applications. For these reasons, empirical methods have not beeredhasicpart of the
AASHTO (2008) LRFD Specifications to account for pile setup.

To account for pile setup in the LRFD approach, the followings ardedetor
commonly used foundation types: a) sufficient and detailed dynamdistatic field test data
as a function of time for accurate pile setup evaluation; b)letsubsurface investigations
and monitoring of soil stresses to quantify pile setup (Komurka.e2(fl3); and c) a

systematic reliability-based method to account for pile setup in the Ligpidach.
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A literature review by the writers concluded that published im&tion on pile setup
lacks detailed dynamic and static field test data as aifunctf time for both small-
displacement piles (i.e., H-piles and open-ended pipe piles) anddiagiacement piles
(closed-end pipe piles and precast concrete piles). In addition,ygsetiitp data on small-
displacement piles is relatively scarce according to the jaolislata of pile setup reported
by Long et al. (1999), Titi and Wathugala (1999), and Komurka et al. (2008thermore,
despite the fact that pile setup is influenced by properties bsobunding the pile and
pore water pressure, the necessary data to quantitativelybeetiee relationship between
pile setup and surrounding soil properties and dissipation of pore wassure is not
available. This raises a question if the pile setup of smallatispient driven piles is
significant. If this is significant, then its dependency on surrounsiiigoroperties and pore
water pressure and its incorporation into the LRFD approach need tiedieels Given that a
recent survey of more than 30 State Departments of Transpor{Bi@ns) conducted by
AbdelSalam et al. (2010) revealed that steel H-pile is th& common foundation type used
for bridges in the United States, the setup investigation repbetesin focuses on steel H-
pile.

3.3. Background

One of the first observations of setup for steel H-piles wasrted by Yang (1956)
on 58 m long HP 360 x 174 piles embedded in silty clay layer® 8tappen Zee Bridge site
in New York. In this case, the pile resistance based on hanumé&ng resistance
measurements increased from 1 blow/0.3m to 8 blows/0.3m after feay the EOD.
Similar soil setup observations for various steel H-piles embeddedhesive soils (see
Figure 3.1) have been reported by Huang (1988) and Lukas & Bu&bB&®)( and more
recently by Long et al. (2002) and Fellenius (2002). Figure 3.1 sumanhe setup found in
the literature for steel H-piles in terms of a resistaatie defined as the total pile resistance
at any time after the EOLCR{) divided by the reference total pile resistance at the EOD
(Reop). The total pile resistance®) were determined either using the measured response

from a static load test or based on Pile Driving Analyzer (PDA)sorements in conjunction
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with CAPWAP analysis at different times of restrike. Thiemence pile resistances at the
EOD (Reop) were based on CAPWAP analysis of PDA data. For comparison ps(pms
predominant soil type along the pile shaft and a weighted ave&B3 N-value () were
determined for each data source. Figure 3.1 shows that pileanesis typically increase
immediately after the EOD and the rate of increase deaeatetime. The extent of setup,
however, varies between sites. It can be observed in gehatgliles embedded in a soil
profile with a relatively smalleN, value (i.e., weighted average SRAvalue) exhibited a
higher resistance ratidR{Reop), indicating a higher pile setup. However, the test pile
reported by Lukas & Bushell (1989) exhibited a higher resistanicethan that of Fellenius
(2002) despite similaN, values for both sites, confirming that setup is influenced by other
soil parameters. Although the mechanisms of pile setup aredrétatbe increase in lateral
stresses and the dissipation of pore water pressure, consolidatioestdss, in-situ lateral
stresses, and pore water pressure measurements were noedrepgrithe authors.
Recognizing the difficulty in understanding the pile setup basedysmiethe data available
in the literature, the current study focused on collecting seffifiand good-quality soil data
for performing accurate pile setup evaluations, including SR/&lues, vertical coefficient
of consolidation €,), horizontal coefficient of consolidationC{) using Piezocone

Penetration Test (CPTu), over consolidation rai€R), and Atterberg limits.

Besides the aforementioned pile setup reported by other cheesrpile setup was
also realized using the Plle LOad Test (PILOT) database cilvaéntly reports quality
assured historical pile load test data available in lowa (Rodirej. 2010). Using eight sets
of data, Ng et al. (2010) reported an average of 39% increase icalvirad resistance of
steel H-piles after five days of the EOD when comparing thasored pile resistance from
static load tests with the initial pile resistance at H@D estimated using WEAP. This
finding confirmed the occurrence of pile setup in cohesive sbisragional setting, where
four different geological formations (i.e., loess, loess on top ofaylaisconsin glacial and

loamy glacial) exist as shown in Figure 3.2.
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3.4. Field Investigation

3.4.1. Test locations

As part of an effort to establish LRFD guidelines in lowa, teelsH- piles were
driven and load tested in the field in different lowa counties reptiegy five geological
regions (Vol. Il by Ng et al. (2011a)). Five of these piles vgreen into cohesive soils to
investigate the effects of setup, whereas three were testeted soils and the other two in
sand profiles. The test piles embedded in cohesive soil profées referred to as ISU2,
ISU3, ISU4, ISU5, and ISU6 (see Figure 3.2). ISU2 at Mills CouBty3 at Polk County,
and ISU6 at Buchanan County were located in loess, Wisconsinlgkwialoamy glacial
geological formations, respectively. Both ISU4 at Jasper camdyiISU5 at Clarke County
were inthe geological formation of loess soil deposits on top of glacal clFollowing a
detailed presentation of results for ISU5 and ISU6, data frofivaltests is used to develop
a rational approach for quantifying pile setup. More detailextniméition gathered for all test
piles can be found in Ng et al. (2011a).

3.4.2. Soil characterizations

Each test site was characterized using in-situ subsuifassstigations, which
consisted of Standard Penetration Tests (SPTs) and PiezoconatRendtests with pore
water pressure dissipation measurements (CPTu), and laborailociassification and one-
dimensional consolidation tests. SPTs and CPTs were perfornted witlistance of 3.7 m
from test piles ISU2, ISU3 and ISU6 and 15 m from test piles I&u#ISU5. For piles
ISU5 and ISU6, Figure 3.3 presents the measuredN\s¥alues (adjacent to the solid boxes)
along the pile length and summarizes the measured CPT spares ¢.) and skin friction
(fs). During the CPTSs, pore water pressure dissipation testscoedeicted at all sites. Based
on these CPTs that achieved 50% pore water pressure dissipatioa|utte of horizontal
coefficient of consolidation() were estimated (see Table 3.1) using the strain path method
as described in Houlsby and Teh (1988).
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Disturbed soil samples were collected for laboratory soil ifieestson in accordance
with the Unified Soil Classification System (USCS). Table 3.1 included8&S for all soil
layers, soil unit weightyj, liquid limit (LL), and plasticity indexRl). Table 3.1 shows that
almost all soil layers were classified as low plasticigy (CL). Based on the sensitivity
analysis conducted by Ng et al. (2010) on using various soil profile pmmgedures in
WEAP for pile resistance estimations, a pile with at |&@% of its cumulative length
embedded in cohesive soil layers (clay or silt vitthof at least 4) was considered to be
embedded in a cohesive soil profilhe average total unit weight was 20.7 kRi{t82 pcf),
and the liquid limit and the plasticity index ranged from 18.2% to 47a&#from 4% to
28.4%, respectively.

Undisturbed soil samples collected using 75 mm (3-in) Shelby twees tested
using one-dimensional consolidation tests in accordance with Amerieawla®d Testing
Method (ASTM) Standard D2435 (ASTM 2004). The over consolidation ra@R( was
estimated using a graphical procedure proposed by Casagrande (h83@)eavertical
coefficient of consolidation(,) was estimated using a square root of time method. Table 3.1
shows that almost all soil layers were normally consolidateslightly overconsolidated.
The high over-consolidation rati©® CR values above 4.0 obtained near the ground surface
of ISU3 and ISU5 were suspected to be due to mechanical compeaictimtop soil layers
during past road construction; ISU3 was situated within an integehavhereas ISU5 was
located at an old road median. T@e values were estimated between 0.033 and 0.152
cn’/min (0.005 and 0.023 #fmin).

For ISU5, the 7.6 m (25 ft) thick top soil layer with loess origaswlassified as low
plasticity clay (CL), and the glacial till underlined lay¢assified as low plasticity clay with
sand (CL). The ground water table (GWT) was located approximately 11 m K&bofty the
ground surface. The SAN-values ranged from 3 to 23, indicating a soft to stiff soil. The
7.6 m (25 ft) thick top low plasticity clay layer has an aver@gd N-value of 8 overlaying
sandy low plasticity clay with an average SR-¥alue of 16. The CPT results show that the
gc andfs values ranged from 527 kPa (76 psi) to 6,569 kPa (953 psi) and from 19 kPa (3 ps
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to 201 kPa (29 psi), respectively. The avergealue of the top low plasticity clay layer
was 92 kPa (13 psi) underlain by sandy low plasticity clay haamgverag&, of 142 kPa
(21 psi). TheOCRvalues ranged from 1.3 to 4.5, and @evalues ranged from 0.051 to
0.107 cni/min (0.008 to 0.017 ffmin).

For ISU6, which was situated in the loamy glacial region stibg to a historical
outwash, the soil profile was divided into four layers consistingraf(43 ft) of a mixed fill
of clayey sand and low plasticity clay (SC and CL) overlagng1 m (7 ft) of silty sand
(SM), 9.05 m (30 ft) of sandy low plasticity clay (CL) with 0.35Inft) of silty sand (SM)
and approximately 3.55 m (11.6 ft) of low plasticity silt (ML). Tgeund water table
(GWT) was located approximately 4.6 m (15 ft) below the ground surfache SPTN-
values ranged from 8 to 23 with a softest layer of sandy lowi@tgsclay at the depth
between 6.1 and 8.95 m (20 and 29 ft). fhandfs values ranged from 488 kPa (71 psi) to
12,353 kPa (1,792 psi) and from 10 kPa (1.5 psi) to 645 kPa (93.5 psi), respectikely. T
averageS, values ranged from 71 kPa (10.3 psi) for the sandy low plastiaty layer
between 6.1 to 9.0 m (20 to 30 ft) underlain by sandy low plasticity clay having ageSera
of 348 kPa (50.5 psi)The horizontal coefficient of consolidation at the depth of 15.2 m (50
ft) was 0.008 crfimin (0.0013 iA/min). TheOCRVvalues ranged from 1.1 to 1.2, and Ge
values ranged from 0.033 to 0.057%min (0.005 to 0.009 fimin).

Since the CPT dissipation test was not conducted for all $eitdat each site and it
requires excessively long time to achieve 50% pore water peedssipation during a CPT
for aC;, estimation, a relationship betwe€pand SPTN-values was established as shown in
Figure 3.4. Using this relationship, thg values were estimated for cohesive layers where
the dissipation test was not performed. Table 3.2 lists the weigivterage SPN, C;, and
C,, values along each pile shaft. The weighted avexagalue was calculated by weighting
the measured soil property for the cohesive soil layer bghitkness divided by the total

length for all cohesive layers located along the embedded pile length.
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3.4.3. Instrumentation

All test piles were instrumented with strain gauges in gairgither side of the web
along the centerline of the embedded pile length as shown in Bduiend Figure 3.5. All
strain gauges were covered with a black flexible rubbery memlarah@luminum tape for
protection against welding sparks, heat and water. The strage gaables were also
wrapped with aluminum foil. As seen in Figure 3.5, the gaugeshendables were covered
with 50 mm x 50 mm x 5 mm steel angles welded to the wethegdile to prevent damages
caused by direct soil contact during pile installation. Degpieaddition of the two steel
angles, the shaft surface area in contact with the soil ieseady by 4%. The steel angles
were chamfered at the pile toe to form a pointed end to miniamyeincrease in the toe

cross-sectional area.

Prior to the pile installation, two strain transducers and twelacmeters of PDA
were installed at 750 mm (30-in) below the top of the pile. Thaenstransducers were
bolted to both sides of the web along the centerline, and theeemoelters were attached to
either sides of the web at a distance of 75 mm (3-in) teftrght of the strain transducers.
The PDA recorded the strains and accelerations during pile davidgestrikes, which were

later converted to force and velocity records.

3.4.4. Push-In pressure cells

To measure the total lateral earth pressure and pore wassupe during pile
driving, restrikes and static load tests (SLTs), Geokon Model 4830ipystessure cells
(PCs) were inserted into the soil at a horizontal distancangigpm 200 mm (0.65 ft) to
610 mm (2 ft) from test piles ISU5 and ISU6; PCs were not Iedtalear ISU2, ISU3 and
ISU4. The PCs were installed one to two days before pieng to ensure stabilization of
lateral stress and pore water pressure readings as recomrbgrisi@iéiman et al. (2010). To
install each PC, a 100-mm (4-in) diameter borehole was drilled to a sgetmfith below the
ground surface using a hollow-stemmed auger. The PC was divemetl through the
hollow-stemmed auger and pushed approximately 350 mm (1.15 ft) below the lbbttioen
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borehole such that the piezometer and the flat pressure esdiafeed the flange of the test
pile. Measurements were taken every 4 seconds during pile drivétigkes and SLT, while
readings were taken at 30-minute intervals between restakesell as between the last
restrike and SLT. The push-in pressure cell denoted as PCgureR.3 (a) was installed
approximately 7 m (23 ft) below the ground surface and 200 mm (0.@&v&ty from the
flange of ISU5. Given the deep water table (11 m or 36 ft)) encodrael&U5’s site, PC1
was installed above the water table (i.e., at 7 m or 23 ft) to @awithge to the connection
between the top of the pressure cell and the drilling rod duringllatgin and retrieval as
witnessed previously. For ISU6 shown in Figure 3.3 (b), two push-in presseréR@8 and
PC4) were installed below the GWT at approximately 10 m {33etow the ground surface
and 230 mm (0.75 ft) and 610 mm (2 ft) away from the flange, respectively. GivdSlita
was the last test pile driven in a cohesive soil profile, bdrigisk was taken to measure the
dissipation of pore water pressure at a deeper location. Due $pdhbe limitation, only the
pore water pressure measurements are included in this papeorapktted measurements

are reported in Ng et al. (2011a).

3.4.5. Pile driving and restrikes

Single-acting, open-ended diesel hammers were used to drive arnkkeref test
piles as summarized in Table 3.3 and to install all reactios. pigefore driving each test
pile, two 18.3 m (60 ft) long HP 250x63 (HP 10x42) reaction piles weverdby aligning
their webs as shown in Figure 3.6. To avoid the effect of icgapile installations on soil
properties initially measured at the test pile location, thetiogapiles were installed at an
equal distance of 2.44 m (8 ft) on both sides of the test pile {gae=2R3.6 (a)) except for
ISU6 (see Figure 3.6 (b)), in which case reaction piles westalled at distances of 1.73 m
(5.7 ft) and 3.12 m (10 ft) on either side of the test pile as antgkempile (ISU7) was
included with a shallower embedded length of only 5.8 m (20 ft). loasks, the reaction
piles were installed with an exposed length of 1.8 m (6 ft) toexrthem with a horizontal
reaction beam. The test pile was then driven and the PDA datareedrded during both

pile driving and restrikes. To help with pile setup evaluations, tme tand the pile
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embedded length before and after each restrike were glye@sorded for each test pile (see
Table 3.3). Furthermore, pile driving resistance in terms of dte# humber of hammer
blows per 300 mm (1 ft) of pile penetration (i.e., hammer blow couaf accurately
obtained using videos recorded during pile installation restrikes. éiguf depicts the
gathered data for ISU5 as a function of hammer blow count éopita to penetrate 300 mm
depth, which increased from 30 at the EOD to 72 at the beginningstitke No. 6 (i.e.,
BORG6) over a period of 7.92 days. This substantial rise in hammer ddant without
significantly increasing the pile embedded length is maialysed by pile setup, ultimately

increasing the pile resistance.

3.4.6. Dynamic analysis methods

With the available pile, soil, and hammer information and the recdvaiedner blow
count, the total pile resistance of each restrike was estinnateg the WEAP SPN-value
based method (i.e., SA method specified by Pile Dynamic, Inc. 2005p assumptions
were made to complete the WEAP analyses: (1) since thenhegmaph (pile resistance
versus hammer blow rate) generated from WEAP is independent ofatiee table and all
restrikes were conducted within 10 days at most (see Tablen&@Y, table at each test site
remained constant at the EOD and at every BOR; and (2) thenpege of shaft resistance
estimated from a driveability analysis was reasonably usea foearing graph analysis,
because our sensitivity studies revealed that the increasecenpshaft resistance from 50%

to 99% does not vary the estimated pile resistances by more than 10%.

Furthermore, the measured force and velocity records near thieepiiefrom PDA
were used in CAPWAP analysis to calculate the total pilesteee at each event as
summarized in Table 3.3. Unlike WEAP where a total shafsteesie is estimated from the
driveability analysis, CAPWAP estimates the resistandeldligion along the pile length. In
both methods, the end bearing components are also estimated. Figureesg8tspthe
CAPWAP estimated pile shaft resistance distributions for I8 EOD to the B restrike
(BOR®).
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3.4.7. Static load tests

Following completion of all restrikes, vertical SLTs werefpened on test piles
following the “Quick Test” procedure of ASTM D 1143 according togbkedule indicated
in Table 3.3. In addition to recording the strain data along theslpd&, four 250 mm (0.8
ft)-stroke displacement transducers installed at the four egteslges of the test pile flanges
recorded the pile vertical movement during each loading and unloadjmg Bor each pile,
the pile resistance (or the total nominal resistance) waslatdd using the measured load-
displacement curve and the Davisson’s criterion (Davisson, 1972), aghétre variation in
pile force along the depth was estimated using the measua@dddta at every load step as
shown in Figure 3.9. By extending the slope of the pile force aesistalong the pile length
over the bottom two pairs of strain data, the end bearing contribuieralso estimated at
the toe of each pile. The nominal pile resistance of ISU 5fowasd to be 1081 kN (243
kip), and its distribution along the pile length is shown in Figuge (By the solid line
without markers) as established from interpolation of the forcrilglition curves
corresponding to 1051 kN (236 kip) and 1114 kN (250 kip). In this case, the enugbeari
component was 247 kN (56 kip) or 23% of the total pile resistance of 1081 kN.

Subtracting the end bearing resistance from the total nomimatqsistance, the shaft
resistance for ISUS5 was determined to be 834 kN (188 kip). Tableis3s3the shaft
resistance and end bearing for all test piles except ISU4Sail for which large number of
strain gauges failed during the test and thus this information coulenektracted with

sufficient accuracy.

3.5. Results
3.5.1. Observed pile setup

In addition to the increase in hammer blow counts observed Figuree3védn the
EOD condition and BORG6 for ISU5, Table 3.4 summarizes the percenteofgsistance
increase at different timea\lR) with reference to the calculated pile resistance at EOD
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(Reop) from CAPWAP analyses. The increases in total pile rewistashaft resistance and
end bearing resistance are listed separately to illugtratdifferent effects on setup. Both
shaft resistance and end bearing increased with time B@&. Referring to the last
restrikes of all test piles, the increase in CAPWAP catedl shaft resistance ranged from
51% to 71% while the end bearing resistance increased by 8% toSifh&e the end bearing
component on average was about 16% of the total resistance, the ahpattip estimated
for this component is not significant. Furthermore, the CAPWAP ptigpsestimate on shaft
resistance correlated well with the corresponding SLT measmtemn Table 3.4 that
indicates 52% to 66% increase in shaft resistance due to setupobBearvation concludes

that the setup largely affects the shaft resistance of steel H-piles.

3.5.2. Assessment of pile setup trend

Using the restrike and static load test results of ISU6, theepeincrease in pile
resistances normalized with its initial pile resistancemeded at EOD AR/Reop) were
plotted as a function of time)(after EOD in Figure 3.10. Four mathematical best-fit trends
as summarized in Table 3.5 were selected to describe thenshap between the increase in
pile resistance and the time given in Figure 3.10. Comparedgatherfour trends in terms
of the calculated coefficient of determinatid®f) the exponential equation gives the least
confidence while the rational equation gives the best confidence irctomgdihe resistance
gain. For long-term pile setup estimation, the constant esbtimasing the exponential
equation does not agree with the continuous increase in pile resisimmbserved from the
field test results. Both rational and square root equations éstiglative higher increase in
pile resistance than the logarithmic equation. Neverthelesstéomgrestrike and load test
data are not available to evaluate them. Since restrikes anttsvade normally performed
within 14 days after EOD, the estimation of short-term pilepét adequate for practical
applications. Although the rational equation, which has four emptaadtants, gives the
best correlation, the simpler logarithmic equation, which involviéls anly two empirical
constants, provides a comparable confidence in the short-term pile setup prediction.
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3.5.3. Logarithmic trend

When plotted as a function of time (t), the percent increasetah resistance, shaft
resistance, and end bearing with respect to the correspondingnesiat EODAR/Reop in
Table 3.4) obtained using CAPWAP generally followed a logarithmandt for ISUS as
shown in Figure 3.11 (a) & (b). Figure 3.11 (a) depicts the logathwmand over a short
duration immediately after EOD, and Figure 3.11 (b) confirnessime trend over a period
of 9 days. As shown in this figure, total, shaft and end bearingtaeses increased
immediately after EOD with rapid gains within the first diojlowed by increase at a slower
rate after the second day. The same observation holds faltikated total resistance from
WEAP. Furthermore, the extrapolated WEAP and CAPWAP logarithimeinds provide
good estimates of the measured pile resistance from SLT.reFgt2 shows a similar
observation for all test piles, in which the percent increase ah redistance with respect to
the corresponding resistance at EOD from CAPWAP followed the logarithenid. t

3.5.4. Pore water pressure

Pore water pressures recorded using PC3 and PC4 at 10 m (3%\t) gveund
surface with the groundwater table at 4.6 m (15 ft) at ISU6 arged!in Figure 3.13 as
function of time. Figure 3.13 (a) shows the recorded data forirgte2D minutes period.
Accordingly, pore water pressure recorded using PC3 experiencesl dtom in readings
before the pile toe reached the depth of the device. Significangehvaas recorded as the
pile passed through the gauge location during driving. The recorded poessure
progressively increased from 84 kPa (12 psi) to 101 kPa (14.6 psi) at PC3 and from 55 kPa (8
psi) to 64 kPa (9.3 psi) at PC4 between the time when the pile passed through theadevices
BORS3. This observation is attributed to the compression of the ngromikolidatedQCR
= 1.1 between 9.3 m (30.5 ft) and 15.5 m (51 ft)) and sandy low plasti@itysoil during
pile installation, resulting in the subsequent increase in the e wressure. In addition,
the sandy low plasticity clay layer in which the PCs wastalled has a small measured
horizontal coefficient of consolidatiorC{) of 0.008 criymin (0.0013 imin) (see Table

3.1), which delayed the dissipation of pore water pressure. Afte3BfRtuations in data
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due to restrike and SLT as well as graduate dissipation of peesgtrtime were generally
seen (Figure 3.13 (b).

For PC3 that was closer to the pile, the pore water pressuipatiss generally
followed a logarithmic trend and reached a value of about 68 kPa (1Withsi) a day (i.e.,
around BOR5) and almost its hydrostatic state, which indicatepletendissipation in about
seven days (i.e., around BOR7). Re-plotting the dissipated PC3 paee prvassure in
percentage of the pressure measured at EOD (93 kPa) as fuwictiore (t), Figure 3.14
confirms the logarithmic trend with a relative high coefficientiefermination (B of 0.79.
The minimal difference in the gradients of the logarithmid fies (i.e., 0.55 for resistance
and 0.50 for pore water pressure dissipation in equations included in Bi@djesuggests
that the logarithmic increase in total pile resistance foltbwree rate of the pore water
pressure dissipation. The difference between the incregsiée oksistance curves and the
percent of pore water pressure dissipation curve, which is mainlpdbe difference in the
intercept values of 0.33 for resistance and 0.25 for pore water pressure as showridrysequa
presented in Figure 3.14, is believed due to remolding and heabigss occurring in the
soil disturbed by pile driving. With a lesser influence from pilstallation, the PC4 pore

water pressure reduced to the hydrostatic pressure within a day.

3.5.5. Influence of soil properties

Since the pile setup largely increases the shaft resistarttailed correlation study
between soil properties and percent increase in shaft resigteRE®op) was performed.
The percent increase in shaft resistance calculated for ISbg GAPWAP between EOD
and the last restrike is plotted along the embedded pile length in Figure 3.15rtogktllee
measured vertical coefficient of consolidati@h)(and SPTN-value. A similar distribution
of AR/Reop for the SLT, the percent difference between the measurdidrebistance from
SLT at 9 days after EOD, and the CAPWAP calculated shafitaese at EOD are also
included in Figure 3.15 for comparative purposes. It is infagesio note that the
distributions of the percent increase in shaft resistanBER{op) for both CAPWAP and
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SLT have a similar trend. The magnitudes are sometingesfisantly different which is
attributed to the current CAPWAP signal matching procedure nfusinstant damping and

guake values to achieve a best match.

Referring to theAR/Regop distribution based on SLT (the dashed line), Figure 3.15
shows that thA R/Reop increased by about 5% in the top 5 m (16.4 ft) thick soil layeGwhi
was characterized with relative larg® values ranging between 0.107 %min (0.017
in/min) and 0.089 cAfmin (0.0142 iA/min) and small SPN-values ranging between 6 and
9. TheAR/Reop continued to reduce to a depth of about 11 m from the ground surface,
where the surrounding cohesive soil layer has the smallestf 0.051 criymin (0.008
in’/min) and the highest SPN-value of 22. With the combined effects of the overburden
pressure and the reduction in SRAvalue from 22 to 13 below the 11 m (36 ft) depth, the
AR/Reop indicated a peak increase of about 25%. This observation suggestscta
relationship between pile setup along the shaft and the coefficier@ingblidation, and an
inverse relationship between pile setup and the ISR&lue (or a direct relationship with the
horizontal coefficient of consolidation as indicated by Figure 3.4).

Besides comparing with SAN-value and coefficient of consolidation, pile setup was
compared with other soil properties (overconsolidation r&@iGR), compressibility index
(Co) and plastic indexRl)). Figure 3.15 reveals an inverse relationship between the
measuredP| and theAR/Reop. For instance, within the cohesive soil layers with Biv
values of 5.6% and 8.6% at 3 m (10 ft) and 14 m (13 ft), respectivelgh#ieresistances
increased. In other words, a pile embedded in a cohesive soilowitRl Iwill experience a
large AR/Reop at a given time. Furthermore, Zheng et al. (2010) concluded thaw a |
compressive cohesive soil with a sm@}{l value dissipated the excess pore water pressure
faster. Relating this conclusion to pile setup, @@alue will have an inverse relationship
with AR/Reop. However, Figure 3.15 reveals no such inverse relationship, espetitiy
11 m (36 ft) depth wheraAR/Reop reduced with the lowesE. of 0.124. Furthermore, a

relationship between pile setup ad@Rcould not be established in Figure 3.15.
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3.5.6. Quantitative studies between pile setup and soil properties

To further expand upon the observations presented above using data fronthESU5,
percent increase in total pile resistance, shaft resistandegrad bearing estimated for all
five test piles using CAPWAP were compared with weightedaayeS5PN, C;, C,, andPI
values, allowing variation of soil thicknesses along the embeddebtkpgth to be included.
For soil layers where the CPT dissipation test was not cortloctthe 50% consolidation
was not achieved, the horizontal coefficient of consolidat@y) as estimated using the
SPT N-value based on the correlation developed from field test reselemed in Figure
3.4. Table 3.2 summarizes the findings together with the weigivexcge soil properties
along the pile shaft and near the pile toe for each testvditereas Figure 3.16 presents
graphical representations of the same data for each of the sablgaaffecting pile setup at
a common time of approximately 1 day after EOD.

At 1 day after EOD, Figure 3.16 (a) shows that the increase in total pilenesisind
shaft resistance is inversely proportional to SPT N-value fdival piles. Similarly, Figure
3.16 (b) and (c) show that the total pile resistance and sh&taree of a pile increase
linearly with theCy, and C, values, respectively. However, Figure 3.16 (d) shows that the
total pile resistance and shaft resistance increasePivlietween 8% and 12%, which mainly
represent the sandy low plasticity clay soils surroundingpitest ISU3 and ISU6 (see Table
3.1). However, the continuous increaséPinabove 12%, which represents the mostly low
plasticity clay soils with higher affinity for water #te test sites of ISU2, ISU4 and ISU5,
reduces both the total pile resistance and shaft resistance. Althtbegend bearing
components were included in these figures, as expected, no clegatcmms between the
soil properties and the end bearing component are seen. This |g thugdo relative large
scatter in the data resulting from a) smaller contributiortte®nd bearing to the total pile
resistance, and b) small errors in the estimation of shadtaese causing larger error to the
end bearing components. The insignificant impact of the end bearatgpi been confirmed
by the comparable trends observed for both the shaft resistance and totaigtdaaes

Most importantly, Figure 3.16 strongly supports the possibility ofgusoutine in-
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situ (i.e., SPTs, and/or CPTs with pore pressure dissipatioh aest®or laboratory soil tests
(i.e., one-dimensional consolidation tests) to quantitatively estipibdesetup and use in
LRFD approach, which is investigated in the companion paper (Nig 20b or Chapter
4).

