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EXECUTIVE SUMMARY

Driven piles are the most common foundation solution used in bridge construction across the
U.S. (Paikowsky et al., 2004). The major problem associated with the use of deep foundations is
the ability to reliably verify the capacity and the integrity of the installed element in the ground.
Dynamic analyses of driven piles are methods attempting to obtain the static capacity of a pile,
utilizing its behavior during driving. The dynamic analyses are based on the premise that under
each hammer blow, as the pile penetrates into the ground, a quick pile load test is being carried
out. Dynamic equations (aka pile driving formulas) are the earliest and simplest forms of
dynamic analyses. MnDOT used its own pile driving formula; however, its validity and accuracy
has never been thoroughly evaluated. With the implementation of Load Resistance Factor Design
(LRFD) in Minnesota in 2005, and its mandated use by the Federal Highway Administration
(FHWA) in 2007, the resistance factor associated with the use of the MnDOT driving formula
needed to be calibrated and established.

Systematic probabilistic-based evaluation of a resistance factor requires quantifying the
uncertainty of the investigated method. As the investigated analysis method (the model) contains
large uncertainty itself (in addition to the parameters used for the calculation), doing so requires:

(1) Knowledge of the conditions in which the method is being applied, and
(i1) A database of case histories allowing comparison between the calculated value to one
measured.

The first phase of the research addressed these needs via:

(1) Establishing the MnDOT state of practice in pile design and construction, and
(i) Compilation of a database of driven pile case histories (including field measurements and
static load tests to failure) relevant to Minnesota design and construction practices.

The first phase of the study was presented in a research report by Paikowsky et al. (2009). Phase
I concentrated on establishing MnDOT practices, developing databases related to these practices
and examining different dynamic equations as well as developing new equations. The proposed
resistance factors developed in Phase I for the driving of pipe piles were assessed to be
conservative in light of the MnDOT traditional design and construction practices, and hence,
Phase II of the research was initiated.

Phase II of the study was established to:

1. Re-evaluate resistance factors for the Load Resistance Factor Design (LRFD)
implementation as obtained in the Phase I study,

2. Examine other dynamic pile driving formulae and other Midwest states practices,

3. Recommend to MnDOT an appropriate formula (and associated resistance factors) for
implementation,



4. Examine the recommended formula in use with timber and prestressed precast concrete
piles,

5. Examine WEAP analyses procedures for MN conditions and recommend procedures to
be implemented, and

6. Examine load test procedures, interpretations and submittals.

The operative findings in Phase II relevant to the dynamic pile formula to be used by the
MnDOT are the following:

1. The final formulation known as MPF12 (Minnesota Pile Formula 2012) that was adopted
for use:

WXH

1,000 X 10g (?)

where R, = nominal resistance (tons), H = stroke (height of fall) (ft), W = weight of ram
(Ibs), s = set (pile permanent displacement per blow) (inch). The value of the energy

R, =20

(W-H) used in the dynamic formula shall not exceed 85% of the manufacturer’s
maximum rated energy for the hammer used considering the settings used during driving.
2. The MPF12 is to be used with the following resistance factors (RF) in order to obtain the
factored resistance:
R, = ¢ X Ry

For pipe and concrete piles, ¢ = 0.50, 2 < BC < 15BPI
For H piles, ¢ =0.60, 2 < BC < 15BPI
3. The MPF12 recommended for timber piles is:

WxH 10
Ry =10 1000 * log (?)
Where ¢ =0.60
4. Although the equations were developed for hammers with Eh < 165 kip-ft, its use should
be applicable for hammers with higher energies but this was not verified directly in the
study.

The independent examination of the developed equations against an independent data, dynamic
measurements in MN and load tests conducted by the MnDOT, affirmed the effectiveness and
accuracy of the proposed equations. Further monitoring and calibration is recommended by
following the outcome of piles installed during construction, utilizing dynamic measurements
and conducting static load tests for MnDOT typical design practices.



1 BACKGROUND

1.1 Resistance Factor for MnDOT’s Pile Driving Formula — Phase | Study

Driven piles are the most common foundation solution used in bridge construction across the
U.S. (Paikowsky et al., 2004). The major problem associated with the use of deep foundations is
the ability to reliably verify the capacity and the integrity of the installed element in the ground.
Dynamic analyses of driven piles are methods attempting to obtain the static capacity of a pile,
utilizing its behavior during driving. The dynamic analyses are based on the premise that under
each hammer blow, as the pile penetrates into the ground; a quick pile load test is being carried
out. Dynamic equations (aka pile driving formulas) are the earliest and simplest forms of
dynamic analyses. MnDOT uses its own pile driving formula; however, its validity and accuracy
has never been thoroughly evaluated. With the implementation of Load Resistance Factor Design
(LRFD) in Minnesota in 2005, and its mandated use by the Federal Highway Administration
(FHWA) in 2007, the resistance factor associated with the use of the MnDOT driving formula
needed to be calibrated and established.

Systematic probabilistic-based evaluation of a resistance factor requires quantifying the
uncertainty of the investigated method. As the investigated analysis method contains large
uncertainty itself (in addition to the parameters used for the calculation), doing so requires: (i)
Knowledge of the conditions in which the method is being applied, and (ii) A database of case
histories allowing comparison between calculated and measured values.

Phase I of the research addressed these needs via: (i) Establishing the MnDOT state of practice in
pile design and construction, and (ii) Compilation of a database of driven pile case histories
(including field measurements and static load tests to failure) relevant to Minnesota design and
construction practices.

Establishing the MnDOT state of practice in pile design and construction was achieved by
conducting: review of previously completed questionnaires, review of the MnDOT bridge
construction manual, compilation and analysis of construction records of 28 bridges, and
interviews with contractors, designers, and DOT personnel.

Compilation of a database of driven pile case histories included field measurements and static
load tests to failure relevant to Minnesota design and construction practices. Based on the
analyzed bridges, the majority of the Minnesota recently constructed bridge foundations
comprised of Closed-Ended Pipe (CEP) and H piles. The most common CEP piles are 12" x 0.25
and 16" x 0.3125, installed as 40% and 25% of the total number of CEP compiled in the dataset.
The most common H pile is 12 x 53 used in 57% of the total number of H piles compiled in the
dataset. The typical CEP is 12" x 0.25, average length is 70 ft long and carries 155 kips (average
factored load). The typical H pile is 12 x 53, 40 ft long and carries 157 kips. The piles are driven



by diesel hammers ranging in energy from 42 to 75 kip/ft. with 90% of the piles driven to or
beyond 4 Blows Per Inch (BPI) and 50% of the piles driven to or beyond 8 BPI. Updated data
statistics developed in Phase II of the study (presented in Chapter 3) refers to projects around
Minneapolis where the most common piles were CEP 16” x 0.3125 and 16" x 0.25 installed at
34% and 21% of the total number of CEP piles compiled in that database. These values are
somehow different from the statistics presented in Phase I report, which is more applicable to the
entire state.

Large data sets were assembled, answering to the above practices. As no data of static load tests
were available from MnDOT, the databases were obtained from the following: (i) Relevant case
histories from the dataset PD/LT 2000 used for the American Association of State Highway and
Transportation Officials (AASHTO) specification LRFD calibration (Paikowsky and Stenersen,
2000, Paikowsky et al., 2004) (i1) Collection of new relevant case histories from DOTs and other
sources.

In total, 166 H pile and 104 pipe pile case histories were assembled in the MnDOT LT 2008
database. All cases contain static load test results as well as driving system and, driving
resistance details. Fifty three percent (53%) of the H piles and 60% of the pipe piles in dataset
MnDOT LT 2008 were driven by diesel hammers.

The static capacity of the piles was determined by Davisson’s failure criterion, established as the
measured resistance. The calculated capacities were obtained using different dynamic equations,
namely, Engineers News Record (ENR), Gates, Modified Gates, WSDOT, and MnDOT. The
statistical performance of each method was evaluated via the bias of each case, expressed as the
ratio of the measured capacity over the calculated capacity. The mean, standard deviation, and
coefficient of variation of the bias established the distribution of each method’s resistance.

The distribution of the resistance along with the distribution of the load and established target
reliability (by Paikowsky et al. 2004 for the calibration of the AASHTO specifications) was
utilized to calculate the resistance factor associated with the calibration method under the given
condition. Two methods of calibration were used: MCS (Monte Carlo Simulation), using
iterative numerical process, and FOSM (First Order Second Moment), using a closed form
solution.

The MnDOT equation generally tends to over-predict the measured capacity with a large scatter.
The performance of the equation was examined by detailed subset databases for each pile type:
H and pipe. The datasets started from the generic cases of all piles under all driving conditions
(258 pile cases) and ended with the more restrictive set of piles driven with diesel hammers
within the energy range commonly used by MnDOT practice and driving resistance of 4 or more
BPI. The 52 data sub-categorizations (26 for all driving conditions and 26 for EOD alone) were
presented in the form of a flow chart along all statistical data and resulting resistance factors.
Further detailed investigations were conducted on specific subsets along with examination of the



obtained resistance distribution using numerical method (Goodness of Fit tests) and graphical
comparisons of the data vs. the theoretical distributions.

Due to the MnDOT dynamic equation over-prediction and large scatter, the obtained resistance
factors were consistently low and a resistance factor of ¢ = 0.25 was recommended to be used
with the original equation, for both H and pipe piles. The reduction in the resistance factor from
¢ = 0.40 currently in use, to ¢ = 0.25, reflects a significant economic loss for a gain in a
consistent level of reliability. Alternatively, one can explore the use of other pile field capacity
evaluation methods that perform better than the currently used MnDOT dynamic equation, hence
allowing for higher efficiency and cost reduction.

Two approaches for remediation were presented. In one, a subset containing dynamic
measurements during driving was analyzed, demonstrating the increase in reliability when using
dynamic measurements along with a simplified field method known as the Energy Approach.
Such a method requires field measurements that can be accomplished in several ways.

An additional approach was taken by developing independently a dynamic equation to match
MnDOT practices. A linear regression analysis of the data was performed using a commercial
software product featuring object oriented programming. The simple obtained equation (in its
structure) was calibrated and examined. A separate control dataset was used to examine both
equations, demonstrating the capabilities of the proposed new MnDOT equation. In addition, the
database containing dynamic measurements was used for detailed statistical evaluations of
existing and proposed MnDOT dynamic equations, allowing comparison on the same basis of the
field measurement-based methods and the dynamic equations.

Finally, an example was constructed based on typical piles and hammers used by MnDOT. The
example demonstrated that the use of the proposed new equation may result at times with
savings and at others with additional cost, when compared to the existing resistance factor
currently used by the MnDOT. The proposed new equation resulted in consistent savings when
compared to the MnDOT current equation used with the recommended resistance factor
developed in this study for its use (¢ = 0.25).

1.2 Research Objectives

1.2.1 Overview

The first phase of the study concentrated on establishing MnDOT practices, developing
databases related to these practices and examining different dynamic equations as well as
developing new equations. The proposed resistance factors developed in Phase I for the driving
of pipe piles were assessed to be conservative relevant to the traditional design practices, and



hence, Phase Il was initiated in order to examine other practices, review MN related data and re-
examine target reliabilities and associated resistance factors.

1.2.2

Concise Objectives

Phase II of the study was established to:

1.

6.

1.2.3

Re-evaluate resistance factors for the Load Resistance Factor Design (LRFD)
implementation as obtained in the Phase I study,

Examine other dynamic pile driving formulae and other Midwest states practices,
Recommend to MnDOT an appropriate formula (and associated resistance factors) for
implementation,

Examine the recommended formula in use with timber and prestressed precast concrete
piles,

. Examine pile hammer qualification and WEAP analyses procedures for MN conditions

and recommend procedures to be implemented, and
Examine load test procedures and interpretations.

Specific Tasks

The following task numbering follows by and large the awarded research contract with the
exception of renumbering for chronological clarity.

Task 1:

1.

Task 2:

1.

Review Alternate Formulas and Construction Pile Practices in Midwest States

Summarize the practices, developments and major findings of the pile driving formulae
developed by Wisconsin DOT, Illinois DOT, Iowa DOT, Gates (1957) and FHWA
Modified Gates (1982).

Evaluate data related to other DOT’s including data used by Long et al. (1007, 2009),
Iowa (charts and current research), Flaate (1964), Olson and Flaate (1967), databases, and
other available data sources. Examine the performance of the above equations using
MnDOT/LT2008 databases. This examination includes statistical analysis breakdown
according to pile type, hammer type, energy level and driving resistances, presented in
the form of tables and flow charts.

Evaluation of Bridge Office Field Data

Evaluate along with MnDOT personnel, the databases used in the development of the
above equations in comparison with MnDOT practice as established by Phase I study
(Paikowsky et al., 2009) emphasizing data for which energy is available.

Analyze construction data (gathered in MnDOT bridge projects) utilizing the various
aforementioned methods along with their calibrated resistance factors and those
recommended in Phase I of the study (Paikowsky et al., 2009).



Task 3:  Back Analysis

Analyses of the information gathered in Tasks 1 and 2 in order to identify resistance factors and
risk associated with maintaining the current MnDOT practice (i.e. MnDOT driving equation and
R.F. =0.4) implemented with the methods investigated in Tasks 1 and 2.

Task 4:  Recommend Appropriate Hammer Qualification

1. Establish effective and nominal hammer qualifications based on the statistics presented in
Tasks 1 and 2.

2. Perform Wave Equation (WEAP) analyses examining the typical pile sizes, loads and
hammers used on MnDOT bridge projects.

3. Compare the data obtained from dynamic measurements or MnDOT projects to the
information above.

4. Establish hammer qualification specifications based on the information gathered in steps
1 to 3.

Task 5:  Field Testing

Load test data interpretation, analysis and implementation as requested by the Load Testing
Program Development project conducted by MnDOT. The extent of involvement will be
determined by the MnDOT liaison for this project.

Task 6:  Examine the recommended MnDOT Dynamic Equation (MPF12) for Timber and
PPC Piles

1. Search, identification and analysis of data to build a dataset of timber piles driven and
static load tested.

2. Search, identification and analysis of data to build a dataset of PPC piles driven and static
load tested.

3. Analyze the databases and recommend the MPF12 implementation and associated
resistance factors for Timber and PPC piles.

Task 7:  Static Pile Load Test — Procedures, Interpretation and Specifications

1. Examine methods to conduct and interpret axial static pile load tests on driven piles.

2. Outline detailed procedures (chose selected procedures from ASTM, DOTs and
researchers own developments).

3. Detail interpretation procedures.

Task 8:  WEAP — Outline Details of Requirements for Submittal and Procedures for
Modifications Once Dynamic Measurements are Available.

1. Run WEAP analyses for a set of typical hammer/piles/soil combinations for MN
conditions.



2. Detail what kind of analyses needs to be performed as required submittal for DOT
authorization. This includes the study of the subsurface, evaluation of possible ranges of
pile lengths and soil parameters. Determine what type of tables should be built to cover
possible results. Provide a detailed example showing what ‘typically’ is submitted, what
we specify and the consequences for the difference so contractors also understand the
importance of the requirement for their advantage.

3. Ways to get information from signal matching and update the WEAP based on field
observations of energy, blow count, etc.

Task 9:  Final Report — This task includes the development and submittal of the draft final
report. The project team will incorporate the technical and editorial review comments from the
review process into the report, as appropriate. The report will then be submitted to the MnDOT
for publication.