3.6. Conclusions

Motivated by insufficient information on pile setup of small-dispfaent piles in the
literature, a detailed experimental investigation was conduotgdantify the pile setup for
widely used steel H-piles. Five full-scale dynamic and sta#id tests were conducted on HP
250%63 steel piles embedded in cohesive soils. Gain in pile resst@amdehanges in soil
responses were monitored from the time of driving until the pikre wested to failure under
vertical static loads. In addition, the surrounding cohesive soil gireperere characterized
using both in-situ and laboratory tests. From the analyses ofléhana soil test data, the
following conclusions were drawn:

1. Tested steel H-piles experienced the effects of setup ahengile shaft and at the
pile toe in cohesive soils, with the larger setup effect ocayito the shaft resistance
in the range between 51% and 71% of the CAPWAP estimated pitanee at
EOD. Despite an average contribution of about 16% towards the toséhnes, the
end bearing component only increased 8% to 21% by setup. The influepde of
setup was also evident by the significant increase in pile dresigtance in terms of
hammer blow counts recorded between EOD and BORs. All of these dlsesva
were confirmed by the static load test measurements.

2. Steel H-piles exhibited a logarithmic trend for the gain ialtptle resistance with
time. The same trend was also true for the shaft resistamtethe end bearing
components. All pile resistances increased immediately and yapitiin a day
after EOD and continuously increased at a slower rate Hftersecond day. A
comparison of the gradients of the best fits obtained for variouselagaled that the
logarithmic increase in total pile resistance generalliofad the rate of the pore

water pressure dissipation.
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3. The experimental investigation confirmed that the amount of setapgaten time
depends on soil properties including the coefficient of consolidation Rfié&Salue
as well as the thicknesses of the cohesive soil layers alomgrihedded pile length.
Piles embedded in a cohesive soil with a larger coefficienbo$olidation exhibited
higher percent increase in total pile resistances. Howeves, gidedded in a softer
soil characterized by a smaller SRivalue led higher percent increase in setup. The
collected experimental data showed sufficient information for dyardi the pile
setup using properties of surrounding soil, which is rarely availalilee published
literature.

4. The successful correlation between pile setup and the releednpreperties
indicates a cost-effective means to estimate the pile setup using SHEswiflPpore
pressure dissipation tests, and/or one-dimensional consolidation testsldition,
detailed laboratory soil classifications and soil layers ideatibn are also required.
However, this approach is far more easily adoptable than those requiringspiileets

or lacking generalization in terms of soil properties.

A systematic investigation on the quantification of pile setuggims of the surrounding soll

properties is presented in the companion paper (Chapter 4).
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3.8. Notation

The following symbols are used in this paper:

Ce = Compressibility index

Cv, Cin = vertical or horizontal coefficient of consolidation

LL, PI = Liquid limit or plastic index

OCR = Overconsolidation ratio

Uo, fs = CPT measured tip resistance or skin friction

R, Reop = Total pile resistance at any tirner the reference pile resistance at the EOD
AR = Gain in pile resistance with respect to resistance estimalolat

Ou S = Unconfined compressive strength or undrained shear strength

t = Time after end of driving

Ohy 1 = Lateral earth pressure or hydrostatic pressure
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Table 3.2: Weighted average soil properties along pile shaft and near pile toe

Test SPTN-value Ci, (cnf/min) C, (cnf/min) Pl (%)

pile Shaft Toe Shaft Toe Shaft Toe Shaft Toe

ISU2 5 4 0.208 0.178 0.126 0.113 14.86  28.40
ISU3 8 10 0.045 0.026 0.102 0.097 9.95 8.15

ISU4 10 13 0.056 0.015 0.094 0.100 1544 13.06
ISU5 12 13 0.028 0.015 0.090 0.085 18.17 22.33

ISU6 14 22 0.022 0.005 0.085 0.092 9.22 7.43
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Table 3.4: Percent increase in pile resistance based on WEAP, CAPWAP and SLT

SLT
Time CAPWAP,AR/ % AR/
Test Ty?e after WI/EAP’ RiReco () R RFOZS_ ARY/Reop-capwar(%0)
pile O EODt AR/Reon WEAT
even (day) (%) Total  Shaft Bsz;lr(ijng Total Total  Shaft Bsz;lr(ijng

BORL 017  31% 44% 52% 6% . . . .
ISU2 BOR2 092  59% 61% 71% 129%  ©02% 55% 66% 3%
BOR3 2.97 80 % 61% 71% 13 % (9 days after EOD)

BORL 2.85E-3  36% 4% 4%  10% . ) . .
BOR2 7.30E3 36% 6% 5%  16% °o4% 92% 60% 3%
ISU3 BOR3 1.66E-2 36%  31% 33%  22%

BOR4 1.11 49 % 45% 49% 21% (36 days after EOD)

BOR5 1.96 61 % 49% 54% 21 %

BOR1 4.05E-3 12% 4 % 1% 17 % e

BOR2 1.58E-2 29% 7% 5 % 17 % 62 % 51 % i
Readings

BOR3 004 18% 19% 19%  15%
ISU4 BorRa 074 40% 33% 36% 14%

BOR5 174 55% 42% 46% 13 % (16 days after EOD)

BOR6 475 63% 51% 57% 14%

BOR1 5.38E-3 24 % 7% 9% 1%
BOR2 1.26E-2 27 % 21% 30% 2% T70% 37% 52% 3%

ISU5 BOR3 4.78E-2 30 % 24% 33% 3%

BOR4 0.92 42 % 31% 41% 7%

BOR5 2.90 59 % 32% 43 % 7% (9 days after EOD)

BORG6 7.92 79 % 38% 51% 8 %

BOR1 1.60E-3 -4 % 0% 0% 0%

BOR2 4.36E-3 3% 3% 2% 6 % 54 9% 47 % Incomplete

BOR3 1.17E-2 10 % 2% 1% 7% Readings
ISUG BOR4 6.71E-2 20 % 22% 24 % 11 %

BOR5 0.83 43 % 29% 32% 12 %
BOR6 2.82 57 % 36% 40% 15 %
BOR7 6.79 73 % 46% 51 % 17 %
BORS8 9.81 82 % 46% 51 % 16 %

(14 days after EOD)

Table 3.5: Summary of four best-fit trends and their coefficient of detetionsdor ISU6
Number of Coefficient of

Type of Trend Best-Fit Equation Empirical Constant DeterminationR?
AR
Exponential L = 0.4394 — 0.2207¢(~1:251t+05862) 4 0.9124
Reop
Square Root = 0.79524/t91503 — 0.4873 3 0.9753
Reop
. . AR
Logarithmic = 0.1192log;,(t) + 0.3263 2 0.9680
EOD
, AR, —3.065 t
Rational 4 0.9818

Reop  —0.3558 — 9.054 08714
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CHAPTER 4: PILE SETUP IN COHESIVE SOIL WITH EMPHASI S ON
LRFD: ANALYTICAL QUANTIFICATIONS AND DESIGN
RECOMMENDATIONS

Ng, K. W Suleiman, M. T and Sritharan, 3.
A paper to be submitted to the Journal of Geotechnical and Geoenvironmental Eng., ASCE

4.1. Abstract

Using field test data presented in a companion paper for stpdedidriven in
cohesive soils, this paper establishes a methodology to quantify éheegpilp. Existing
methods found in the literature for the same purpose usually reqecam@venient restrikes at
the construction site and rarely use soil properties despitesigaificant influence on pile
setup. Following a critical evaluation of the existing method&va approach for estimating
pile setup was developed using dynamic measurements and analyseahination with
measured soil properties; mainly focusing on the average StdPdaedration Test (SPN-
value and the horizontal coefficient of consolidation. Using pile setigpnnation available
in the literature, it has been shown that the proposed approackhgsamry good estimate
for setup of different types and sizes of driven piles. Suitaldgnleecommendations for
incorporating pile setup within the Load and Resistance Factagib@sRFD) framework
are also presented.
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4.2. Introduction

Dynamic and static studies for steel H-piles and the qureBng measured soll
properties described in the companion paper (Ng et al. 2011b) showedle¢hagtpp in
cohesive soils is a function of soil properties; mainly the SR/&INe and the coefficient of
consolidation. The existing pile setup methods available in theatlitess require
inconvenient testing and/or have not incorporated soil properties into kesgtup
equations. Therefore, these equations have not been incorporated iASHHEO (2010)
Specifications. Although, an accurate integration of pile setuplesitl to a cost-effective
foundation designs, AASHTO (2010) acknowledges that it is not feasibpgaictices to
perform static load or dynamic restrike tests over an adequatel @ time to quantify the
pile setup. Recognized the benefits of pile setup and motivatetehbgyotrelation between
pile setup and soil properties presented in the companion paper, anabical pile setup
guantification method was developed based on five recently completedbtateaniversity
(ISV) field tests. Not only the proposed method incorporates the summgusall properties
in the setup quantifications, but it also avoids the performance ofven@nt restrikes
during construction to demonstrate its economic advantages. This propedestl was

validated using both local and external case studies.

In this paper, the existing pile setup estimation methods and theaciated
limitations were discussed. In addition, to developing the proposedegbilp method using
the results of the five tests conducted by the research tearsuamdarized in Ng et al.
(2011a), twelve data sets of Plle LOad Test database of the Department of
Transportation (PILOT) and five well-documented tests completesthmr researchers and
reported in literatures on steel H-piles embedded in cohesivensoitsused to validate the
proposed method. During the development, the practicality and use pfdposed method
within the Load and Resistance Factor Design (LRFD) framewuarkg pile design was
given specific consideration. In addition, the compatibility of the prgawethod for
different pile types and sizes was evaluated. This paper alsasdes the confidence levels
of the proposed pile setup method, the design recommendations within the LRFD framework,

and includes a detailed design example in the Appendix to illugtratapplication of the



157
proposed pile setup method in a practical foundation design.

4.3. Existing Pile Setup Estimation Methods

Five pile setup estimation methods, chronologically summarized Talleare
available in the literature. Pei and Wang (1986) purely empisiep equation has no
incorporation of any soil properties and was specifically develdpedshanghai’'s soils.
Furthermore, this method requires the determination of a maximienrgsistance Rnay
defined at 100% consolidation of the surrounding soil, which is usuallycuiffio be
estimated in practice. Alternatively, Zhu (1988) equation included a@hssil sensitivity
(S) and was developed to estimate a pile resistance "aday Rw), which is also not
practical due to the inflexibility of the method to predict a pdsistance at any time other
than 14" day.

Skov and Denver (1988) proposed a setup equation, which requires a restrike
performed at 1 day after EOR)(to estimate a reference pile resistariRg. ( Although they
recommended the setup fact&) Of 0.6 based on Yoldia clay and 250 mm square concrete
piles, the variability of soil and pile types yields a rangé whlues from 0.1 to 1.0 (Bullock
et al., 2005 and Yang et al., 2006). To verify these observations, Uhkel® test results,
including both from restrikes and static load tests, are plottedgurd=4.1 and compared
with the Skov and Denver (1988) setup equation. Figure 4.1 shows that tharekbenver
(1988) method with the recommendad/alue of 0.60 does not match the field test results.
A good agreement can only be achieved ifAhealue is reduced to 0.074, which is smaller
than the range reported by Bullock et al. (2005) and Yang et al. (20063ldition, the non-
uniqueness of tha values, which are usually determined from restrikes, have noattns
developed in terms of any soil properties limiting the genapalication of this equation.
Although Svinkin and Skov (2000) method has taken into an account the actualfteme
EOD by allowing the reference pile resistance to be astichat the EOD condition, the
alternative soil dependent setup fact®) Yalue has also not been quantified in terms of soil
properties for general practical applications.
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Karlsrud et al. (2005) has incorporated the plasticity inéxgnd overconsolidation
ratio (OCR in their setup method based on a database of the Norwegian Geakchnic
Institute (NGI), which consisted of 36 well documented pile teststewl pipe piles with
outer diameters greater than 200 mm. Fellenius (2008) concludedh&hatference
resistance at 100 dayRio) by assuming complete pore water dissipation at this timetis
true and not feasible in practice. To validate this method on HHtpdées, ISU field test
results were used to extrapolate Rigo for each test pile by best fitting a logarithmic trend
through the estimated pile resistances determined using Cles@&/Bve Analysis Program
(CAPWAP) from restrikes and the measured pile resistanceneltéiom static load test and
later reading th&;oo from the trend at the 100 days. The estimated pile resestand the
measured pile resistance for each test pile were normalized bgpecti®eR; oo to determine
the pile resistance rati®{Ri00) as plotted in Figure 4.2. Using the estimd®es) value, the
averagePl value, and the averag@CR value for each site, the pile resistancBy @t
different times within 100 days were estimated using the pile setup equakarnisud et al.
(2005) and plotted in Figure 4.2. The poor comparison between the I8tkferesults and
the Karlsrud et al. (2005) method suggests that this pile setup nmthadt be generally

applied to different soil and pile conditions.

4.4. Pile Setup
4.4.1. Pile setup observations

As discussed in the companion paper (Ng et al. 2011b), steel Hspihe imost
common foundation type used to support bridges in the United States basetcoent
survey of State Departments of Transportation (AbdelSalam.,e2@l0). The field test
results on five HP 250 x 63 steel piles embedded in cohesive sakphcitly described in
the companion paper show a linear relationship between a normalizedepittance
(R/Reop) and a logarithmic normalized time (L@@/teop)) as plotted in Figure 4.3. To
eliminate the pile resistance gain resulting from the additipiia penetrations during
restrikes, the normalized pile resistance was corrected byphimg with the normalized

pile embedded pile length.op/L;). In order to satisfy the logarithmic relationship and to
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consider the immediate gain in pile resistance measuredta& EOD, the time at the EOD
(teop) was assumed to be 1 minute (6.94E-3 day). Both CAse Pile WaWsilrmarogram
(CAPWAP) and Wave Equation Analysis Program (WEAP) with 8R7&lue based method
(SA as referred by Pile Dynamic, Inc. 2005) were selectedh®rfollowing pile setup
evaluations. Figure 4.3 presents the CAPWAP results byifigarl best fits representing the
five test piles. A similar evaluation was also performedHerWEAP-SA method shown in
Figure 4.4. Each best fit line was generated using a Inegagssion analysis based on the
restrike results indicated by open markers. All linear atiips shown in Figure 4.3 and
Figure 4.4 except ISU3 of WEAP analysis fit reasonably with mleemalized pile
resistances, confirmed by good coefficients of determinati®f ( For a comparative
purpose, static load test results, indicated by solid markers)sarencluded in the figures.
The slope €) of the best fit line describes the rate of a pile restgaain; i.e., a larger slope
indicates a higher percentage of pile setup or provides a laogeralized pile resistance
(R/Reop) at a given time. Figure 4.3 and Figure 4.4 show that ISUZ[tbg-dashed line)
embedded in a relative soft cohesive soil (i.e., averageNsPalue of 5) has the largest
slope of 0.167 for CAPWAP and 0.178 for WEAP. On the other hand, ISU50oftlge |
dashed and dotted line) embedded in a relative stiff cohesive.sqilafrerage SPN-value
of 12) has the smallest slope of 0.088 for CAPWAP, and ISU4 (thedasiged line)
embedded in a relative stiff cohesive soil (i.e., average ($Palue of 10) has the smallest
slope of 0.141 for WEAP.

4.4.2. Development of pile setup rate

Given that all test steel H-piles have the same sizehenddditional pile penetration
was corrected for using the normalized embedded pile lebgda/L;), the non-uniqueness
of the slopes or pile setup rateS) (shown in Figure 4.3 and Figure 4.4 confirms that its
variation depends on the surrounding soil properties. The generabfahe proposed pile

setup equation is

Re [Cl <t>+1](Lt> (4.1)
= [Clo —_— )
Reop 810 teop Lgop
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In order to characterize the pile setup r&pwith soil properties, the normalized embedded
pile length [/Leop), which ranged between 1 and 1.06 based on all field tests, wasedssum
unity. Differentiating Eq. (4.1) with respect to time and applyimgproduct rule, Eq. (4.1)
yields Eq. (4.2).

1 th_dC[l ( t >]+ C
Rpop dt  dt |28 \z0, /1 T tin(10) (4.2)

Given that the rate of pile setup for a test site is a consti#imttime ¢) (i.e., the slopeC
shown in Figure 4.3 and Figure 4.4), the first term on the right s'%fee:ljuals to zero and is

eliminated. Since Figure 4.5 shows a poor relationship between the pile $et{@) eand the
initial pile resistance Reop), estimated using either CAPWAP or WEAP, t@eis also
assumed to be independenRgpp. The rearrangement of EqQ. (4.2) shows that the pile setup

rate C) is directly proportional to the rate of pile resistance gaiydt) given by

dR,
(x —

¢ dt

(4.3)
Assuming the dissipation of excess pore water pressure oca@inty nm the horizontal
direction along the embedded pile length, Soderberg (1962) suggesteletliatrease in

pile resistance with timedR/dt) could be related to a non-dimensional time fagtpgiven

by

Cyt
T, =t

4.4
rpz (4.4)
wherer, = pile radius or equivalent pile radius based on its cross satctwea; an@Cy, =
horizontal coefficient of consolidation. This relationship is consisteth the observation
made in the companion paper where the increase in shaft resi@&)de proportional to
Ch. In addition, the field test results indicate an inverse reldtiprisetween the rate of pile

resistance gaindR/dt) and an average SPN-value (N,). Results presented in the
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companion paper also show that pile setup mostly occurs along thehpfte Therefore,
only the cohesive soil layers along the pile shaft are considerbe icalculation of thal,.

The average SPN-value is calculated by weighting the measuiestalue (\;) at each
cohesive soil layer along the pile shaft by its thicknedg for total of n cohesive layers

situated along the embedded pile length, or it is simply expressed as

=1
N, = ln—[ll (4.5)

i=1
As discussed before, the best fit lines demonstrate that theepulp rate @) for a specific
site is independent of the timé& @nd Reop. Therefore, Eq. (4.3) can be presented by
replacing @R/dt) with the horizontal coefficient of consolidation and the average I$P

value as shown below.

€ ot
x Nor2 (4.6)

The Cy, values were estimated from pore water pressure dissipatisndi@sng CPT and
calculated using the strain path method reported by Houlsby and 988)( In cas€;, was
not measured, it can be estimated from its respectiveNs¥alue based on the correlation
study discussed in the companion paper using Eq. (4.7)

Cp(cm?/min) = —— 4.7)

The C,, value in Eqg. (4.6) was taken to be an average value calculategl arsiequation

similar to Eq. (4.5). The soil paramete@, @ndN,) are listed in Figure 4.6. An equivalent
pile radius () of 5.05 cm was calculated from the 80%armoss-sectional area of HP 250 x
63. Plotting theC values determined from Figure 4.3 for CAPWAP and from Figureot.4 f

Ch

Narj

WEAP-SA with the

values in Figure 4.6, the relationship for Eqg. (4.6) can be best

expressed as
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C= fc< rp>+fr (4.8)

wheref. = consolidation factor; anfi = remolding recovery factor, which are tabulated in
Figure 4.6 for both the CAPWAP and WEAP-SA. Since pile setupflisenced by the

superposition of soil consolidation and recovery of the surrounding rechetuls, the effect

of soil consolidation is best described by the first term on|g1rE< ) and the effect of

Namp
recovery of the remolded soils is best accounted for by the dergolecovery factorfy).
The two distinct best fit lines shown in Figure 4.6 indicate thitrger C value will be
estimated based on the factofs dnd f;) calibrated for the WEAP-SA analyses. The
difference in the two best fit lines was attributed to tihgdainitial pile resistances estimated
at EOD Reop) using CAPWAP, which resulted in the smal@rvalues determined from
Figure 4.3. Furthermore, a better match was observed for CAPV¢AResented with a
higher coefficient of determinationR{) of 0.95. In other words, Eq. (4.8) based on
CAPWAP has a better accuracy than that based on WEAP-SA in predictiGgydhee.

4.4.3. Proposed method

The pile setup rateC) has been successfully quantified using Eq. (4.8). Substituting
Eq. (4.8) into setup Eqg. (4.1), the proposed pile setup equation is expressed as

R:;D I(Ij\;carp ¥ fr) ‘0810 <tEi)D) " 1] <L§;D) (4.9)

It is important to note that this proposed pile setup equation isapedefrom ISU field tests

based on one size steel H-piles embedded in cohesive soils. Althougleds to be
validated for other piles sizes and types (discussed later), edmepared with the existing
pile setup methods discussed early, the proposed pile setup method4rBEqgrdvides the
following advantages and simplifications for designers:-
1. Considering a reference pile resistance at EOD which caorbesniently estimated
using either WEAP-SA or CAPWAP;
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2. Accounting for the actual time elapsed immediately aftguila installation and
assumes the time at the EQRn6) as small as 1 minute;

3. Incorporating measureable soil parameters from SPTs and foPasgeneral pile
setup rate estimation;

4. Not requiring any inconvenient restrikes during constructions; and

5. Accounting for the soil parameters at different layers along a pile shaft

4. 5. Validation

The proposed pile setup equation was developed using one-size stéed gHpi 250
x 63) installed in cohesive soils. Therefore, to generalizesheof the proposed method, it
is necessary to validate the equation for different sizes eff ldtpiles and for different pile
types and sizes. This section summarizes this validation proéegsdasa records available
in PILOT and in the literature. Since the proposed equation walsliseed to quantify pile
setup experiences in cohesive soil, its application for a mixegredie is evaluated using a

recently completed steel H-pile ISUS.

4.5.1. Steel H-pile

It is important to validate the proposed pile setup method using buth dlata
records from the PILOT (Roling et al., 2010) as well as usingalatdable in the literature
that represent different steel H-piles embedded in cohesive soils. The Bdio@lns twelve
data records in cohesive soils that have sufficient pile, soil amdhkainformation for pile
setup evaluations using the WEAP-SA. However; it contains no Rilen® Analyzer
(PDA) records required for CAPWAP analysis. Table 4.2 sumzemrithe essential
information of the twelve records for the proposed pile setup dgtima Although other
pile sizes were used, HP 250 x 63 was the most commonly usegiksehnd they were
embedded in primarily cohesive soils. Since CPTs with dissipat#is were not performed
at these sites, the avera@g values were estimated from Eq. (4.7) using S¥Values.
SLTs were performed between 1 and 8 days after the EOD, antbd®ired pile resistances
were determined based on the Davisson’s criterion. The piletaress at the EOD
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condition Reop) were estimated using the WEAP-SA method.

In addition, five well documented steel H-piles tested by othsearehers and
available in the literature were used for examining thelitglof Eq. (4.9) and these tests are
summarized in Table 4.3. These researchers used three difféeesizes, namely HP250,
HP 310 and HP 360. The averdagevalues were estimated from SR¥values using Eq.
(4.7). The measured pile resistances determined either frohs 8L restrikes using
CAPWAP were listed with respect to the time when the tgste performed. The estimated
pile resistances at the EOD conditid®dp) using both CAPWAP and WEAP-SA methods
provided in the literature were also summarized. In three caseked with a superscript

“a”, the ReppVvalues were estimated using WEAP-SA based on the reported information.

Using the information provided in Table 4.2 and Table 4.3 as well as the redhks of
five field tests conducted by the research team, Figure 4.7 igudeR.8 compare the
measured pile resistancd®,[ with pile resistancesR) estimated at the EOD condition and
those estimated using the proposed pile setup equation (Eq. (4.9)}iatdl@ of the SLTs
or restrikes for CAPWAP and WEAP-SA, respectively. A lineest fit (the dashed line)
calculated using a linear regression analysis was plotted and cadmptren equal line (the
solid line). Both figures show that the proposed pile setup methodssficlty predicted the
pile resistances (i.e., shifting the best fit lines towatds équal lines). It should be
emphasized that although the proposed pile setup method was developed feelddepge
size (HP 250 x 63), the results presented in Figure 4.7 and EBigusbow good predictions
for other H-pile sizes.

To avoid the bias created from the local conditions, pile resistatios R/R), the
ratio between the measured pile resistanBgh dnd the estimated pile resistand&3 (sing
Eq. (4.9) with pile setup consideration, based only on data availabieeiditerature
summarized in Table 4.3 presented in normal distribution curveboltr CAPWAP and
WEAP-SA as shown in Figure 4.9. A similar statisticallex#on was performed based on
pile resistance ratiofR{/Reop) for the EOD condition and included in Figure 4.9. When the
normal distribution curves for the EOD condition and distributions accoufttingle setup
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were compared using the proposed methods, Figure 4.9 shows the shifting of mean)alues (
towards unity (from 1.53 to 1.04 for CAPWAP and from 1.78 to 1.06 for WEAPa84)he
reduction of standard of deviations) (from 0.32 to 0.17 for CAPWAP and from 0.39 to
0.20 for WEAP-SA). The results clearly show that the proposed gilg €£q. (4.9) has
adequately and consistently predicted the increase in pilearesest in different cohesive

soil conditions for steel H-piles with different sizes. Similar observapoesented in Figure

4.10 based on all data records were shown. This statistical asséssiidates the proposed

pile setup method for steel H-piles.

4.5.2. Other pile types

Similar assessment was performed to evaluate the apmticEtthe proposed method
on other pile types installed in cohesive soils. Six well docurdergses were used for this
purpose as summarized in Table 4.4, which include the following infanmgfl) SPTN-
values; (2) initial pile resistances at EOR:4p); (3) CAPWAP measured pile resistances at
the beginning of restrikes (BORs) and/or measured pile resgstdram SLTsRy); and (4)
times of restrikes and/or SLT$.( Pile types comprised of closed-ended pipe piles (CEP)
and opened-ended pipe piles (OEP), square precast prestresseteqaies (PCP) and steel
monotube piles (MP). The pile sizes or diameters ranged fromn#d4to 750 mm.
Furthermore, the number of piles, embedded pile lengths, hamneeratyg brief soil profile
descriptions were also included in Table 4.4. To differentiatedsatihe small displacement
and large displacement piles, a pile area raAB) ((i.e., a ratio between pile embedded
surface area and pile tip area) was calculated for eachtypiée and compared with a
guantitative boundary of 350 suggested by Paikowsky et al. 1994. Sincargest |
estimatedARis 278 for 273 mm OEP was smaller than 350, all piles were fidalsas large
displacement piles.

The comparison between pile resistances obtained during resdnkeSLTsR,,) and
initial pile resistances at EOOR{op) reported in the literatures are plotted in Figure 4.11
shows that th&k, values are larger than tiiReop values (most data points above the solid

equal line) confirming the occurrence of pile setup. Using the texpi&eop value, estimated
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average SPN-value (\;) calculated using Eq. (4.5), horizontal coefficient of consolidation
(Ch) estimated using Eq. (4.7), and pile radiy3, @ pile resistance was estimated using the
proposed pile setup method presented in Eq. (4.9) at the time of rest®el. With the
consideration of pile setup using the proposed method, Figure 4.12 shothe tthatta points
represented with a linear best fit dashed line shifts towardsoliteequal line of measured
and estimated resistances.

For comparative purposes, meap¥ &nd standard deviations)(of pile resistance
ratios for both EOD conditionR/Reop) and the proposed setup methd®/R) were
calculated based on two pile categories: (1) pile sizes eéquahd greater than 600 mm
(referred to as large diameter piles); and (2) pile siaedler than 600 mm (referred to small
diameter piles). Based on thends values summarized in Figure 4.11, large diameter piles
exhibited a greater pile setup than smaller piles, supportedd®srlaandos values of 1.663
and 0.591, respectively. The consideration of pile setup using the praope#®atl not only
reduces the: values from 1.663 to 1.184 and from 1.454 to 1.063 for large and small
diameter piles, respectively, but it also reducesstalues. When comparing tleando
values given in Figure 4.12, the smalleland ¢ values of 1.063 and 0.274, respectively,
reveal that the proposed setup method provides a better pile setugtigmeftir smaller
diameter piles. When compared with the values computed based ohl-giidet given in
Figure 4.10 4 = 1.024 andr = 0.153), the results confirm that the proposed setup method
provides a better setup prediction for low displacement piles| (stg@les) than large
displacement piles. This assessment provides a potential for fefurement of the pile
setup method for large displacement piles, providing that detailech&wmation and pile

response measurements as similarly performed on steel H-piles.