1.3 Manuscript Outline

Background information dealing with the project, research objectives and research execution are
presented in Chapter 1. Chapter 2 establishes alternate formulas and the MnDOT state of
practice, being in line with Task 1. The developed databases and their investigation for their
relevance to MnDOT practices are presented in Chapter 3 being in line with Task 2. The first and
second stage analysis of the databases presented in Chapter 3 relate to Tasks 3 and 4 as the
analyses presented followed by LRFD calibrations. Chapter 3 also compares different methods’
performance including those based on dynamic measurements. Chapter 4 presents the
development of an independent MnDOT dynamic equation, its evaluation and re-evaluation. The
application of the new MnDOT dynamic equation to precast concrete piles is presented in
Chapter 5. Chapter 6 presents the application of the new MnDOT dynamic equation to timber
piles. Both Chapters 5 and 6 address Task 6. The Minnesota load testing program established to
answer Task 5 is presented in Chapter 7. WEAP analysis and dynamic measurements as
compared to the new MnDOT dynamic equation is presented in Chapter 8, addressing Task 8.
Chapter 9 establishes the static load test procedures and specifications as pertain to the MnDOT,
answering Task 7. Chapter 10 summarizes the findings, conclusions and presents the
recommendations of this research study.



2 REVIEW ALTERNATE FORMULAS AND CONSTRUCTION PILE
PRACTICES IN MIDWEST STATES

2.1 Overview

The first task of the research was achieved by a review summarizing the practices, developments
and major findings of the pile driving formulae in the Midwest states. Development by Illinois
DOT (Long et al., 2009a), Wisconsin DOT (Long et al., 2009b), lowa DOT (charts and ongoing
research at lowa State University), Washington DOT (Allen, 2005), Gates (1957) and Modified
Gates (1982) were conducted. The summary in Table 1 outlines findings and sources of research
material used in the review. The following sections present the summaries with critical review.

2.2 Ilinois Department of Transportation — Long and Maniaci (2000)

2.2.1 Overview

Long and Maniaci (2000) presented a report to IDOT for the design of friction bearing piles in
which a large database was collected and investigated. The databases included those developed
originally by Flaate (1964), Olson and Flaate (1967), Fragaszy et al. (1988), Paikowsky et al.
(1994), Davidson and Townsend (1996), and by the Federal Highway Administration (FHWA
Rausche et al., 1996). An additional database reporting cone penetration tests (Eslami, 1996) was
also investigated. The report focused on six methods that used driving resistance to predict pile
capacity: the Engineering News (EN) formula, the Gates formula, the Wave Equation Analysis
Program (WEAP), The Pile Driving Analyzer (PDA), the Measured Energy Method, and the
Case Pile Wave Analysis Program (CAPWAP).

The first three methods estimate pile capacity based on field observations of driving resistance
(i.e. blow count), hammer stroke, pile type and soil type, applying this information to a
relationship developed between capacity and driving resistance. The last three methods (PDA,
Measured Energy Method, CAPW AP), require measurements of the variation of force and
velocity with respect to time during driving (under each blow) and their interpretation. The
methods reviewed by Long and Maniaci (2000) make use of the pile behavior, at the end of
driving (EOD) or beginning of restrike (BOR). When it is possible and practical, re-striking the
pile is a prudent procedure since time effects can influence significantly the final pile capacity.
Typically, due to a tight construction schedule, it is common to restrike the pile after 24 hours
only; however, a longer time may be required for fine-grained soils to allow development of full
set-up conditions (FHWA, 1995).



Table 1. Construction pile evaluation practices Midwest states (May 2010 with updates)

State Contact Person Material Findings Comments
Bill Kramer 1. Report R27-24 1. H pile (~60%), Pipe pile (~38%) 1. Original study budget $150,000
217-782-1224 “Evaluation/Modification of 2. ENR until 2006 2. New research “Improving IDOT Pile
William.Kramer@illinois.gov IDOT Foundation Piling 3. Mod. Gates with ¢$=0.50 (arbitrary) Design Procedure through Dynamic
Design and Construction 2007-2009 and Static Test Data Analysis”, using
. Policy”, Long, Hendrix and 4. Long study tried to develop mainly PDA, is currently under way
S Baratta, Jan 2007 to March independent equation but it was not $300,000 budget.
= 2009, 204pp. working well (B.K. believes the 3. Third phase to start at the present time
- 2. Bridge Manual directions. budget was limited). They therefore (update by B.K., Aug. 2011)
3. Proposal for new research decided to use WS-DOT but just
4. Various inspection and started to check its performance with
relations for evaluation. the new study (see comments) with
purchasing a PDA.
Robert Stanley 1. Design Charts based on load 1. H pile (80-90%), All others including | 1. Engaged with Iowa State University in
515-239-1026 test interpretations (300 drilled shafts 10-20%, do not use Pipe a research project to examine the
Robert.Stanley@dot.lowa.gov carried out over 20 years ago). piles. Drive with diesel hammers. design charts, LRFD application and
2. Possible data from lowa state | 2. Did not start to implement LRFD yet. conduct load tests.
o [Ahamad Abu-Hawash research that is planned to be | 3. Pile design is based on the charts. 2. Research includes 10 static L.T. mostly
% 515-239-1393 completed by year end. Construction runs WEAP on every as part of construction with a load
~ |Ahmad.Abu-Hawash@dot.iowa.gov | 3. Bridge Manual. hammer submittal using that WEAP in frame available from a previous work.
the field. Total budget $700,000
4. PDA used by construction (own one) | 3. Update from Prof. M. Sulliman and S.
whenever needed but not routinely. Sritharan on Feb. 20, 2011 that
database is accessible.
Robert Andorfer 1. “Comparison of Five Different | 1. H piles (75%) 10x42, 12x53; Pipe 1. The research was an “experience”,
608-243-5993 Methods for Determining Pile piles — closed ended (25%) 10% — aware of the differences between H
£ Robert.Andorfer@dot.state. wi.us Bearing Capacities”, report by 12% and Pipe piles (budget was $30,000 as
S Long, Hendrix and Jaromin, 2. D-12toD-30 an offshoot of Illinois’ research).
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To estimate the ultimate capacity, Q,, of a pile under axial load, the sum of the pile tip capacity,
Qp, and the shaft capacity, Qs, was used by Long and Maniaci in the format traditionally being
presented:

Qu:Qp+Qs (1)

Equation (1) can be further broken down as follow:
Qu=(qp *Ap-W) + X1, fsiCili (2)

Where q, = bearing capacity at the pile’s tip, A, = area of pile tip, W = weight of pile,
fs=ultimate skin resistance per unit area of pile shaft segment i, C;, = perimeter of pile segment i,
Ii= length of pile segment i, and n number of pile segments

In order to evaluate the ultimate pile capacity, the magnitude f for each pile segment and the pile
tip resistance g, must be estimated. Most of this information is based on empirical methods,
derived from correlations of measured pile capacity with soil data.

The dynamic formulae are an energy balance equations which relate the energy delivered by the
pile hammer to the work produced during pile penetration. The dynamic formulae are expressed
in equations of the following form:

eWH =Rs 3)

Where e= efficiency of hammer system, W= ram weight, H= ram stroke, R= pile resistance, and
s= pile set (pile displacement per hammer blow). The pile resistance, R, is assumed to be related
directly to the ultimate capacity, Q,.

Dynamic formulae provide a simple method to estimate pile capacity; however, there are several
shortcomings associated with their simplified approach (FHWA, 1995):

e Dynamic formulae focus only on the kinetic energy of driving, not on the driving system,

e Dynamic formulae assume constant soil resistance rather than a velocity dependent
resistance, and

e The length and axial stiffness of the pile are ignored.

Two techniques were used to identify how well predicted pile capacity agreed with measured
pile capacity. The first is a graphic representation of predicted capacity versus the measured
capacity both on a logarithmic scale. Such scatter grams allow visualizing and determining
trends for the predictive method like over or under predicted capacity, also the scatter exhibited
by the plot indicates the reliability of the method to predict capacity. For this purpose, a table of
fictitious load test results was created and those results plotted using two different methods of
prediction (Figure 1). The use of a logarithmic scale by Long and Maniaci (2000) creates a visual



distortion of the match between measured to calculated values and the viewer needs to be aware
of that when examining such presentation.

The second technique uses statistical methods to quantify the degree of agreement between
predicted and measured capacity for a specific method. The statistical analysis used by Long and
Maniaci was done with the relationship between predicted values versus measured values
(Qp/Qm). Bias and precision, were used as two simple statistical parameters for defining a
method’s ability to predict capacity. Bias is the systematic error between the average ratio of
Qp/Qm and the ideal ratio of Q,/Qn (Which is unity). Statistically, the bias can be estimated with a
sample mean. Precision is the scatter or “variability of a large group of individual test results
obtained under similar conditions” (ASTM C670-90a, 1990). Statistically variability can be
estimated with a sample standard deviation. The distribution Q,/Qy, is log-normal (Cornell,
1969). A log-normal distribution means that the values of In (Q,/Qm) are normally distributed.
Accordingly Long and Maniaci (2000) estimated the mean and standard deviation for the In
(Qp/Qm) for the predictive measures as a method to assess the bias and precision.

It should be noted that Long and Maniaci (2000) presented the bias ratio as that of predicted
value over measured value, opposite to the common way, and hence, required at the end of their
report to re-evaluate the reversed ratio (correct bias) to be used in their calculations. As will be
detailed at a later stage (section 2.3.7), this reversed ratio affected our ability to compare the data
used for analyzing Mn DOT Phase I study to that presented by Long and Maniaci (2000) and
Long et al. 2009a,b.

The analyses of the load test databases were investigated separately and together to identify the
effects of using EOD data versus BOR data to estimate capacity. The results from cone
penetration methods were compared with those obtained using driving data. The Gates equation
was investigated further and modifications to improve the equation were provided.

2.2.2 Databases Summary

2.2.2.1 Flaate, 1964

The pile load test data used by Flaate represents pile types and installation methods related to the
period of time that pre-dates 1964. The Flaate (1964) database includes, pile types and
installation methods that are no longer common in today’s practice, hence, these data bias the
result of the general database (Long and Maniaci, 2000). For example, several of the pile load
tests in the Flaate database were conducted on timber piles. Timber piles are not used in current
bridge construction in Minnesota or elsewhere. Furthermore, over half of the piles (62) in the
Flaate database were driven with gravity hammers, while the remaining piles (54) were driven
with diesel or steam hammers. Gravity hammers are rarely used in driving piles mostly for small
projects or restrike, but not for typical bridge foundations. The database was analyzed by Long
and Maniaci (2000) accordingly and the relationships between predicted and measured pile
capacities are presented in Table 2 and plotted in Figure 2.
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2000)
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Table 2. Statistical parameters for Q,/Qn, values for all load test data from Flaate 1964.
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Figure 2. Predicted versus measured capacity from Flaate 1964 (Long and Maniaci, 2000)

(Long and Maniaci, 2000)
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2.2.3 Olson and Flaate, 1967

The database used by Olson and Flaate (1967) is nearly identical to the database used by Flaate
(1964). The predicted versus measured relationships, and the statistical parameters presented by
Olson and Flaate (1967) are similar to those determined by Flaate (1964). The Olson and Flaate
database also includes piles driven by gravity hammers and other types of hammers and no
seperation of data based on hammer types took place. Olson and Flaate suggested that Gates
equation could be modified to provide a better statistical fit between predicted and measured pile
capacities. The modifications to the Gates formula were provided based on piles driven with all
hammer types other than gravity hammers:

R, = 1.11,/e = E, log(10N) — 34; Timber Piles (4)
R, = 1.39,/e * E;log(10N) — 54; Concrete Piles (5)
R, = 2.01,/e » Elog(10N) — 166; Steel Piles (6)
R, = 1.55,/e * E;log(10N) — 96; All Piles (7)

Where units of R, are in kips, N is in blows per inch and E; is in units of ft-1b.

2.2.3.1 Fragaszy et al., 1988, 1989
The statistical reslts of the predicted over the measured capacities reported by Fragaszy et al., are
presented in Table 3 and are plotted in Figure 3.

A comparison of the four methods, EN, Hiley, Janbu, and Gates can be made using the statistical
parameters presented in Table 3. The EN formula overpredicts capacity by a factor of 2.58, while
the Hiley and Janbu methods are fairly neutral. The Gates method underpredicts capacity by a
factor of 0.63 indicating that recalibration of the original Gates equation is necessary. The scatter
quantified by the magnitud of standard deviation, shows that the Gates method possesses the
least scatter with a standard deviation of 0.307.

As presented in the previous section, the Gates method was modified to develop a better fit
between measured and predicted capacity, so identical procedures were repeated to develop a
modified Gates equation from Fragaszy’s data, leading to the following relations for all piles
except timber:

R, = 1.46,/eE, log(10N,) + 26 (8)

Where R, is in kips and E; is in ft-1b.
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Figure 3. Predicted versus measured capacity from Fragaszy 1988, 1989 (Long and
Maniaci, 2000)

Table 3. Statistical parameters for Q,/Qm values for all load test data from Fragaszy 1988,
1989 (Long and Maniaci, 2000)

Method Hin |4 Oin
EN 0.950 2.58 0.610
Hiley 0.045 1.05 0.438
Janbu -0.060 0.94 0.437
Gates -0.459 0.63 0.307

2.2.3.2 Paikowsky et al., 1994

Two large datasets were collected and interpreted in this study. One set (labled PD/LT) had 208
dynamic measurements on 120 piles tested statically to failure. The other set (labled PD)
contained 403 piles monitored during driving without static load tests. The measured and
predicted capacities reported by Paikowsky et al., 1994, are plotted in Figure 4. The Measured
Energy (ME) method (termed so by Long and Maniaci, 2000) is what described as the Energy
Approach by Paikowsky (1982), Paikowsky et al. (1994), Paikowsky and Stenerson (2000) and
Paikowsky et al. (2004). Measured maximum displacement and energy from dynamic
measurements are employed along with driving resistance (set) in energy equilibrium equation to
provide highly accurate long term pile capacity during driving. The pile capacity predictions
utilizing the Energy Approach results are plotted in Figure 4, for predictions made with driving
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behavior recorded at the end of driving (EOD) and the predictions made by allowing the pile to
set for several days and then recording the driving behavior at the beginning of restrike (BOR).
The ME approach using EOD data appear to predict capacity well and a very small degree of
scatter. Statistics for the ME approach and the other methods are presented in Table 4 for both
EOD and BOR conditions.
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Figure 4. Predicted versus measured capacity from Paikowsky et al., 1994 (Long and
Maniaci, 2000)

Table 4. Statistical parameters for Q,/Qn values for all load test data from Paikowsky et
al., 1994. (Long and Maniaci, 2000)

Method Win p Oin
ME-EOD 0.04 1.03 0.309
ME-BOR 0.22 1.25 0.303

CAPWAP-EOD -0.31 0.73 0.398
CAPWAP-BOR -0.18 0.83 0.304
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This dataset provides insight into possible errors associated with the dynamic formulas
investigated previously. For example, a very similar formula to the EN formula was used for the
ME approach, but the correlations are improved. A possible reason for improved accuracy may
be because pile dynamic monitoring results in more reliable estimates for energy delivered to the
pile and the quake developed by the pile as compared to the rough estimates of hammer energy.
(Long and Maniaci, 2000). A detailed analysis and explanations are provided by Paikowsky et al.
(1994) and the aforementioned references (not detailed by Long and Maniaci, 2000).