4.5.3. Mixed soil profile

The application of the proposed Eqg. (4.9) to quantifying the incregske iresistance
of a steel H-pile embedded in a mixed soil profile was evaduasing the field test results of
a recently completed test pile ISU8. It is a HP 250 x 63 pteeembedded in a layer of
approximately 6.4 m (21 ft) low plasticity clay (CL) underlywgh approximately 5.18 m
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(17 ft) well-graded sand (SW) and a 5.21 m (17 ft) sand, silt, agdwaidure. The ground
water table (GWT) was located approximately 7.6 m (25 fvwbehe ground surface. The
detailed soil profile was given in Table 4.5. Also, the correspgnamerage SPT N-values
and the horizontal coefficients of consolidati@y)(were listed. The necessary information
at different stages of pile testing was listed in Table Zl&e listed measured pile resistances
were referred to resistances determined at EOD and begimhinestrikes (BOR) using
CAPWAP, and using a static load test (SLT) performed 15 dags BOD. Using the soil
information given in Table 4.5, the weighted average SPT N-valyeagdCy, value were
determined to be 8.6 and 0.075%minute (0.012 iffminute), respectively. Based on the
measured pile resistance at ECRdp) of 621 kN (140Kkips), pile resistances corresponded
to the time of restrikes and SLT were estimated using Eq. (AS3umed the excess pore
water pressure induced during pile driving dissipates immediatelyeacohesionless soil
layers (i.e., well-graded sand, silty sand, clayey sand, or ssiltflyno pile setup was
considered at these layers. As a result, the originally-atthpile resistances, which were
determined for a fully embedded cohesive soil profile, were dedewith respect to the
proportion of cohesive soil thickness to the embedded pile length. Howexertodthe
presence of cohesionless solil layers overlaying and/or undeti@ngphesive soil layers, the
excess pore water pressure induced during pile driving at theiwehssl layers can
dissipate through the cohesionless layers. It is believed thaktless pore water pressure in
a cohesive layer with a double drainage path (i.e., overlaying andrlyingewith
cohesionless soil layers) dissipates faster than that witlyle sirainage path. Assuming the
excess pressure dissipated immediately at a total thicknessabfesive layer with a double
drainage path and at half thickness of a cohesive layer with ke singinage path, the
proportion of effective cohesive soil layers, that were believediibié increase in pile
resistance, was reduced by 50% (i.e., ratio of effective n@h&syer to the embedded pile
length reduced from about 0.64 to 0.32). Based on abovementioned assumption, the

estimated pile resistances were further adjusted as given in Table 4.6.

The measured and estimated pile resistances were normalizéte bnitial pile
resistance at EOCREop) of 621 kN (140kips) and were plotted as a function of the ttine (
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in Figure 4.13. It was expected that the originally-estimptledresistances using Eq. (4.9)
were higher than the measured values. In addition, the corredeedepistances with
proportioning to the cohesive soil thickness did not capture the adeiaégponses. On the
other hand, the pile resistances estimated using Eq. (4.9) and éd@jcsdedingly to the 50%
effective cohesive soil layers correlated very well whlke theasured values. This study
concluded the followings:

1. The amount of pile setup exhibited in a mixed soil profile wadlemtaan that
expected in a complete cohesive soil profile,

2. The observed pile setup in the mixed soil profile followed the Idgard trend as
observed at those test piles embedded in cohesive soil profile anddastgar
using Eg. (4.9), and

3. The amount of pile setup in a mixed soil profile not only depends on the
proportion of the cohesive soil layers to the embedded pile length,ldut a
depends on the stratigraphic layers of cohesive and cohesionlessthsiil

influence the dissipation of the induced excess pore water pressure.

It is important to note that the aforementioned study was peefib based on only a field test
of ISU8, additional similar field tests on piles embedded in thesdnsoil profile will be
beneficial in the future to justify the conclusions, to furthemeefthe methodology and

assumptions made, and to accurately quantify the pile setup.

4.6. Confidence Level

In order to confidently implement the proposed pile setup method ingascpile
designers prefer to know the reliability of the method in advancéesdifference between
actual and estimated pile setup values falls within an expedalerance. The confidence
of the method in terms of the pile resistance raRg/R) can be expressed at different

confidence levels given by
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Ry, o (R, o
(R_t)upper AR+ (?t)lower THTEY R (4.10)
bound bound

whereu = mean value of the pile resistance ratie; standard normal parameter based on a
chosen percent of confidence interv@l){ ¢ = standard of deviation of the pile resistance
ratio; andn = sample size. Using the statistical parameiers éandn) calculated early and
given in Figure 4.10 for steel H-piles, the upper and lower limithefpopulation mean
values of the pile resistance ratios for 80%, 85%, 90%, 95%, andC¥8%ere calculated
using Eq. (4.10) and plotted in Figure 4.14 for the proposed setup method based on both
CAPWAP and WEAP-SA. Figure 4.14 shows that the upper limitsaserand the lower
limits decrease with increasir@ values from 80% to 98%. In an attempt to determine an
average pile setup factor that can be confidently applied directlyeoproduction piles for a
North Carolina Department of Transportation highway construction préfeatand Kreider
(2007) suggested the use of 90% and 98P% for representing a pile group foundation
considering redundancy and an individual pile with no redundancy, respectieplying
this recommendation for the case of an individual pile by considar®igof 98%, the pile
resistance ratioR/R) for CAPWAP ranges between 0.94 and 1.11. In other words, the
proposed pile setup Eq. (4.9) using CAPWAP with a @3%ill neither over predict th&
so that theR,/R; valuefalls below 0.94 nor under predict tRethat allows théR./R; valueto
exceed 1.11. A similar explanation applies to WEAP-SAGt af 98% with theR./R; ratio
ranges between 0.92 and 1.07. Based on the largest upperfgBnealueof 1.11 and the
smallest lower bounB./R; valueof 0.92 for a 98%CI, the proposed pile setup Eq. (4.9) will
generally estimat& values, so that the difference betweenRh@ndR; values falls within
11%. Similarly, in the case of an individual pile foundation by conisigexCl of 90%, the
proposed pile setup Eq. (4.9) will generally estinkatealues, so that the difference between
theRyandR; values falls within 8%.

Similar studies of confidence level were conducted for other ylest For the case
of an individual pile by considering@l of 98%, Figure 4.15 shows that tRg/R; for small
diameter piles (i.e., diameter600 mm) ranges between 0.97 and 1.16, WRi/&; for large
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diameter piles (i.e., diameter > 600 mm) ranges between Aad)3.84. Based on the largest
upper boundR/R; values, the proposed pile setup Eq. (4.9) will generally estiRiata&lues,
so that the differences between RgandR; values fall within 16% and 34% for small and
large diameter piles, respectively. For the case of an indivigual foundation by
considering &l of 90%, the differences between tRgandR; values fall within 13% and

29% for small and large diameter piles, respectively.

4.7. Application

The application of the proposed pile setup method in pile foundatiogndesn be
accomplished by following design recommendations suggested in Hreseateas: (1) soll
investigations; (2) pile setup estimations; and (3) Load ResestBactor Design (LRFD)
framework. This paper and the companion paper recommend soil intiesgasing SPTs
and CPTs with pore water pressure dissipation tests. Thesenssligations shall be
performed near the foundation, and the soil parameters KBRalues andCy) of different
cohesive soil layers shall be measured in order to computeatraiage values using Eg.
(4.5). However, if the pore water pressure dissipation testaa successfully performed
during CPTs, theC;, values can be estimated from the measured I$®@lues using Eq.
4.7).

The inconvenient restrikes will not be required as part of the pilgsestimation
using Eqg. (4.9). However, the concern is the selection of an approgetate timet) after
EOD for design. The field test results conducted within the $fai®va revealed that pile
resistances increased immediately and rapidly within a day thi EOD and continuously
increased at a slower rate after the second day. MoreoverlL{fd& Hata records listed in
Table 4.2 indicate that the SLTs were performed, in aveedtgs,5 days of the EOD. The
AASHTO (2010) Specifications recommend the performance of a &batil test 5 days after
a pile installation. Therefore, it is reasonable to suggesirntee) of at least 5 days after
the EOD. However, a different time can be assumed based upainctmulitions and

experiences.
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4.8. Integration of Pile Setup Into LRFD

The AASHTO (2010) LRFD Bridge Design Specifications recomménalesingle
resistance factorp] for each dynamic analysis method, because the measured npit@nal
resistance obtained from the dynamic pile restrike tessssnaed to be a single random
variable (i.e., the uncertainties associated with pile resestand pile setup estimations are
assumed to be the same). On the other hand, the proposed method (Eqoi4iSg two
resistance components: (1) the initial pile resistance at ERbb) estimated using the
dynamic analysis method; and (2) pile setup resistance whible difference dR; andReop
(Rsetug=Rt — Reop).  Each resistance component has its own source of uncertaintbsas
those resulting from the in-situ measurement of soil propertiegshwshall be separately
accounted for in order to compile with the LRFD philosophy. Thegefioris not only
conceptually inappropriate to establish a single resistance fothHsothsistance components,
but also the resulting factored resistang®) (could be overestimated. In order to incorporate
the setup effects in the LRFD framework and to concurrently asidihe impact of different
uncertainties associated with the estimationsRgfp and Rsewyp the fundamental LRFD
framework §'y;Q; < @R) shall be expanded enabling the computation of a separate

resistance factor for each resistance component given by Eq. (4.11)

n
Z YiQi < OR = @gopREop + (psetupRsetup (4.11)
i

wherey; = load factor;Q; = applied loadipeop = resistance factor foRzop;, and gsetup=
resistance factor foRsewp Accordingly, Yang and Liang (2006) used the First Order
Reliability Method (FORM) to determine the resistance factpmscifically for Skov and
Denver (1988) setup equation. Yang and Liang recommendggl,gvalue of 0.30 at a
target reliability index f£) of 2.33 (corresponding to 1% probability of failure) as
recommended by Paikowsky et al. (2004) for representing redundargrpups. Because
the FORM requires a special written program with an itegtrocedure to simultaneously
adjust the load and resistance components for the resistancecctdation, it creates a

challenge for pile designers to implement pile setup duringgdesiThus, a simpler,
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welcoming, and closed-form method, which follows the expanded LR&mDefvork (Eq.
(4.11)), to compute the resistance factor will be beneficiahénfuture for integrating the

proposed pile setup method into the LRFD.

4.9. Conclusions

Although pile setup depends of the properties of surrounding soil, teengxpile setup
estimation methods available in the literature rarely use sailyproperties and usually
require inconvenient pile restrikes in estimating pile setup.es&hlimitations and the
successful correlation between pile setup and soil parametemsbddsin the companion
paper (Ng et al. 2011b) motivate the development of a new pile setinpdn&rom the
analyses of the pile and soll test data, the following conclusions were drawn:

1. The proposed pile setup equation incorporates the commonly usebl-g&liie
and the horizontal coefficient of consolidatiorC, to representing the
surrounding soils and employ an equivalent pile radius to represehgngilé
geometry. The proposed method also utilizes the initial pilsteggie estimated
at the EOD using either CAPWAP or WEAP-SA, which elimindakesneed for
performing any inconvenient restrikes. The proposed method asctmnthe
actual time immediately after a pile installation and usesference time at the
EOD (eop) to be as small as 1 minute to quantify the pile setup occurfieg a
the EOD.

2. The proposed setup method was validated using additional twelveHstslel
data records from lowa and five other well-documented tests founthein t
literature with different H-pile sizes. It has been shown ttiafproposed method
adequately and confidently estimates the setup for steel H-giteghat the
difference between measured and predicted pile resistantsesvitélin 8% and
11% for 90% and 98% confidence intervals, respectively.

3. The proposed method was also validated using six cases availtimditerature
for large displacement piles with different types and sigesiding satisfactory

pile setup estimations with better prediction for small diamgits (pile
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diameter smaller than 600 mm). For small diameter piles, the differegivesan
the measurednd estimated pile resistandat within 13% and 16% for 90% and
98% confidence intervals, respectively. For large diameter, pilesdifferences
between the measuradd estimated pile resistanda$f within 29% and 34% for
90% and 98% confidence intervals, respectively.

4. The analytical study performed based on the test pile ISU8 entbeddemixed
soil profile concluded that the amount of pile setup was smallerthiza expected
in a complete cohesive soil profile. The observed pile setup followed the
logarithmic trend. The amount of pile setup not only depends on the pooporti
of the cohesive soil layers to the embedded pile length, but also depertics
stratigraphic layers of cohesive and cohesionless soils.

5. Pile design recommendations including pile setup application agarated into
soil investigations, pile setup estimations, and LRFD frameworkcalse the
proposed pile setup method consists two resistance components (iad. ammti
setup resistances), with which different uncertainties weseceasged, the concept
of computing a separate resistance factor for each comporresbiemended in

order to compile with the LRFD philosophy.
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4.11. Appendix: An Example of a Practical Pile Design Procedure

Design a steel-H pile foundation at an integral abutment to supgotal 73.15 m

long by 12.2 m wide two spanned, pretensioned and prestressed cbearateridge over I-



174

35 at Clarke County, lowa. The dead load including the safety baaitigras given as 3323
kN. The dead load for 0.96 kNfnfuture wearing surface was given as 156 kN. The three
lanes of HL-93 live load with impact and a 0.85 lane reduction was gw@839 KN. These
loads were distributed to the foundation based on simple span assumplibasmost
common ASTM A572 Grade 50 HP 250 x 63 steel pile with a cross sdaiieaaof 80 crh
was selected for the foundation. Based on the AASHTO (2010p#tretoad combination,

the factored loads were calculated as

Factored dead load = 1.25 x 3323 kN + 1.5 x 156 kN = 4388 kN
Factored live load = 1.75 x 1339 kN = 2343 kN
Total factored load = 4388 kN + 2443 kN = 6831 kN

Soil Investigations

Standard Penetration Test was performed near the foundation locatitimearesults
were listed as below. Although the embedded pile length igllgithot known during the
design process, this site with 100% clay soil layers wasifitas to be a cohesive soill
profile. Thus, the proposed pile setup Eq. (4.9) can be used in thelgsigns. Since
Piezocone Penetration Test (CPT) was not performed, the horizoogdficient of

consolidation Cy,) values were estimated using Eq. (4.7)

Depth (m) Soil types SPN-value Estimated;, (cmf/min)
0to 2.43 Low plasticity clay 6 0.0765
2.43 10 4.86 Low plasticity clay 8 0.0421
4.86 to 6.99 Low plasticity clay 9 0.0329
6.99 to 9.42 Low plasticity clay 10 0.0264
9.42 10 11.85 Low plasticity clay with sand 22 ®00
11.85t012.76 Low plasticity clay with sand 20 (136}
12.76 t0 13.98 Low plasticity clay with sand 15 190
13.98 t0 18.25 Low plasticity clay with sand 13 1506
Design Stage

Prior to pile driving, the foundation was initially designed usang preferred static
analysis method that complies with local or state requiremeRts instance, lowa DOT
(2008) LRFD Bridge Design Manual has limited the structural gtiltess to 41 MPa with the
intention to control pile settlement under the Structural Resistaeeel-1 (SRL-1). Also,



175

geotechnical resistance charts given in the design manua wsad for pile designs,
especially to determine the number of piles and embedded piihéenBased on this static
analysis method, fourteen (14) piles with each having an embeddgd tdrapproximately
16.76 m were initially estimated. Based on the estimatedepitgh of 16.76 m, the average
SPTN-value was calculated as 12.2 using Eq. (4.5). Similarly, the av€ragas calculated
to be 0.0297 cAtmin.

__ 2.43X6+2.43X8+2.13X9+2.43X10+2.43X22+0.91X20+1.22X15+2.78%13

N
a 16.76

=12.20

Construction Stage

Based on driving information on a trial pile using a Delmag D16-32 diesel bgram
hammer blow count of 85 blow/m was recorded at the EOD. Based on a bearing chart
generated using the WEAP-SA shown below, the pile resistance at theRegpwas
estimated to be 635 kN.

Bearing Chart Generated Using WEAP-SA
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The equivalent pile radiusy) was determined to be 4.97 cm and a tithef(5 days for
accounting pile setup was assumed. The nominal pile resistance at the timgoafeata

the EOD R, was estimated using the proposed pile setup Eqg. (4.9), and the difference
betweerR: andReop yielded the pile setup resistan€®efyy.
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13.78%0.0297
12.2X4.972

R,(WEAP — SA) = 635 [( + 0.1495) log, (sz‘l‘x‘"’) + 1] (%) = 1005 kN

Rsetup= Rt —Reop = 1005 — 635 = 370 kN

Next, the factored pile resistanagRj was calculated by applying=op of 0.65, which was
regionally-calibrated for the State of lowa in Chapter &Rtgp and by assumingsetyp Of
0.30 toRsewp for a redundant pile group conditiofir(= 2.33). Compared with the results
estimated using the static analysis method, the number ofrpdesred has been reduced
from 14 to 13, at which the pile design procedure and the economic adwgambge
incorporating pile setup using the proposed method in the LRFD have been demonstrated.

9R=@ropReop + PsetupRsetup = 0.65 x 635 + 0.30 x 370 = 524 kN
The revised number of piles required = 6831/524 = 13 piles

Conclusion
Since the number of piles has been reduced from 14 to 13 with pie set
consideration, the efficiency of the pile foundation to support the bstigeture has been

improved, and the economic advantages of incorporating pile setup have been demonstrated.

4.12. Notation

A B = Setup factor used in Skov & Denver (1988) or Svinkin and Skov (2000)
method

AR = Pile area ratio

C, Gy = Proposed pile setup rate or horizontal coefficient of consolidation

Cl, CoVv = Confidence interval or coefficient of variation

fe, fr = Empirical consolidation factor or remolding recovery factor

N, Na = Sample size or average SPT N-value

OCR = Overconsolidation ratio

Pl = Plasticity index

Qp, QL = Dead load or live load

Mo = Pile radius
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Rn R = Measured pile resistance or estimated pile resistance atentyafter the
EOD

Reop, Rsep = Pile resistance at the EOD or pile setup resistance

S Th = Sensitivity of cohesive soil or Non-dimensional time factor

zZ,p = Standard normal parameter or reliability index

U, o = Mean value or standard of deviation

Y, @ = Load factor or resistance bias factor or resistance factor
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Table 4.1: Summary of existing methods of estimating pile setup

Reference Setup equation Limitations
. — Purely empirical
Pei and ; -
R R —
Wang L = 0.236[log(t) + 1] ( max _ 1) +1 SIS EDEEIID
(1986) EOD Reop — No soil property
— Unknown or difficult to determin®qax
Zhu Ry, 0.375S, + 1 — Only predict pile resistance at"1day
(1988) Rgop ¢ — No consolidation effect is considered
S5 il Ry — Require restrikes
Denver R Alog|—|+1 Wid d . Sof
(1988) % i — Wide range and non-uniquenes
o — Require restrikes
Svinkin R — Bvalue has not been extensively quantified
and Skov L = Bllog(t) + 1] + 1 ot bee ya
(2000) Reop — No clear relationship betwedhvalue and
soil properties.
Rt _ ptog(—2)+1;
Karlsrud Rio °8 (ﬁ) R — Assumed complete dissipation after 100
et al. days is not true
(2005) — Not practical to us&qg

A= 01+04(1 PI) OCR™°8
- . . 50

R: pile resistance at any tinteconsidered after EODRgop: pile resistance at EODR,x maximum pile
resistance assuming after completing soil constiidaR,: reference pile resistancRis: pile resistance at 14
days after EODRyoy pile resistance at 100 days after EGED;soil sensitivity;A: pile setup factor defined by
Skov and Denver (1988R: pile setup factor defined by Svinkin and SkovQ@)) PI: plasticity index; and
OCR overconsolidation ratio.
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Table 4.5: Soil information along the test pile ISU8

185

Soil Thickness Average SPT  AverageC,

Soil Layer Soil Description (USCS) (m) N-value (cr/min)
1 Clay to silty clay (CL) 6.40 5 0.111&
2 Sand (SW) 5.18 2 -

3 Clayey silt to silty clay (CL) 0.92 10 0.02644
4 Sand to silty sand 0.31 10 -

5 Clayey silt to silty clay (CL) 0.61 10 0.02644
6 Silty sand to sandy silt 0.30 10 -

7 Clayey silt to silty clay (CL) 0.30 10 0.02644"
8 Silty sand to sandy silt 0.30 10 -

9 Sandy silt to clayey silt (CL) 1.22 10 0.02644"
10 Clayey silt to silty clay (CL) 1.22 24 0.00438

@

—estimated using Eq. (4.8); ahd — determined from cone penetration test.

Table 4.6: Summary of field test results and estimated pile resistari&Jr

Measured _ Estir_nated Estir_nated
Pile _ Proportion P_|Ie P_lle
_ Resistance Est|r_nated of _ Re5|stance Re5|stance
Stage Er_nb. Time From P_|Ie Cohe_swe With Amount With Amount
of Pile After Restrikes Re_5|stance $0|I of Set_up of Set_up
Testing Length EOD,t Using Using Eq. Thickness Proportional Proportional
(m) (day) CAPWAP (4.9),R to Emb.  to Cohesive to 50% of the
or SLT.R. (KN) Pile . Soil Co_heswe Sail
(kN) length ThicknessR,  ThicknessR
(kN) (kN)
EOD 16.77 0.000694 621 621 0.6364 621 621
BOR1 16.93 0.0070 637 691 0.6399 666 644
BOR2 17.11 0.0112 651 712 0.6437 679 650
BOR3 17.23 0.039 680 751 0.6460 705 663
BOR4 17.30 0.97 689 846 0.6476 767 694
BOR5 17.37 3.97 706 889 0.6490 795 708
BOR6 17.44 4.95 710 899 0.6504 802 711
SLT 17.44 15 721 931 0.6504 823 722




186

2

1.2
7y
Aoo/ 1
]
1.0 »
(o]
£ 8 x
0.8 - oA
& - - q: (n]
o - 8)>
g T\
\4_‘06 b - De“qe A
a4 q& /“,“1 2 _
SWOT T A= $ ©ISU2 (restrike)
Q) OISU3 (restrike)
0.4 1 N AISUA4 (restrike)
: N XISUS (restrike)
S 01SU6 (restrike)
~ #1SU2 (SLT)
0.2 N W|SU3 (SLT)
S AISU4 (SLT)
g %ISU5 (SLT)
®ISU6 (SLT)
0.0 - . . : : :
-6 -5 -4 -3 -2 -1 0 1
log(t/t,)
Figure 4.1: Comparison between ISU field test results and Skov and Denver (18&&}tynil
method

14
= - Karlsrud et al. (2005)-ISU2 Karlsrud et al. (2005)-ISU3
= - Karlsrud et al. (2005)-ISU4 = = =Karlsrud et al. (2005)-ISU%
= - = Karlsrud et al. (2005)-ISU6 ©  ISU2 (restrike)
1.2 1 O  ISU3 (restrike) ©  ISUA4 (restrike)
A ISU5 (restrike) X ISUG (restrike)
® ISU2(SLT) ®  ISU3(SLT)
& |SU4 (SLT) A |SU5 (SLT)
14 % Isue(sLT)
Average linear best fit line
o 0.8 - g T
a s =
g & =B&oxe
0.6 -
(o]
0.4 1 Test Pile Ryo (kN) PI (%) OCR
ISU2 658 14.8¢ 1.0C
ISU3 72¢ 9.9t 1.61
021 su4 741  15.4¢ 1.2C
ISUS 1164 18.17 1.3/
ISU6 100¢ 9.2z 1.0t 7
0 T T Ly ; -
-6 -5 -4 -3 -2 -1

log (t/ty0)
Figure 4.2: Comparison between ISU field test results and Karlsrud 20@%)(pile setup

metho

d



(Rt/REOD) (LEOD/Lt)

1.8

187

1.7

1.6

1.5 4

1.4 4

1.3 -

1.2 -

1.1 4

1.0

OI1SU2
OISuU3
AlSU4
*xISU5
0ISU6
#ISU2 (SLT)
m|SU3 (SLT)
AISU4 (SLT)
®ISUS (SLT)
®1SU6 (SLT)

Test Pile: Slope C); R?
ISU2: 0.167; 0.98
ISU3: 0.121; 0.89
ISU4: 0.106; 0.93
ISU5: 0.088; 0.87
ISU6: 0.092; 0.93

R2 = coefficient of determinatic

”
”
7
”
//
\991"
© -~ o © -
7 - \BA‘
-7 - o=
Cd
P
e 0 %~
~ /‘S\B5

0.9
0

1 2

l0g;o(Vteop)

3

4

5

Figure 4.3 Linear best fits of normalized pile resnces as a function of logarithn
normalized time based on CAPWAP anal

(Leon/Lo)

(R/Reop)

1.8
g:gg% Test Pile: Slope C); R?
1.7 {| AISU4 ISU2: 0.178; 0.91
®ISU5 ISU3: 0.162; 0.31
1.6 1| ©ISU6 ISU4: 0.141; 0.92
€1SU2 (SLT) ISU5: 0.161; 0.90
BISU3 (SLT)||  ISus: 0.153;0.90
1.5 || AISU4 (SLT)
RKISUS5 (SLT)
1.4 1 ®|SU6 (SLT)
1.3
1.2 |
1.1 1
1.0
o . L
09 R2 = coefficient of determinatic

P
o x2X
.70 ‘\36
$}‘/ - P \5\9‘
" /( A
' ~

0

1 2
10g;o(V/teop)

3

4

5

Figure 4.4 Linear best fits of normalized pile resistancedsnction of logarithmi
normalized time based on WE-SA analysis



188

0.18

0.16 -

- Oe

0.14 1

R2 = 0.1527 R2 = 0.313

0.12
0.1 1

0.08 -

Pile Setup Rate C)
(m]

0.06 -

0.04 1

0.02 1| ®caPwapP
OWEAP-SA

0 200 400 600 800 1000
Initial Pile Resistance at EOD Rgqp (KN)

Figure 4.5: Comparison of pile setup rai® (o initial pile resistance

0.22
¢ CAPWAP
0.2 | OWEAP-SA
C=1, (C/N,r2) +f
0.18 c a'p r
Re = 0.6486 (WEAP-SA) _ __ — — E— .
Co16{ O e ——— T
2 o ———
©
X 0.14 | o
s C=f (C/N,r) +f
8012 ] Re = 0.9493 (CAPWAP)
2
001 Test Pile N, C, (cm?/min) r, (cm)
SUz 5 0.208 5.05
0.08 - ISUs 8 0.045 5.05
Method fe fr ISU4 10  0.056 5.5
0.06 | CAPWAP 39.048 0.088 ISUs 12 0.028 5.05
WEAP-SA 13.78 0.1495 ISU6 14 0.022 5.05
0.04 : - - :
0 0.0005 0.001 0.0015 0.002

Ci/N, 12
Figure 4.6: Correlations between pile setup r&@ef@r different ISU field tests and soll
parameters as well as equivalent pile radius



Measured Pile Resistance (kN)

8000 8000
(a) /
o /
, (2
// =§$ =
6000 - y & < 6000 1
o N—r
7] Q
/ S
/El g
4000 - / & 4000 -
/ Q
=
,g 3
?
2000 - / OHuang (1988) © 2000 -
/ Along et al. (2002) >
OFellenius (2002)
% Kim&Kreider(2007)
@ISU Field Tests
o . 0
0 2000 4000 6000 8000

189

Estimated Pile Resistance at EOD (kN)

(b)

DHuang (1988)
Along et al. (2002)
OFellenius (2002)

X Kim&Kreider(2007)

0

2000

@®ISU Field Tests

4000 6000

8000

Estimated Pile Resistance w/ Setup (kN)

Figure 4.7: Comparison between measured and estimated pile resistamg&SARNAP
considered (a) at EOD condition and (b) pile setup using Eq. (4.9)

Measured Pile Resistance (kN)

8000 N
a
() oo
, (4
/ &
i ! 5}
6000 / &
/
[
$1
/' o
4000 | /
/
/
/ DOHuang (1988)
©Lukas&Bushell (1989)[1
2000 - / Along et al. (2002)
OFellenius (2002)
X Kim&Kreider(2007)
BISU-PILOT
@ISU Field Tests
O T T T T
0 2000 4000 6000

8000

Estimated Pile Resistance at EOD (kN)

8000
(b) /
o v
’
~ K, / <
£6000 | ST
3 S/
S ,'
2 ¢/ O
o /,
r 4000 - ’
k)
o
= /
Qo 4,  |BHuang (1988)
? oLukas&Bushell (1989
$ 2000 1 AlLong et al. (2002)
= X OFellenius (2002)
A x Kim&Kreider(2007)
®ISU-PILOT
®ISU Field Tests
0 ; : -
0 2000 4000 6000

8000

Estimated Pile Resistance w/ setup (kN)

Figure 4.8: Comparison between measured and estimated pile resistamg&¥EAP
considered (a) at EOD condition and (b) pile setup using Eq. (4.9)



Percent

Figure 4.9: Statistical assessment of the proposed pile setup method based otaly on da

Percent

Figure 4.10: Statistical assessment of the proposed pile setup method basektanpalints

190

1.0
60+ —
Condition (Method) Mean StDev N
’\\ — EOD-Literature (WEAP-SA) 1.779 0.3954 21
/ \ — — EOD-Literature (CAPWAP) 1.528 0.3201 14
504 0] ———- Proposed Method-Lit (WEAP-SA)1.063 0.2040 21
/ ~ —— - Proposed Method-Lit (CAPWAP) 1.040 0.1740 14
\
\
40-
304
204
104
0 T

1.0

15 20

2.5

Pile Resistance RatioR/Reop for EOD or Ry/R; considering pile setup)

points from literatures

1.0

60

50+

40+

30+

Condition (Method)
—— EOD (WEAP-SA)
— — EOD (CAPWAP)

———- Proposed Method (WEAP-SA
— - Proposed Method (CAPWAP]

Mean StDev N
1.643 0.3701 38
1.516 0.2749 19
.9963 0.1944 38
1.024 0.1525 19

I
0.5

1.0

T
15 2.0

T
25

Pile Resistance RatioR./Reop for EOD or R,/R; considering pile setup)



191

9000

® Cheng&Ahmad (1988)-244min
E? CEP
o) 8000 - mFellenius (2002)-273mm OEH
LE AFellenius (2002)-273mm CEH
2 7000 -
< # Thibodeau&Paikowsky (2005}-
Q 324mm CEP
_E 6000 1 +Kim et al. (2009)-356mm CEH
E 5000 - - Thibodeau&Paikowsky (2005}-
o 2 356&8406mm PCP
% =~ A Thibodeau&Paikowsky (2005)-
7 4000 H 457mm CEP
‘» OThibodeau&Paikkowsky
& (2005)-457mm MT
o 3000 ©Karna (2001)-600mm CEP
E
- 2000 - " Pie Size Std. x'FI;?:oPmpson et al. (2009)-600nm
e Ratio Mean
2 (mm) Dev. ||xThibodeau&Paikowsky (2005}-
© 1000 — 610mm CEP
% Ri/Reop >=60C 1.663 0.501 O Thompson et al. (2009)-750mm

Rnw/Reop <600 1.454 0.412]| PcP
0 :

0 2000 4000 6000 8000
Estimated Pile Resistance at EODRgqp (KN)

Figure 4.11: Comparison between measured pile resistances at any antereported pile
resistances at EOD

8000

® Cheng&Ahmad (1988)-244m
CEP
B Fellenius (2002)-273mm OEH

>

7000 -

AFellenius (2002)-273mm CEHRH

6000 | ¢ Thibodeau&Paikowsky (2005
324mm CEP

+Kim et al. (2009)-356mm CEHR

5000 -

-Thibodeau&Paikowsky (2005
356&406mm PCP
A Thibodeau&Paikowsky (2005
457mm CEP
OThibodeau&Paikowsky (2005,
457mm MT
©Karna (2001)-600mm CEP

4000 -

3000 -

2000 -

- - & Thompson et al. (2009)-600nm
Pile Size Std.
Mean PCP

(mm) Dev. ||%Thibodeau&Paikowsky (2005

— 600mm CEP
Rm/Rt  >=60C 1.184 0.39¢ OThompson et al. (2009)-750mm

Rm/Ri <600 1.063 0.274]L_PcpP

1000 -

Measured Pile Resistance at Time After EODR,,,
(kN)

0 2000 4000 6000 8000
Estimated Pile Resistance Using Proposed MethoR, (kN)

Figure 4.12: Comparison between measured pile resistances at afty anteestimated pile
resistances using the proposed pile setup method



192

1.80 -

O Restrike (CAPWAP)

® SLT

Setup Egn

— - Setup Eqgn (Proportional to Cohesive Thk)

— —Setup Eqn (Proportional to 50% of Cohesive Thk)

= = =
a1 for} ~
o o o

Normalized Pile ResistanceR, /Rgqp

0 2 4 6 8 10 12 14 16 18
Time After End of Driving, t (day)
Figure 4.13: Normalized pile resistance as a function of time aftBrfeCthe test pile ISU8
embedded in a mixed soil profile

1.20 - . _
—8— Mean (WEAP) =<G - Lower Bound (WEAP)

§ = B& -Upper Bound (WEAP) —€— Mean (CAPWAP)
8 ==0- Lower Bound (CAPWAP) = & -Upper Bound (CAPWAP
2 1.15
i
o 1:106
a 1.10 PR >
3 1é0§'2 _____ -
5 1069 _ _ _ g =-=---"-" —1‘.870
S 1.048 _ __-B~- "~
o 105 1931 e — - E’ ______ E’
= : e e
© :
2 1.00
> 0.979 » » b o
S  Pemme—ea O--- 0.966
Q e et .o_ ______ :
?_ 095 Bz mcc e B TTT®sa...0.942
o - 0.956 T TEEe=—- B : “<¢
= 0.944 B,
S : €1
1 f 0;923

0.90 - . : '

80 85 90 95 98 100

Confidence Interval, Cl (%)
Figure 4.14: The confidence intervals of the proposed pile setup method for stéed H-pi



193

1.50 - - -
—8— Mean (SDP) =0 =Lower Bound (SDP)

8 145 1| =B Upper Bound (SDP) —e— Mean (LDP)
S =0 =Lower Bound (LDP) =@- Upper Bound (LDP)
'ﬁ 140 11 5pp = small Diameter Pile (Diamete600 mm)
@ 1.35 {|LDP = Large Diameter Pile (Diameter > 600 mm) 1.338
v : _ -0
= 1293_ _ — — ©~
o 1.30 = -
= 1268 _ g - —==7%
8 1.25
?
a 1208 e & e )
2 115 1.129 R
@© ' -— o - = :
3 10 f1._14}_ —— e B ————— 1.;_“: 1.§156
5 . 1'09- o = — O_ - - - 1TUlro
2 105 = o —8——
51004!-----.- .- 1030
5 1.00 11012 O oo g
ie) 0997 -
= 0.95 0:970
x

0.90

80 85 90 95 9% 100

Confidence Interval, Cl (%)

Figure 4.15: The confidence intervals of the proposed pile setup method for othearginall
large diameter piles
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CHAPTER 5: APROCEDURE FOR INCORPORATING PILE SETUP IN
LOAD AND RESISTANCE FACTOR DESIGN OF STEEL H-PILES IN
COHESIVE SOILS

Kam W. Ng, Sri Sritharan, and Muhannad T. Suleiman

The paper was accepted for a poster presentation at the TransportationiRBeaed 98

Annual Conference and will be submitted to Canadian Geotechnical Journal

5.1. Abstract

In a recent study, time-dependent increase in axial load resstd steel H-piles
embedded in cohesive soils due to setup has been systematicalifiefuasing measured
soil properties. However, this quantification has its own uncertairggulting from in-situ
measurements of soil properties and the semi-empirical approgotecdar the effects of
setup. Given that the impact of these uncertainties should be addcessedrently with
those associated with the estimation of the initial pile taaste at the end of driving
condition, a procedure for incorporating the pile setup in Load and &wesesFactor Design
(LRFD) was established using the reliability theory to incladenomic advantages of pile
setup during pile designs. The procedure, which uses the First OrdemdSkEmoment
(FOSM) method, not only allows incorporation of any form of setupmese to the
estimated pile resistance at EOD, but also facilitatesisiah of two resistances affected by
each other to reach a target reliability within the FOSEmMiwork. Constant resistance
factors for both EOD and setup can be easily calculated basaayaegional database that
reflects the local soil conditions, pile types, and setup quantificatiethods, so a practical

implementation of this procedure can be appreciated.

5.2. Introduction

Pile setup is referred to the increase in resistance of dpiues embedded in

cohesive soils over time, which is the result of healing of rdetblcohesive soils
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surrounding the pile and the consolidation of cohesive soils from poreg wassure
dissipation induced by pile driving (Soderberg (1962) and Randolph et al. (1978)).
account for the pile setup in design, the American Associationtaik $Highway and
Transportation Officials (AASHTO) (2010) suggests the use of dimtests involving time
consuming pile restrikes and/or completing static load testseogafficient length of time
although it is not feasible in practice to perform these .testsrthermore, the measured
nominal pile resistance obtained from the pile tests is asbtoriee a single random variable
(i.e., the uncertainties associated with pile resistance andgqtie estimations are assumed
to be the same), and thus a single resistance factor is supoeatzordance with the Load
and Resistance Factor Design (LRFD) framework.

Alternatively, pile setup can be accounted for using empiricahads (e.g., Skov
and Denver (1988); Svinkin and Skov (2000)) or analysis-based semi@hpethods as
described in Chapter 4, and the setup estimation using each appreasholaan uncertainty.
For example, based on extensive field evaluation, Chapter 4 concludesetilyatcan be
satisfactorily estimated using the initial pile resistamt#ained from a bearing graph
(ultimate pile resistance versus hammer blow count) generaied Mgave Equation
Analysis Program with SPW-value based method (WEAP-SA) (Pile Dynamic, Inc (2005))

and soil parameters as detailed in Eq. (5.1) without performing any restriked tedtsa

setup EOD NanZ r 810 tEOD (5.18.)

Rt = Rgop + Rsetup (5.1b)

where,

Rsewp = the pile setup resistance, kN or kips,

Reop = the initial pile resistance at EOD estimated using WEAP-SA, Khbsr
R = the total nominal pile resistance at tirje KN or kips;
fc = consolidation factor (13.78 for using WEAP-SA in estimating

Reop),minute,
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O
[

= horizontal coefficient of consolidation determined from CPT pore water
pressure dissipation tests and strain path methdémamor in¥minute,
N, = average SPW-value by weighting to cohesive soil thicknesses,
r, = equivalent pile radius based on cross-sectional aréaram?,
fr = remolding recovery factor (use 0.149 for the WEAP-SA method),
t = time elapsed after EOD, minute, and

time at the end of driving (assumes a value of 1 minute).

teop

Detailed derivation and validation of Eq. (5.1a) can be found in Ohége well as
for CAse Pile Wave Analysis Program (CAPWAP). However, Ed.a) for WEAP-SA was
selected throughout the paper based on a database of steel té-ilestrate the proposed
procedure of incorporating pile setup in accordance with LRFD. Ne&lestf) the proposed
procedure can be generally and practically implemented based/sagonal database that
reflects the local soil conditions, pile types, and setup quantification methods.

According to Eq. (5.1b), the total nominal pile resistari&k domprises both initial
pile resistances at EOR{op) estimated using WEAP and pile setup resistaReg,§ from
either Eq. (5.1a) or any other existing empirical setup methodskelthe aforementioned
setup evaluation involving the pile tests, each of the pile resistameponents has its own
source of uncertainties, such as those resulting from the in-g@surement of soll
properties and the semi-empirical approach adapted for Eq..(5Tka)ncorporate such a
pile setup estimate in LRFD satisfactorily, it should be zedlithat the impact of the
uncertainties associated with tRegop and theRserypcomponents are different and they should
be accounted simultaneously to reach the same target reliahdéy. While ensuring that
the reliability theory based LRFD framework is adequatelodved in this process, it
enables incorporation of two resistance factors: one for the setufha other for the pile
resistance at the EOD condition. The concept of separately sibdrethe different
uncertainties associated witzop andRsewphas been recognized by Komurka et al. (2005),
but this procedure was suggested using separate safety faototsoth resistances.
Furthermore, Yang and Liang (2006) used an intensive computatiostOFder Reliability
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Method (FORM) to calculate resistance factors specifidalifhe Skov and Denver (1988)
empirical method. The FORM requires an iterative procedurenmwltsineously adjusting
the load and resistance components until a minimum reliability irsdé&termined. In order
to provide a general and closed-form solution for practical resest@ator calculations, this
paper presents the derivation of the resistance factor for pilp based on a simpler First
Order Second Moment (FOSM) method.

5.3. Uncertainties of pile Resistance
5.3.1. Evaluation Based on Resistance Ratio

For an illustration purpose, evaluation of uncertainties associatédseitp was
examined for steel H-piles embedded in cohesive soils using lBadataontaining restrike
and/or static load test dataSteel H-pile was chosen because it is the most common
foundation type used to support bridges in the United States (Abdel8a#n{2010)). The
database as shown in Table 5.1 comprises five recently completeddidipile tests within
the State of lowa (data sets 1 to 5; see Chapter 3 and &lg(2011) for more details), ten
data sets from Plle LOad Test database of the lowa Degatrioh Transportation (PILOT)
(data sets 6 to 15; see more details in Roling et al. (2010)), anavétielocumented tests
(data sets 16 to 19) found in published literature (Huang (1288/s and Bushell (1989)
Long et al. (2002), and Fellenius (2002)). One of the important infaméasted for pile
setup evaluations is the elapsed tif)ewhich is the time at pile restrike or static load test
(SLT) following the end of pile driving. To compare various soumfesncertainties in
terms of coefficient of variationQOW), five different resistance raticRR]) combinations
were calculated as shown in Table 5The resistance ratio (RR) is definedaasatio of the
measured pile resistancB.j and the estimated pile resistané®)( The R, values were
obtained from either SLTs or restrikes using CAse Pile WavdysisaProgram (CAPWAP).
Pile resistances obtained from CAPWAP were assumed tRybealues based on the

following reasons:

1. The signal matching performed by CAPWAP is based on pile fance velocity
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records measured using Pile Driving Analyzer (PDA);

2. CAPWAP is the most reliable method that closely matchesstagc load test,
substantiated by the small difference in resistance fabetigseen CAPWAP (0.65
for at least 2% production piles or 0.75 for 100% production piles) and&GRBU for
at least 2% production piles) recommended by AASHTO (2010);

3. In order to illustrate the procedure for incorporating pile settimated using Eg.
(5.1a) without the need of pile restrikes or load tests in LRR® actual pile setup
development can be reasonably quantified using either the moste€llABIWAP or
SLT as similarly employed by Yang and Liang (2006); and

4. It is practically infeasible to measure pile resistandeB@D using SLT and such
information cannot be found presently in literature. Thus, pile setupumeghusing
CAPWAP can be effectively used to compare with that estinaséng Eq. (5.1a).
Nevertheless, resistance factors proposed in this paper canpbaved using the
same proposed calibration procedure in the future providing with suffigilensetup

measurements using only the SLT.

Whereas, the estimated pile resistanRg) (s referred to pile resistances obtained using
WEAP-SA or the pile setup resistances estimated using Eqg. (5.1a).

The firstRR (Rn-/Re-restrikd, @ ratio of measured pile resistance at any tijnand pile
resistance estimated using WEAP-SA from restrike event® wadculated to evaluate the
uncertainty associated with pile resistances estimated uslB§PABA. In case 2, an
uncertainty was also evaluated for the typically uB&JI(Ry.YRe-eop), a ratio of measured
pile resistance at any timg and estimated initial pile resistance at EOD without conisigler
the effects of setup. In case 3, RR (Rn/Re-) for any time () was computed based on a
ratio of the measured pile resistance and the sum of the pilgalesistance estimated using
WEAP and the setup resistance using Eq. (5.1a). In case RRttoe the EOD Rn-eo/Re-
eop), a ratio of the measured and estimated initial pile resissaacEOD, was computed to
evaluate the uncertainty associated with initial pile rastgtaln case 5, thRRfor pile setup

(Rm-setupRe-setyy, @ ratio of the measured pile setup resistance and the stigtamce
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estimated using Eq. (5.1a), was calculated to evaluate the umtyeaissociated with the pile
setup resistance. The measured pile setup resistansg.fj was the difference between the
measured pile resistance at any tirjeoptained using either SLT or CAPWAP and the
initial measured pile resistance at EOD obtained using CAPWHKfeseRRvalues in cases

4 and 5 were essential for the computation of separate resistance factors.

Table 5.1: Five cases of the pile resistance ratio (RR)

Time Casfe 1 Case|2 Case 3 fCase 4 fCase 5

RRfor Typica RRfor RRfor

Dsaet? I[?L(i:‘::a;%g(r:](]as afi?p;g%, restrike, RR RRattime EOD, Setup,

t (day) (Rmt (Rmt t, (Rmt/Ret) (Rm-EOD (Rm—setup

/ Re—restrike) / Re-EOD) / Re-EOD) / Re—setu;)
1 ISU2 [Mills] 9 0.9G 1.62 0.9F 1.08 0.74
2 ISU3 [Polk] 36 1.14 1.84 1.00° 1.27 0.76
3 ISU4 [Jasper] 16 1.00 1.67 0.94 1.07 0.76
4 ISU5 [Clarke] 9 0.95 1.70 1.02 1.24 0.68
5 ISU6 [Buchanan)] 14 0.84 1.54 0.90 1.08 0.69
6 PILOT [Decatur] 3 1.63 1.05 1.14
7 PILOT [Linn] 5 1.34 0.85 0.58
8 PILOT [Linn] 5 0.97 0.67 -0.05
9 PILOT [Linn] 5 1.48 0.94 0.87
10 PILOT [Johnson] 3 1.50 0.97 0.93
11 PILOT [Hamilton] 4 B 1.8% 1.18 B 1.48
12 PILOT [Kossuth] 5 1.33 0.84 0.56
13 PILOT [Jasper] 1 1.70 1.158 1.458
14 PILOT [Poweshiek] 8 1.56 0.96 0.97
15 PILOT [Poweshiek] 3 1.76 0.78 0.57
. 2 1.39 0.87 0.78
16  Huang (1988) [China] - - 5 o 127 0.92 16T
17 Lukas & Bushell (1989) 10 3 1.70 1.05 3 117
[Ninois] 26 1.95 1.16 1.38
18 Long et al. (2002) 7 0.77 1.0Z 0.67 0.92 0.04
[lllinois] 22 117 2.16 0.87 ' 0.85
7 1.72 1.07 1.19
13 1.87 113 0.67
15 1.93 1.16 0.74
. 16 2.1F 1.27 1.02
19 Fellenius (2002) 18 - 2.03 1.20 149 089

[Canada]

21 1.9¢ 1.14 0.7¢
28 2.24 1.32 1.16
32 2.3% 1.36 1.2¢
44 2.29 1.33 119

2measured pile resistance using SEmeasured pile resistance using CAPWAlle setup
was insignificant thus neglected.
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5.3.2. Results of Conventional FOSM Analysis

Table 5.2 presents the resistance biaggs and coefficients of variationCOW)
calculated for all fiveRR (Cases 1 to 5) using the database given in Table 5.1. Table 5.2
shows that pile resistances obtained from restrikes (Casesldhbaeast uncertainty as
indicated by the lowesEtO\k value of 0.14. The large difference @DV values between
EOD (0.157 in Case 4) and setup (0.317 in Case 5) confirms the dispahty associated
uncertainties and promotes the development of resistance faejmasately for the EOD

condition and for the effects of setup.

In compliance with the LRFD limit state (i.2R > yQ) and assuming the loa®)
and resistanceR] are mutually independent and lognormally distributed, the resestanc
factors ) for Cases 1 to 4 were calibrated in accordance to the FOShMdas suggested
by Barker et al. (1991) (see Eq. (5.2)). With the focus on thd piearesistance, the
AASHTO (3) strength | load combination is considered here. The numeriaas/&br the
different probabilistic characteristics of dedgp] and live Q) loads §, 4, andCOV) as
documented by Nowak (1999) and similarly used by Paikowsky et al. )(2aG4
recapitulated in parentheses given in the definition of each parameter

1 yDQD (1+C0VD+C0VLZ)
R © (1+covd)

(ADQD T ) {ﬁTJln[(1+cov,§)(1+covD+covL2)]} (5.2)
QL

where,
Jr = the resistance bias factor of the resistance ratio,
COW = the coefficient of variation of the resistance ratio,
yp, 7L = the dead load factor (1.25) and live load factor (1.75),
Ap, 4L = the dead load bias (1.05) and live load bias (1.15),
COWp, COML = the coefficients of variation of dead load (0.1) and live load (0.2), and
Qp/QL = dead to live load ratio (2.0).
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Table 5.2: Comparison of Resistance Factors Obtained using the Conventiébal LR
framework based on WEAP-SA

. Nominal Pile =233 =3.00
Case s:t?:)staRné:e Sgggle AR COWwg Resistance P P
(RR) (R) 7 olA o olA

1 Rin-¢ Re-restrike 7 0.959 0.140 Re-restrike 0.69 0.72 0.58 0.61
2 Rin-Re-e0p 30 1.723 0.211 Re-eop 1.11 0.65 0.91 0.53
3 R./R. 30 1.029 0.190 Re:(Eg.5.1) 0.69 0.67 0.57 0.55

et (28) (1.059) (0.156)
4 Rin-eot/Re-e0D 8 1.111  0.157 Re-eop 0.78 0.71 0.65 0.59
5 Rin-setufRe-setup 28 0.950 0.317 Not applicable for Eqg. (5.2)

The target reliability indicesp¢) of 2.33 (corresponding to 1% probability of failure) and
3.00 (corresponding to 0.1% probability of failure) as recommended ikpvky et al.
(2004) for representing redundant and non-redundant pile groups, respeuiare used in

the calculations.

Based on the calculated resistance biases and coefficientsatfovarthe respective
resistance factors) and efficiency factorsg{’) were calculated using Eq. (5.2) as listed in
Table 5.2. Due to the occurrence of pile setup in each data painvas measured using a
SLT conducted several days (ranging between 1 and 44 daysi@fiera largelr value of
1.723 and a moderat€OVk of 0.211 were determined for Case Ry.{Reeopn, and
unrealistic high resistance factors of 1.11 and 0.91 were yi&déde st values of 2.33 and
3.00, respectively. It should be recognized that a constant “pseudefuifefactor” resulted
from a relative largelr value during the resistance factor calibration using Eq. (5.2),
regardless of cohesive soil properties and time elapsed, wascihdiincluded in the
resistance factors. Although the total pile resistances &fézetively estimated using Eg.
(5.1a), as shown in Case 3 with thevalue (1.029) closes to unity and a modef@®\k of
0.190, the difference between t8©\k value of 0.190 for Case 3 and 0.317 for setup (Case
5) confirms that the conventional LRFD calibrating procedure canocbuat for the
difference uncertainties associated with the initial pildstasce Reop) and the setup
resistanceRseryy Within the conventional LRFD frame work. Even if the samepdarsize
of 28 for setup is evaluated for Case 3, @@\k value reduces to 0.156, which is again

different from that for setup. Therefore, use of a singlestasce factor of 0.69 whefy of
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2.33 or 0.57 whenpr of 3.00 to bothReop and Rsewp having different probabilistic
characteristics violates the LRFD philosophy.

5.4. Statistical Evaluations

To consider the pile setup resistance estimated using Eq. (b.pd¢ idesigns that
conform with the reliability theory in accordance with LRFDniework, the principle of
strength limit state functiong) corresponding to a safety of margin is expanded as in Eq.
(5.3), which is valid only if the initial pile resistance at EQRop), pile setup resistance

(Rsetwp and both deadlp) and live Q) loads have lognormal distribution.

9 = In(Reop) + IN(Rsetwp — INQp) - In(@Q0) (5.3)

To verify the pile resistances given in Table 5.1 follow the lognbdis&ibutions, a
hypothesis test based on Anderson-Darling (1952) normality metheduised to assess the
Goodness of Fitting of the assumed lognormal distributions. The réasaelecting the
Anderson-Darling method is because it is one of the best ntyrtesis for a database with
relative small sample size (Romeu, 2010). Figure 5.1 showshthaniderson-DarlingAD)
values of 0.255 and 0.374 are smaller than the criteallues of 0.620 and 0.392 within the
95% confident interval l) for EOD and setup conditions, respectively. Hence, the
hypothesis test confirms the assumed lognormal distributions forrbsi$tances. Since
both resistances and loads (as assumed by Nowak (1999)) follow lodgribsin@utions,
natural logarithm of resistances and loads follow normal distribgitonl the safety margin
(g) follows a normal distribution such that the relationship between pilgpaf failure (P)

and reliability index ) is validly given by Eq. (5.4)

where,
p = ratio of Ef)) anday,

@ () = cumulative distribution function,
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EQ)

Og

expected value or mean of the limit state funcgjoand

standard deviation of the limit state functgn

In order to conform the independent relationship among the random variables
assumed in the FOSM method, the correlation betweeRRfer EOD (letRy-eod/Re-eop tO
be E) and for setup (leRy.setufRe-sept0 be S was assessed through the calculation of a
correlation coefficientd) using Eq. (5.5)

cov(E,S)
= W (5.5)
where,
cov(E,S = covariance between the resistance ratio for EOD and setup, and
og, os = standard deviation of the resistance ratio for EOD or setup.

Lognormal Distribution - 95% CI
0|.5 1|.0 2.0

|
Resistance Ratio for setup Resistance Ratio for EOD Resistance Ratio

for setup
Loc -0.09821
Scale 0.310
N 28
AD 0.374
P-Value 0.394

Resistance Ratio|
for EOD

PY Loc 0.09520

Scale 0.153%

N 8

AD 0.255

P-Value 0.620

Percent

Loc and Scale
represent the mean|
and standard
deviation of natural
logarithm of the
dataset

1 T T T
0.5 1.0 2.0

Resistance Ratio (RR)

Figure 5.1: Normality test using Anderson-Darling method for setup and EOD
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A total of 17 points given in Table 5.1 having both resistance Eatmd S were
selected for the correlation analysis, and the correlatiorficeet (p) was calculated to be
0.071. Compared with thevalue of -0.243 computed for the Skov and Den8genpirical
pile setup method which led to the independent relationship claimedabyg and Liang
(2006), the calculated value of 0.071 is smaller. Thus, pile resistances for H)Rrfd for
setup § are concluded to be mutually independent. The lognormal distributidn a
independent relationship of the loads and resistances satisfystmap®ns of the FOSM

method.

5.5. Improved FOSM method for setup

Satisfying the lognormal distributions and independent relationshipsadé and
resistances and considering only de@gd)(and live Q) loads as per the AASHTO (2010)
strength | load combination, the reliability ind¢ {s expanded to

_E(@) _ E(n(Rgop)) + E(In(Rsetup)) — E(n(Qp)) — E(In(Q,))
O

2 2 2 2 (5.6)
\/UIH(REOD) + Jln(Rsetup) + %1n(Qp) + %1n(Qy)

where,

initial pile resistance at EOD,

Reop
Rsetup = pile setup resistance, and
E(In(Reop)), ainreor) = €Xpected value (mean) and standard deviation of the natural logarithm
of the initial pile resistance at EOD, which are similarly defined for

other random variables.

To express Eq. (5.6) in terms of simple medhsifdQ) and coefficients of variatiorCOV)
for loads and resistances of the normal distributions, the mean amthist deviation of
lognormal distribution for any load or resistance can be transformigg) the following

general expressions
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E(In(R)) = In(R) — 0.51In(1 + COV{) (5.7)
ofhry = In(1 + COVE) (5.8)

Using these expressions for the four random varialfesp( Rsewp Qo and Q) and

substituting them into Eq. (5.6), the reliability index can be expressed asdollow

In (EEof’mf“””) +In 1Z+COV5D+c20V5L+2c0V€DCOVQZL 2
Qp+Qy 14COVE, o +COVE, ., +2COVEL COVE
g = (5.9)
2 2 2 2 2 2 2 2
\/ln [(1 + COVip, + COVE ) ZCOVREODCOVRsetup) (1 + €OV, +COVp, + ZCOVQDCOVQL)]

Replacing the simple mean values with their respective bidsr$a¢), a ratio between
average measured and predicted valu%‘s qr %’"), and neglecting the terms with the

multiplication of two coefficients of variation squar€@VCOV?) as they would vyield

insignificantly small values, the expression fds simplified as

2 2
1 (AREODREOD+/1RsetupRsetup) 1 (1+COVQD+COVQL)
A +1 2 2
pQp+4L0QL (1+COVREOD+COVRsetup)

(5.10)

ﬁ =
\/ln (1+covz,, +covg, )(1+covg +cov)

Equating the LRFD strength limit state equatigQ = ¢R) and replacing th&R with

@eopReopT@setufRsetup theRsewpCan be rearranged as

_ YpQp +v.QL — PropReoD
Rsetup =

Psetup (5.11)

Substituting Eq. (5.11) into Eq. (5.10) and isolating ¢b&,, parameter to the left side by
rearranging Eq. (5.10), the preliminary form of the resistdactor for pile setup can be

expressed in the following form.
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Asetup¥pQp + ¥1.QL — ®ropRe0D]

Psetup =
2 2 2 2
len[(1+COVREOD +CovRsemp)(1+COVQD+COVQL)]

(ApQp+4LQL)e \/ — AzopReop

(5.12)

(1+COVéD+COV6L)

+COV%

2
1+CoV
+ Rsetup)

REoD
Normalizing the above expression by the total 10@d ¢ Q.) and further expressing Eq.
(5.12) in terms of the ratio of dead load to live lo&/Q.) and the ratio of initial pile

REoD

), the final equation of the resistance
Qp+QL

resistance at EOD to total load usimﬁi. e, =

factor for pile setup at a target reliability inde)(yields to

YD(g—f)"'VL
’ _ QL
setup —
AD(%_);)ML eﬁlen[(HcovszOD+cov§setup)(1+covéD+C0V6L)] (5 13)
1+(32) |

— Agop@

j (1+COV2QD +COV6L)

2 2
1+C0VREOD+COVRsetup>

5.6. Resistance Factors For Setup

The aforementioned derivation resulted in Eq. (5.13) reveals thatdhgvalue is
dependent on various parameters. Considering only the AASHTO (20&aytktrl load
combination, the probabilistic characteristigsi(andCOV) of the random variable®p and
QL are defined in Eq. (5.2) as documented by Nowak (1999). The probabilisti
characteristicsi(andCOV) of the random variabléR:op andRsewpWere selected from Cases
4 and 5 of Table 5.2, respectively. Therefore, the following aeslfiecus on the influence

of the remaining random variablgs (o, peop and Qp/QL) on thepsewpvalue.