2.2.3.3 Davidson and Townsend, 1996

The measured and predicted capacities reported by Davidson and Townsend, 1996, are plotted in
Figure 5, and statistical results are presented in Table 5. All the data presented are related to
concrete piles driven in Florida. The predicted capacities were obtained using PDA data and
analysis, CAPWAP analyses, and static method evaluation using SPT94. There are two estimates
of capacity using the PDA (the Case Method) and CAPWAP under both driving conditions,
EOD and BOR.
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Table 5. Statistical parameters for Q,/Qm values for all load test data from Davidson
and Townsend, 1996 (Long and Maniaci, 2000)

Method Win p Oin
PDA-EOD -0.171 0.84 0.298
PDA-BOR 0.070 1.07 0.266

CAPWAP-EOD -0.356 0.70 0.375
CAPWAP-BOR -0.052 0.95 0.317
SPT94 -0.626 0.53 0.734

2.2.3.4 Eslami, 1996

Eslami only considered methods that use results of cone penetration test to predict the static
capacity of piles. He investigated six methods and the graphical presentation of the predicted
versus measured capacities are provided in Figure 6. The statistical parameters for Q,/Qn values
are presented in Table 6. All methods provide a very narrow range and relatively small scatter
considering the static capacity prediction methods are very different from one method to another.
The predictions and the statistical parameters identify much better agreement between predicted
and measured capacity using cone methods than using other static methods such as the SPT94
method reported by Davidson et al. (1994).
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Table 6. Statistical parameters for Q,/Qn, values for data from Eslami, 1996 (Long and
Maniaci, 2000)

Cone Method Win u O
Schmertmann -0.058 0.944 0.443
DeRuiter 0.002 1.002 0.390
French -0.063 0.939 0.447
Meyerhof 0.230 1.258 0.391
Tumay 0.142 1.153 0.374
Elsami 0.180 1.197 0.276

2.2.3.5 FHWA Database

The Federal Highway Administration (FHWA) made available their database described by
Rausche et al. (1996). Out of 200 pile cases, only 123 presented enough information for Long’s
study (Long and Maniaci, 2000). It needs to be noted that there is a major overlap between the
120 cases presented by Paikowsky et al. (1994) (see section 3.1.2.4) and this database, not
identified or commented by Long and Maniaci (2000), who used the database presented by
Paikowsky et al. (1994).

The so-called FHWA database was used to compare capacity predictions using BOR results with
predictions using EOD results. Only load tests were included in which pile capacities could be
predicted for both EOD and BOR. For each method, the mean (n) and standard deviation (oy,) for
the ratio Q,/Qm (predicted capacity to measured capacity) along with the number of load tests
used to assess the statistics are presented in Table 7. It is observed that the mean (p) for BOR
conditions is greater than the mean () for EOD for all predictive methods. This result is due to
the increase in pile resistance with time. A greater pile resistance for BOR conditions results in a
prediction of a greater capacity than that at EOD condition. The standard deviation (oy,) for all
methods decrease for BOR conditions as expected, since Q,/Qn based on BOR conditions are
more representative of pile resistance at some time after driving and closer to the time in which
the static load test was conducted. The results show that the most empirical method (Gates)
exhibits the least change in oy, while the most rigorous method (CAPWAP) exhibits the greatest
change in oy,.
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Table 7. Statistical parameters for Q,/Qm for FHWA database (Long and Maniaci, 2000)

Method n n Gin

EN 123 2.60 6.75
- o Gates 123 0.53 0.410
S.59 WEAP 88 0.64 0.501
G54 ME 73 0.93 0.462
PDA 77 0.71 0.454

CAPWAP 75 0.58 0.591
N EN 116 4.62 0.514
> 2 Gates 116 0.72 | 0.392
ST WEAP 114 1.11 0.385
£8@ ME 92 1.41 0.363
§’ e PDA 85 091 | 0319
CAPWAP 112 0.86 0.269
Static Formula 112 1.15 0.556

*Note: All load tests are included in which a method
could be used to compute capacity.

The conclusions obtained by Long and Maniaci (2000) from the study are presented based on the
prediction method analyzed (See Figures 7 and 8 for the performance of the various methods).

a.

EN Formula. This method appears to over-predict capacity and exhibits poor precision.
The method requires calibration to address the issue of over-prediction. The precision of
the EN method is poor and is slightly improved when BOR conditions are used; however,
the improvement is not enough to make this a precise method for predicting dynamic pile
capacity.

Gates Formula. The Gates formula under-predicts capacity and exhibits good precision.
The method requires calibration to address the issue of under-prediction. The precision
for the Gates method is good — to — fair and the use of data from BOR conditions did not
improve the precision of the method.

WEAP. WEAP under-predicts capacity for EOD conditions and slightly over-predicts
capacity when using BOR. Precision was good when using BOR conditions, but only fair
when using EOD information. It appears that WEAP predictions benefits significantly
from using BOR data.

Measured Energy (ME) Method (Energy Approach). The ME approach predicts capacity
well for EOD conditions and over-predicts capacity when using data from BOR
conditions. Precision is good when using EOD and BOR information. It appears that
EOD results are preferred with the ME approach for predicting capacity

PDA Method. The PDA method (the Case Method) predicts capacity very well for BOR
conditions and with less precision for EOD conditions. There is a tendency to under-
predict capacity by 20-30 percent with EOD conditions. Precision is very good to good
when using BOR information and good to fair when using EOD results.
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f. CAPWAP. The CAPWAP method predicts capacity very well for BOR conditions and
with less precision for EOD conditions. There is a tendency to under-predict capacity by
20 — 30 percent with EOD results. Precision is very good to good when using BOR
information and good to poor when using EOD results.

g. Static Method. The static methods based on Cone Penetration Test results (CPT) exhibit
better accuracy and precision than the other pile static analyses methods. The CPT
analysis method proposed by Eslami, predicts capacity with very good precision, but
most of the other cone methods predict capacity with good to fair precision. The static
methods exhibit overall poor to very poor precision.

The investigation identified the modified Gates formula as a most efficient and economical
method to predict axial capacity of piles using EOD measurements. The CAPW AP method was
found to provide on the average more accurate results for predicting pile capacity using BOR
measurements.
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Conclusions

The purpose of the report prepared by Long and Maniaci (2000) was to evaluate the
effectiveness of the current practices of IDOT when predicting driven pile capacity. At
the time Long and Maniaci report was written, LRFD was being developed in different
States but was not yet adopted for practice by IDOT.

Long and Maniaci used different databases from the literature that did not match well the
pile types, soil characteristics, and driving conditions of the current practice in the State
of Illinois. These conditions are, by and large, similar to those found in Minnesota in the
way of driven steel piles though most piles driven in Illinois are H piles and not pipe
piles.

Several dynamic methods were analyzed to estimate their accuracy and validity, EN,
Gates, WEAP, PDA, EM, and CAPWAP. The first three methods estimate pile capacity
based on field observations of driving resistance, like hammer energy based on stroke,
pile type, soil type, and with this information develop a relationship between capacity and
driving resistance. The last three methods, required dynamic measurements of the
variation of force and velocity with respect to time during driving. The methods studied
by Long and Maniaci, utilized pile behavior at the end of driving (EOD) or beginning of
restrike (BOR).

Each of the databases utilized by Long and Maniaci used pile capacity (failure) based on
a different static load test interpretation method, which presents just a variation in the pile
capacity (typically 3.5 - 5%, see Paikowsky et al., 2004). The database presented by
Flaate (1964), and the one presented by Paikowsky et al. (1994), used Davisson’s failure
criteria to evaluate the pile’s capacity. Fragaszy (1988, 1989) used Q-D over 30 method
and Olson tangent intersection method.

The statistical analyses was conducted based on the relationship between predicted values
versus measured values (Q,/Qm), which are the inverse of the bias definition in reliability
and the one used by Paikowsky et al. (2004) to develop the LRFD parameters. This
approach indicates that for mean values above unity, the method is over-predicting
capacity and if it is under unity, the method under-predicts pile capacity. The distribution
was found to be log-normal.

Long and Maniaci (2000) analyzed the databases separately and together to identify the
effects using EOD versus BOR data for estimated capacity. The results are presented
graphically and statistically. No relationships were investigated regarding soil conditions
and restrike effects.

Long and Maniaci (2000) report suggests that the Gates formula is an efficient and
economical method to predict axial capacity of piles using EOD measurements in
comparison to the EN formula, and the CAPWAP method provides on the average more
accurate results for predicting pile capacity using BOR measurements. The ME (Energy
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Approach) was found most effective in providing pile capacity in the field based on
dynamic measurements during driving.

2.3 Hlinois Department of Transportation — Long et al. (2009a)

2.3.1 Overview

The research objective was the improvement of the design and construction practices for deep
foundations in the state of Illinois.

The specific research goals were:

1. Improve the relationship between the design pile capacity and the one obtained in the
field based on driving behavior.

2. Improve the agreement between estimated pile lengths and driven pile lengths.

3. Improve the selection method to determine pile capacity based on the soil properties
behavior.

4. Select a combination of dynamic and static pile driving formulae In order to obtain the
most efficient pile design.

Several static and dynamic methods were investigated during this research:

a. Static Methods: IDOT-Static, Olson’s Method, DRIVEN (FHWA), ICP, K-IDOT
b. Dynamic Methods: EN-IDOT, FHWA-Gates, WSDOT, WEAP, UI-FHWA

No single database was found to be sufficient to satisfy all aforementioned four goals; therefore
three databases were compiled to conduct the study. The International Database, the
Comprehensive Database, and the Illinois Database.

The following sections summarize each of the databases analyzed by Long at al. (2009a), and
presents tables summarizing the statistical results and the best agreement between dynamic and
static methods.

2.3.2 International Database

The International database comprised of the following information:

e 132 pile load tests

e static load tests included

e EOD conditions

¢ Enough information to allow the prediction of pile capacity using a simple dynamic
formula.
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The information obtained with this database was sufficient to allow the development of the
resistance factors for dynamic formulae, also for the development of an optimized method to
improve the agreement between design and field values.

This database compiles the data from several smaller load test databases. The databases include
those developed by Flaate (1964), Olson and Flaate (1967), Fragaszy et al. (1988), FHWA
(Rausche et al., 1996), Allen (2007), and Paikowsky et al. (2004). A total of 132 load tests were
collected for this database. Sufficient information is available for each pile so that the pile
capacity based on any of the dynamic formulae evaluated can be determined. Sufficient
information is not available so that the pile capacity can be estimated based on static methods.
The results of a static load test are available for each pile.

Based on the piles in the International Database, the FHWA-UI formula predicts capacity with
the most accuracy and precision. This formula is followed by the WSDOT, then FHW A-Gates
formulae in degree of accuracy and precision, see Figure 9 and Table 8 presenting and
summarizing the obtained results. Based on the analysis of the data, Long et al. (2009a), group
the FHWA-Gates, FHWA-UI, and WSDOT formulae into one category of prediction that
performs fairly well and group WEAP and the EN-IDOT formula into a category of capacity
prediction that does not perform as well.

Table 8. International database selected dynamic/SLT statistics for all piles (Long et al.,

2009a)
WSDOT FHWA- FHWA-UI
Gates

Mean 1.14 1.22 1.02

v Std. Dev. 0.51 0.59 0.41
SLT cozv 0.45 0.49 0.41
r 0.35 0.31 0.42

n 132 132 132
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Figure 9. International database selected predictions of dynamic equations vs. SLT
dynamic (Long et al. 2009a)

2.3.3 Comprehensive Database

2.3.3.1 Extent and Data
The Comprehensive database comprised of the following information:

e 26 piles
e FEOD conditions

The Comprehensive Database is comprised of 26 piles gathered to include sufficient information
for pile capacity estimations using all of the dynamic formulae and static capacity methods
evaluated in the study as well as the results of a static load test conducted to failure. This
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database allowed the prediction of pile capacity using both static and dynamic formulae based on
EOD conditions. This was the only database that allowed the determination of resistance factors
for static methods.

The resistance factors developed with this database can only be considered as tentative, or as an
independent source to confirm or reject conclusions obtained with the other two databases.

2.3.3.2 Analysis of dynamic Formulae

Each of the dynamic formulae presented by Long et al. (2009a) was analyzed and compared to
the SLT capacity data as shown in Figure 10. A clear trend does not appear for the ratio of
Dynamic over SLT capacities. Three of the methods seem to over-predict capacity for most piles.

An empirical correction was suggested to be applied to a group of dynamic formulae, so that the
average capacity ratio (Table 9) becomes one. It is much more difficult to reduce the COV of a
group of capacity predictions. Based on the COV of the average capacity ratios, the formulae can
be grouped into three sets. The first set includes the FHWA-Gates and the WSDOT formulae.
Their COV are very similar and the lowest of the dynamic formulae studied (about 0.3). The
second set is the FHWA-UI formulae and WEAP. The third set is the EN-IDOT formula with the
largest COV of all the methods analyzed (Table 9).

2.3.3.3 Analysis of the Static methods

One trend appears for all static methods. The average capacity ratio in sand tends to be larger
than the average capacity ratio in clay, while sometimes the difference is small. The K-IDOT
method displays a larger difference between the average capacity ratio in sand and clay. This is
to be expected, based on the K-IDOT assumptions. The K-IDOT method was developed with the
goal of improving agreement between methods, knowing that empirical corrections were
required to bring predicted and measured capacity into agreement.

The static methods analyzed using the Comprehensive Database fall into three groups based on
the COV. The first is the ICP method, presenting the lowest COV from all the methods. The
second group consists of the IDOT Static method, the Kinematic IDOT method, and Olson’s
method, showing a moderate amount of scatter. The third group consists of Driven, with a much
larger COV.

Based on the agreement between static methods and static load test results, the ICP, the IDOT
Static, the K-IDOT methods showed the most accurate value to predict capacity (Figure 10).
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Table 9. Comprehensive database dynamic and static methods vs. SLT statistics (Long et
al., 2009a)

FHWA- FHWA- IDOT- K-
WSDOT/SLT 5 teq/sLT UI/SLT S/SLT | ipoT/sLt | 'CPSLT

Mean 1.02 1.02 0.97 1.30 2.00 1.85
Std. Dev. 0.29 031 0.42 0.88 137 0.94
cov 0.29 031 0.43 0.67 0.68 0.51
P 0.52 0.73 0.52 0.36 0.42 0.55
n 26 23 23 26 26 26
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Figure 10. Comprehensive database selected dynamic and static methods vs. SLT (Long et

al 2009)
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2.3.3.4 Agreement between static methods and dynamic formulae

Some general trends appear when comparing the Dynamic vs. Static capacity predictions. For
piles in clay the general trend is for the dynamic formula to predict higher capacity than the static
method, with the exception of the WSDOT/ICP data (Figure 11). In sand, the K-IDOT and ICP
methods predict higher capacities than the dynamic formulae. The IDOT static method does the
opposite, predicting a smaller capacity in sand than dynamic formulae. In pipe piles, the dynamic
formula will generally predict a higher capacity than the IDOT-S and K-IDOT methods. The
opposite occurs with the ICP method, it predicts a higher capacity than the dynamic formulae. In
H piles, the K-IDOT and ICP methods tend to predict higher capacity than the dynamic
formulae. The dynamic formulae tend to predict higher capacities overall when compared to the
static analyses. The dynamic formulae tend to predict higher capacities in H-piles than the
IDOT-S method.
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Figure 11. FHWA-Gates vs. static methods (Long et al., 2009a)
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The dynamic/static analyses provide information only for the agreement between a dynamic and
static method; they do not indicate how accurately either method predicts the actual pile
capacity. A considerable amount of scatter can be seen in all the Dynamic/Static analyses. This
indicates it would not be uncommon for any single pile to produce capacity ratios appreciably
different than the average capacity ratios (Long et al. 2009a).

Based on the comprehensive database, the WSDOT and the FHW A-Gates formulae were found
to be the most precise dynamic formulae, while the EN-IDOT formula is the least precise.
WEAP and the FHWA-UI formulae have intermediate precisions between the two above
categories.

Table 10 presents the statistical analysis for the relationship between a dynamic method and a
static method. Note that the good agreement between any two methods does not indicate that
either of the methods accurately predicts the capacity of a pile, but rather indicates that the
compared methods agree well with each other.

The ICP method appears to offer the best agreement with dynamic formulae (Table 10). The
WSDOT, FHWA-Gates, and FHWA-UI/Static average capacity ratios display the lowest COV
with the ICP method, followed by the IDOT Static method, and then the K-IDOT method. The
lowest COV was displayed by the WSDOT formulae, combined with the IDOT, K-IDOT, and
ICP methods.

Based on the comprehensive database, the WSDOT and the FHW A-Gates formulae were found
to be the most precise dynamic formulae, while the EN-IDOT formula is the least precise.
WEAP and the FHWA-UI formulae have intermediate precisions between the two above
categories.

Table 10. Dynamic vs. static method statistics (Long et al., 2009a)

| WSDOT  FHWA-Gates FHWA-UI
Mean 1.16 1.11 1.12
Std. Dev. 0.86 0.88 0.97
vs. IDOT Static cov 0.74 0.80 0.87
1’ 0.37 0.29 0.29
n 26 23 23
Mean 0.79 0.74 0.77
vs. Kinematic Std. Dev. 0.66 0.64 0.81
\DOT cozv 0.84 0.87 1.05
r 0.27 0.30 0.18
n 26 23 23
Mean 0.72 0.69 0.75
Std. Dev. 0.46 0.47 0.58
vs. ICP cov 0.63 0.67 0.81
1’ 0.47 0.41 0.38
n 26 23 23
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The ICP method is the most precise static method, while Driven is the least precise static
method. The IDOT, K-IDOT, and Olson’s Methods have intermediate precisions between the
two presented above. For the Dynamic/Static data, the ICP method and the WSDOT formula
offer the best agreement. The Comprehensive Database is considered an important check on the
results of the other two databases as it is the only database for which capacity predictions can be
made using every prediction method considered in Long et al. (2009a) study and these
predictions could be compared to static load test results.

2.3.4 llinois Database

2.3.4.1 Extent and Data

e 92 pile cases
e No static load test were performed on these pile cases

This database provided sufficient information to predict capacity using both, dynamic and static
formulae. It was used to quantify relations between predictions of capacity using static and
dynamic formulae, as well as to develop methods of improving the agreement between the two
prediction methods. This database was broken into the following categories (refer to the sub-
categorization in Figure 12):

e H piles in sand
e Hpilesin clay
e Pipe piles in sand
e Pipe piles in clay

The Illinois Database consists of pile information provided by IDOT. Ninety-two (92) piles are
included in the database and the number of cases split fairly evenly between the different
categories, namely; H-piles in sand, H-piles in clay, pipe piles in sand, and pipe piles in clay.
Sufficient information is available to predict the capacity of a pile based on all static and
dynamic methods considered. Static load tests were not conducted on any of the piles.

2.3.4.2 Statistical Analysis

Statistical analyses were performed on each of the database subcategories. Ratios of the capacity
of each method were calculated by Q,1/Qp2, where Q1 and Q,; are the predicted capacities for a
given pile using two different methods. The mean, standard deviation, coefficient of variation
and correlation coefficient were calculated for each set of ratios and are summarized in Table 11
to 19.
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Figure 12. Dynamic vs. static capacities for the Illinois Database (Long et al., 2009a)

The Illinois database offered information that was very useful as it consists of data gathered only
from the state of Illinois; however static load tests were not performed on any of the piles. As
such, no firm conclusions can be drawn about the accuracy of any given method. Instead,
conclusions can be drawn about how well a given dynamic formula agrees with a given static
method. This information is useful, as a low COV between Dynamic/Static data indicates that the
length of pile estimated to be necessary using a static method will be similar to the length driven
using the correlated dynamic formula.

Based on this database, the IDOT static method, used in combination with either the FHWA-
Gates or WSDOT formula, will tend to offer the best agreement, for all the pile-driving
conditions presented above.
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Table 11. Capacity ratio statistics for all piles in the Illinois Table 12. Capacity ratio statistics for H-Piles in the Illinois

database database
WSDOT FHWA-Gates FHWA-UI WSDOT FHWA-Gates FHWA-UI
Mean: 1.20 1.40 1.28 Mean: 14 1.6 1.33
Std. Dev: | 0.60 0.70 074 Std. Dev: | 0.8 0.8 0.86
vs. IDOT Static COV: 0.50 0.50 0.58 vs. IDOT Static cov: 0.5 05 0.65
r 0.00 0.00 0.00 r’ 0.05 0.06 0.15
n: 92 92 g2 n: 46 46 46
Mean: 0.94 1.08 1.02 Mean: 0.80 0.91 0.76
Std. Dev: | 0.59 063 075 Std. Dev: | 0.55 058 057
vs. Kinematic IDOT | COV: 0.63 0.57 0.74 vs. Kinematic IDOT | COV: 068 0.63 0.75
r 0.01 003 003 r’ 0.05 0.07 016
n: 92 92 92 n: 46 46 46
Mean: 1.07 1.21 113 Mean: 1.09 1.24 1.04
Std. Dev: | 0.75 076 085 Std. Dev: | 0.91 0.97 093
vs. ICP cov- 0.70 063 075 vs. ICP COV: 0.84 0.78 0.90
r 0.01 0.02 001 r’: 0.01 0.01 0.07
n: a2 92 92 n: 46 46 46
Table 13. Capacity ratio statistics for Pipe-Piles in the Illinois Table 14. Capacity ratio statistics for piles in sand in the
database Illinois database

WSDOT  FHWA-Gates  FHWA-UI

WSDOT FHWA-Gates  FHWA-UI Vean: 09 1 162

Mean. 1 1.1 1.2 1.25 Std Dev. | 04 05 073

_ Std. Dev: | 0.5 0.5 0.67 vs. IDOT Static cov: 05 04 045

vs. IDOT Static .ZFN 0.4 ‘ o.g 0.53 Z 000 007 006
- géﬂb 3'6'0 3605 n 50 50 50

Mean' 109 123 125 Mean: 0.72 0.86 0.71

Std. Dev. | 057 | 054 0.67 std. Dev: | 049 0.53 0.52

vs. Kinematic IDOT | cov- 052 042 053 vs. Kinematic IDOT | COV: 0.67 0.62 0.74

- 0.06 0.10 0.05 r’: 0.05 0.08 0.00
n- 46 46 46 n: 50 50 50

Mean- 105 119 120 Mean: 0.85 1.01 0.82

Std. Dev- | 0.56 056 065 Std. Dev: | 0.64 0.72 0.64

vs. ICP COV: 053 047 055 vs. ICP COoV: 0.75 071 0.78
r 0.05 0.06 0.01 r’: 0.02 0.11 0.0
n: 46 46 46 n: 50 50 50

Adapted from Long et al., 2009a

33



Table 15. Capacity ratio statistics for piles in clay in the Table 16. Capacity ratio statistics for H-Piles in the Illinois
Illinois database database

WSDOT__FHWA-Gates  FHWA-UI WSDOT FHWA-Gates FHWA-UI

Mean. | 1.5 17 162 Mean- 09 11 082
| Std. Dev: |07 0.7 073 s Do oz G S
vs. IDOT Static COV. 05 04 0.45 vs. IDOT Static CoV: 05 05 0.55
L 0.00 0.00 0.06 r2: 0.00 0.00 0.00
n. 20 50 20 n 21 21 21
Mean | 111 124 1.26 Mean- 051 062 0.45
Std. Dev: | 0.51 0.55 0.66
vs. Kinematic IDOT | COV- 0.46 044 052 Std Dev. | 0.32 0.37 0.30
2 007 014 0.05 vs. Kinematic IDOT CZOV: 0.62 0.59 0.66
n 50 50 50 r: 2'100 3'101 2;10"
n:
Mean: - ! '2.4 1.36 1.3 Mean: 075 0.90 0.64
Std. Dev: | 0.66 0.68 0.70 s Dev 1083 070 32
vs. ICP CoV: 053 0.50 0.52 = TPV L : '
2 0.01 005 0.02 vs.1CP cov: g'ﬁi g'gg g'gi
r: U i i
L 20 20 =0 n 21 21 21
Table 17. Capacity ratio statistics for H-Piles in clay in the Table 18. Capacity ratio statistics for H-Piles in the Illinois
Illinois database database
WSDOT FHWA-Gates FHWA-UI WSDOT FHWA-Gates FHWA-UI
Mean: 1.7 2.0 1.72 Mean: 0.9 1.1 0.94
Std. Dev: | 0.8 0.8 0.64 Std. Dev: |04 0.4 0.39
vs. IDOT Static cov: 0.4 0.4 0.37 vs. IDOT Static Cov: 0.5 0.4 042
r 0.00 0.00 0.00 r 0.14 0.18 018
n: 25 25 25 n: 21 21 21
Mean: 1.00 1.13 0.99 Mean: 0.91 1.09 0.94
Std. Dev: | 0.43 0.46 0.43 Std. Dev: | 0.45 0.43 0.39
vs. Kinematic IDOT COV: 0.43 0.41 0.43 vs. Kinematic IDOT COV: 0.50 0.39 0.42
¢ 0.00 0.02 0.02 r’: 0.14 0.18 0.18
n 25 25 25 n 21 21 21
Mean: 1.36 153 1.33 Mean: 0.93 113 0.99
Std. Dev: | 0.87 0.95 0.84 Std. Dev: | 0.58 0.67 0.60
vs. ICP COoVv: 0.65 0.62 0.63 vs. ICP cov: 0.62 0.59 061
r%: 0.00 0.00 0.00 r* 0.11 0.10 0.10
n: 25 25 25 n 21 21 21

Adapted from Long et al., 2009a
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Table 19. Capacity ratio statistics for Pipe Piles in clay in the Illinois database

WSDOT FHWA-Gates FHWA-UI

Mean: 1.2 1.3 1.52
Std. Dev: |05 0.5 0.79
vs. IDOT Static COV: 0.4 0.4 0.52
r: 0.04 0.10 0.10
n 25 25 25
Mean: 1.23 1.35 1.52
Std. Dev: 0.61 0.61 0.79
vs. Kinematic IDOT COV: 0.50 0.45 0.52
r’ 0.04 0.10 0.10
n: 25 25 25
Mean: 1.13 1.23 1.37
Std. Dev: 0.48 043 0.56
vs. ICP COV: 043 0.35 0.41
r’: 0.02 0.11 0.10
n: 25 25 25

The cumulative distribution of the FHW A-Gates/IDOT Static data is plotted in Figure 13. The y-
axis of the figure indicates the probability that the FHW A-Gates/IDOT Static capacity ratio will
be less than or equal to the capacity ratio on the x-axis. The solid line represents the theoretical
distribution for a log normal distribution data.

Probability (%)

03 04 05 0607080910 15 20 30 40 50
Q Q

FHWA-Gates” ~IDOT Static

L] OFHWA-Gatﬁ'"IQIDOT Static
—— Theoretical Distribution

Figure 13. Cumulative distribution of FHWA-Gates/IDOT static data, Illinois database
(Long et al., 2009a)
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2.3.5 Development of Correction Factors

2.3.5.1 Overview

Based upon the results of the analyses carried out on the above reviewed three databases,
methods were defined as most useful utilizing terms of actual accuracy and precision, and in the
agreement between static and dynamic methods. The IDOT Static, K-IDOT, and ICP methods
were found to be the most promising static methods, while the FHWA-Gates, FHWA-UI, and
WSDOT formulae were found to be the most promising dynamic methods. To further refine
these results, correction factors were applied to each static method. These correction factors are
based on pile type and soil type, and are unique to each method. Table 20 presents the proposed
correction factors for each Dynamic/Static combination. Based on these correction factors,
corrected statistics were determined for the Dynamic/Static data for both; the Illinois and the
Comprehensive Databases. The International Database was not analyzed due to insufficient
information to determine the pile capacity using static methods.

Table 20. Correction factors

Pipe, Clay | Pipe, Sand | H, Clay | H, Sand
WSDOT/ICP 1.067 0.730 1.277 0.353
FHWA-Gates/ICP 1.178 0.924 1.438 0.461
FHWA-UI/ICP 1.355 0.677 1.226 0.300
WSDOT/IDOT-S 1.174 0.758 1.500 0.724
FHWA-Gates/IDOT- 1.284 0.955 1.500 1.073
S
FHWA-UI/IDOT-S 1.500 0.711 1.500 0.500
WSDOT/K-IDOT 1.174 0.758 1.500 0.300
FHWA-Gates/K- 1.284 0.955 1.500 0.387
IDOT

FHWA-UI/K-IDOT 1.500 0.711 1.353 0.300

2.3.5.2 Corrected Illinois Database

Figure 14 and Table 21 present the corrected analyses for Illinois database using the above
correction factors with the range in average (for each group) between 1.09 to 1.22, indicating that
the correction factors brought the average capacity ratios to a value close to unity. For the
corrected Illinois database, the K-IDOT method appears to be the static method that best agrees
with the dynamic formulae, both with respect to the COV. All the dynamic formulae performed
well when analyzed using the K-IDOT method, the range in Dynamic/K-IDOT COV’s is only
0.06, while the range in value of the average capacity ratios is 0.02. Based on the presented sub-
categories, the H-piles in clay tend to over-predict capacity; generally the pipe piles show better
agreement between the dynamic and the static methods. The range in value of the average
capacity ratio for pipe piles in sand is closer to unity than that for pipe piles in clay.