Since the uncertainty for the pile resistance at EOD isrlidaivan that for setup
(COVeop of 0.157 versu€OVserp 0f 0.317) and both resistance mean biases are closer to
unity (leop = 1.111 andiserp= 0.950), the calculategkop values will likely higher than the
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psewpvalues. At a fixed dead to live load ratio of 2.0, Figure 5.2 showshbate,values
decrease with increasing values. It is reasonable for Eqg. (5.13) to yield a smalgi,
value when the estimatd®top is overly higher than the loads because the computed total
factored pile resistances are not overly larger than the éacloads, resulting in an over
conservative design. Therefore, an efficient driven pileeaysthall consider a shorter pile
length or a smalles value. Thepsewpvalues decrease with increaspigvalues fora values

in the range between 0.2 to 1.2. Ty values become insensitive o values wheru
value = 1.4, indicating by a nearly horizontal dashed line witéimgular markerddowever,

the psewpvalues decrease whgqis smaller than 2.50 andis greater than 1.4.

——psetup ¢ =0.2) = A= ¢setup ¢ = 0.4)
| —m —psetup ¢ =0.6) —xX- gsetup ¢ =0.8) Note: Based 0fgqp

1.00 {1 —. psetup ¢ =1.0) —O—gsetup ¢=1.2)| | =0.86, 0.78,0.75 |
— A -g¢setup ¢ =1.4) —O- g¢setup§=1.5)| | and0.65forp; =
—8— psetup ¢ = 1.6) ==¥-= ¢EOD 2.00, 2.33, 2.50 andl]

3.00, respectively

0.80 g

-
~)K~__

~ea
e

0.60
jL.\
o~
0.40 = T T
: ‘i —9 :'\-.
<"‘—---—<>—._<>__--__.
S Py S S GRS
0.20 S I

Resistance Factor for EOD or Setuppgqp OF ¢y

0.00 -
1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20

Target Reliability Index, g+
Figure 5.2: Relationship between resistance factor and target rgfiatuiex

Based on a fixe@p/Q. of 2.0 andpeop values of 0.78 and 0.61 (see Table 5.2) for
the fr values of 2.33 and 3.00, respectively, Figure 5.3 shows that the increasmlues

from 0.2 to 1.6 reduce theewpVvalues by a factor of 3 and 2 {6f values of 2.33 and 3.00,
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respectively. It can be seen that {hg.pVvalues forsr value of 2.33 are always greater than

those forgr value of 3.00; however, an opposite trend is seen f@lues greater than 1.47.

The continuous increase énvalues reduce thesewpvalues to approaching zero. This means

that the pile setup effect becomes irrelevant at an extyemgh Reop value with respect to

total load, specifically at values greater than 1.8 and 2.16 forghealues of 2.33 and 3.00,

respectively. Similar observations are observed for the exffigi factors ¢/1). Due to the

impact of higher uncertainty associated with pile setup, thermamip/A values of 0.49 and

0.37 for bothgr values of 2.33 and 3.00, respectively, are smaller than those foOibe E

condition (0.71 and 0.59, respectively) given in Table 5.2.
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Figure 5.3: Relationship between resistance factor for setup and the ratt@bpile

resistance at EOD to total loag) (

Because a constantop value as similarly shown in Table 5.2 and a fixedalue

will be chosen during pile designs, a constagat,,value will be recommended. However, in

order to illustrate the possibility of differeptop values for reflecting different regional soil
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conditions and design practices, Figure 5.4 shows the variatipg.@fvalues based on a
constantQp/Q. ratio of 2. Figure 5.4 shows that largeg.,values will be recommended if
largergeop values are calibrated farvalues ranging between 0.2 and 1.2. dhepvalues
become less sensitive ggop values aix value of 1.4. However, if a local design method
yields conservative pile designs (i.e.values larger than 1.5) and results ipggp value
greater than 0.75, pile setup resistance becomes dispensablaesfgmngathe total factored

load.
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The aforementioned observations shown in Figure 5.2, 5.3 and 5.4 are based on
fixed Qp/QL of 2, and it is of interest to investigate the influence of tato, which is a
function of the span length of a bridge, on #h&,,values. Based on the AASHTO (2003)
Specifications, the following dead to live load ratios 0.52, 1.06, 1.58, 2.12, 2.64, 1®&00, a
3.53 are suggested for span lengths of 9, 18, 27, 36, 45, 50, and 60 m. [katratian

purpose,o values of 1.0 and 1.5 were selected as shown in Figure 5.5(a) and (b),
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respectively. Figure 5.5 illustrates that th&:, values reduce gradually with increasing
Qo/Qq ratios from 0.52 to about 2.12, and thewyVvalues reduce at a slower rate thereafter.
Figure 5.5(a) indicates that the increas®uiQ, ratio by a factor of 6.8 from 0.52 to 3.53
only reduces thesewp values by a small factor of about 1.2. Hence, it can be generall
concluded that thesewpvalues are not sensitive to Qe/Q, ratios. However, the sensitivity
increases at a largervalue of 1.5 as shown in Figure 5.5(b), indicated by the fasteradecre

in thegsewpvalues. In order to optimize the pile setup contribution by seteetia value of

1.0 during pile designsewpVvalues of 0.32 and 0.26 can be conservatively recommended for

prvalues of 2.33 and 3.00, respectively.
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Figure 5.5: Relationship between resistance factor for setup and dead todivatiodor (a)
a value = 1.0; and (b value = 1.5

5.7. Dependability

Although separate resistance factors have been developed to adoputhie

difference in uncertainties, it is important to demonstrateddpendability of the proposed
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procedure in pile designs. Two construction bridge sites at theidilesabf recently
completed field tests in lowa listed in Table 5.1 (data setadl4d were selected for a
comparative study. The soil profile at each of these siteghesive, and a total dead load of
3000 kN (674 kips) and total live load of 1500 kN (337 kips) were assumedl foridge
abutments. HP 250x63 (HP 10x42) production piles were driven with embletdgias of
29 m (95 ft) and 21 m (69 ft) closed to test sites ISU2 and ISU5, respectively.

Four factored pile resistances based on: (1) EOD conditesbReon); (2) a single
resistance factor as described in Case 3 of Table @RdptRsewp); (3) the proposed
procedure geopReopt@setufRsetup; and (4) SLTs s RsLy) were determined by establishing
the minimum number of piles required to support the assumed applied logds.
comparison purposes, each computed number of piles was not rounded to thighmxt
integer number. A fixed time of 7 days elapsed after pileliastan was assumed in the pile
setup calculations in Eq. (5.1a). The respective resistancesfas®igiven in Figure 5.6.
The gsewp Values were calculated using Eq. (5.13) based on the recommendebilistaba
characteristics of the loads recapitulated in Eq. (5.2) and of the pil@nesis given in Table
5.2. Thegs.tof 0.80 for measured pile resistances using SLTs was adaptedtifeom
AASHTO (2010) recommendations. These resistance factors wectesebased on a target
reliability index 31) of 2.33.

Figure 5.6 clearly shows that the incorporation of pile setup redbeesumber of
piles needed, comparing the EOD condition with others. On averageofhesed procedure
reduces the number of piles required by about 8.6% when compared to BheoB&Gition
(peopReop). The procedure using a single resistance factor for bdiéal ipile resistance and
pile setup(¢(ReoptRsewp) requires the least number of piles, which is less than those
determined based on the measured pile resistangeRd 7). This approach will lead to a
lower reliability index than that targeted because it is iegpin Figure 5.6 that the resistant
factor is not the same for boReop and Reeryp. On the other hand, the proposed procedure
(peopReopt@setRsetup) COMpares compatibly with those from measured pile resistances as the
number of piles determined based on both combinations are almost.sifitila implies that
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the proposed procedure provides a better dependability in accordance with naRTevork.

In other words, by taking into account for the different uncertairstgs®ciated with pile
setup, the proposed LRFD procedure will less likely overestintegetdtal factored pile
resistance and under design the pile foundation system as observesl das¢ with using a

single resistance factor.

Note: Based on dead load = 3000 kN and live load = 1500 kN
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Figure 5.6: Dependability of various procedures to account for setup

5.8. Conclusions

AASHTO (2010) acknowledges that it is not feasible in practioggetform static
load or dynamic restrike tests over an adequate period of dimeaintify the pile setup. To

overcome this limitations, pile setup can accounted for using teengxempirical pile setup
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estimation methods (e.g. Skov and Denver (1988); Svinkin and SRoor (@ semi-empirical
method developed Chapter 4. However, the existing calibration proasauret separately
account the different sources of uncertainties associatedheithitial pile resistanceRtop)

and the pile setup resistand®«,). Hence, a new and general calibration procedure given
by Eq. (5.13) was developed in accordance with LRFD framework toagelyacalculate the
resistance factors for both resistance components, so the ecauantages of pile setup
can be recognized during pile designs. In particular, the incorporatipile setup in LRFD
reduces the number of piles required to support the applied loads entsradditional pile
penetrations into an extremely dense soil layer that could cdesdapnagesOn the other
hand, the use of a single resistance factor to both initial @slistance and pile setup will
overestimate the total factored pile resistance and resultani under designed pile
foundation. It is concluded that the proposed procedure provides a more depgiidable

foundation design while maintaining a target reliability level.

Although the paper illustrates a range of resistance factorseftup gsewy that
depends on possible variations of resistance factor for EQR)( target reliability index
(B1), initial pile resistance to total load rati)(and ratio of dead load to live loaQ{/Q.), a
fixed psewp vValue can be easily calculated using Eq. (5.13) based on aopaedatabase
that reflects the local soil conditions, pile types, and setup deatibn methods. For
example gsewp values of 0.32 and 0.26 can be conservatively recommendgd Vatues of
2.33 and 3.00, respectively, based on the database presented in TablesteglfH-piles
embedded in clay and a selectedvalue of 1.0 in order to optimize the pile setup

contribution during pile designs.
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CHAPTER 6: INTEGRATION OF CONSTRUCTION CONTROL AND
PILE SETUP INTO DESIGN

Ng, K. W Sritharan, $; and Suleiman, M. ¥.

A paper to be submitted to a journal

6.1. Abstract

The main objective of this paper is to establish regional LaddReesistance Factor
Design (LRFD) recommendations for bridge pile designs, based ostaxidal Plle LOad
Test (PILOT) database and 10 recently completed field teResistance factors were
developed for the Wave Equation Analysis Program (WEAP) and CAsé&\Rive Analysis
Program (CAPWAP) using the First Order Second Moment (FOSM) methodgaedwith
the latest American Association of State Highway and Trangmort®fficials (AASHTO)
(2010) recommendations, the regionally-calibrated resistance daatere improved for
WEAP and CAPWAP. Using these calibrated results, the deaimgh construction
efficiencies of piles were enhanced by minimizing the diamey between design and field
pile resistances. This was achieved by integrating WEAP a&RMWAP as construction
control methods as part of the design process. Furthermore, tbieodffgle setup in a clay
profile, which was explicitly discussed in Chapters 3 and 4, waspoated into the LRFD
recommendations to elevate the efficiency of bridge foundatittagiag the economic

advantages of pile setup.
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6.2. Introduction

Allowable Stress Design (ASD) philosophy has long been usdtidaitesign of pile
foundations for decades. Uncertainties associated with load (Q)easisgdance (R) are
addressed in this approach through a factor of safety (SF), anselfction of factor of
safety is highly dependent on the pile designers’ judgments andienges. Thus, a
consistent and reliable performance of bridge foundations cannot lbb@@&nsTo overcome
this limitation, the Load and Resistance Factor Design (LRpbB)osophy has been
progressively developed since the early 1990s with the primary wjent ensuring a
uniform reliability of bridge foundations in the United States. TIRFD framework is
expressed in Eq. (6.1) as noted by the American Association of Biglevay and
Transportation Officials (AASHTO) (2001) LRFD Bridge Design Speatiions.

2v;Qi = ¢R (6.1)

where,
Q; = applied load,
R = nominal pile resistance,
y; = load factor corresponding to lo@¢l and

¢ = resistance factor.

The uncertainties associated with the resistance (R) prilycipaginate from site
characterization, soil variability, design method, and construction iggaciThese
uncertainties are significantly different from those that cafféhe applied load (Q)
(Paikowsky et al., 2004). Thus, the suitable resistance fagfoand load factory are
separately multiplied to the resistance and applied load, resggctiAs a result, the
uncertainties of resistance and applied load can be individually aedofamtin achieving a

consistent and reliable performance of bridge foundations.

Recognizing the advantages of LRFD philosophy, the Federal Highway
Administration (FHWA) mandated all new bridges initiated afdetober 1, 2007 should
follow the LRFD design approach. Unfortunately, the current AASHZQ07]) LRFD
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Bridge Design Specifications have been developed for generabsditions and pile types.
These AASHTO Specifications cannot reflect the local soil ¢mmdi, design methods, and
construction practices, which may result in conservative foundatisigrde Even though
AASHTO allows the use of regionally-calibrated resistanetofa in LRFD pile designs,
regional usable pile data, such as pile driving data with P@Ards, is insufficient for

developing the resistance factors. In recognizing these probletessie soil investigations
and 10 field pile tests described in Chapter 3 and Ng et al. (2014 )caeducted to populate
the existing historical Plle LOad Tests (PILOT) databageich has been electronically
compiled by Roling et al. (2010). Given that a recent survey of rtttae 30 State

Departments of Transportation (DOTSs) conducted by AbdelSalam @010) revealed that
steel H-pile is the most common foundation type used for bridges idriited States, the
research studies focus on the most commonly used steel H-pile fomsddiising the

PILOT database and the recently completed pile test rethdtsegionally-calibrated LRFD
resistance factors are computed specifically for the constnucontrol methods, Wave
Equation Analysis Program (WEAP) and CAse Pile Wave AnalysigrBm (CAPWAP),

using the First Order Second Moment (FOSM) method suggested by Barker et gl. (1991

Since piles are typically designed using static analysighods and their
performances are verified using the construction control methods dwnsgyuction, it has
been a challenge to attain the design pile resistance dunsgraction. As a result of the
discrepancy, pile driving specifications are normally adjustedrdogly, such as increasing
pile length. This adjustment may increase construction costs, detesruction schedule,
and cause contractual challenges. To enhance the design and tionsetficiencies of
piles, a methodology was developed by the writers to minimize soeepancy between the
design and field pile resistances by integrating the WEAP anBVZ®P as part of the
design process.

Although the incorporation of pile setup into pile designs improvesftivgeacy of
bridge foundations, it has not been accounted for in the latest AASERUD0) LRFD

Specifications. Using the pile setup quantification method develop&thapters 3 and 4
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and the calibration procedure proposed in Chapter 5, the effect oéfifewsas incorporated
into the LRFD recommendations to elevate the efficiency of brfiolgedations attaining the

economic advantages of pile setup.

6.3. Background

The different pile design and construction practices resultdiacaepancy between
design and field pile resistances. For instance, in currard poactices, piles are designed
using the lowa DOT in-house method (lowa Blue Book), and the desigegaepiormances
are verified in the field using dynamic analysis methods. Tkagdeement in the pile
resistances incurs additional construction costs, delays the umimmstrschedule, and may
provoke contractual challenges. To overcome this problem, the regioabiiyated results
were used to minimize the difference in pile resistances ghreuprobabilistic approach.
Construction control factors) for the static analysis method (i.e., lowa Blue Book) with
respect to different dynamic analysis methods at differenpsdiiles were determined. The
corrected resistance factors were limited to ensure theated pile resistance remained
smaller than the measured resistances obtained from the letatidest. This proposed
construction control procedure assimilates the construction controbitgpaf dynamic
analysis methods in pile designs and overcomes the limitations roomgcdhe design

method.

6.4. Development of Resistance Factors

The development of regionally-calibrated resistance factors esgairfficient pile
load test data records with good quality hammer, pile, and soil iafamm Both historical
lowa DOT database and 10 recently completed field test regeifessused in calculating the
resistance factors for WEAP, while only the recent field testults containing PDA data
were used for CAPWAP. With the focus on the axial pile taste, the AASHTO Strength
| load combination (i.e., dead and live loads only) was consideredhanfdGSM method
suggested by Barker et al. (1991) was used to determine thamesi$actors. Furthermore,

resistance factors for pile setup were determined usingaliiwation procedure proposed in
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Chapter 5. The resistance factors were compared with thasmnperd in the NCHRP Report
507 and the latest AASHTO (2010) Specifications.

6.4.1. Plle LOad Test (PILOT) database

The lowa DOT conducted a total of 264 static pile load testseleetd966 to 1989 to
improve their pile foundation design practices. These histoasalr¢écords were compiled,
and an electronic Plle LOad Test (PILOT) database wasajmaeby Roling et al. (2010) to
allow for efficient analyses performed on the amassed dat@ddhese tests in PILOT, 164
were performed on steel H-piles, but only 32 of them had the hanpiher,and soil
information required for pile resistance estimation using WEARbIET6.1, which shows
that steel HP 250x63 (HP 10x42) was the most commonly used pilem d@ea, lists the
measured pile resistances obtained from static load tesis)®lased on the Davisson’s
criterion (Davisson, 1972) and the estimated pile resistances \W4#A°. For the WEAP
analysis, five different soil profile input procedures (i.e., ST, $%al Blue Book, lowa
DOT and DRIVEN) described in Chapter 2 were used. Issemtial to note that all pile
resistances estimated using WEAP were based on hammer blow ¢oemntaumber of
hammer impacts on each pile to achieve 300 mm pile penetratiomyledcat the end of
driving (EOD) condition, while the static load tests were conduottadieen 1 and 32 days
after the EOD.

To avoid mixing the uncertainties resulting from different soil baira, the PILOT
database was sorted into sand, clay, and mixed soil profiles, anestsi@nce factors were
individually calculated for each soil type. This grouping was cardisvith the AASHTO
(2007) LRFD Specifications. Although AASHTO (2007) did not explain thtergyn for
defining the soil profiles, a methodology for defining a site usang0%-rule has been
accepted by AbdelSalam et al. (2011) in the development of LRFBtaniese factors for
static analysis methods. A site is identified as sand orpriafile, if the most predominant
soil type classified in accordance with the Unified Soil Sifasation System (USCS) exists
more than 70% along the pile shaft embedded length. In contras,vatbitess than 70%

sand or clay is identified to have a mixed soil profile. Among3®elata records listed in
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Table 6.1, 11 in sand, 12 in clay, and 9 in mixed soils were used fdD k€dtstance factors
calibration for WEAP at the EOD condition.

Unfortunately, the PILOT database contains no pile strain and eaic@he
measurements, recorded using a Pile Driving Analyzer (PD#9rited in Chapter 2. These
measurements are required in CAPWAP analysis as boundary conflitignke resistance

estimations.

6.4.2. Field tests data

To collect the pile strain and acceleration records for CAPVAalysis and pile
setup data as well as to populate the existing PILOT datab@dall-scaled pile tests were
conducted to cover all five geological regions in the State of IdWvase pile tests involved
detailed site characterization using both in-situ subsurfacetigatsns and laboratory soil
tests. Prior to pile driving, the test piles were instrumentitd strain gauges along the
embedded pile length for axial strain measurements during SBTeel HP250 piles were
selected for all test piles denoted from ISU1 to ISU10, &dli;m Table 6.2. Applying the
70%-rule, test piles ISU9 and ISU10 were embedded in sand proéigepiles ISU2, ISU3,
ISU4, ISU5, and ISU6 were embedded in clay profiles, and test [8U1, ISU7, and ISU8
were embedded in mixed soil profiles. During pile driving, EOD arstrikes, the PDA
measurements and pile driving resistances in terms of hamowercbunts were recorded.
After completing the last restrike, a vertical SLT wagfqgrened on each test pile following
the “Quick Test” procedure of ASTM D 1143. Details of the figdts were described in
Chapter 3 and Ng et al. (2011).

Table 6.2 lists the time of SLTs after the EOD and the Damissmeasured pile
resistances. Also, the estimated pile resistances at tBecBfdition for both WEAP and
CAPWAP were summarized, whereas the pile resistancenatstl from the last restrike
tests for both WEAP and CAPWAP are summarized in Table 6.3. eTpiks resistances
were used for LRFD resistance factors calibration for WBA® CAPWAP at both the EOD
and the beginning of restrike (BOR) conditions.
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6.4.3. Calibration method

First-Order Second-Moment (FOSM), suggested by Barkeal.e{1991), is the
simplest statistical method used in the resistance factdisratmn (see Eq. (6.4)).
Compared with the rigorous and invariant First Order Reliabilitetidd (FORM),
Paikowsky et al. (2004) concluded that the difference in the outcofmasing the two
methods is approximately 10% with the FOSM method leading &élesmesistance factors.
Furthermore, an advanced Monte-Carlo method employed by Allen (2005) pdofhators
similar to the FOSM. Thus, it is justifiable to use thes Isgphisticated FOSM method to
determine the resistance factors for dynamic analysis methods.

Kim (2002) stated that the application of the FOSM method requiréstbetload
(Q) and resistance (R) to be lognormally distributed and mutuallgpendent. With the
focus on the axial pile resistance, the AASHTO (2007) Strengpad combination (i.e.,
dead and live loads only) was considered here. Nowak (1999) observentioenial
distribution better characterizes the loads and suggested the calmahues for the different
probabilistic characteristics of dead )Qand live (Q) loads ¢, A, and COV), as
recapitulated in parentheses given in Eq. (6.4). To verify beapile resistance follows a
lognormal distribution, a hypothesis test, based on Anderson-DarlDy ((®52) normality
method, was used to assess the Goodness of Fitting of the assumechdbglistributions.
The reason for selecting the Anderson-Darling method is becauseorte of the best
normality tests for a database with a relative small sample stmediR 2010). Since the AD
values calculated using Eq. (6.2) are smaller than the respexti@l values (CV)
determined using Eq. (6.3), Figure 6.1, 6.2, 6.3, and 6.4 show that all ressstallaw the
lognormal characteristics, except the resistance estimaed) CAPWAP for all soil
conditions shown in Figure 6.4 (AD = 1.173 > CV = 0.685).

12
AD = > == (In(Fo [4]) + In(1 = FolZysa D} — N (6.2)

1
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0.752

V= ——
075, 2% (6.3)
1+ N + N2

where,
Fo[Zi] = the cumulative density function of Z at i data = P£(2),
Pr () = probability function,

Z = standardized normal distribution of expected resistancabp@msn(\r),

zZ = standardized normal distribution of estimated resistancep@sin(\r) =
Ri;RuR or ln(t:(:n(m

AR = resistance bias, a ratio of estimated and measured pile resistances, and

N = sample size.

The normality test revealed the necessity of categorizingitbe into three soil profiles,
because the case with all soil conditions increased the uncedaamd deviated from the
typical characteristic of a lognormal distribution. The hypothtesis generally confirms the
assumed lognormal distribution for the resistances. In addition, N¢@99) concluded
that load and resistance are mutually independent. Thereforegsistance factors were
determined using the FOSM closed-form equation given by

2 2
Ae (yDQD + YL) \/ [(1+covD+covL)]

QL (1+covi)

(% N }\L) e{sTJln[(1+covZR)(1+cov12)+covf)]} (6.4)

where,

AR = the resistance bias factor of the resistance ratio,

COVR = the coefficient of variation of the resistance ratio,

YD, YL = the dead load factor (1.25) and live load factor (1.75),

AD, AL = the dead load bias (1.05) and live load bias (1.15),

COVp, COVL = the coefficients of variation of dead load (0.1) and live load (0.2),

Br = target reliability index, and

Qp/Q. = dead to live load ratio.
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The LRFD resistance factors calibration requires a propects®m of a set of target
reliability levels represented by target reliability ireBcBt), which describe the probability
of failures (F). According to Barker et al. (1991), the target reliability it driven piles
can be reduced to a value between 2.0 and 2.5, especially for a grtamp syfect. The
initial target reliability indices used by Paikowsky et(@004) was between 2 and 2.5 for a
pile group, and as high as 3.0 for a single pile. After followimgreviews, Paikowsky et al.
(2004) recommended target reliability indices of 2.33 (correspondidgsterobability of
failure) and 3.00 (corresponding to 0.1% probability of failure) foresgmting redundant
and non-redundant pile groups, respectively. To maintain consisteecyedbmmendef
values were selected for this study.

Based on the AASHTO (2003) Specifications, the following dead todae ratios
(Qp/QL) of 0.52, 1.06, 1.58, 2.12, 2.64, 3.00, and 3.53 were suggested for span lengths of 9,
18, 27, 36, 45, 50, and 60 m (30, 59, 89, 148, 164, and 197 ft), respectively. Paikovisky et a
(2004) used a Q. ratio ranging from 2.0 to 2.5, while Allen (2005) used a conservative
ratio of 3.0. Due to the frequent use of short span bridges in the State of lowa,aH2Qdw
used a Q/Q. ratio of 1.5. However, Paikowsky et al. (2004) concluded that resestanc
factors are insensitive to the choice of g/@ ratio. To strike a balance between two
extremes (0.52 for 9 m and 3.53 for 60 m bridge spans), an avepdQe r@tio of 2.0 was

selected for this study.

The foregoing FOSM method is appropriately used for calculatnegistance factor
for a pile resistance (R) defined as a single random variakle the pile resistance is
determined from a single procedure or method). However, the incbopood pile setup in
the LRFD requires a new calibration procedure that can sepamtdl simultaneously
account for the different uncertainties associated with thealipiie resistance at EOD
(Reop), and for the pile setup resistance«f to reach a same target reliability level. The
different uncertainties arise from the different procedures gatgan estimating the two
resistance componentsgfp is estimated using the dynamic analysis method, ang, R
estimated using the proposed setup equation described in Chapter g)neWwhcalibration
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procedure has been described in Chapter 5, and the LRFD framewoidedogsthat the
pile setup has been revised to Eg. (6.5) by multiplying differergtaese factoreeop and

Psetupt0 Reop and Rewp respectively.

ZYiQi < (PEODREOD + (PsetupRsetup (6-5)

The geop value was determined using the FOSM Eq. (6.4), andethg, value was
determined using the proposed Eq. (6.6) derived in Chapter 5. To ensustecays the
same probabilistic characteristigs X, COV) of the loads recommended by Nowak (1999) as
recapitulated in Eq. (6.4), thep(@, ratio of 2.0, and botB+ values of 2.33 and 3.00 were
selected. The calculated probabilistic characteristic€QV) and thepeop value were used

in Eg. (6.6). A conservative value, a ratio of initial pile resistance at EOD, and a total
applied load of 1.60 were chosen for this study.

1o(2) v,
L
ooy PEODX
1+(22)
QL

7\setup [

Psetup =
(6.6)

;LD(%_D>+;\L>eBTJln[(1+c0V2REOD +COV2Rsetup>(1+COV2QD +COV6L)]

— AgopX

\/ (1+COV6D+COV6L)

2 2
1+COVREOD+COVRsetup>

6.4.4. Resistance factors

Figure 6.1 shows five lognormally distributed cumulative density tfomc(CDF)
plots of various resistance ratios (RRs), based on the five soil input procedures, (®ve
Blue Book, lowa DOT and DRIVEN) used in WEAP for the sand profileguré 6.2 and
Figure 6.3 show similar plots of RRs for WEAP in clay and mhigeil profiles, respectively,
and Figure 6.4 shows the plots of RRs for CAPWAP. The resistatiog RR) is generally
defined as a ratio of the measured pile resistance obtained frorarl the estimated pile
resistance as tabulated in Table 6.1, Table 6.2, Table 6.3, or Tdble The detailed
descriptions of various RRs for the three soil profiles are provided as follows:
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a. For sand and mixed soil profiles

1. RR for EOD is a ratio of SLT measured pile resistan@gttime (t) and the
estimated pile resistance determined at the EOD condition, wsihgr
WEAP or CAPWAP (see Table 6.1 and Table 6.2).

b. For clay profile
1. RR for EOD is a ratio of SLT measured pile resistance tagjusom time (t)

to the EOD condition (see Table 6.4) using the proposed SPT-basedgetup
(6.7) to the estimated pile resistance determined at the EODtioondsing
either WEAP or CAPWAP (see Table 6.1 and Table 6.2). Equai@p \vas
similarly developed using the same procedure and validated Us@ngatne
data points as outlined in Chapter 4 for SPT and CPT-based setaipequ
The detailed description of this SPT-based setup method was inclubtlied in
et al. (2011).