In reviewing Figure 14 and Table 21, and the observations made by Long et al., 2009a, one must
emphasize the fact that the use of a correction factor alone in order to obtain a better bias is very

36



misleading. For example, all the graphs presented in Figure 14 show very large scatter (besides

being presented on an unreasonably large scale) that is associated with a coefficient of

determination r” of a very low value (see Table 21). This coefficient suggests practically no
correlation between the two values. Paikowsky et al. (1994) defined ranges of a coefficient of
determination for geotechnical data to be r* < 0.60 poor, 0.60 < r* < 0.80 moderate, and r* > 0.80
having a good correlation. The ‘corrected’ data presented in Table 21 shows 1 < 0.15 in spite of
average means smaller than 1.22, hence of very poor value. One should also note that the COV
of the averages reported in Table 21 is in the range of 0.43 to 0.53, again suggesting large scatter

as observed in Figure 14.
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Figure 14. Dynamic vs. corrected static capacities for the Corrected Illinois database (Long

et al., 2009a)
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Table 21. Statistics for dynamic vs. corrected static methods, corrected Illinois database
(Long et al., 2009a)

| WSDOT  FHWA-Gates  FHWA-UI
Mean 1.19 1.16 1.22
vs. Corrected Std. Dev. 0.62 0.54 0.67
IDOT Static C(gv 0.52 0.46 0.55
r 0.05 0.01 0.08
n 92 92 92
Mean 1.11 1.12 1.10
vs. Corrected Std. Dev. 0.54 0.48 0.53
Kinematic IDOT COzV 0.49 0.43 0.49
r 0.07 0.05 0.08
n 92 92 92
Mean 1.16 1.14 1.13
Std. Dev. 0.67 0.62 0.63
vs. Corrected ICP COV 0.58 0.55 0.56
P 0.09 0.11 0.15
n 92 92 92

2.3.5.3 Corrected Comprehensive Database

Predicted static capacities in the Comprehensive Database were corrected using the correction
factors determined for the Illinois database (Table 20). The statistical results for the
Comprehensive database are summarized in Table 22, and presented graphically in Figure 15.

The corrected K-IDOT method best agrees with the WSDOT and FHW A-Gates formulae. For
the sub-categories of the WSDOT/Corrected K-IDOT data, there appears to be little bias between
pipe piles and H-piles; however, there is a stronger tendency to over-predict capacity for pipe
piles. The degree of scatter is smaller for H-piles than Pipe-piles.

The sub-categories of the FHWA-Gates/Corrected K-IDOT data suggested that there is a
tendency to under-predict capacity for both H-piles and pipe-piles. There is a tendency to over-
predict capacity in clay with a higher degree of scatter.

For the statistical evaluation of these results, refer to the commentary provided in the previous
section, noting that the COV values in Table 22 range between 0.56 to 0.78 (1) and r* for all
cases is smaller than 0.37.
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Table 22. Statistics for dynamic vs. corrected static methods, comprehensive database
(Long et al., 2009a)

| WSDOT  FHWA-Gates FHWA-UI
Mean 1.20 0.94 1.17
c ted Std. Dev. 0.86 0.72 091
VS. Correcte
IDOT Static C(gV 0.71 0.77 0.78
r 0.37 0.29 -
n 26 23 23
Mean 1.09 0.90 0.96
vs. Corrected Std. Dev. 0.63 0.56 0.62
Kin;amatic IDOT COoV 0.58 0.62 0.65
r 0.27 0.30 -
n 26 23 23
Mean 0.94 0.78 0.84
Std. Dev. 0.60 0.53 0.56
vs. Corrected ICP COoV 0.64 0.67 0.66
r 0.00 0.00 -
n 26 23 23
1500 - AB00 oo e
1000 | m rrrrr 1000 e SRR S
s00 | - e - agd s00 u..
( °. N u : e «
COrreéted IDOT iStallc (Klpsi) Conected IDOT Statc {Kips) Carrected IDOT Static (kips)
§ 1000 | : R I é 3 % L e e
3 IR N B 2 WAr 2 .
2 500 |- - T R % s , o E 500 |- |
oA < " ] A
’ Corrlected K—IDIOT (kips) I Corrécled KfID(IIT (kips) e Corrected K1DOT (kips) ‘
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) o E.S L&T_e_hmwmm A m'o . o €L._.:. a
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»  H-Pile in Clay

Pipe Pile in Sand
Pipe Pile in Clay
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Corrected ICP (kips)

Figure 15. Dynamic vs. corrected static capacities for the comprehensive database (Long et

al., 2009a)
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2.3.5.4 Recommended Methods

Table 23 summarizes the best agreement between the different methods of pile capacity analysis

and the databases utilized. Based on their research, Long et al. (2009a) proposed that the
WSDOT formula replaces the FHWA Gates formula as the standard method of design,
construction and verification for pile capacity, and the Modified IDOT static method shall be

used to develop the Structure Geotechnical Report (SGR) pile design tables. The equation to be

used, therefore, is:

Where Ff is provided in Table 24.

Ry, = 6.6F,;WHIn(10N)

Table 23. Databases best agreement methods summary

DYNAMIC METHOD

STATIC METHOD

UI-FHWA,WSDOT,FHWA-

International Database GATES K-IDOT
. WSDOT,FHWA-GATES,UI-
Comprehensive Database FHWA *K-IDOT

H-PILES IN SAND: H-PILES IN SAND:
e FHWA-GATES e IDOT

H-PILES IN CLAY: H-PILES IN CLAY:
e UI-FHWA e IDOT

ALL H-PILES: ALL H-PILES:
e FHWA-GATES e IDOT

PP IN SAND: PP IN SAND:
e FHWA-GATES e IDOT

PP IN CLAY: PP IN CLAY:

lllinois Database e FHWA-GATES e Driven

ALL PP: ALL PP:
e WSDOT e Driven

ALL PILES IN SAND: ALL PILES IN SAND:
e FHWA-GATES e IDOT

ALL PILES IN CLAY: ALL PILES IN CLAY:
e FHWA-GATES e K-IDOT

ALL PILES: ALL PILES:
e FHWA-GATES e [IDOT

*The corrected K-IDOT provided the best agreement with the prediction of capacity from

dynamic formula and static load tests.

©)

Table 24. Parameter F; to be used in Equation 9 for hammer and pile type combinations

Fegf STEEL TIMBER CONCRETE | REDUNDANT
Air/Steam 0.55 0.55 0.55 0.55
Open-ended Diesel 0.47 0.37 0.37 0.55
Close-ended Diesel 0.35 0.35 0.35 0.55
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The use of the corrected K-IDOT (Equation 10), method is recommended for a static analysis
with the correction factors presented in Table 25:

Qtotal = Qsand * Factor(pile type) + chay * Factor(pile type) (10)

Table 25. Correction factors for Equation 10

PILETYPE SAND CLAY
H-PILE 0.30 1.5
PIPE-PILE 0.758 1.174

The corrected K-IDOT method requires two calculations of static pile capacity, one capacity is
calculated as if the soil/pile failure occurs at the contact between the soil and the pile, and end
bearing is developed only for the steel area. A second capacity is calculated as if failure occurs
along an enclosed box around the pile perimeter, and end bearing is developed for the whole
enclosed area. The smaller of the two capacities is used.

2.3.6

Resistance Factors and Reliability

Load and Resistance Factor Design became the required design methodology for bridge
foundations. Two procedures for determining resistance factors follow those outlined by
Paikowsky et al. (2004) in NCHRP Research Report 507 and are identified as; a) the first order
second moment method (FOSM), and b) the first order reliability method (FORM).

a.

First Order Second Moment (FOSM)

The FOSM can be used to determine the resistance factor using the following expression
proposed by Barker et al. (1991):

XR(’YDQD +YLJ\/|:(1+COVQZD +COVC§L )}

Q, (1+covg)

=75 an
(QQD g, jexp{BT Jnl(1+covg Ji+covg +cove Ik
L

AR = resistance bias factor COVz = COV of the resistance
COVQL = COV of the live load COVQD = COV of the dead load

T = target reliability index ¥p, YL = dead and live load factors
Qp/Qr = dead to live load ratio Aop ,Aqr = dead & live load bias
factors

41



Using values adopted by AASHTO based on NCHRP Research Report 507, the
following values were used from parameters in Equation 11:

Ar = mean value of Qp/Qy as determined from database study
COVqgp =0.1

COVqrL=0.2

COVg = COV as determined from database study

B = target reliability index (generally between 2 and 3.2)
vp=1.25

yL=1.75

Qp/QL=2.0

Agp =1.05

Ao =1.15

The values for bias and the coefficient of variation for the resistance factors used in
Equation 11 are based on Qy/Qp; however, all the statistics determined in Long et al.
(2009a) report were presented for Qp/Qum. Long et al. (2009a) presented the converted
bias and COV values for Qum/Qp (as detailed in Table 26).

Using Equation 11 with the statistical parameters presented in Table 26, the resistance
factor was determined for several values of the Target Reliability Index (Br). The results
are shown in Figure 16.

NCHRP 507 recommends using a Target Reliability Index of 2.33 for driven piling when
used in groups of 5 or more piles. A Reliability Index of 3.0 is recommended for single
piles and groups containing 4 or less piles. Table 26 provides resistance factors for target
reliability values of 2.33 and 3.0 for each of the predictive methods.

Table 26. Statistical parameters and resistance factors for the predictive methods based on
Qm/Qp values using FOSM and FORM (Long et al. 2009)

Resistance Factor, ¢ | Resistance Factor, ¢
Predictive Method | Bias,A | COV Using FOSM Using FORM
Br=2.33 | pr=3.00 | pr=2.33 | Br=3.00
FHWA 1.02 0.485 0.37 0.27 0.40 0.30
FHWA-UI 1.15 0.405 0.50 0.37 0.55 0.42
WSDOT 1.05 0.451 0.42 0.30 0.45 0.34
S-IDOT 1.11 0.666 0.28 0.18 0.29 0.19
Corrected S-IDOT 0.97 0.650 0.25 0.16 0.26 0.18
Corrected K-IDOT 1.09 0.525 0.37 0.26 0.40 0.28
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Figure 16. Resistance factors vs. reliability index for different predictive methods using
FOSM (Long et al., 2009a)

b. First Order Reliability Method (FORM)

The resistance factors evaluation via FORM provide a more accurate estimate when
multiple variables are included, and the variables are not normally distributed, which is
the case for the load and resistance values for pile design. Long et al. (2009a) presented
the same information regarding the FORM as it is presented in the NCHRP 507 Report
(Paikowsky et al., 2004). The resistance factors obtained using FORM are also presented
in Table 26. Figure 17 provides a graphical representation of the results.

In that regard, it should be commented that while Long et al. (2009a) use the FORM
procedures presented by Paikowsky et al. (2004), all current developments of resistance
factors is performed based on Monte Carlo (MC) simulations and FORM is very rarely
used. Current analyses (e.g. Paikowsky et al., 2010) or Phase I of the MnDOT study, all
utilized the MC simulation for accurate evaluation of the resistance factors.
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Figure 17. Resistance factors vs. reliability index for different predictive methods using
FORM (Long et al., 2009a)

2.3.7 Summary and Comparison of Results to Phase I of the Mn Study (Paikowsky et al.,
2009)

The report presented by Long et al. (2009a), follows the same statistical approach presented by
Long and Maniaci, 2000. In these statistical analyses and correlation developments, the bias was
defined as the ratio of calculated to measured value opposite to its traditional definition of the
measured value over the calculated value (i.e. capacity). As such, a comparison for all the
statistical details is difficult (note the reverse of the mean of the bias used by Long et al. is not
the true mean’s bias, neither are the other statistical parameters). Long et al. (2009a) presented
only a summary table of the reversed (correct) bias ratio (see Table 26) and the cases, therefore,
cannot be examined one for one. Long et al. (2009a) study includes the data developed by
Paikowsky et al. (2004), which only partially addresses the Mn needs as discussed in Phase I of
the study. More so, most of Long and Maniaci (2000) and Long et al., 2009a,b, publications do
not include in the presentation of the results (either in the graphs or the tables) the exact number
of cases associated with each analysis.

The statistical analysis and results For the International Database and the Comprehensive
Database categorized by pile type and presented by Long et al. (2009a) and Paikowsky et al.
(2009) are presented in Table 27.

Analyzing the data presented by Long et al. (2009a) allowed to identify several cases that were
excluded by Long et al. (2009a). The reason for this exclusion of the extreme unsafe cases is not
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clear and some possible investigation follows. Excluding these cases decreases the mean bias
significantly, and therefore the resistant factors changed accordingly.

In order to allow for valid comparison, the data of Paikowsky et al. (2009) was reversed to
present the bias ratio used by Long et al. (2009a). Table 28 shows the statistical analysis
presented by Long et al. (2009a) and the statistical analysis presented by Paikowsky et al. (2009).
The results were found to be very different to the ones presented in the report by Long et al.,
however, the observed trend follows that presented by Long et al., the pipe-piles data show a
larger mean, standard deviation, and COV.

Detailed evaluation of the extreme cases was conducted and details are presented in Chapter 5.
Following the exclusions of the cases presented in Chapter 5, from Paikowsky et al. database, the
mean, standard deviation, and COV, values are very close to the ones presented by Long et al.
(2009a), (Table 28), for the H piles and still show larger bias (though similar COV) for the pipe
piles. In order to allow for valid comparison, the data of Paikowsky et al. (2009) was reversed to
present the ratio used by Long et al. (2009a).

The analysis results presented in Table 28 explains that omitting the extreme dangerous cases
(over-prediction) by Long et al. (2009a) changed the bias of the prediction. It should be noted
that as Long et al. had used a reversed ratio (calculated over measured), a ratio greater than 1.0 is
over-prediction and is on the unsafe side (opposite to the traditional ratio smaller than 1.0). The
elimination of those cases i1s most dangerous when developing resistance factors for LRFD
analysis as the calculated resistance factors are matched to a distribution, which is not based on
the existence of those cases, hence its COV and mean bias are smaller and as a result the
calculated RF is higher. These cases need further evaluation of case by case and any elimination
of such cases must be factually and rationally justified (if possible).
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Table 27. Long et al. (2009a) vs. Paikowsky et al. (2009) statistical results

PILE TYPE
H-PILES PIPE-PILES
Long et., al. Paikowsky at., al. Long et., al. Paikowsky at., al.
Method Database n Mean)| S.D.L. | COV A n Mean)| S.D.A | COV A n Mean)| S.D.. | COV A n Mean)| S.D.A | COV A
International 52 1.390 0.390 80 1.090 0.500
FHWA-GATES Comprehensive 14 0.990 0.350 125 0.8129 0.3232 0.3976 9 1.070 0.220 99 0.878 0.549 0.6255
Tllinois NO SLT AVAILABLE NO SLT AVAILABLE
International 52 1.210 0.380 80 1.120 0.500
WSDOT Comprehensive 15 0.910 0.290 125 0.8738 0.329 0.3765 11 1.160 0.260 0.220 99 0.816 0.4925 0.6038
Tllinois NO SLT AVAILABLE NO SLT AVAILABLE
Table 28. Long et al. (2009a), vs. Paikowsky et al. (2009) statistical results regarding the bias definition and
extreme cases excluded
PILE TYPE
H-PILES PIPE-PILES
Long et., al. Paikowsky at., al. Long et., al. Paikowsky at., al.
Method Database n Meanl| S.D.A | COV A n Meanl| S.D.A | COV L n Meanl| S.D.A | COV A n Meank| S.D.A | COV L
International 52 1390 | 0.550 | 0.390 30 1.090 | 0.540 | 0.500
FHWA-GATES Comprehensive 14 0.990 0.350 0.350 122 1.3575 0.4230 0.3116 9 1.070 0.240 0.220 95 1.3860 0.6210 0.4480
Illinois NO SLT AVAILABLE NO SLT AVAILABLE
International 52 1.210 0.460 0.380 80 1.120 0.560 0.500
WSDOT Comprehensive 15 0.910 0.260 0.290 122 1.2615 0.4180 0.3314 11 1.160 0.260 0.220 95 1.4570 0.5740 0.3940
Illinois NO SLT AVAILABLE NO SLT AVAILABLE
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2.4 Report Submitted to the State of Wisconsin Department of Transportation —
Long et al., 2009b

2.4.1 Overview

The Wisconsin Department of Transportation (WisDOT) evaluated driven pile capacity in the
field using the Engineering News Record (EN or ENR) equation. The study by Long et al.
(2009b) was conducted to assess the accuracy and precision with which four methods can predict
axial pile capacity and also to evaluate the impact of the transition into LRFD. Overall, it was a
sub-study to that conducted for the Illinois Department of Transportation and utilizing the same
databases as previously described in section 3.2, related to Long et al. (2009a).

The methods studied under this investigation were the Engineering News formula, the FHWA-
Gates formula, the Pile Driving Analyzer, and the method developed by Washington State DOT
(Allen, 2005). Additional analysis was conducted in order to improve the performance of the
FHWA-Gates equation. The application of the equation was restricted to piles with axial capacity
less than 750 kips, and to adjustment factors based on the pile type, the hammer, and the soil
conditions.

2.4.2 Databases

Two databases were put together in order to conduct this investigation, the data included static
and dynamic load tests.

The first database included those developed by Flaate (1964), Olson and Flaate (1967), Fragaszy
et al. (1988), by the FHWA (Rausche et al., 1996), by Allen (2007) (which utilized the data of
Paikowsky et al., 1994), and Paikowsky et al. (2004). A total of 156 load tests were collected for
this database. Only steel H-piles, pipe piles, and metal shell piles were used in this database.

The second database contains records for 316 piles driven only in Wisconsin. Only a few cases
contained static load tests and several cases included CAPWAP analyses conducted on re-strikes.
The limited number of static load tests and CAPW AP analyses for piles with axial capacities less
than 750kips were not enough to develop correction factors for the corrected-FHWA Gates.
However, predicted and measured capacities for these cases were in good agreement with the
results from the first database.

2.4.3 Summary of Findings

The ratio of predicted capacity (Qp) to measured capacity (Qmn) was used as the measure for
quantifying how well or poorly a predictive method performs. Statistics for each of the predictive
methods were used to quantify the accuracy and precision for several pile driving formulas. In
addition to assessing the accuracy of existing methods, modifications were developed for the
FHW A-Gates method to improve its predictions.
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The results of the investigation recommended that a “corrected” FHW A-Gates or the WSDOT
formulas should be used to predict axial pile capacity.

The FHW A-Gates method tended to over-predict at low capacities and under-predict at
capacities greater than 750 kips. Additionally, the performance was also investigated for
assessing the effect of different pile types, pile hammers, and soil types.

All these factors were combined to develop a “corrected” FHWA Gates method. The corrected
FHWA Gates applies adjustment factors to the FHW A-Gates method as follows:

Corrected Gates Pile Capacity = (FHWA-Gates Capacity)*FO0*FH*FS*FP (12)
Where:

1) FO —an overall correction factor, = 0.94

2) FH - a correction factor to account for the hammer used to drive the pile,
FH = 1.00 Open-ended diesel (OED)
FH = 0.84 Closed- end diesel (CED)
FH = 1.16 Air/Steam - single acting
FH = 1.01 Air/Steam - double acting
FH = 1.00 Hydraulic (truly unknown)

3) FS - acorrection factor to account for the soil surrounding the pile,
FS =1.00 Mixed soil profile
FS = 0.87 Sand soil profile
FS =1.20 Clay soil profile

4) FP - a correction factor to account for the type of pile being driven.
FP = 1.00 Closed-end pipe (CEP)
FP = 1.02 Open-end pipe (OEP)
FP = 0.80 H-pile (HP)

A summary of the statistics (for Q,/Qm) associated with each of the methods is provided in Table
29.

Table 29. Statistical parameters developed by Long et al., 2009b

Method Mean | COV

Wisc-EN 0.43 0.47

WSDOT 1.11 0.39

FHWA-Gates 1.13 0.42

PDA 0.73 0.40

FHWA-Gates for all piles <750 kips 1.20 0.40
“corrected” FHW A-Gates for piles <750 kips 1.02 0.36

The corrected FHW A-Gates method predicts axial pile capacity with the greatest degree of
precision; however, the method is restricted for piles with axial capacity less than 750 kips. The
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method results in a mean value of 1.02 and a COV equal to 0.36 which is the smallest COV for
all the methods investigated.

The WSDOT method exhibited a slight tendency to over-predict capacity and exhibited the
greatest precision (lowest COV) for all the method except the corrected FHW A-Gates.

Resistance factors were determined for each of the methods for reliability index values (BT)
equal to 2.33 and 3.0 (given in Tables 6.1 and 6.2 in the report) for the First Order Second
Moment (FOSM) method and for the First Order Reliability Method (FORM), respectively.
Using a target reliability index of 2.33 and FORM result in the following values for resistance
factors for the different methods:

Table 30. Summary of resistance factors developed using FORM and at a target reliability
(Br = 2.33) (Long et al., 2009b)

Method Resistance Factor
EN-Wisc 0.90
FHWA-Gates 0.42
PDA 0.64
WSDOT 0.46
Corrected FHWA-Gates 0.54

A more detailed investigation was carried out on the better performing three methods (UI-Gates,
WSDOT, and FHWA-Gates). The cumulative distribution for the ratio Q,/Qn, was found to be
approximately log-normal; however, a fit to the extremal data resulted in a more accurate
representation for portion of the distribution that affects the determination of the resistance factor
fitting to the extremal data results in greater resistance factors. Employing FORM at a target
reliability index of 2.33 results in the resistance factors detailed in Table 31.

Table 31. Summary of resistance factors using FORM and B+ = 2.33, based on distributions
matching the extreme cases (Long et al., 2009b)

Method Resistance Factor
FHWA-Gates 0.47
WSDOT 0.55
Corrected FHWA-Gates 0.61

2.4.4 Conclusions and Comment

Long et al. (2009b) commented that following the completion of their investigation, the impact
of moving from current foundation design into LRFD, will increase the required capacity by
about 50 percent; however if the “corrected” FHW A-Gates method or the WSDOT method were
to be adopted by the WisDOT, the increment of the required foundation capacity would increase
by less than 15%.
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It should be noted that the procedures used by Long et al. (2009b) arriving to the above
conclusions, suffer from the major drawbacks detailed below and should not be relied on without
a further evaluation.

a) The corrected FHWA Gates equation is a correction of a correction, and hence, raises the
question of independent development to answer the deficiencies rather than to correct a
correction.

b) The database for which the “new” corrected equation was applied to is the same database
for which the methods were examined to begin with; hence, there is a need for a control
(independent) database to examine the results.

¢) The manipulation in which the distribution is matched to the extreme cases is a procedure
“adapted” by Allen (2005) and is discouraged. This method in which the “tail wags the
dog”, i.e. the distribution that matches all the cases is adjusted by the extreme tail of the
data. A procedure that should not be implemented easily if at all.

2.5 Gates Formulae

251 Gates (1957)

Gates (1957) presents the development of an empirical formula that aimed at predicting the
bearing capacity of driven piles. Gates’ publication presents only the developed equation and
does not provide the details of the data used for the development. Gates states that 100 pile load-
test results were analyzed for the correlation, including the following hammer types:

e 15 drop hammers,
e 7 single acting hammers,
e 5 double-acting hammers.

The gross hammer energies varied from 4,550 to 52,000 ft-lb. The pile set ranged from 0.000 in
to 4.4 in. The distribution of pile types was as follows:

e Steel, 73;

e Timber, 38;

e Precast concrete, 11;

e Thin-shell cast in place, 4;
e Pipe, 3;

e Composite 1.

All the pile load-test results utilized were collected from existing literature and were not detailed
in Gates’ publication. The development of the empirical formula presented by Gates was based
on the Redtenbacher’s formula (no reference provided), which assumes that temporary
compression is a function of the resistance to penetration R, the first relationship established was:
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R ~+VE (13)
Where: E = net hammer energy.

The failure loads at failure for all piles driven with certain hammer were then plotted against the
logarithm of the set, S. The resulting curve was nearly a straight line; hence:

R ~logs (14)

Combining equations 12 and 13 and introducing a constant of equality, a, yields,

R = aVElogs (15)

Since the range of pile driving involves negative as well as positive values of log s, a second
constant, b, was introduced so that positive values of R will be obtained when s is equal to or less
than unity.
= —alogs+ b (16)
VE - 8

Gates then applied statistical methods and curve-fitting analysis, and found the relationship
between a and b. When introducing a theoretical factor of safety of 3, the final result was as:

B = 2VE(1 - logs) (17)

Where B = Safe load-carrying capacity of pile, in tons
E = Gross energy of pile-driving hammer, in ft-1b, times 75 percent for drop hammers
and 85 percent for all other hammers unless otherwise stated by manufacturer.
s = Set per blow, in inches

In order to facilitate the usage of Gates Formula, a unit conversion development is presented as
follow:

2 kips
B <tons * .

) =2 *;W/E(lb — ft)(1 —logs(in))

ons

B(kips) _ 2 (1kip — ft)) :
71000 =7JE(lb_ft)*1000(lb—ft) (1 —logs(in))

21000
B(kips) = >

JE(kip — ft)(1 —logs(in))

Excluding the Factor of Safety:
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B(kips) = w,/E(kip — ft)(1 —logs(in))

R, = 27.11,/E, x ex(1 —logs) (18)

Where R,, = Ultimate pile capacity, in kips
E, = Rated energy of hammer per blow, in kips-foot
e, = Hammer efficiency (0.75 for drop hammers, 0.85 for all others)

s = Final pile set per blow, in inches

After a probability analysis was conducted, Gates indicated that the proposed formula will yield
more consistently accurate determination of bearing capacity than even the most complex
“complete” rational type equation. Figure 18 presents the graphical solution provided by Gates
(1957) with the formula applied to nine popular pile-driving hammers of the time. The General
solution was also plotted, showing straight-line relation between S, permanent set per blow,

and given a factor of safety of 3, based on 130 load tests (note: both 100 and 130 tests are

L
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referred to in Gates, 1957). Ordinates in this graph are not related but abscissa is common to
both.
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Figure 18. Graphic solutions of formula (Gates, 1957)

Gates concluded that as long as the pile is capable of transmitting the applied load to the
supporting soil, it is of no significance of what material the pile is constructed. However, other
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aspects must be considered before specifying a pile type, that is, ability to withstand driving
conditions without damage, resistance to the elements , and of course economy.

Gates research was based on an analysis limited to correlating the load at failure to the net
energy of the pile-driving hammer and set per blow. Gates believed that even considering the

formula presented to be the most accurate offered at the time, it could be improved with

additional data and would be able to predict capacity within a maximum deviation of 20 percent,

regardless of driving conditions.

2.5.2 Evaluation of Gates (1957) Equation

Earlier large scale evaluations were presented by Paikowsky and Stenersen (2000) and
Paikowsky et al., (2004). Paikowsky et al., (2009) investigated the accuracy of the Gates 1957
equation as part of Phase I of this research. The analysis was broken down into four different

subset categories; predictions for all H-piles with 135 cases, predictions for H-Piles EOD

condition only with 125 cases, predictions for all Pipe-Piles with 128 cases, and predictions for
Pipe-Piles EOD conditions only with 102 cases. Table 32 presents a summary for the analyses
conducted by Paikowsky et al. (2009) as provided in Equation 18, noting that no factor of safety
is included in the analyzed equation.

The findings presented in Table 32 suggest that the original Gates (1957) formulation, under
predicts significantly the piles’ capacity when applied to more modern (and larger size)

hammers.

Table 32. Gates 1957 dynamic equation prediction for H and Pipe Piles (summary of
results from Paikowsky et al., 2009)

Pile No. of M:/?lewaSB;as Stan. | Coef. Of | Best Fit Line Coef. Of Resistance Factor ¢ Eﬁ.‘i”.*
Type/ Cases ’ Dev. Var. Equation | Determination| p=2.33, p=1%, Redundant ciency
Conditions | () Cale. | ) | (covy) | (least sq) (r?) Factor
(my) A A FOSM | MC® | Recom (%)
H-Piles 135 1.447 |0.521| 0.360 [R,=0.612*R, 0.88 0.697 8;3} 0.75 51.8
H-Piles
EOD 125 1.430 ]0.506| 0.354 |R,=0.625*R; 0.90 0.698 | 0.782 | 0.75 52.5
Pipe Piles | 128 1.495 |0.772| 0.516 |[R,=0.387*R, 0.91 0.514 | 0.558 | 0.55 36.8
Ppetlesl 102 | 1575 [0.831) 0528 [R~0STO'R{ 085 | 0527 | 0572 | 055 | 349

2.5.3 Modified Gates Equation (Olson and Flaate, 1967)

The original Gates Formula was modified in 1967 by Olson and Flaate, the modification offered
was developed based on the pile type, and statistical fit through the predicted versus measured
data. The data used by Olson and Flaate, was a collection from 116 load tests on timber, precast
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concrete, and steel piles driven into sandy soils previously reported by Flaate (1964). For review,
see sections 2.2.2.1 and 2.2.2.2 of this manuscript.

Attempts to apply dynamic pile-driving formulas to the piles used in these tests involved a
number of uncertainties, including the following:

The efficiencies of the various pile hammers were not reported. The values tabulated by
Chellis, (Pile Foundations, ond ed., McGraw-Hill Book Co., Inc., New York, N.Y., 1961,
pp- 28-33), were used in the study. The actual field values of e;, depend greatly on the
condition of the hammer at the time of driving and may differ significantly from the
values used in the analysis.

The cushion materials used on top of the piles were not usually specified. The cushion
exerts great influence on the shape of the load pulse applied to the pile and thus influence
the energy actually delivered to the pile.

Only about ten piles were driven entirely through cohesion-less soils. At many of the
sites the piles were driven through soft cohesive soils into underlying sands. In other
cases the sand was interstratified with clay, silt, and sometimes organic soil, or was
described as silty sand or clayey sand.

The capacities of most of the piles were reported without presenting the actual load-
settlement diagrams. It is believed that a scatter of perhaps 15% has resulted from use of
different failure criteria.

Based on recent field studies (Davidson and Townsend, 1996), it is believed that many of
the measured pile capacities are in error by 10% or more because of friction in hydraulic
loading jacks, and improper calibration of equipment.

Attempts to account for the various sources of error by adjusting the field data were not
considered possible because:

The adjustment procedures would be too complex for normal field use
Data were not available for making most of the corrections
Arbitrary choices involved in making such adjustments would introduce bias.

Olson and Flaate (1967) modifications are as follows:

R, = 1.11,/e * E,log(10N) — 34; Timber Piles (19)
R, = 1.39,/e = E,log(10N) — 54; Concrete Piles (20)
R, = 2.01,/e x E, log(10N) — 166; Steel Piles 21)

R, = 1.55,/e * E, log(10N) — 96; All Piles (22)
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Where: R,, = The ultimate pile capacity in kips
E, = Rated or observed energy in ft-1bs
N = Number of hammer blows per inch at final penetration in b/in.

To conclude, the study Olson and Flaate recommended that the modified equation must be used
to obtain more accurate predictions; however, it was suggested that more data is needed to
establish the formula parameters.