Ry

alog (—t
19\tgop
———fob/ 4

(Ny)P

Reop =
[ ( L ) (6.7)

Leop

where,

Reop = pile resistance at the end of driving condition,

R = pile resistance at time t,

a = empirical scale factor (see Table 6.5),

b = empirical concave factor (see Table 6.5),
Na = weighted average SPT N-value,

Leoo = embedded pile length at the end of driving condition, and
L = embedded pile length at time t.

2. RR for BOR is a ratio of SLT measured pile resistancengttime (t) and
estimated pile resistance determined from the beginning ofdastke test,
using either WEAP or CAPWAP (see Table 6.3).



228

3. RR for setup is a ratio of measured pile setup resistancestintaeed pile
setup resistance as listed in Table 6.4. The measured pilerssigtance is
the difference between SLT measured pile resistance aimayt) and the
pile resistance at the EOD condition estimated, using either RVBA
CAPWAP. The estimated pile setup resistance was determinegl tne
proposed SPT-based setup equation.

Because the CDF plots shown in Figure 6.1, 6.2, 6.3, and 6.4 were lognormally
distributed, the mean and standard deviation were represented with &hdc“Scale”,
respectively. To implement Egs. (6.4) and (6.6), the normally distdngsistance bia&q)
was back-calculated using Eq. (6.8), and the normally distribcdetficient of variation
(COVR) was back-calculated using Eq. (6.9).

Ag = elLoc+0.51n(1+COVR)] (6.8)

COVg = (eScaleZ — 1) (6.9)

Using these probabilistic characteristics of resistanggsgrid CO\R), the regional
resistance factors were calculated and are given in Tablen@.8able 6.7 for WEAP and
CAPWAP, respectively. Table 6.6 shows that the resistancargdor the same soil profile
and resistance condition (EOD, BOR, or setup) are similar, whichuctascthe insensitivity
of different soil input procedures and the validity of the 70%-rule usethssifying the soill
profile. However, the soil input procedure with the highest resistdactor does not
necessarily provide the most efficient and economic pile desigee siifferent procedures
provide different nominal pile resistance estimations. For instamc¢ee clay profile and at
the EOD condition, the DRIVEN procedure has the highestlue of 0.66 when compared
with 0.65 for the lowa Blue Book method. Using the estimated norpileatesistances of
ISU6 (601 kN for DRIVEN and 624 kN for the lowa Blue Book) as listedable 6.2, the
factored pile resistanceReop) for DRIVEN becomes 397 kN, which is smaller than 405 kN



229

for the lowa Blue Book. To evaluate the efficiency of differemicpdures relative to the
measured pile performance, efficiency factoggl) are calculated. A highep/A value
correlates to a better economic pile design. Procedures withigthestp/\ values are boldly
highlighted in Table 6.6. The results show no unique procedure has theffimenhcy
among various soil and resistance conditions. For ease of pragmalations and due to
the minimal difference in the/A values, a single procedure is recommended in Section 6.6
for WEAP analysis. Nevertheless, the regionally-calibrateadde/A values are higher than
those recommended in the NCHRP Report 507 (Paikowsky et al., 200, d»as. general
national database that may not reflect the local soil conditionc@mgtruction practices.
Similarly, thee values have been improved based on the regional database, compidwring w
the latest AASHTO (2010) recommendations.

Table 6.7 shows the regionally-calibrated results for CAPWAP. Woenpared
with the results for WEAP given in Table 6.6, CAPWAP providesebgitle resistance
estimations relative to the measured pile resistances, ieditgtir values closer to unity
and smaller CO¥ values. Thus, highep and ¢/A values are calculated for CAPWAP.
Similar to WEAP, the regionally-calibrated results are higth@n those of the NCHRP
Report 507 (Paikowsky et al.,, 2004) and the latest AASHTO (2010) reeodations.

Overall, the calibrated results have been improved based on the regional database.

Furthermore, the effect of pile setup in clay profile was iporated in the LRFD by
computing thepsewp Values for the proposed SPT-based setup equation, based on the lowa
Blue Book and lowa DOT procedures for WEAP in Table@&@ CAPWAP in Table 6.7.

Due to a higher uncertainty involved in estimating the pile setugtaase (higher CON
and the selection of a conservativevalue of 1.60, smallepsetwp values (0.21 for WEAP-
lowa Blue Book, 0.26 for WEAP-lowa DOT, and 0.37 for CAPWAP basede2.33)
were determined using Eq. (5.13). However, it is believed thapdhe values can be
increased in the future by using more quality pile setup datanocouns improvement of the
SPT-based setup equation to increase accuracy of the pile setnatiess, and elevate
confidence level by selecting a smallevalue (smaller Rop relative to total loads).
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6.5. Construction Control Considerations
6.5.1. Introduction

Construction control involves procedures or methods for nondestructivecatéii
of designed pile resistances during pile driving. The lowa D@Teantly uses the lowa Blue
Book (originally written by Dirks and Kam, 1989) method to degidas and uses either
WEAP or CAPWAP as a construction control method to verify thegdesl pile resistance
during construction. If the desired pile resistance is notnatfaduring construction, pile
driving specifications will be adjusted accordingly, such as isangapile length. The
adjustment may increase construction costs, delay construction sghed cause
contractual challenges. The construction control method is also usdsteitt any pile
damage and to check pile integrity. To improve the accuracy efrgdistance and cost
estimations during the design stage and to ensure an adequate foiengece, the
construction control method using either WEAP or CAPWAP is intedras part of the
design procedure. To ensure consistent and practical pile desigimyéhBlue Book soll
input procedure used in WEAP was selected for the following consimucontrol
evaluations and analyses. Databases from both PILOT and thdyecempleted field tests
were selected for WEAP, while only the field tests wereal iee the CAPWAP evaluation.
The total data points for WEAP in the clay, mixed, and sand prafilgs 17, 12, and 13,
respectively, and the total data points for CAPWAP in the clayedn and sand profiles
were 5, 2, and 2, respectively. The construction control evaluationperoemed for three
resistance conditions—EQOD, setup, and BOR. Referring to Table 6tBefaonstruction
control method using WEAP, construction control evaluations for EOD pexfermed for
all three soil profiles, while evaluation for setup was only aggbeclay. On the other hand,
construction control evaluations for all three resistance conditiores pegformed for clay,

and an evaluation for only BOR was applied to sand and mixed soil profiles.

6.5.2. Methodology

Construction control was accounted for by multiplying a constructoriral factor

(&) for the respective resistance condition to the original eesist factor ) of the Blue



231

Book method computed by AbdelSalam et al. (2010) as listed in TableAdlopting the
suggestion given by Paikowsky et al. (2004) for other affectintpfs, the LRFD framework

for the construction control consideration can be expressed as:
>1,Qi < TIE @R (6.10)

The product of construction control factoi$é() can be expressed specifically for various
resistance conditions as follows:

1. EOD conditionII = &gop,

2. EOD condition including setup in claf&; = Egop X Esetup OF

3. BOR conditionTl§; = &Egor,

where,
Yi = load factor,
Q = applied load,
I1§ = product of all applicable construction control factors,
[0) = originally developed resistance factor for lowa Blue Book,
R = nominal pile resistance estimated using lowa Blue Book,

Eeop = construction control factor at the end of driving condition,
Esewp = CoONstruction control factor for considering pile setup, and

Esor = construction control factor for beginning of restrike condition.

The construction control factors were determined using a prob@gbiipproach.
This probabilistic approach relies on a cumulative distribution cureerafio of the factored
pile resistance predicted using either WEAP or CAPWAP todhktitnated using the lowa
Blue Book method as shown in Figure 6.5 and Figure 6.6, respectiVélg. cumulative
percent on the y-axis indicates the chance at which the fagbdeedesistance predicted
using the selected construction control method is less than thaatestiosing the lowa Blue
Book. The blue straight line represents the theoretical, cumulatu®al distribution of the
factored resistance ratios (i.e., the red data points), and tlaiomrin the red data points

along the theoretical straight line indicates the data ara petfect normal distribution. The
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two blue curved lines represent the 95% confidence interval of hibaretical normal
distribution. Figure 6.5 and Figure 6.6 show all data points fall witlen95% confidence
interval. Thus, the theoretical normal distribution line can be denfiy used to determine
the factored resistance ratio at the corresponding desired cumydatoent. To minimize
the average discrepancy in the factored pile resistancesagsiiasing any construction
control method and the lowa Blue Book, a 50% cumulative value is useiniarly
suggested by Long et al. (2009) in improving the agreement betwé&erated and actual
field driven pile lengths for the lIllinois DOT. The factored s&mice ratio on the x-axis
corresponding to the recommended 50% cumulative value is referredhe asnstruction
control factor §). The construction control factors are tabulated in Table 63aftous soll

and resistance conditions.

After applying the desired construction control factors to theira@ily calculated
factored resistanceR) estimated using the lowa Blue Book, it is believed that thefraddi
factored resistancdI€ioR) remains smaller than the factored resistance deternrioedd
static load testg{s.tRsLt). This is believed to be due to the resistance factorghtr
construction control methods being calibrated from the measured pigtaree (B.71),
which is the same value used in calibrating the resistarter fior the lowa Blue Book.
Although this reason seemingly convinces the adequacy of the afor@meentonstruction
control methodology, the target reliability indgi X reduces with the potential increase in
the modified resistance factoldge), as illustrated using the rearranged FOSM relationship
given by Eq. (6.11).

7pQD (1+covg+covi)l . [*Qp _
In [xR( 5 +yL) v l In [—QL +xL] In[T1E, o] 611

Pr =

JVIn[(1 + COVZ)(1 + COVZ + COV?)]

The reduction in th@y value increases the probability of failure, and therefore, it is
necessary to set a maximum limit on the construction contrarf@@g;) or on the modified

resistance factodg¢). The maximum construction factor was established, so the ngsulti
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modified resistance factofIgip) does not exceed the resistance factor of 0.80 (see Table
6.8), as recommended by AASHTO (2010) for an Shdi+).

For an illustrative purpose, Figure 6.7 shows the primaryioakhip between the
factored pile resistances estimated using WEAP and the loweaBRiok (on the left y-axis)
for a mixed soil profile together with the construction controtedion factor §eop) on the
x-axis. A construction control factofgop) of 1.07 and a modified resistance factyobe)
of 0.64 as similarly found in Figure 6.5 were confirmed by equatiegprimary factored
resistance ratio (left y-axis) to one. Figure 6.7 also shbevsd¢condary relationship (on the
right y-axis) between the factored pile resistances meassied SLT and estimated using
the lowa Blue Book considering the construction control correctioorfd&top) on the x-
axis. The maximum limits foézop and modified resistance factd:¢op) are determined
1.90 and 1.14, respectively, by equating the secondary factored resistaacright y-axis)
to one. Since the initially calculatégop value of 1.07 is smaller than the maximum limit of
1.90 or the recommendégdope of 0.64 is smaller than the calculated maximum limit of 1.14
as well as 0.80, based on AASHTO (2010),8ks> value of 1.07 is suggested in Table 6.8.
Figure 6.8 shows the normal distribution curves of the factoredareses ratio for WEAP
and the lowa Blue Book (i.e.pweaRweadssRes) before and after considering the
construction control. The effect of construction control considerativfts sthe mean
towards unity and reduces the standard of deviation from 0.27 to 0.25, whichtesdicat
the average pile resistances estimated using WEAP and theBlmeaBook has been
matched, minimizing the overall discrepency between design athdl Verified pile

resistances.

6.5.3. Construction control results

Table 6.8 summarized the results obtained from the foregoing cdrstreontrol
evaluations. If WEAP is specified as the construction control methodg pile driving, the
calculated construction controls for clay and sand are 0.87 and 0.pdctresly. In other
words, the average factored pile resistances estimated udtAd®\&re smaller than those

using the lowa Blue Book. The lowa Blue Book’s value may have t@dced to match
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with WEAP’s. However, considering the economic advantages and ghieabefficiency of
the lowa Blue Book method, a construction control factor of 1.00 was sadgee., the
construction control consideration was neglected for clay and sangdrsfiies). On the
other hand, in the case with a mixed soil profile, the constructionot@ainsideration using
WEAP has increased the original value of the lowa Blue Book from 0.60 to 0.64 or
improved thep value by 7%.

Similarly, Table 6.8 shows the construction control method using\\AP has
increased the origingl values of the lowa Blue Book for all three soil profiles. Tlesoas
are attributed to the accuracy of the CAPWAP method and thermenice of restrike tests,
which enhance the verification of pile resistances. In particotestruction control using
CAPWAP increases the originalvalue of the lowa Blue Book for the clay profile from 0.60
to 0.68 (or improved by 8%), considering both the EOD and setup resistamtiéons. In
addition, the construction control method using CAPWAP, based on the resinidion,
improves theg values for clay, mixed soil, and sand profiles by 27%, 18%, and 6%,
respectively. It is important to highlight the construction contrdl.@% instead of 1.38 for

clay was suggested to limit the modifiedvalue to 0.80.

6.6. Recommendations

The recommended resistance factors of the lowa Blue Botik WIEAP and
CAPWAP as construction control methods, for a reliability indeX.88 (redundant pile
group) were summarized in Table 6.9. To maintain a consistenegdreipile designs and
constructions, the lowa Blue Book soil input procedure was selected athengther
procedures (i.e., ST, SA, DRIVEN and lowa DOT procedures) for WEARe modified
resistance factors for the lowa Blue Book listed in Table 6.& wensferred to Table 6.9
under the “Design” stage. Under the “Construction” stage, tistaace factors of WEAP
listed in Table 6.6as well as resistance factors of CAPWAP listed in Tdble were
recommended in Table 6.9. Compared with the AASHTO (2010) recommendéhiess,
regionally-calibrated resistance factors have been improved, lbasethe local lowa

database.
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Furthermore, these LRFD recommendations account for the effgite setup in
clay. Different resistance factorgeop and ¢sersy have been separately developed for the
initial pile resistance at EOD (3p) estimated using either WEAP or CAPWAP, and the pile
setup resistance {(R,) estimated using the proposed SPT-based setup equation. The
application of these resistance factors follows the revised LR&MDework given by Eg.
(6.5).

6.7. Summary and Conclusions

The paper presents the successful establishment of regional hdaResistance
Factor Design (LRFD) recommendations for bridge pile designikea State of lowa, based
on a historical database and 10 recently completed field tests.n ¢dmepared with the
recommendations presented in the NCHRP Report 507 by Paikowsky(2004) and the
latest AASHTO (2010) LRFD Bridge Design Specifications, tegionally-calibrated
resistance factors calculated using the FOSM method for both WaAP CAPWAP
approaches were improved in all soil profiles. For the WEAPo&apr considering the EOD
condition, the regionally-calibrated resistance factors were 0.65, and 0.83 for the sand,
clay, and mixed soil profile, respectively, which were higher thha AASHTO'’s
recommended value of 0.50. For the CAPWAP approach considering the @@Ran,
the regionally-calibrated resistance factors were 0.77, 0.80, anddd.9%fsand, clay, and
mixed soil profile, respectively, which were all higher than ASHTO’s recommended
value of 0.75.

A construction control procedure was established to enhance pitanes
estimations during design. Construction control factors were caduleting a proposed
probabilistic approach. These factors were multiplied to thetaesis factors of the lowa
Blue Book to minimize the discrepancy between design and fikddrgsistances and to
integrate WEAP and CAPWAP as construction control methods as part of the desagsproc
The construction control consideration increases the originallgratéd resistance factors
for lowa Blue Book method by as high as 27%.
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Furthermore, the procedure of incorporating pile setup into the LiRkkDework as
described in Chapter 5 was employed to determine differentaneses factors @gop and
¢sewp fOr the initial pile resistance at EOD &) estimated using either WEAP or
CAPWAP, and the pile setup resistancee( estimated using the proposed SPT-based
setup equation. The consideration of pile setup in LRFD further etevia¢ efficiency of
bridge foundations attaining the economic advantages of a pile $2tigpto the tremendous
benefits of the proposed LRFD recommendations, the results pregetiéesi paper will be

adopted by the lowa DOT as part of the bridge foundation design guidelines.
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Table 6.5: Summary of the empirical scale and concave factors

Method b
CAPWAP 0.432 0.606
WEAP-ST 0.243 0.168
WEAP-SA 0.217 0.141

WEAP-DRIVEN 0.214 0.136
WEAP-lowa Blue Book 0.215 0.144
WEAP-lowa DOT 0.246 0.192

Table 6.6: Regionally-calibrated results for WEAP

. Estimated o p=2.33 B =3.00
Source rSoc;illle Condition pile Srcg::;ndpuurte AR cov
P resistance P R [0 o/\ (0 o/k
ST 1.04 035 051 049 039 037
SA 104 031 055 053 043 041
Sand EOD Rop 'Ogifk'“e 105 033 054 051 041 0.39
lowaDOT 1.14 039 052 0.46 039 0.34
DRIVEN 095 036 046 048 0.35 037
ST 091 015 065 071 054 0.59
SA 092 016 065 071 054 059
EOD Reop lowaBlue 53 16 065 071 055 059
Book
lowaDOT 079 0.17 054 069 045 057
DRIVEN 093 016 066 0.70 055 0.59
ST 092 004 073 079 063 0.68
lowa Clay SA 097 012 0.72 0.74 061 0.63
BOR Restie 'ovéifk'“e 097 0.18 072 074 061 0.63
lowaDOT 082 0.10 0.62 0.76 052 0.64
DRIVEN 097 011 073 075 062 0.64
lowaBlue ggs 433 02 025 01F 0.22
Setup Retup Book
lownaDOT 0.62 024 026° 043 022° 0.35
ST 145 028 0.82 057 0.65 0.45
SA 1.49 030 081 055 063 043
Mixed  EOD Rop 'ngfk'“e 152 031 080 053 062 041
lownaDOT 141 026 083 059 066 047
DRIVEN 149 033 076 051 059 0.40
NCHRP Al
207 ol EOD Reop - 166 072 039 024 025 015
AASHTO Al EOD or  ReopOF ] ] ] ] ]
(2010)  soil BOR Rierice 0.50 0.40

#based on a conservatiwevalue of 1.60 in the resistance factor calculatiosing Eq. (5.13).
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Table 6.7: Regionally-calibrated results for CAPWAP

Soil y Estimated B =2.33 B =3.00
Source rofile Condition pile AR COVr
P resistance 0 o/A o} o/A
All soil BOR Rrestrike 1.0 016 071 070 059 0.58
Sand General R 0.99 0.08 0.77 0.78 0.65 0.67
EOD Reop 0.96 0.06 0.75 0.78 0.64 0.67
lowa
Clay Setup Retup 1.00 0.18 0.37 037 0.38 0.37
BOR Riestrike 0.99 0.02 0.80 0.80 0.69 0.69
Mixed General R 1.28 0.13 0.93 0.96 0.79 0.81
General R 1.37 0.45 059 043 043 0.31
EOD Reop 1.63 0.49 0.64 0.39 0.46 0.28
NCHRP o soil | (aR<aB0 &
R t 507
epor Bl Ct <16 Reop 2.59 0.92 0.41 0.16 0.23 0.09
bl/10cm)
BOR Restrike 1.16 034 0.65 056 051 0.44
BOR? Riestrike - - 0.80 - 0.64 -
Mootoy  Alsoi BOR’ Resie - - 075 - 060 -
BOFR° Rrestrike - - 0.65 - 0.52 -

% at least one static load test and two dynamig tgst site condition, but no less than 2% of thedpction
piles;® dynamic tests on 100% production pilestynamic tests on at least two piles per site dangibut no
less than 2% of the production pilés;annot satisfy the lognormal distribution; d&rssed on a conservatiue
value of 1.60 in the resistance factor calculatising Eq. (5.13).

Table 6.8: Construction control and resistance factors for the lowa Blue Bdlo&dne
Resistance facton]

Construction Soil Construction control facto&) of the lowa Blue %
control rofile Book forp=2.33  gain
method P . .. .. ing

EOD Setup BOR Total Limit Suggest Original Modified

WEAP (lowa Clay | 0.75 116 - 087 132 1.0¢° 0.63 063 0%
Blue Book Mixed 1.07 - - 1.07 1.90 1.07 0.60 0.64 7%

procedure)  sand | 0.94 - - 094 134 100 055 055 0%
cl 0.87 1.25 - 1.08 1.37 1.08 0.63 0.68 8%

a
Y - - 138 138 1.27 1.27 0.63 0.80 27%
CAPWAP .

Mixed - - 1.18 1.18 1.63 1.18 0.60 0.71 18%

Sand - - 1.06 1.06 1.25 1.06 0.55 0.58 6%

2the minimum value of 1.00 was suggested (i.e.straation control consideration is not considereai" this
value was suggested so that the modigiédr the lowa Blue Book does not exceed 0.80.
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Table 6.9: Recommended resistance factors for the lowa Blue Book, WEARABVIAP

_ Construction control Resistance factop}®
Theoretical o0 (field verification) Clay Mixed Sand
analysié
WEAP CAPWAP Restrike General EOD Setup EOD EOD

- - - 0.63 - - 0.60 0.55

Desigrf - - 0.63 - - 0.64 0.55
Yes Yes - 0.68 - - - -
lowa Blue Yes 0.80 - - 0.71 0.58
Book - - - 0.65 021 0.80
Yes 0.72 0-54
Constructiofi ~ Ye¢ '
- - 0.75 0.37 - -
Yed
Yes 0.80 - - 0.71 0.71

2 provide a minimum of five piles per redundant gjteup;” use the lowa Blue Book to estimate the theoretical
nominal pile resistancé;use the applicable resistance factor to estinzat®ifed resistance during desiuise
the applicable resistance factor to determine theéng criteria required to achieve the requiredniaal driving
resistance® use the lowa Blue Book soil input procedure in WE#&nalysis' use signal matching to estimate
total resistance; ani setup effect has been included when WEAP is useéstablish driving criteria and
CAPWAP is used as a construction control.
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Figure 6.1: Cumulative density functions for WEAP at sand profile
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Figure 6.2: Cumulative density functions for WEAP at clay profile
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Figure 6.3: Cumulative density functions for WEAP at mixed soil profile
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Figure 6.4: Cumulative density functions for CAPWAP
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Cumulative Density Function Plots for WEAF
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Figure 6.5: Cumulative probability distribution curve of factored resistarios far WEAP
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Figure 6.7: Maximum limit of construction control factor for the lowa Bloelg based on
WEAP (lowa Blue Book input procedure) for a mixed soil profile
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Figure 6.8: Before and after applying construction control using WEM-Blue Book
procedure for a mixed soil profile
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CHAPTER 7: AN IMPROVED CAPWAP MATCHING PROCEDURE
FOR THE QUANTIFICATION OF DYNAMIC SOIL PARAMETERS

Ng, K. W Sritharan, $; and Suleiman, M. ¥.
A paper to be submitted to tli®mputers and Geotechnics Journal
7.1. Abstract

Although dynamic analysis methods have been widely used in astinaatial pile
resistance, the accuracy of these methods is highly dependent uampitbperiate selection
of dynamic soil parameters, such as damping factor and quake \&2igeto the high degree
of scatter found during correlation studies and the limitation with cimeent default
CAPWAP matching procedure from which constant parameters armegsover an entire
soil profile, these parameters have not been successfully quaritidied any standard
geotechnical in-situ or laboratory soil test results. To imprihee prediction of these
parameters, a systematic CAPWAP matching procedure is projuesst] on variable soil
parameters along the pile length. The proposed CAPWAP matchinglpreaenproved the
match quality between measured and estimated pile responsdsdgh as 20%. Correlation
studies showed a good relationship between the SPT N-value anddghafhic soil
parameters at the EOD condition for both cohesive and cohesionless Esujsrical
equations were established with relative high coefficient of matetion. Also, the analyses
presented herein revealed the influences of pile setup and pildaitnstabn the estimation
of the parameters. The application of these parameters wakatedl based on an
independent CAPWAP analysis performed on a recently testedHs{gitd embedded in a

mixed soil profile with a 19% match quality improvement.
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7.2. Introduction

Although dynamic analysis methods, such as the Wave Equation AnBlgggram
(WEAP) and the CAse Pile Wave Analysis Program (CAPWARYye been widely used in
estimating axial pile resistances, the accuracy of theigoa®is highly dependent upon the
proper selection of suitable dynamic soil properties (Liang 8hdng, 1993). These
properties include the stiffness (k) and viscous damping coeffiggniséd in the dynamic
resistance (R of the soil mass surrounding the shaft and toe of a pile (sgaseF7.1).
Smith (1962) developed Eqg. (7.1) to calculate the static resis{@&areat any point X
corresponding to the soil spring deformation x on the solid line OABC shown in Figure

R
Ry=kx=—x;0<x<q
q (7.2)
Ry =Rg, ;x> ¢q

Soil stiffness (k) was taken as the ratio of an ultimatecssail resistance (& and quake
value (q) within the elastic deformation. Constant values for glake (g and toe quake
(ar)) have been typically employed in the dynamic analysithaus to define the stiffness of
the soil along a pile shaft and at a pile toe, respectiveladdiition, Smith (1962) described
the dynamic soil resistance {Rn terms of a damping coefficient (c) and an instantaneous
velocity (v) experienced by the viscous damper given by Eq. (7.2)th $1962) estimated
the damping coefficient as a product of the static resistaaicalated using Eg. (7.1) and a
damping factor (J). Similar to the quake values, constant dhafping factor () and toe
damping factor ( have been used in the dynamic analysis methods to describe thaglampi
characteristics of the soil along the shaft and toe of a mkpectively. The total soll
resistance (R), represented by the dashed linBOAhown in Figure 7.2, is defined as the
summation of both the static and dynamic soil resistances.

Rq =cv = (RJ)v (7.2)

Although improvement to the use of constant Smith quake values and damping

factors have been investigated for more than three decades, naigradvancements to
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establish relationships between these parameters and soil m®pberte been accomplished,
due to large degree of scatter typically seen for the cetlesxtil parameters as illustrated by
McVay and Kuo (1999) and shown in Figure 7.3. These parametersrezatly determined
through CAPWAP analyses by matching the PDA measured sigg@issenting force and
velocity measured near pile top with the computed signals, loesadne-dimensional soil-
pile model in Figure 7.1. The large variation among the cotlestd parameters shown in
Figure 7.3 is attributed to the current approach in performin@&RWAP analysis with an
emphasis in achieving a best signal matching, from which the ocorsstaft damping factor
and the quake value are determined, regardless of the differeptagmarties alongside of a
pile. Furthermore, the fact that this best fit solution achievad the CAPWAP analysis is
not being unique, and that it is influenced by the magnitude of the astftoe resistances
that may be adjusted arbitrarily in striving to achieve the biggtal match. Due to the
indeterminate nature of the CAPWAP analysis, the dynamic sodnpeers cannot be
uniquely quantified. Svinkin and Woods (1998) noted one of the limitationyrafnac
analysis methods is the difficulty in quantifying these soilapeaters in terms of any
standard geotechnical in-situ or laboratory test results. Pesw@t, based on a database
collected by Pile Dynamic, Inc. (2000), a possible range of danfpotigrs (0.078 to 1.44
s/m for shaft and toe) and quake values (1.02 to 17.96 mm for shdftGhtb 5.36 mm for

toe) are recommended in CAPWAP,.

In lieu of the current setback with dynamic soil parameters djation, empirical
relationships were developed herein to uniquely estimate them usindal Penetration
Test (SPT) N-value. These empirical relationships werelediad through a systematic
approach in performing the signal matching adopted during the CAPWhaR/sis, as
explicitly described in Section 7.3. The proposed procedure not only pravideslistic
distribution of dynamic soil parameters in accordance with tHessatigraphy, but it also

improves the quality of the signal matching.

Svinkin and Woods (1998) suggested the use of variable soil paramedeitsnation
of time to simulate the increase in pile resistance due tospilep. Recognizing the
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difficulty in pile setup investigation based solely on limitedadavailable in the literature
(see Section 3.3), the relationship between dynamic soil paramaegtrsme has not been
established. To enhance the capability of dynamic analysisod®in accounting for pile

setup and to avoid the performance of practically infeasible rpd&ikes, two recently

completed field results of test piles ISU5 and ISU6, as descib€hapter 3, were selected
to examine the effect of pile setup on the dynamic soil parameters.

7.3. Background

Although dynamic soil damping factor and quake values have beenigatedtby
many researchers, (e.g. Smith (1962), Coyle et al. (1973), Hannigan et al. (1898y, nd
Kuo (1999), Malkawi and Ayasrah (2000), Liang (2000), and Roling (2010)), aajener
approach for accurately quantifying these parameters cannesthblished from all the
recommendations. Based on the experience gained through working exyewsivethis
problem and a limited number of comparisons with static load ®&sth (1962) suggested
constant values, as listed in Table 7.1 for practical applicatiohfter approximately a
decade later, Coyle et al. (1973) estimated a set of dyrmmmameters for three different soill
types (i.e., clay, sand, and silt) from full-scale pile testswimch the most accurate
correlation of the dynamic parameters were achieved. They adcged that an extensive
data set was not available at that time for the damping ¢béstics of soils, and the use of

more accurate values was recommended if they are available in the future.