2.5.4 FHWA-Modified Gates Equation (USDOT, 1988)

The Federal Highway Administration (FHWA) modification refers to FHWA (1982). The
FHWA (1988) provided a generic driven pile specification manual, which contained state-of-the-
art procedures for proper construction control of piles and details the use of the recommended
equation.

For the dynamic pile capacity prediction it stated as follow, “the ultimate pile capacity will only
be determined by dynamic formula if either the contract documents contain a provision that
dynamic formula shall be used or the Engineer approves dynamic formula use. In such case piles
shall be driven to a length necessary to obtain the ultimate pile capacity according to the
following formula:”

R, = 1.75vElog(10N) — 100 (23)

Where: R,, = the ultimate pile capacity in kips
E = The manufacturers rated hammer energy (ft-1bs)
N = number of hammer blows per inch at final penetration in b/in.

The commentary of the same publication (p. 21 of 37) explains that “the dynamic formula shown
in this specification (referring to equation 23) is the Gates formula which has been revised to
reflect ultimate pile capacity. The formula shown in this specification already includes the 80
percent efficiency factor on the rated energy, E recommended by Gates™ (underline added). A
similar equation can be obtained by observing the equations for steel and concrete piles proposed
by Olson and Flaate as reviewed in section 2.2.2.2.

The publication explains that the formula was selected for its relative accuracy, consistency and
simplicity of use. However, the top priority for highway agencies should be to introduce a
change from dynamic formula to wave equation analysis.

2.5.5 Evaluation of FHWA Modified Gates Equation

Earlier large scale evaluations were presented by Paikowsky and Stenersen (2000) and
Paikowsky et al., (2004). Paikowsky et al., (2009) investigated the accuracy of the FHWA
Modified Gates equation as part of Phase I of this research. The analysis was broken down into
four different subset categories; predictions for all H-piles with 135 cases, predictions for H-Piles
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EOD condition only with 125 cases, predictions for all Pipe-Piles with 128 cases, and predictions

for Pipe-Piles EOD conditions only with 102 cases. Table 34 presents a summary for the

analyses conducted by Paikowsky et al. (2009) as provided in Equation 23, noting that no factor
of safety is included in the analyzed equation and the energy inserted is the nominal energy of
the hammer. Table 33 summarizes the results obtained by Paikowsky et al. (2009) for the FHWA
Modified Gates, similarly to the summary presented in Table 32 for the original Gates (1957)

equation.

The findings presented in Table 33 suggest that the FHWA modified Gates formulation, over
predicts the piles’ capacity when applied to the MnDOT database but at the same time provides
very reasonable coefficient of variation (COV) and excellent coefficient of determination (r°).

Table 33. FHWA (1988) Modified Gates dynamic equation prediction for H and Pipe Piles
(summary of results from Paikowsky et al., 2009)

Pile No. of M:/zlagaSB;as Stan. | Coef. Of | Best Fit Line Coef. Of Resistance Factor ¢ Eff'qt):/?gnc
Type/ Cases Calc. Dev. Var. Equation Determ;nation B=2.33, p=1%, Redundant F:icltory
Conditions | (n) (my) (on) | (COVY) (least sq) (r) Fosv | M T Recom (%)
H-Piles 135 0.818 [0.324| 0.396 | R;=1.168R; 0.88 0.365 8383 0.40 48.9
H}él())l]l)es 125 0.813 [0.323| 0.397 | R;=1.118R; 0.89 0.362 | 0.404 | 0.40 49.2
Pipe Piles | 128 0.838 [0.503| 0.600 | R;=1.132R; 0.85 0.240 | 0.256 | 0.25 29.8
P‘%eofgles 102 | 0891 [0.545| 0.612 | R,=1.078R,|  0.84 0.248 | 0256 | 025 | 28.0
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3 EVALUATION OF MNDOT BRIDGE OFFICE DATA

3.1 Overview

A database containing dynamic measurements and signal matching analyses was provided by
MnDOT. The database was compiled and provided by Messrs. Ben Borree and Derrick
Dasenbrock of the MnDOT Foundations unit. The database consists of accumulated PDA data
from various projects with supplemented DOT data (stroke, blow count, etc.), and was entered
into formatted spreadsheets provided by UML. The compiled database contains 126 pipe-pile
cases including hammer type and rated energies that match for the most part the MnDOT
practice as previously established. A copy of the database is presented in Appendix A. The
dataset did not include any static load test information and 50% of it was assessed to relate to
bridges within one square mile area of Minneapolis/St. Paul (Rowekamp, 2011). The evaluation
of the data was aimed at:

a) Examine typical energy transfer values as well as hammer performance regarding
observed strokes and ram weight.

b) Compare the performance of the signal matching analyses to various dynamic equations
including the newly developed MnDOT equation.

Following a review of the dataset and resolving of mismatch in some denoted hammer energies,
a set of equations for comparison was chosen and evaluations of the dynamic formulas
predictions vs. the signal matching analyses were carried out. This evaluation examines the
provided data and the associated dynamic predictions, leading to relevant observations, and
conclusions.

3.2 Data Review

Initial review suggested that some of the hammers rated energy listed in the provided database
does not match the manufacturers’ rated energy. The cases in question are presented in Table 34.
Appendix B presents the manufacturer’s specifications for the various relevant hammers.

Table 34. Hammers with different rated energy

Rated Energy | GRL WEAP Rated Energy from
Hammer Type Provided Database Manufacturer*
(Ib-ft) 08/28/09 (Ib-ft)
APE D30-42 91088 74,420 74,750
APE D19-42 42820 47,130 47,335
APE Holland D25-32 57880 62,010 58,248

*values used in modified analysis




3.3 Data Match

From the 126 cases listed, 95 include dynamic measurements that enable to calculate the rates of
energy transferred. Two sets of data are presented in Table 35, the first one named “Rated
Energy”, relates to the original hammer rated energy provided by MnDOT, and the second one
named “Modified Rated energy” includes the replacement of the energy provided with the
manufacturer’s nominal one listed in Table 34.

Table 35 shows that the mean energy transfer for diesel hammers on Pipe Piles in the database
for the Rated and the corrected were 49.8% and 51.5% respectively, compared to 39.8% for the
56 cases of diesel hammer on pipe piles, and 38.4% of GRL database for all diesel hammers on
steel piles as presented in Tables 3.17 and Figure 3.5, respectively, of our Phase I report
(Paikowsky et al., 2009). The standard deviations of the current MnDOT database are 10.1% and
10.9% compared to 13.6% and 9.8% of our original and GRL’s databases. The energy transfer
present a noticeable difference that suggests that the data presented in the MnDOT dynamic
measurements database for diesel hammer impact on pipe piles has about 10% higher rate of
transferred energy compared to the national database (GRL) and the load test database used for
the calibrations of Phase I research. This is a sizeable difference of about 25% higher energy
transfer performance. The source for such a difference is not clear, other than the observation
that most of the data relates to a small number of projects and possibly small number of actual
hammers used in all projects. This aspect requires further investigation in the future when more
data are available.

Table 35. Summary of driving data statistics for MNDOT database

Driving System Efficiency (PDA) Stroke Measurements

Pile Modified Rated Modified Rated
Type Rated Energy Energy Rated Energy Energy

n |Mean% |[S.D.% | n |Mean% |[S.D.% | n |[Mean% |[S.D.% | n |Mean% |S.D.%
Pipe |95 | 49.76 |10.11 | 95 51.47 | 11.06 | 126 | 76.35 |10.94 [126 | 78.11 10.91

A graphical representation of the driving system efficiency is presented in Figure 19 in the form
of cumulative distribution of the energy transfer ratio to the rated energy and a probability
distribution function for the ratio of measured over rated energy.
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Figure 19. Probability distribution and cumulative distribution function for energy
transfer when driving Pipe-Piles with diesel hammers in the MnDOT dynamic
measurements database (rated energy corrected)

The database included 126 stroke measurements, allowing the evaluation of the hammer
efficiency, i.e. the ratio between energy provided according to the hammer’s stroke to the
nominal energy according to the hammer’s manufacturer (again as reported by MnDOT and as
listed in Table 34). Energy manufactured by the hammer depends upon the setting of the fuel
pump as well as the driving resistance. Only full (highest) setting and high blow count would
allow the hammer to produce nominal energy (neglecting hammer internal losses and

problematic operation like early ignition).
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The efficiency related to stroke measurements allows examining the ratio between the calculated
potential energy (based on stroke times ram weight) relative to the nominal (maximum) energy.
These values can serve as a rough indication for the hammer’s efficiency and can be compared to
the MnDOT practice when hammer measured stroke is not available.

The analysis of the above stroke measurements presented in Table 35 suggests that typically the
diesel hammers’ stroke for the rated energy and the corrected energy are 76.4% and 78.1%,
respectively. These values compare well with the assumed hammer efficiency formerly
recommended by the MnDOT (i.e. 75 % of nominal energy) when stroke information is not
recorded.

3.4 Summary of Data

Data summary are presented in Appendix A. Table A-1 providing details of bridge names,
locations, bridge type, number of spans, total length and width of the bridge, type of
construction, and the year the bridge was completed. The 41 projects were submitted by the
MnDOT personnel and represent the most recent design and practices over the past years. Table
A-2 provides the bridge construction classification based on Paikowsky et al (2005) used for the
categorization of Table A-1.

Table A-3 provides the soil conditions and pile type with pile size details of the selected
representative bridges.

Table A-4 provides a summary of the side and tip soil strata for each of the different pile types
for each bridge, final energy of the pile driving hammer, final set of the pile, and evaluation of
capacity using Energy Approach, WSDOT formula, MnDOT formula, new MnDOT formula, it
also provides CAPWAP capacity evaluation when available.

Tables 36 to 39 present a summary and statistical analysis of the 41 selected bridge projects.
Table 36 summarizes the range of pile length, the average pile length and percentage of pile
usage out of all piles categorized according to pile type. For example, the data of Table 36
suggests that the most commonly used pile (34.3%) was CIP 16” x 0.3125” with an average
length of 82 ft, and overall 16” O.D. piles were used in 71% of the pile’s installation whereas 12"
O.D. pipe piles were used in 29% of the pile’s installations based on driven pile length. Note: as
discussed in sectionl.1, these values are representative of the selected bridges whereas the piles
most commonly used across the state are 12" x 0.25 piles as detailed in Phase I of the study.

Table 37 summarizes the soil condition along the skin and the pile’s tip. For example, out of 109
piles (17 piles did not have strata information), 2 were driven to rock, 77 to sand or sand and
gravel, meaning that in 72% of the cases (79 out of 109) the piles were driven to a competent
bearing layer.
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Table 36. Summary of total pile length

Pile Type # of Piles | Total Length | % of Total Use | Range of lengths (ft)

CEP 12" x 0.25" 18 1449 13.8 50 -109

CEP 12" x 0.3125" 5 430 4.1 45-120

CEP 12" x 0.375" 2 186 1.8 86 — 100

CEP 12.75" x 0.25" 24 2122 20.1 53-128

CEP 12.75" x 0.3125" 6 436 4.1 50-91

CEP 16" x 0.25" 26 2183 20.7 50-110

CEP 16" x 0.3125" 44 3614 34.3 50 -136
CEP 20" x 0.375" 1 115 1.1 115
Totals 126 10,535 100 N/A

Table 37. Summary of pile cases categorized based on soil conditions

Soil Condition Sand & . .

Pile Location Rock | 5ravel | Sand | Silt | Clay | Organics
Tip 1 6 71 9 | 21 0
Side 0 18 58 4 20 2

Table 38. Summary of driving criteria — pile performance

Driving Resistance (BPI) 0-414-8 | >8
Number of Piles 25 47 54
% of Cases 19.8 37.3 42.9

Table 39. Equipment summary

Maximum Ram Weight No. of Total Pile Length

Hammer Type Energy (kip-ft)* (Ib) ’ Projects used Driven (ft)g % of Total Use
APE D19-32 42440 4000 5 1028.5 9.8
APE D25-32 66340 5513 3 568 5.4
APE D30-42 91088 6615 6 1969.4 18.7
DELMAG 30-02 66200 6600 1 186 1.8
DELMAG D19-32 42440 4000 6 832.4 7.9
DELMAG D19-42 66340 5513 8 1203.1 114
DELMAG D25-32 66340 5513 12 2456.7 23.3
DELMAG D30-32 75440 6600 4 1090.1 10.3
DELMAG D36-31 90560 7930 1 124.5 1.2
DELMAG D36-32 90560 7930 3 581.5 5.5
ICE 1-30V2 90824 6615 1 179 1.7
MKT DE-40 32000 4000 1 175.5 1.7
MKT DE-42/35 42000 4200 1 90 0.9
MVE M-19 49380 4015 1 50 0.5
Totals 10534.7 100

*as listed by MnDOT, refer to Table 34
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The data are further examined by summarizing the driving resistance at the end of driving as
presented in Table 38. In 43% of the cases (54 out 126) the piles were driven to a blow count of
or exceeding 8 bpi. Additional 37% were driven to a resistance between 4 to 8 bpi which is the
range beyond “easy driving”. The data matches quite well with that of Table 37 suggesting 80%
of the piles being driven to resistance in a competent layer. The data differs, however, from the
large database examining the MnDOT state of practice in Phase I. Table 2.7 of Phase I report
indicated that only 8.8% of the 34 piles examined had blow count lower than 4 bpi.

Table 39 provides a summary of driving equipment used for the 126 piles. All hammers are
diesel hammers ranging in nominal energy from 32 to 95 kips-ft, with the most common hammer
per project (12 out of 53 projects) and the most length driven (23.3% of all pile length driven)
being the Delmag D25-32. About 74% of the piles were driven with hammers having nominal
energy of 78 kip-ft (ranging from 66.2 to 90.8 kip-ft) and a ram weight of about 6,500 Ibs
(ranging from 5,500 to 7,930 Ibs).

3.5 Observations Regarding MnDOT Dynamic Measurements Database

The developed summary tables provide quantitative information that can be compared to the data
related to MnDOT state of practice and load test databases established in Phase I of our study:

(i)  CEP piles are the dominant pile type to be used. In the dynamic measurements
database, the piles ranged in diameter from 12" to 20"

(1)) While most piles to be used across the state are 12"” CEP, most common CEP piles used
in the dynamic measurements database are 16” x 0.3125" and 16" x 0.25", installed as
34.3% and 20.7% of the total foundation length, respectively (based on 53 projects).

(ii1)) Typical (average) driven pile length is 84 feet. More specific categorization is provided
in Table 36, e.g. Average CIP 16" x 0.3125" pile length is 82 ft.

(iv) Diesel hammers are the only hammer type used for driving the piles. The hammers
ranged in sizes from MKT DE 40 (32 kip-ft) to ICE I-30V2 (90.8 kip-ft).

(v) Around 80% of the piles are driven beyond the easy driving resistance zone of 4 bpi,
hence allowing more accurate capacity evaluation when utilizing the dynamic methods.
Forty-three percent (43%) of the piles were driven to a final penetration of 8 or more
bpi.

(vi) Energy transfer differs from the typical one established by a national database or the
one used for examining and developing dynamic equations in Phase I of the study.

(vil) Stroke measurements assured the current practice of assuming 75% of hammer
performance when stroke measurements are not available, to be a reasonable and
reliable assumption.
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3.6 Preliminary Evaluation of the Capacity Predictions

Dynamic analyses of the MnDOT Dynamic Measurements Database have been conducted using
the following Dynamic equations: Washington State DOT formula, MnDOT equation, proposed
new MnDOT equation developed in Phase I of the study with coefficients 30 and 35 and the
Gates formula. Table 40 lists the dynamic equations and their different formulations used in the
capacity evaluation.