Based on pile driving experience, Hannigan et al. (1998) observethéhdamping
factors vary with the waiting times after the end of drivieD), and that higher values
may be appropriated for analyses modeling the restrike conditibmsy believed damping
factors are not a constant for a given soil type and a higliee may be expected for soft
soils than hard rock. Due to the lack of dynamic measurements anttajiee analyses,
their hypotheses on damping factors have not been validated, and coniiast were
suggested as listed in Table 7.1. In addition, shaft quakes weremeooled at 2.54 mm for
the most cases, whereas toe quake values were recommended &setiobtagned from the

pile diameter (D) divided by 120 for very dense and hard soils6@ndor soft soils.
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Although these recommendations have been implemented in current dyaasalsis
methods in Wave Equation Analysis Program (WEAP), results obtaroed NMicVay and
Kuo (1999) and the recently completed field tests conducted in lowa G&RYVAP (see
Figure 7.3 and Figure 7.4) revealed: (1) the dynamic soil paeasrere not constant value as
suggested by Hannigan et al. (1998); (2) they have no unique correiatiothe SPT N-
value as assumed in the current default CAPWAP matching procechar€3) the dynamic
soil parameters did not vary distinctly as the soil type vafiemn cohesive soil to

cohesionless soil to limestone.

Malkawi and Ayasrah (2000) performed a series of dynamic loas ¢@sa steel,
smooth closed ended, pipe pile. With 900 mm length, 61 mm diameter, andthickness,
this slender pile was comparable to the common pipe piles used in pradieeest pile was
driven into a fine to medium, poorly graded sand (SP) compacted todiffexent relative
densities of 35, 50, and 70%. Based on the matching of time-displaicsemgeals, they
concluded that damping factors (J) were found to be inversely proportional to pillatiosta
depth, sand relative density, and static sand resistance. ddregasions obtained this test

pile are yet to be validated from real pile tests.

Liang (2000) conducted a statistical analysis on the dynamipa@meters using a
database of 611 driven piles collected by Paikowsky et al. (1994). dyim@mic soil
parameters were estimated via the default CAPWAP signahimg procedure, summarized
in Table 7.2, with consideration to soil type (sand and clay) iar@ df dynamic pile testing
(EOD and BOR). These statistical analysis results legeihat the quake values varied
minimally with the soil type and time of dynamic testing. Taenping factors were found
to be influenced more by the time of dynamic testing than bgdhaype. Furthermore, the
relative high standard of deviation indicated a large scattestim&ing each dynamic soll
parameter that could lower the accuracy of pile resistance catigmst using CAPWAP.
Although a larger database was used in these statisticgisasab unique correlation for
dynamic soil parameters quantification cannot be established in termbtgps@nd/or time

of dynamic testing.
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Liang (2000) calculated an average shaft quake of 1.27 mm and toe afuake
mm, based on SPT tests collected and reported by Goble, RausdhkirsiGRL) through
the default CAPWAP signal matching procedure. Using these quakes, Liang
determined the damping factors through a number of consequent itetesiiog$VEAP until
the estimated SPT blow count matched the actual recorded SPlliNava&ach soil layer for
all 23 Ohio Department of Transportation piling project sites. foRaemg the default
CAPWAP signal matching procedure on 34 driven test piles (31 pige qild 3 H-piles) at
the 23 test sites, Liang independently determined the damping facibreompared them
with those estimated using WEAP on SPT. The estimated dampmitugsfaobtained from
WEAP in this manner for all sites were adjusted by a resludtictor, so its average value
was close to the CAPWAP average value as illustrated ireTaBlfor both 60 and 70% SPT
hammer efficiencies. Finally, the correlations between the tadjudamping factors (shaft
and toe) and the corresponding SPT N-values generated Eqgs. (7.3) arfor(¢ldy and
sand, respectively. The validation of these proposed equations has notdweeedpiThus,

they have not been widely implemented for practical applications.

2.089 N
= 7.3
J(s/m) 3 E TN for Clay (7.3)
1.107 N
= 7.4
J(s/m) SETN for Sand (7.4)

Recognizing the limitation with the current CAPWAP analysis,irigol(2010)
proposed a displacement-based signal matching procedure using arc@iniimée element
analysis program SAP2000 (Computers & Structures, Inc. 2008). a®itail the one-
dimensional soil-pile model used in CAPWAP as shown in Figure Wd,pile top
displacement was generated using SAP2000 and compared with that chaasogethe
PDA. As a result of this proposed matching procedure, the shaft manfgstor was
determined to be directly proportional to pile installation depth, whettea shaft quake
value decreased with the depth on account of the increasing gepstatiare. Furthermore,

Roling concluded that the magnitude of the damping factor was depamuenthe stage of
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pile embedment (i.e., the same soil layer will have a smdHdenping factor during pile
installation than at the EOD condition, when the pile is fully embedfddFurthermore,
Roling discovered that soils near the pile toe in a nearly virgigesof disturbance will
experience much severe degradation (i.e., relatively largemeoten the shaft quake value
or larger reduction in stiffness) as opposed to soils above, whichbesvedisturbed by a

repetitive cycle of hammer blows.

7.4. Methodology

The aforementioned limitations with the current default CAPWAJPai matching
procedure suggest the need for a new procedure that can produce a\distokition
without scarifying the quality of a good signal match achievedguie current procedure.
A distinctive solution is referred as the representative simafttoe static resistances that are
weighted accordingly with the surrounding soil types and propertascurrently, unique
dynamic soil damping factor and quake value at each soil segioegtthe entire embedded
pile length and at pile toe, are characterized during CAPWARsis&0 determine the shaft
and toe dynamic pile resistances. To eliminate the curredgtarminate CAPWAP
procedure of simultaneously adjustment of both static and dynagsistargce components,
the static soil resistance distribution was estimated using Sittemertmann’s (1978)
correlated Cone Penetration Test (CPT) unit skin frictigrafd unit tip resistance Jdata.
This approach isolates the dynamic resistance component neededete aclyood signal
match and eliminates the burden of striving to adjust a significantber of unknowns
during the CAPWAP analysis.

Since the goal of this paper is to quantify these dynamic sahpers, the static
soil resistances at each soil segment alongside of a pilat @id toe are estimated using the
Schmertmann’s (1978) method, and are proportionally adjusted so that theediance
better matched the total pile resistance computed using thentudefault CAPWAP
procedure. This approach not only generates a realistic distributibie sfatic resistance,
but it also ensures comparable pile resistance estimation.néiktestep is to identify the

dynamic soil characteristic of each soil segment descrilibdtine one-dimensional pile-soil
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model shown in Figure 7.1. Based on the concept of wave propagdtiema uniform pile
is impacted by a driving hammer, an impulsive stress wave patgsmdrom the pile top
down towards the toe. During wave propagation, the stress waveiadlypaeflected by the
presence of soil resistance along the pile shaft and at pile Tdee downward wave
propagation overlaps with the upward wave reflection. The actual respansbe recorded
near the pile top using a Pile Driving Analyzer (PDA). Theuirfice of a series of soil
segments from which the stress wave is reflected can befiee from the actual measured
response at a time interval determined by Eq. (7.5)
2L
t= < (7.5)

where,

L = distance from the PDA instrumentation near pile head to thessgiment of

interest, m,

C = pile wave speed\/;i, m/s,

E = modulus of elasticity of the pile material, N/rand

p = mass density of the pile material, flrs".

Therefore, the dynamic characteristic of the specifiedssgment of interest can be
determined by matching the actual measured response with ARMWEP computed
response up to the time interval (t) that corresponds to the loaattitre specified soill
segment. This approach begins from the first soil segment ctosd® ground surface and
repeats on consecutive soil segments, together with the dymarameters for preceding
soil segments during the matching process. Pile response mdéupward traveling force
wave or WaveUp () defined by Eq. (7.6) is selected during the matching prdoesssure
a consistent comparison between results obtained using this newdwmcand the
commonly used default CAPWAP procedure

_FO+7Zv(®)

: > (7.6)
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where,

F(t) = measured or estimated pile force near pile head at time t, N,
Z :% = pile impedance, N-s/m,

v(t) = measured or estimated pile velocity near the pile head at time thoh/s, a

A = pile cross sectional area’m

As a result of the multiple matching processes up to thedoibsegment at a time
interval of 2L/C, where L is the entire wave traveling distargcdistribution of damping soil
parameters was preliminarily determined. This distributiofurither refined and adjusted
proportionally until a best match is achieved for the complete period that includes the
rebounding and unloading conditions as illustrated in Figure 7.6. In G¥P&walysis, the
accuracy of a matching is evaluated in terms of a match gualQ), which is the
normalized, weight sum of the absolute values of the differencesdetcomputed and
measured responses of the specified time interval. The matdhivagnmer blow count (i.e.,
pile set) within the 2L/C during the preliminary estimatiorthe dynamic soil parameters is
not considered and its error is not added to the MQ value; howbigertor is included

during the final matching for the entire time period.

The aforementioned procedure is applicable for both EOD and BORtiomsdi For
example, at the EOD condition, the static soil resistancamagstl using Schmertmann’s
(1978) method are adjusted to match with the total CAPWAP estnpélie resistance for
the EOD, and the estimated dynamic soil parameters repragetiyriamic characteristic of

the surrounding solil at the EOD condition.

7.5. Quantification of Shaft Dynamic Soil Parameters

As part of this research project, ten steel H-piles weren and load tested in the
field. The pile top responses (strains and accelerations) dunnggdwere recorded using
the PDA. With adequate in-situ (Standard Penetration Test @fITCone Penetration Test

(CPT)) and laboratory soil characterizations, five test gilebedded in cohesive soil profile,



261

which were identified as ISU2, ISU3, ISU4, ISU5, and ISU6, werected primarily for
guantifying the cohesive dynamic soil parameters. To quantifiardic soil parameters for
cohesionless soils, only test pile ISU9 was chosen, but tesSpitEOlwas not included due
to incomplete CPT results. For accurate correlation studies [$U1, ISU7, and ISU8
embedded in mixed soil profiles were not considered. However, testiSulB, which has
both SPT and CPT data, was selected for the validation of timeaésti parameters. The
field tests of these test piles were explicitly described in Chated g et al. (2011).

Table 7.4 summarizes the average unit tip resistangeif@ unit skin friction ¢
measured using CPT and the average SPT N-value at the deptih gb#anodel along the
test pile. Referring to Figure 7.1, each soil model represented Imear elastic-plastic
spring and a linear viscous damper was used in CAPWAP to chaadtee surrounding
soil at the designated soil layer. The soil resistange dReach soil layer estimated using
Schmertmann’s (1978) method was adjusted proportionally as listedli® 7.4, so that the
total estimated soil resistance matched the total pilstaesie estimated based on the default
CAPWAP matching procedure. Following the proposed CAPWAP matchiogegure
described in Section 7.4, the shaft damping fact)rafdd the shaft quake values)(gvere
quantified for each soil model. These dynamic soil parametepsesent the soil
characteristics at the EOD condition, in which the PDA recordéa nesponses were

engaged during the CAPWAP matching process.

To investigate the effect of pile setup on cohesive dynamic saihysers, two PDA
pile responses recorded from the beginning of the last restrikepRB®Dtest pile ISU5 and
BORS of test pile ISU6, were selected. The BOR6 of ISUSopeed at 8 days after EOD
had a close duration with the BORS8 of ISU6, performed at 10 degysE2DD. Aligned with
the similar procedure described for the EOD condition, the dynamiliparameters at the
time of last restrikes were determined. Table 7.5 sumnsattieelocation of the soil models,

the measured soil properties, and the computed dynamic soil parameters.
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7.5.1. EOD condition for cohesive soils using SPT

Results summarized in Table 7.4 for test pile ISU5 weretselé¢c illustrate in detail
the relationship between the measured soil properties and the computaiia soil
parameters at EOD along the embedded pile length. Figure )7.danda(b) show the
comparison of the SPT N-values to the computed shaft damping fagjoasd the shaft
guake values @ respectively. Figure 7.7 (a) shows a direct relationshipdszt J and the
SPT N-value, demonstrated by the increasesinpJto 0.59 s/m at the depth of 10.39 m,
where the low plasticity clay (CL) reached its maximum ¥RValue of 22 and by the
decrease in thes Yalue to 0.31 s/m as the SPT N-value decreased from 22 to 13 before
reaching the pile toe at 16.76 m. In contrast, Figure 7.7 (b) shows/erse relationship
between ¢ and the SPT N-value, whereby the low plasticity clay at 10.39itim tive
maximum SPT N-value of 22 had the smallestajue of 1.02 mm. Below the 10.39 m, the
gs value increased to 2.03 mm as the SPT N-value reduced from 22 to 13. Furthermore, these
figures show the influence of soil types on the dynamic soématers. For instance, unlike
the CL layers indicated in Table 7.4, the first 0.82 m fillelaysilt (ML) and sandy clay
(SC)), mechanically compacted during road construction, had a rehagivel value of 2.57
s/m and a relative small galue of 0.51 mm. Although the soil layer (CL and SC) near the
ground water table (GWT) at 10.8 m shared the same SPT N-val&Zwith the clay soil
layer above it, its dynamic soil parameters<1.65 s/m andrF 1.78 mm) were higher than
those for clay soil ¢= 0.59 s/m and«rF 1.02 mm). These figures prove that the dynamic
soil parameters are not constant throughout the soil profile, aedrea the default
CAPWAP matching procedure.

To further expand on the above observations, the dynamic soil paractetested
from all test piles provided in Table 7.4 were compared with SR/Blues. To present a
better correlation with the SPT N-value, an average dynanlipa@meter was computed
from those values corresponding to the same SPT N-value as piofegure 7.8 to Figure
7.11. Using these correlated data points, best-fit lines and theegsponding 95%
confidence intervals were drawn. Figure 7.8 shows a plot foksthalue at the EOD as a

function of SPT N-value (represented by the circular solid mgrkdJsing this data in this
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figure, a power relationship in Eq. (7.7) was established sdtsyato quantify the svalue
as indicated by a relative high coefficient of determination ¢R0.83. Furthermore, these
data points followed the relationship given in Eq. (7.3) suggesteddngL{@000), which
further reinstated the direct relationship between thgalue and the SPT N-value, as
opposed to the constant values suggested by Smith (1962) and Hannigga 38 given
in Table 7.1.

J<(s/m) = 0.016 N11838; for EOD (7.7)

Besides using the damping factor, the damping coefficignagadescribed in Section
7.2 can be directly implemented in CAPWAP to define the dynahmcacteristic of the soil-
pile system. Referring to Eq. (7.2), Smith (1962) defined the dangmeficient as a
product of damping factor §Jand its corresponding static soil resistancg. (RJsing the
data points plotted in Figure 7.8 for EOD, the correlation betwgand the SPT N-value
was plotted in Figure 7.9 (represented by the circular solikerst Similarly, damping
coefficients as tabulated in Table 7.4 were estimated basedang’'4.i(2000) proposed Eqg.
(7.3) for J value. Next, average damping coefficients were computed anddolagainst
their respective SPT N-values in Figure 7.9 (representedtbysksmarks). Comparing the
two best fit lines for the EOD, the highef Ralue of 0.82, based on the proposed Eq. (7.7),
versus the Rvalue of 0.79, based on Liang (2000), suggests that they are comparable.

Similar to the aforementioned correlation study betweeand SPT N-value, the
average shaft quake values)(were calculated and plotted against the SPT N-values in
Figure 7.10. The exponential decaying best fit line given by Eq. (7 8)awitgh R value of
0.90 confirms the inverse relationship betwegargl SPT N-value observed earlier in Figure
7.7 and contrasts the constant values suggested by Smith (1962) andaHatrag (1998)
given in Table 7.1. Although the linear plastic spring of the soil in@@e Figure 7.1) is
normally characterized using the quake value, it can alsoflmeden terms of soil stiffness
(ks), which is a ratio of static soil resistance)(&nd the quake value. Transforming the data
points plotted in Figure 7.10, Figure 7.11 shows a linear relationshwed®e the kvalue
and the SPT N-value given by Eq. (7.9). The relatively higievaRie of 0.96 exhibits a
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better confidence in quantifying the kalue than the gvalue. Unfortunately, the current
CAPWAP does not provide a direct input of \kalue; hence, the proposed Eq. (7.8) is

recommended.
9.1664
qs(mm) = 0N ; for EOD (7.8)
R
ks(kKN/m) = = 3.4813 N — 12.453 ; for EOD (7.9)
S

7.5.2. EOD condition for cohesive soils using CPT

Similar comparisons were performed using the CPT averageiumésistance (@,
average unit skin friction {f and average friction ratio (FR) as summarized in Table 7.4 for
ISUS. The friction ratio (FR) is defined as the ratio betwt® unit skin friction and the
total cone tip resistance(greported as a percentage and used as a simple index to identify
soil type. Figure 7.12(a) does not show a clear relationship &etthe g value and the
shaft damping @) value. The gvalue increased from 857 kPa near ground surface to 3310
kPa near pile toe, while the value increased to its maximum value near the GWT and
decreased thereafter. On the other hand, Figure 7.12(b) shows an imlatieaship
between the gvalue and the shaft quakeg)(gvalue. Considering that dynamic soil
parameters could be influenced by the ground water table, the ptmepressure effect was
included by correcting the.¢o a total cone tip resistance)(qgsing Eq. (7.7) as suggested by
Mayne (2007).

qt = (¢ + P—(l - an) (7-10)

where,
u = measured pore water pressure, kPa, and

a, = netarea ratio (0.80 was used for Type 2 Piezocone with a section area of 10

cnf).

A similar observation to \qwas noticed in Figure 7.13. Figure 7.14 shows no clear
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relationship between the ¥alue and the dynamic soil parameters. Similarly, Figure(&)15
shows an approximate relationship between the FR value and tzud, while Figure
7.15(b) shows a more direct relationship between the FR and; tvedug. All of these
observations reveal that the difficulty with quantifying the dyitasoil parameters at the

EOD condition using the CPT measured soil properties.

To further expand on the above observations made using ISU5, the shafhglampi
factors (J) computed from all test piles in cohesive soils given in Taewere best
represented using FR values as plotted in Figure 7.16. As repgtiéayibe (2007), low FR
values (less than 1%) were observed in clean quartz sands eedusilsands, whereas clays
and clayey silts of low sensitivity exhibit FR values grettan 4%, and sandy silts and silts
fall in between. Figure 7.16 shows that medium to hard cohesivevathISSPT N-value
greater than 9 exhibit largey\ialues than soft cohesive soils with SPT N-value smaller than
or equal to 9. More importantly, Figure 7.16 shows that §kaldes were dependent on the
FR value (i.e., soil type). For medium to hard cohesive soils,sthialle decreased with
increasing FR value (i.e., from sandy silts, silts, clayéy t clays). However, for soft
cohesive soils, the Yalue decreased to a FR value of about 4% (i.e., from sandy silts to silts)
and remained almost constant at about 0.08 s/m (0.024 s/ft) for cliitgegnsl clays. To
incorporate the FR value and the SPT N-value for a practicalificaimn of the J value,
data points presented in Figure 7.16 were plotted against a ra&@BToN-value to the FR

value (N/FR) as shown in Figure 7.17.

N
J«(s/m) = 0.0884 (ﬁ) +0.0133 ; for EOD (7.11)

A linear relationship given by Eq. (7.11) was established to quahefd value, based on
different soil denseness and soil types. On the other hand, Figure Anl8ahapproximate
relationship between the shaft quake valygdgd the CPT measured unit tip resistange (q
A similar observation was noticed in Figure 7.19 for the CPT amedsunit skin friction .
These analytical results reveal that the challenge assoaeidth quantifying the quake value

using CPT measured soil properties.
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7.5.3. Post EOD condition for cohesive soils

Based on the data presented in Table 7.5 for ISU5 and ISU6 deterfroned
matching the PDA records obtained from the last restrikesag@atynamic soil parameters
for cohesive soils were determined and plotted against the S¥alul-in Figure 7.8 to
Figure 7.11 (represented with open markers). Using these dats, past-fit lines and their
corresponding 95% confidence intervals were drawn. The diffefegivecen these data
points and those determined for the EOD condition suggests that thendeflapile setup
on the dynamic soil parameters. Figure 7.8 shows that pig setreases the damping
factors, especially cohesive soils with an SPT N-value greaan 8. The damping factor
(Js) at duration for about 8 to 10 days after EOD can be best estimated using Eq. (7.12).

J<(s/m) = 0.0052 N17327; for 8 to 10 days after EOD (7.12)

A similar observation was observed in terms of the damping ceeffi¢c) as shown in
Figure 7.9, while the estimation for thewalue with B of 0.66 was not as good as the J
value with B of 0.80. Figure 7.10 reveals that the effect of pile setupdsegethe quake
value (@), while the amount of increase diminishes in a denser cohesiwgitod relatively
higher SPT N-value. This quake value after about 8 to 10 days ff@h dan be best
estimated using Eq. (7.13), which should be cautiously used, based ativelselower R

of 0.69.

gs(mm) = —6.944 In(N) + 24.177 ; for 8 to 10 days after EOD (7.13)

However, an opposite observation was noticed for soil stiffngsaglplotted in Figure 7.11.
The effect of pile setup reduces the stiffness, and the amotedwition enlarges with SPT
N-value. The foregoing results conclude that the effect ofseilep increases the dynamic
resistance of the soil-pipe system, resulting from a ladgenping factor or damping
coefficient. Furthermore, the consequence of pile setup providegex lcapability of the
soil-pile system to dissipate energy, represented by arlaygeeretic envelop of the linear

plastic spring, as a result of a larger quake value or a smaller "i{BesFigure 7.1).
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7.5.4. EOD condition for cohesionless soils

Correlation studies between dynamic soil parameters and S¥alubl-were also
performed for cohesionless soils, referred to as silty sand {@M}graded sand (SW), and
poorly graded sand (SP) in accordance with Unified Soil Claasdit System (USCS). As
shown in Table 7.4, limited data points were available for the amfless soil layers, which
presented between 4.02 and 6.34 m depth of ISU6 and below 4.05 m depth of 1I8s&d B
on these data points, Figure 7.20 shows an inverse relationship betwgangléactor and
SPT N-value, which contradicts the relationship generated using’ B9.as recommended
by Liang (2000). Figure 7.20 shows that the damping factor for iothess soils can be
best estimated using Eq. (7.14). Furthermore, Figure 7.21 also shaweie relationship
between the quake value and the SPT N-value, which can be besentgdewith Eq.
(7.15).

Js(s/m) = —0.186In(N) + 0.6707 ; for EOD (7.14)

qs(mm) = —5.2611In(N) + 17.943 ; for EOD (7.15)

In addition, the 95% confidence intervals of the predicted equations dueledc Both
figures show the variation of dynamic soil parameters with SR/Blue, as opposed to the
constant values recommended by Smith (1962) and Hannigan et al. (1998)ngivable
7.1. Nevertheless, the quantification of these dynamic soil pananfetecohesionless soils

can be improved with continuously populated data points in the future.

7.5.5. Effect of pile installation

It is important to investigate the effect of pile instatlation the aforementioned
correlation studies of the dynamic soil parameters for the E@dition in terms of the SPT
N-value measured in a nearly virgin stage of disturbance belfarepile installation.
Dynamic soil parameters s(&dnd @) were selected from Table 7.4 at three designated
locations: (1) within 3 m below ground surface; (2) at mid-deptivdxt 6 and 9 m below

ground surface; and (3) within 3 m from pile toe, and were plottedatepain Figure 7.22
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(@) and (b) for Jand @, respectively. It is expected that the soil near the sureméd
experience a larger number of repetitive cycles of disturbfonethe pile installation than
the soils near the mid-depth and pile toe. Figure 7.22 (a) showettuashed best fit line
representing the correlation analysis betweeand SPT N-value of soil layers within 3 m
below the ground surface has the leaSbR0.35. However, soil layers at mid depth, that
experienced relatively lesser amount of disturbance, produced dyshgfier correlation
with a larger R of 0.37. As expected, soil layers within 3 m from the pile that t
experienced the least amount of disturbance, generated the be#ticor study with the
highest R of 0.66. Besides comparing and contrasting the correlation resultsvatud,
similar evaluations were achieved based on thalge as shown in Figure 7.22 (b). Similar
observations were noticed from which soil layers within 3 m belowstivéace had the
poorest correlation with Fof only 0.05; the best correlation wittf Bf 0.82 occurred at soil
layers near pile toe, and correlation for soil layers at-aejoth with B of 0.72 fell in
between. These observations conclude that the effect of ptlatien action on the
accuracy of the dynamic soil parameters quantification. Nwesless, it is impracticable to
perform the SPT during different stages of pile installation. kleitds assumed that the
uncertainty associated with the variation in SPT N-values agrdiff stages of a pile
installation was indirectly accounted for during the aforemendioc@relation analysis
performed based on an average dynamic soil parameter corresptndliregsame SPT N-

value.

7.6. Quantification of Toe Dynamic Soil Parameters

Table 7.6 summarizes the measured soil properties near thegilestimated pile
toe resistance, toe damping factof),(land toe quake value {jgdetermined during the
proposed CAPWAP matching process for the EOD condition. A poactioredhip was
observed between measured soil properties, such as SPT N-valmaj] § values, and the
toe dynamic soil parameters. For instance, although the lowcpiastay (CL) at the pile
toes of ISU4 and ISU5 had the same SPT N-value and shared gjjalad £ values, there
was a relative large difference in theahd ¢ values. This observation became apparent

when these dynamic soil parameters for cohesive soils freallftest piles except ISU9)
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were plotted against the SPT N-value in Figure 7.23. Refawitige solid best fit lines of
the data points, the poor correlation was substantiated with relew@® of 0.40 for the
value and R of 0.47 for the g value. For a comparative purpose, the dynamic soil
parameters determined from the default CAPWAP matching procémihutee same test piles
were similarly plotted against the same SPT N-value in Figi2@ The best fitting of these
data points (represented by dashed lines of the open-filladasinmarkers) generated much
lower R of 0.16 for the ¢ value and R of 0.26 for the g value. In other words, the
proposed CAPWAP matching procedure gives a better estimatiohesé tparameters.
Despite the challenge with quantifying toe dynamic soil ipatars in terms of any
measureable soil properties, the results clearly indicatéotheynamic soil parameters do
not follow the typical constant value included in Table 7.1 as recometeby Smith (1962)
and Hannigan et al. (1998).

7.7. Validation of Proposed Dynamic Soil Parameters

The foregoing correlation studies not only provided successful quatiificaf the
dynamic soil parameters in terms of SPT N-value, but also #tehnguality (MQ) of each
CAPWAP analysis has not been sacrificed during the proposedWaRP matching
procedure. In fact, the match qualities, as shown in Table 7.7, havenipgewred by as
high as 20%, based on matching the WaveUp) (@tords (i.e., upward traveling force wave
defined by Eqg. (7.6)). In addition, the match qualities for matcthiegforce and velocity
records have been improved in most cases as shown in Table 7.7imgrbgement in
matching the measured and computed pile responses validates the grapps®ach in

guantifying the dynamic soil parameters.

To expand the validation, an independent test pile, ISU8, not used in the
aforementioned correlation studies, was selected for the CAPWARse, based on the
shaft dynamic soil parameters estimated using the proposedoegudgscribed in Sections
7.5.1 and 7.5.3 for cohesive and cohesionless soil layers, respec®Bmebe the actual pile
resistance was not measured using a static load testixt the pile resistance of 621 kN

estimated using the default CAPWAP matching procedure wastaimed, while the
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comparison was assessed in terms of match quality as shown in Table 7.7. iCad@ppf
the proposed shaft dynamic soil parameters, while keeping themaentt soil parameters
closer to the values suggested by Smith (1962) during the CAPWai?ses, has improved
the match quality by 19%. This study further validates the pempogethod in quantifying
the dynamic soil parameters.

7.8. Summary and Conclusions

Although dynamic analysis methods have been used in estimating @aal
resistances, the accuracy of these methods is highly dependenthepproper input of
suitable dynamic soil parameters. Unfortunately, these mmdesis have not been
successfully quantified in terms of any measured soil propedies to a large degree of
scatter in the collected parameters resulting from thesgudefault CAPWAP matching
procedure, where constant parameters are assumed along the Ensteafti In addition,
due to the indeterminate nature of the CAPWAP analysis, the dyrsoil parameters
cannot be uniquely quantified. As a result, a possible range of dafagtogs and quake
values are recommended in CAPWAP by Pile Dynamic, Inc. (200®).fadt, many
researchers have urged the use of improved or better represeraedalgail parameters in
the analysis. To improve the CAPWAP analysis, a new majgiiocedure, with variation

in shaft dynamic soil parameters based on empirical equations, was ddvelope

The results show that the dynamic soil parameters are notanoradong the pile
depth, but they vary with different types and properties of soils.célbesive soils at the
EOD condition, the correlation studies revealed a direct relatiortsttyween the shaft
damping factor and the SPT N-value and an inverse relationship betfneshaft quake
value and the SPT N-value. Empirical equations were establishgdantify these shaft
dynamic soil parameters in terms of SPT N-value. Furtherncoreglation studies using
CPT measured soil properties concluded that the shaft dampimg feas influenced by
different soil types. On the other hand, no relationship was observed betweestttie ake
value and the CPT measured soil properties. It is believethdnaimilar process for SPT to

pile driving, both subjected to a continuous impulsive hammer force, explenbetter
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correlation between dynamic soil parameters and SPT N-value.

Pile setup increases the dynamic soil parameters for cohasiige which increase
the dynamic resistance and provide a larger energy dissipagipability of the soil-pile
system. For cohesionless soils at the EOD condition, an inve@eg@mship between the
shaft dynamic soil parameters and the SPT N-value was @dsemnd empirical equations in
terms of SPT N-value were developed for their quantifications.th&umnore, correlation
studies performed for soil models at three different locations ededIthe influence of pile
installation on the shaft dynamic soil parameters estimatitim the highest accuracy for
soils near pile toe and lowest accuracy for soils near grounakcsurfThe results of similar
correlation studies on toe dynamic soil parameters suggestdtelrdifficulty and challenge

in quantifying these parameters in terms of measureable soil properties

The proposed CAPWAP signal matching procedure, based on variatidmafin s
dynamic soil parameters, not only provides comparable pile mestsstimation but also
improves the match quality, indicating the accuracy of matchingntesured pile responses.
The application of these parameters was validated based ondependent CAPWAP
analysis performed on the test pile ISU8 with a 19% match quality improwemalthough
the quantification of these dynamic soil parameters was develogpsetl on a static soill
resistance distribution estimated using the Schmertmann’s (1978panehe methodology

presented in this paper can be adopted for other static analysis methods.
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Table 7.1: Summary of suggested dynamic soil parameters found in thergera

Damping Factor (s/m) Quake Value (mm)
Reference
Shaft (4) Toe (3) Shaft (g) Toe (¢)
Smith (1962) 0.16 0.49 2.54 2.54
0.66 for clay 0.03 for clay
C‘?l"gg) al. 0.16 for sand 0.49 forsand  2.54 2.54
0.33 for silt 0.49 for silt
Hannigan etal. 0.66 for cohesive soil 0.49 254 D/120 for dense and hard soil
(1998) 0.16 for non-cohesive soi ’ ’ D/60 for soft soil

D = Pile width or diameter in mm.

Table 7.2: Statistical summary for dynamic soil parameters (atiag, 2000)
Statistical

Soil Type  Parameters S EOD Condition BOR Condition
ummary
Mean 0.53 0.67
Js (s/m)
Std. Dev. 0.53 0.53
Mean 0.43 0.80
Jr (s/m)
Std. Dev. 0.43 0.90
Sand
(mm) Mean 3.0 3.0
Gs Std. Dev. 46 38
(mm) Mean 6.4 5.8
ar Std. Dev. 3.6 3.3
3s(s/m) Mean 0.43 0.73
° Std. Dev. 0.40 0.53
3 (sim) Mean 0.30 0.67
Cla Std. Dev. 0.17 0.53
4 o) Mean 28 3.0
Gs Std. Dev. 1.3 15
(mm) Mean 6.4 53
ar Std. Dev. 48 2.0

Table 7.3: Comparison of average damping factors obtained from CAPWAP on teahgdiles
WEAP on SPT (after Liang, 2000)

SPT Shaft Damping FactorgJs/m) Toe Damping Factory §s/m)
Hammer  CAPWAP WEAP  Adjusted WEAP  CAPWAP WEAP Adjusted WEAP
Efficiency  (Test Pile) (SPT) (SPT) (Test Pile) (SPT) (SPT)

60% 0.58 0.59 0.59 0.36 0.95 0.95%0.42 = 0.39

70% 0.58 0.74 0.74x0.79 = 0.59 0.36 1.17 1.17x6.8539
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Table 7.4: Summary of measured soil properties, estimated soil resggtand dynamic soil
parameters estimated based on the proposed matching procedure at EOD aloag!tiadt pil

Damping
Ave. Coeff.
cpT A% Est. Shaft  Based
Depth . : CPT Ave. Ave. . Shaft
Test Below Soil U'.”'t Unit Friction  SPT SO'.I Damping Quake Qn
pile Ground P TP Skin Ratio, N-  Resis. Factor, J Value,  Liang
m) ~ USCS RIS kicion, FR(%) value S (sim) d  (2000)
(kPa) 'S (7.3), ¢
(KN-s/m)
1.13 2721 118 4.65 3 31 0.24 5.08 2.92
2.32 CL/SC 1852 87 4.84 3 28 0.27 4.83 2.64
3.51 783 37 4.10 3 17 0.28 5.33 1.67
4.66 823 29 3.15 8 12 0.11 2.03 2.73
5.85 1420 40 2.64 14 14 0.21 0.76 5.20
7.04 941 24 2.44 8 16 0.10 2.29 3.74
1SU2 8.20 956 25 2.55 3 19 0.07 6.35 1.83
9.39 983 27 2.58 3 17 0.08 6.35 1.62
10.58 CL 1004 28 2.60 3 19 0.07 5.08 1.86
11.73 1275 56 4.13 4 25 0.05 5.08 3.13
12.92 1522 75 4.86 4 26 0.05 5.08 3.23
14.11 2582 54 2.65 4 26 0.06 5.08 3.33
15.27 2189 52 2.48 4 26 0.06 5.08 3.24
16.46 1182 34 2.61 8 22 0.11 2.54 5.17
0.61 CL/SC 6696 128 3.64 8 41 0.29 2.54 5.17
1.77 CL 1623 108 7.41 8 40 0.32 3.56 9.49
2.96 1516 53 4.84 8 37 0.19 2.54 8.73
4.11 CL/SM 3746 139 3.86 11 35 0.09 0.76 10.82
5.27 1819 37 2.09 5 32 0.14 5.33 4.95
6.46 1682 36 2.10 5 35 0.13 5.33 5.38
ISU3 7.62 1671 43 2.48 7 36 0.14 4.83 7.65
8.78 1092 24 2.07 7 26 0.19 4.83 5.50
9.97 CL 916 15 1.53 12 20 0.80 1.52 6.62
11.13 1804 36 1.92 12 33 0.67 1.78 11.00
12.28 1719 29 1.61 9 30 0.28 1.52 7.85
13.47 1318 22 1.52 10 25 0.73 1.52 7.10
14.63 2278 113 4.85 10 40 0.50 1.52 11.55
0.58 CLSC 2188 105 7.01 3 15 0.74 6.60 1.47
1.92 1435 58 4.06 3 26 0.27 6.86 2.48
3.29 SW-SC 1223 18 2.98 4 16 0.33 4.83 1.98
4.63 CL/SsM 978 6 0.62 5 11 0.39 4.32 1.72
5.97 CL/SW 1384 6 0.41 6 18 0.39 3.05 3.26
7.32 3679 146 4.36 11 37 0.35 2.54 11.64
ISU4 8.69 3100 165 5.32 11 46 0.28 2.54 14.37
10.03 2541 171 6.74 14 41 0.32 1.02 15.78
11.37 cL 2640 167 6.32 12 45 0.29 1.27 15.27
12.71 2154 89 4.06 10 37 0.39 1.27 10.80
14.08 2213 76 3.25 11 40 0.42 1.27 12.38
15.42 2137 69 3.12 12 37 0.50 1.02 12.59

16.76 2157 91 3.12 13 35 0.57 1.02 12.56
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Damping
Ave. Ave. Coeff.
Depth Soi CP.T CPT Ave. Ave. ESF' Shaft Shaft Based
Test Below oil UF‘" Unit Friction  SPT SO'.' Damping Quake _On
Pile  Ground Type- Tip Skin Ratio, N- Resis. Factor, J Value, Liang
(m) USCS  Resis. Friction, FR (%) value Rs (s/m) Gs (2000)
% pa) (kN) (mm)  Eq.
(kPa) °® (7.3), ¢
(KN-s/m)
0.82 ML/SC 2185 68 3.49 - 33 2.57 0.51 3.22
2.44 857 59 7.06 6 68 0.09 5.59 12.38
4.02 1482 124 8.59 8 71 0.09 4.32 16.76
5.61 cL 1318 110 8.80 9 71 0.08 4.06 18.78
7.19 1779 113 6.37 9 71 0.10 4.06 18.75
ISUS 8.81 1741 112 6.55 10 72 0.29 3.30 20.65
10.39 1604 97 6.13 22 69 0.59 1.02 37.40
11.98 CL/SC 2334 126 5.35 22 70 1.65 1.78 38.06
13.56 3468 155 4.47 15 77 0.36 1.78 31.33
15.18 CL 3310 128 3.97 13 76 0.32 2.03 27.28
16.76 3310 127 3.72 13 74 0.31 2.03 26.56
0.52 5581 87 2.08 12 27 0.19 5.84 4.84
1.68 CL/sSC 2361 118 5.07 12 33 0.11 5.33 11.05
2.83 2156 81 4.05 12 36 0.11 6.35 11.97
4.02 CL/SM 1149 56 5.27 12 33 0.11 6.10 11.11
5.18 SM 8279 77 1.04 23 99 0.03 2.54 29.37
6.34 5559 58 1.63 23 73 0.04 2.54 21.86
7.53 1510 46 3.61 8 34 0.11 4.32 7.96
ISU6 8.69 979 44 4.62 8 32 0.06 4.32 7.55
9.85 2582 60 3.27 10 42 0.09 3.56 12.07
11.03 1626 62 3.82 16 36 0.49 0.76 15.28
12.19 CL 2147 81 3.76 23 34 0.48 0.51 18.87
13.35 2250 83 3.65 23 33 0.53 0.51 18.65
14.54 2241 78 3.44 23 35 0.49 0.51 19.92
15.70 2302 78 3.42 23 34 0.52 0.51 19.07
16.86 4349 150 3.25 22 35 0.50 0.51 18.87
2.01 cLSC 4280 91 3.86 8 34 0.71 6.60 8.07
4.05 1118 66 5.74 4 9 1.31 4.32 1.15
6.13 8476 64 1.83 6 69 0.32 9.40 6.70
ISU9 8.17 SW 10252 58 0.57 7 84 0.32 8.38 9.34
10.21 12517 69 0.55 11 102 0.31 5.08 16.91
12.28 SP 14925 64 0.43 13 125 0.10 1.27 23.78
14.27 SW 27415 185 0.59 24 233 0.10 1.02 70.60
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Table 7.5: Summary of measured soil properties, estimated soil resggtand dynamic soil
parameters estimated based on the proposed matching procedure at BOR alongliaé pile

Aver. Ave.
Depth Soil CPT CPT Ave. Ave. Est. Soil Shaft Shaft
Test Below g Unit Friction SPT " Damping  Quake
Pile Ground Type- Unit '_I'|p Skin Ratio, N- Resis,, Factor, J Value,
USCS Resis,, o Rs (kN)
(m) (kPa) Friction, FR (%) value (s/m) gs (mm)
Ge f. (kPa)
1.10 ML/SC 1744 60 4.48 6 53 0.76 0.76
2.44 921 63 7.05 8 76 0.16 11.18
3.78 1392 117 8.65 8 78 0.16 11.18
5.15 1432 118 8.72 8 86 0.15 11.68
ISUS 649  cL 1468 99 6.98 9 78 0.16 10.41
(BORE ;g3 1953 132 684 10 84 0.21 8.64
d_ays 9.17 1678 101 6.12 10 77 0.41 6.86
after 10.55 1589 96 6.13 22 81 0.98 2.79
EOD) 11.89 CLsSC 2375 129 5.38 21 82 1.07 2.79
13.23 3547 162 4.58 15 85 0.92 3.05
14.57 cL 3190 132 4.13 13 76 0.85 3.05
15.91 3830 127 3.72 13 94 0.82 3.05
17.28 3830 127 3.72 13 86 0.57 3.05
1.07 3851 100 3.58 12 51 0.25 12.70
2.26 CL/sC 2404 117 5.05 12 62 0.09 11.43
3.41 1727 56 3.67 12 54 0.09 10.16
4.57 SM 3238 50 3.76 12 63 0.09 10.16
ISU6 5.76 8811 85 0.96 23 110 0.02 0.51
(BORS 6.92 2911 49 2.68 8 58 0.14 9.65
_ 10 8.08 1064 43 4.56 8 55 0.20 9.65
days 9.27 2446 54 3.25 10 54 0.41 8.13
after 10.42 1483 57 3.96 16 53 0.45 7.11
EOD) 11.58 cL 1895 74 3.85 23 56 1.07 5.84
12.77 2264 84 3.68 23 56 1.14 5.33
13.93 2243 80 3.54 23 54 1.28 5.33
15.09 2198 77 3.49 23 57 1.16 2.03
16.28 2649 77 2.93 23 55 0.93 2.29
17.43 5536 233 4.24 22 52 0.65 2.29

Table 7.6: Summary of measured soil properties, estimated soil resggtand dynamic soil
parameters estimated based on the proposed matching procedure at EOD neatoidhe pil

Test Soil  CPT Unit Tip CPT Unit SPT N- Estimated Toe Toe Damping Toe Quake
Pile Type- Resistance,g Skin Friction, value Resistance, R Factor, J Value, ¢
USCS (kPa) f. (kPa) (KN) (s/m) (mm)
ISU2 CL 1182 34 12 64 1.04 25.40
ISU3 CL 2278 113 10 15 0.64 1.27
ISU4 CL 2157 91 13 48 0.08 4.83
ISU5 CL 3310 127 13 38 131 1.02
ISU6 ML 4349 150 22 29 0.08 20.83

ISU9 SwW 27415 185 24 95 1.02 18.30
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Table 7.7: Comparison between the default and proposed CAPWAP matching procedures i
terms of match quality

Test Match Quality (MQ) Perc_ent
Pile EOD/BOR Default CAPWAP Procedure Proposed CAPWAP Procedure Gain
Force Velocity  WaveUp Force Velocity WaveUp(WaveUp)
ISU2 EOD 10.38 6.89 4.48 8.92 6.55 3.60 20%
ISU3 EOD 4.43 3.43 3.47 4.10 3.24 3.48 0%
ISU4 EOD 5.20 2.55 2.68 3.89 2.53 2.64 1%
ISUS EOD 2.06 1.07 1.16 5.74 0.98 1.04 10%
BOR6 1.73 1.91 1.42 1.83 1.49 1.39 2%
ISU6 EOD 3.88 2.26 2.16 3.78 2.79 2.08 4%
BORS 1.35 1.12 1.22 1.63 1.00 1.19 2%
ISU8  EOD 2.74 2.07 1.96 2.61 2.08 1.59 19%
ISU9 EOD 2.39 2.06 1.96 2.46 1.97 1.80 8%

Table 7.8: Summary of soil profile and dynamic soil parameters estimatgdousposed
equations for ISU8 at EOD

Ave.

Depth , Ave.CPT Ave. CPT Ave. . .

Test Below 5% UnitTip Unitskin CPT gpy  Est Sol Damping  Quake

- Type- . . friction Resistance Factor,d Value,

Pile  Ground USCS Resistance Friction, ratio N- R, (kN) (s/m) & (mm)
(m) , g (kPa)  fs(kPa) FR (%) value S
0.40 1195 57 4.37 5 6 0.11 4.79
1.58 967 63 6.66 5 23 0.11 4.79
2.74 1887 97 5.28 6 23 0.13 4.20
3.90 cL 1340 77 5.92 5 21 0.11 4.79
5.09 1059 41 4.02 4 20 0.08 5.45
6.25 1125 44 3.88 5 20 0.11 4.79
7.41 846 29 3.28 2 16 0.04 7.07

ISUS 8.60 3342 29 1.13 2 22 0.04 7.07
9.75 SW 4977 29 0.57 2 31 0.54 14.30
10.91 21257 133 0.65 2 163 0.54 14.30
12.10 11650 89 1.64 11 96 0.27 2.19
13.26 4000 74 2.28 11 26 0.27 2.19
14.42 cL 3971 78 2.38 10 26 0.24 2.50
15.61 2789 68 2.59 17 23 0.46 1.01
16.76 3655 154 3.93 24 23 0.69 0.40

Toe 3655 154 3.93 21 82 0.42 2.03
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CHAPTER 8: SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

8.1. Summary

Although the Federal Highway Administration (FHWA) has mandatiédnew
bridges initiated after October 1, 2007 should follow the Load andtaese Factor Design
(LRFD) approach, the current American Association of State Haghand Transportation
Officials (AASHTO) Specifications do not lead to efficient igesof pile foundations. This
is because the resistance factors presented for LRFD inABAO Specifications were
developed for general soil conditions and pile types that can be uiesl rmtional level.
Also, the current lowa Department of Transportation (lowa DOT) gelegn manual does
not comply with the LRFD design philosophy, nor does it address thet eff pile setup in
cohesive soil profiles, discrepancy between pile resistangaatstn and verification, and

efficiencies in the dynamic soil parameter quantification.

To overcome the aforementioned challenges, research opportunitiesleveteped
and executed by a team of researchers. Presented in thitatizserre work completed by
the author which included the following scopes to enhance LRFD appaoacconstruction
control of steel H-piles: 1) to characterize soil-pile resppuaseler pile driving impact loads,
and (2) to articulate how this information can be implemented frowe design and
construction control of piles subjected to vertical loads in accoedavith the LRFD
philosophy. The main research objective was pile setup investigatioohesive soils.
Other research objectives included (1) to develop regional LRFBbmmendations for
dynamic analysis methods (WEAP and CAPWAP), (2) to improve pédgormance
estimations, and (3) to improve dynamic analysis methods. Reseasctaccomplished
through extensive literature reviews, comprehensive restrike, aincl Isad tests performed
on ten fully instrumented steel H-piles, detailed subsurface arorgtand characterizations,
and efficient utilization of historical pile load test data aod groperties compiled in the

electronic database PILOT.
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Through execution of the above listed objectives, this dissertatismieanded to (1)
develop reliable, analytical pile setup quantification methods mstesf measurable soil
properties without the performance of inconvenient pile restrikesxpensive static load
tests currently practiced during construction, (2) establish dra@bn procedure for
incorporating pile setup in LRFD to elevate the efficiency & fpundations, (3) improve
resistance factors for dynamic analysis methods, (4) enhandeviheBlue Book method
through construction control evaluations, (5) recommend an improved CARWaAGhing
procedure, and (6) quantify dynamic soil parameters in termsilofypes and properties,
ultimately impacting the design and construction of bridge pile folordain lowa and in

the nation.

8.2. Conclusions

The major conclusions drawn from the research as described in Ghapkeough 7

are summarized below.

8.2.1. Pile setup investigation and quantification

Pile setup was investigated in Chapter 3 using field test sesollected from five
fully instrumented HP 250x63 steel piles embedded in cohesive soiljgDine field
investigation, detailed soil characterization, monitoring of soill tetaral stress and pore
water pressure using push-in pressure cells, collection of pilantic restrike data as a
function of time, and vertical static load tests were complei®etailed pile setup analyses
were performed and a pile setup estimation method was developé@dpme€4. From the
analyses of pile and soil test data, the following conclusions were drawn.

1. Setup was experienced along the pile shaft and at the pile tabhésice soils,

with the larger setup effect occurring to the shaft rasigtdoetween 51 and 71%
of the CAPWAP estimated pile resistance at EOD. Despiteawgrage

contribution of about 16% towards the total resistance, the end bearing component

only increased by 8% to 21% due to setup.
2. Steel H-piles exhibited a logarithmic trend for the gain inl foita resistance with

time. The same trend was also true for the shaft resestaAll pile resistances
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increased immediately and rapidly within a day after EOD andintanisly
increased at a slower rate after the second day over thenoraxmonitored
duration of 36 days. A comparison of the gradients of the best fiéénelt for
various restrike data revealed that the logarithmic increag#al pile resistance
generally followed the rate of the pore water pressure dissipation.

. The experimental investigation confirmed that the amount of setgigen time
depends on soil properties including the coefficient of consolidation, theNSP
value as well as the thicknesses of the cohesive soil layarg #ie embedded
pile length. Piles embedded in a cohesive soil with a largeffictert of
consolidation exhibited higher percent increase in total pileteesies. However,
piles embedded in a softer soil characterized by a smalleEM\BRalue led to a
higher percent increase in setup. The collected experimental statwed
sufficient information for quantifying the pile setup using propertes
surrounding soil, which is not promoted in the past studies.

. A new pile setup method incorporating the commonly used SPT N-vallie a
horizontal coefficient of consolidation as well as employing anvedgnt pile
radius was developed. This proposed method utilizes the initalrgsistance
estimated at the EOD using either CAPWAP or WEAP, whicmieites the
need for performing any inconvenient and costly restrikes or pitetexsts. The
proposed setup method was successfully validated using additional twelve
historical records and five well-documented tests completedhey otsearchers.
The proposed method adequately estimated the pile setup with tbeermii
between measured and predicted pile resistances being 8 and 19%@afat 98%
confidence intervals, respectively.

. Based on the analysis performed using six external data soorcelarge
displacement piles, the proposed method provides a better pile setugiqmedic
for piles with diameters smaller than or equal to 600 mm.

. The analytical study performed based on the test pile ISU8 embeddemixed
soil profile concluded that the amount of pile setup was smallerthiz expected

in a complete cohesive soil profile. The observed pile setup followed the
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logarithmic trend. The amount of pile setup not only depends on the pooport
of the cohesive soil layers to the embedded pile length, but also depertics

stratigraphic layers of cohesive and cohesionless soils.

8.2.2. Pile setup in LRFD

The implementation of the proposed pile setup quantification methothmtoRFD
approach was addressed in Chapter 5. Statistical studies sHererdifuncertainties are
associated with the initial pile resistance estimated ugmgrdic analysis methods and the
pile setup resistance quantified using the proposed method. However, the exiktragaa
procedure cannot separately account for these different sourceseofaunies. Hence, a
new and general calibration procedure was developed using th©Fdest Second Moment
(FOSM) method to separately calculate the resistanceréaictr both resistance components
and to ensure both resistance components reach a target rellatdity Compared with the
concept of using a single resistance factor to both resistanggonents, it is concluded that
the proposed procedure provides a more dependable pile foundation design. Constant
resistance factors for both resistance components can be edodeted upon any regional
database that reflects the local soil conditions, pile typesseingh quantification methods.
Based on a total 28 data points provided in Chapter 5 on steel Hipitesiéed in cohesive
soils, the resistance biasg] and the coefficient of consolidation (C@Vfor pile setup
resistance (Rwp were determined to be 0.95 and 0.317, respectively. The resitiatars
for pile setup were found to be 0.32 and 0.283fovalues of 2.33 and 3.00, respectively.

8.2.3. Regional resistance factors

Chapter 6 presents the establishment of regional Load anstdes Factor Design
(LRFD) recommendations for dynamic analysis methods, basedteohistorical database
and ten recently completed field tests. When compared with themmeendations presented
in the NCHRP Report 507 by Paikowsky et al. (2004) and the RéSHTO (2010) LRFD
Bridge Design Specifications, the regionally calibratedstasce factors calculated using the

FOSM method for steel H-piles embedded in sand, clay, and mbikgrsfiles were
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improved. The regionally-calibrated resistance factors are sumohaszselow:

1. For the WEAP approach considering the EOD condition, the regiocelily-ated
resistance factors were 0.55, 0.65, and 0.83 for the sand, clay, and mixed soil
profile, respectively, which were higher than the AASHTO'’s reoemded value
of 0.50.

2. For the CAPWAP approach considering the BOR condition, the regienally
calibrated resistance factors were 0.77, 0.80, and 0.93 for the sandarahy
mixed soil profile, respectively, which were all higher than &@SHTO’s

recommended value of 0.75.

Using the procedure developed in Chapter 5, the effect of pile setuplay profile
was incorporated as part of the LRFD recommendations to elevagdfitiency of bridge
foundations, so the economic advantages of pile setup can be at@@ueedo a higher
uncertainty involved in estimating the pile setup resistance (hig&fz) and the selection
of a conservativer value of 1.60, smallepsewp Values (0.21 for WEAP-lowa Blue Book,
0.26 for WEAP-lowa DOT, and 0.37 for CAPWAP basede2.33) were determined

8.2.4. Construction control

To minimize the discrepancy between design and field piletaesiss and to
assimilate the construction control capability of dynamic amaiynethods during the design
stage, a construction control procedure was established in Cleapsing a probabilistic
approach. This was achieved by integrating WEAP and CAPWAd®rasruction control
methods as part of the design process. Construction control was accdont by
determining a construction control factor corresponding to the 50% cumubtiivaty
function of the resistance ratio of the construction control methodhentbiwva Blue Book
method. These construction control factors were calculated asgawlithe selection of
construction control method (WEAP or CAPWAP) during pile driving andptiesence of
soil type surrounding the pile. A minimum construction control factdr.@fwas suggested
to maintain the economic advantages and the original efficienclieofoiva Blue Book

method. The corrected resistance factor, after consideringrwcticen control, was limited



296

to 0.80, the maximum value recommended by AASHTO (2010). Overaltotisruction
control consideration has increased the originally-calibratedtasses factors of the lowa
Blue Book method as follow:
1. Construction control using WEAP has increased the originghlue of the
lowa Blue Book from 0.60 to 0.64 or improved thealue by 7%.
2. Construction control using CAPWAP increases the originalalue of the
lowa Blue Book for the clay profile from 0.60 to 0.68 (or improved %3),8
considering both the EOD and setup resistance conditions.
3. The construction control method using CAPWAP, based on the restrike
condition, improves the values for clay, mixed soil, and sand profiles by
27%, 18%, and 6%, respectively.

8.2.5. Dynamic soil parameters quantification

Due to the limitation with current default CAPWAP matching pdoee, in which
constant damping factor and quake value are assumed over an entpeofielland the
indeterminate nature of the CAPWAP analysis, Chapter 7 showsgihelégree of scatter in
the correlation studies between the dynamic soil parametetheu8PT N-value. Although
the accuracy of pile resistance estimation using dynamityssmamethods is highly
dependent upon the appropriate input of these dynamic soil parametses ptrameters
have not been successfully quantified from any standard geotechmsial or laboratory
soil test results. Thus, an improved CAPWAP signal matchingeduwe with variation in
shaft dynamic soil parameters was proposed. Its implementkdrio the following
conclusions:

1. The analytical results show the dynamic soil parameteraaireonstant over an

entire soil profile, but they vary with different soil types and soil properties.

2. For cohesive soils at the EOD condition, the correlation studiealesva direct
relationship between the shaft damping factor and the SPT N-vahakean
inverse relationship between the shaft quake value and the SPT N-value
Furthermore, correlation studies using CPT-measured soil prapedieluded

that the shaft damping factor was influenced by different spiésy while no
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relationship was conclusively drawn between the shaft quake valubea@PT -
measured soil properties. Since the process of conducting thes Sixilar to
pile driving, both are subjected to a continuous impulsive hammer fdree, t
dynamic soil parameters were found to be correlated well with SPT N-value

3. For cohesionless soils at the EOD condition, an inverse naturaitlahgic
relationship between the shaft dynamic soil parameters andPthé&iSalue was
observed.

4. The effect of pile setup increases the dynamic soil parasnietecohesive soils,
which increases the dynamic resistance and provides a largeyyedissipation
capability of the soil-pile system.

5. The correlation studies concluded that the influence of pile insbtall@an the
shaft dynamic soil parameters estimation, showing the higloestracy for soils
near pile toe and lowest accuracy for soils near ground surface.

6. The results of similar correlation studies on toe dynamicpsgshmeters suggest
that the difficulty and challenge with quantifying these paraméh terms of any
measureable soil properties. The proposed matching procedure not ontleprovi

comparable pile resistance estimation, but also improves match quality.

8.3. Recommendations for Future Work

In the future, additional detailed restrikes and static load testsles embedded in
cohesive soils as similarly employed in this research wilher improve the correlation
studies between the pile setup and soil properties. The actuaumme@nt of pile
resistances at the EOD and over a period of time on a series of piles s&itig wad testing
system will help validate the pile setup estimated using thardic analysis methods, and
serves as a reference in the resistance factors calibratiBesides pile setup, piles
experiencing a decrease in resistance (i.e., pile relaxati@anidy soils may be investigated.
The regional resistance factor calibration may be extended topkhéypes, such as drilled
shafts and end bearing piles. The uncertainties associatedh&itbstimations of shaft
resistance and end bearing may be accounted for by separatelging sufficient data

points on the pile resistance distribution. The implementation of thywoped CAPWAP
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signal matching procedure in future research and practice woutettraje more
representative dynamic soil parameters to further improveatelation studies, eventually

leading to more accurate pile resistance estimations.
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