The dynamic capacities based on the dynamic measurements, i.e., CAPWAP and the Energy
Approach methods, are used as a reference in the evaluation of the prediction methods due to the
fact that static load test had not been carried out for these case histories. The MnDOT dynamic
measurements database contained 95 cases for which a CAPWAP analysis had been carried out,
of which 89 cases included sufficient data to obtain Energy Approach (EA) predictions. Table 41
summarizes those cases broken down by pile type.

The various relations between the CAPWAP, the EA and the various dynamic equation results
broken down by the relations and pile type are summarized in Table 42. The relationships
summarized in Table 42 are presented visually in Figures 20 through 75 in the same order as
they appear in the table.

Two lines had been added to each of the scatter graphs; a best fit line equation presented as a
dashed line and CAPWAP measurements equal to the other predictions as a continuous blue line.
The scatter of the data allows the evaluation of the prediction. For example, all data above the
solid line means that the calculated capacity using the examined prediction method. is higher
than the CAPWAP predications based on dynamic measurements, however since SLT data is not
available one is unable to categorize the data into safe or unsafe in a reliable way.
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Table 40

. Investigated equations

No. Equation Comment Reference
Energy Approach
1 R, = M Requires Dynamic Prediction Method
s+ DMX —s Measurements Paikowsky (1982),
2 Paikowsky et al. (1994)
. Modified Gates FHWA
2 | Ry =175VE *log(10 « N) — 100 Using E=W*H odl 16(19386)5
. Modified Gates FHWA
3 | Ry=175VE *log(10 * N) — 100 Using E=75%En odt 16(19386)5
. Modified Gates FHWA
4 | Ry =175VE *log(10 * N) — 100 Using E=En odt 16(19386)5
_ Washington State DOT
5 Ry = 6.6 * Fopp * E * Ln(10N) (Allen, 2005)
6 R = 105+ E i W + (0.1« M) Minnesota DOT
Y S40.2 W+ M (2006)
General all hammers First Stage Proposed
7 R, = 35,/E, *log(10N) all encreics. all con diti(;ns New MnDOT Equation
gIes, Paikowsky et al. (2009)
First Stage Proposed
8 R, = 30,/E, * log(10N) EOD, BC > 4 BPI New MnDOT Equation

Diesel Hammers

Paikowsky et al. (2009)

Notes: R,= ultimate capacity of pile, in kips (Ibs for eq. 6)
EMX= maximum measured energy in kips-ft

DMX= maximum calculated top pile displacement based on acceleration measurement
W= mass of the striking part of the hammer (ram) in kips
M= total mass of pile plus mass of the driving cap in kips

Ln= the natural logarithm, in base “e”

E= developed energy, equal to W times H, in foot-kips (eq. 1, 2, 4)
E= energy per blow for each full stroke in foot-pounds (eq. 5 and 6)

e,= efficiency
F.¢= hammer efficiency factor
S= final set of pile, in inches

E,= rated energy of hammer per blow, in kips-foot

N= blows per inch (BPI)
Q= Quake = Dmax-set

Table 41. Summary of available cases for CAPWAP and Energy Approach based on
dynamic measurements

Pile Type Number of Cases
CAPWAP | Energy Approach (EA)

16 x 0.3125 40 40
16 x 0.25 19 16
12 % x 0.3125 4 4
12 % % 0.25 15 13
12 x 0.3125 3 3
12 x 0.25 14 13
Total 95 89
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Table 42. Summary of statistical analysis and best fit line correlation (page 1/2)

No. of Statistics Coefficient of

Relations Category Cases Best Fit Line| Determination
n mean | S.D. | COV ()
All Piles 89 |0.6479 [0.1825]0.2817 | R,=1.620*Rc|  0.940
CIP 16" X 5/16" | 40 |0.6366 |0.1852]0.2910 | R=1.695*Rc|  0.944
CIP 16" X 1/4" | 16 |0.6083 |0.1342]0.2206 | R=1.633*Rc| _ 0.963

CAPWAP/ — —

oy CIP 1275" X 1/4" | 13 |0.6956 |0.2712 |0.3899 | R,=1.385*Rc|  0.895
CIP 12" X 1/4" | 13 |0.7271|0.1306 | 0.1796 | R=1.343*Rc| _ 0.965
CIP 12X 5/16" | 4 |0.6032|0.0885|0.1468 | R=1.788*Rc|  0.982
CIP 12.75" X 5/16"| 3 |0.5411|0.0941 [0.1738 | R,=1.689*Rc|  0.989
All Piles 95 ]0.6482[0.11090.1711 | R=1.592*Re|  0.974
CIP 16" X 5/16" | 40 |0.6158 |0.0913]0.1483 | R=1.656*Rc|  0.978
crp 16" X 1/4" | 19 [0.6066 [0.07930.1307 | R=1.647*Re|  0.985
Cvﬁg\[’)\’gﬁl CIP12.75" X 1/4" | 15 [0.70250.1228 [0.1748 | R,=1.454*Rc 0.97
crP 12X 14" | 14 [0.7579[0.0950 [0.1254 | R=1.314*Re|  0.987
CIP12"X5/16" | 4 |0.6217|0.0336]0.0540 | R=1.599*Rc|  0.932
CIP 12.75" X 5/16"| 3 [0.6030(0.1727 [0.2865 | Ry=1.610%Re|  0.998
All Piles 95 [0.6905[0.1210[0.1752 | R=1.442*Re|  0.973
CIP 16" X 5/16" | 40 |0.7279 [0.1197]0.1645 | R,=1.404*Rc|  0.976
capwap, | CIP16"X 14" | 19 [0.6603 [0.1115]0.1688 | R=1498*Re|  0.974
Modified Gates| CIP 12.75" X 1/4" | 15 |0.6510|0.1242|0.1909 | R,=1.489*Rc|  0.966
(Wh) cp 12X 14" | 14 [0.6920 [0.1138]0.1644 | R=1.441"Re| 0976
CIP12"X5/16" | 4 |0.7071 [0.0319]0.0451 | R=1.647*Re|  0.951
CIP 12.75" X 5/16" 0.5894 | 0.1506 [0.2555 | R,=1.403*Rc|  0.999
All Piles 95 ]0.6927]0.1338[0.1931 | R,=1.425*Rc|  0.965
CIP 16" X 5/16" | 40 |0.7318 [0.1238]0.1691 | R=1.381*Re|  0.973
capwap | CP16" X 14" | 19 [06571]0.1253 |0.1907 | R,~1.493*Re|  0.965
Modified Gates| CIP 12.75" X 1/4" | 15 [0.6299 [0.1419[0.2253 | R,=1.508*Rc|  0.954
(0.75*En) crP 12X 14" | 14 [07013 [0.1252]0.1785 | R=1.423*Re|  0.969
CIP12"X5/16" | 4 |0.8034|0.0820]0.1020 | R=1.638*Rc|  0.938
CIP 12.75" X 5/16"| 3 10.5933(0.1647 [0.2776 | R\=1.209*R¢|  0.993
All Piles 95 ]0.5866 [0.11260.1919 | R,=1.680*Rc|  0.966
CIP 16" X 5/16" | 40 |0.6207 [0.1033]0.1665 | R=1.626*Rc|  0.974
cAPwAp, | CIP16"X 14" | 19 105580 |0.1059 0.1898 | R,~1.758*Re|  0.965
Modified Gates| CIP 12.75" X 1/4" | 15 [0.53220.1207|0.2267 | R;=1.780*Rc|  0.954
(En) CIP12"X 1/4" | 14 [0.5917 [0.1041]0.1759 | R,=1.683*Rc 0.97
CIP12"X5/16" | 4 |0.6752]0.0722]0.1069 | R=1.944*Rc|  0.938
CIP 12.75" X 5/16"| 3 [0.4996 |0.1377 [0.2757 | Ry=1.437*Re|  0.992

Notes: Ru is the calculated capacity using each of the dynamic formulae
Rc is the measured Capacity determined by CAPWAP
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Table 42. Summary of statistical analysis and best fit line correlation (cont. page 2/2)

No. of

Coefficient of

Relations Category Cases Statistics Best Fit Line| Determination
N | mean | sD. | cov (r')
All Piles 95 10.4232(0.1194 |0.2821 | R,=2.498*Rc¢ 0.944
CIP 16" X 5/16" | 40 ]0.4495[0.1347 [0.2996 | R,=2.419*Rc 0.948
CAPWAP!/ CIP 16" X 1/4" 19 [0.3622 [0.0854 | 0.2358 | R,=2.767*Rc 0.958
Mn.DOT | CIP12.75"X 1/4" | 15 [0.3985|0.0950 |0.2383 | R,=2.615*Rc¢ 0.935
(2006) CIP 12" X 1/4" 14 |0.4343 [0.1060 | 0.2440 | R,=2.371*R¢ 0.953
CIP 12" X 5/16" 4 10.56920.0108 [0.0190 | R,=2.501*Rc¢ 0.899
CIP 12.75" X 5/16"| 3 [0.3946 |0.1319 [0.3343 | R,=1.769*Rc 1.000
All Piles 95 10.8260 |0.1632 |0.1976 | R,=1.178*Rc¢ 0.964
CIP 16" X 5/16" | 40 ]0.9058 |0.1326 |0.1464 | R,=1.108*Rc 0.978
CAPWAP/ CIP 16" X 1/4" 19 ]0.7987 [0.1621 | 0.2030 | R,=1.229*Rc 0.962
F;;?]F[’)Oéf CIP 12.75" X 1/4" | 15 [0.7210]0.1717 [0.2381 | R,=1.290*Rc 0.953
(35) CIP 12" X 1/4" 14 ]0.78270.1316 | 0.1681 | R,=1.260*Rc 0.972
CIP 12" X 5/16" 4 10.8933(0.1185 [0.1327 | R,=1.488*Rc 0.949
CIP 12.75" X 5/16" 0.6522 | 0.1686 | 0.2586 | R,=1.080*Rc 0.988
All Piles 95 10.9637 [0.1904 |0.1976 | R,=1.009*R¢ 0.964
CIP 16" X 5/16" | 40 |1.0568 |0.1547 |0.1464 | R,=0.950*Rc 0.978
CAPWAP/ CIP 16" X 1/4" 19 [0.9318 |0.1891 | 0.2030 | R,=1.054*Rc 0.962
'Dh;ﬁ%oéf CIP 12.75" X 1/4" | 15 |0.8412]0.2003 |0.2381 | R,=1.106*Rc 0.953
(30) CIP 12" X 1/4" 14 ]0.9131]0.1535 | 0.1681 | R,=1.080*Rc 0.972
CIP 12" X 5/16" 4 [1.0422(0.1383 [0.1327 | R=1.276*Re¢ 0.949
CIP 12.75" X 5/16"| 3 |0.7609 | 0.1968 | 0.2586 | R,=0.926*Rc 0.988

Notes: Ru is the calculated capacity using each of the dynamic formulae
Rc is the measured Capacity determined by CAPWAP
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Figure 51. CAPWAP vs. WSDOT formula
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3.7 Conclusions Derived from the Initial Evaluation

3.7.1 General

The stroke measurements presented on the new database by MnDOT personnel; suggest that
typically, the diesel hammers’ stroke for the rated energy and the corrected energy are 76.35%
and 78.31% respectively. These values compared quite well with the assumed stroke formerly
recommended by the MnDOT (i.e. 75 % of nominal energy), when stroke information is not
recorded.

The developed summary tables provide quantitative information matching previous data and
reports provided by the MnDOT personnel.

(i) CIP piles range in diameter from 12 to 20”

(i1)) Most common CIP piles used in the dynamic database are 16” x 0.3125"” and 16”
x 0.25", installed as 34.3% and 20.7% of the total foundation length, respectively
(based on 53 projects).

(ii1) Typical (average) driven pile length is 84 feet. More specific categorization is
provided in Phase I report, Table 2.4, e.g. Average CIP 16" x 0.3125" pile length
is 82 feet.

(iv) Diesel hammers are most commonly used for driving piles ranging is sizes from
DE 40 (32 kip-ft) to I-30V2 (90.8 kip-ft).

(v) Around 80% of the piles are driven beyond the easy driving resistance zone of 4
bpi, hence allowing more accurate capacity evaluation when utilizing the
dynamic methods. Forty-three percent (43%) of the piles were driven to a final
penetration of 8 or more bpi.

76



3.7.2  Analysis

Noting that all analyses are not compared to a benchmark (i.e. SLT) capacity, the analyses
presented in Figures 20 through 75 and summarized in Table 42 lead to the following
observations and conclusions:

1. The ratio of CAPWAP to EA of approximately 0.65 (or the reverse of 1.54) most likely
represents a typical conservatism of CAPWAP at EOD and a marginal possible over
prediction by the EA. Previous analyses of static load test over CAPWAP (377 cases of
EOD and BOR) resulted with a ratio of 1.368 while static load test over the EA (371
cases) resulted with the ratio of 0.894 and for EOD only (128 cases) with the ratio of
1.084, (Paikowsky et. al, 2004). Though the result of the current analyses fall into that
range, further evaluation is required, separating the easy driving (BC <4 BPI) from the
other and investigating the methods.

2. The WSDOT equation performed well compared to the EA method and Gates FHWA
modified equation, all showing similar over prediction compared to CAPWAP.

3. MnDOT traditional equation performed the worst when compared to CAPWAP,
producing a very large scatter and typical capacity of 2.36 times that of CAPWAP.

4. The proposed new MnDOT equation designated for Diesel hammers, EOD and BC > 4
bpi (coeff = 30) performed the best with a mean ratio of 1.0 compared to CAPWAP. This
will be further investigated separating the cases for BC > 4 bpi and BC <4 bpi.

5. The general proposed new MnDOT equation designed for all hammers, all piles, all cases
(coeff = 35) provided the second best ratio compared to CAPWAP. A bit on the unsafe
side but probably considering CAPWAP conservatism, very close to what one could
expect in a SLT.

3.8 Final Evaluation of the Capacity Predictions

3.8.1 Overview

The major conclusion of the preliminary analysis regarding the MnDOT dynamic measurements
database was that the equations developed in Phase I of the study were found to predict best the
pile capacity for an independent dataset from MN. As such, the final evaluation of the data was
conducted using various approaches to the application of the equation and concentrated on
limited number of comparisons.

3.8.2 Performed Analyses

Table 43 provides an updated list of investigated equations and represents a modification of
Table 40 in the following ways:
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a) The Energy Approach and the equations originally developed in Phase I of the study for
the rated hammer energy (E,) were also investigated when E,;.x and E, were replaced by
the observed developed energy, i.e. E = W-h.

b) Selected comparisons of equations and figures were developed using a uniform scale for
all analyses and statistical analyzes for “all piles” category.

3.8.3 Presentation of Results

Table 44 presents a summary of the statistical analyses and best fit line correlation for the
equations presented in Table 43 for “all piles” category. Table 45 provides expanded details for
the same equations each subdivided into four categories, namely (i) All Piles, (i1) EOID, (ii1)
BOR, and (iv) EOID & BC > 4BPI. Tables 44 and 45 also list the figure numbers for the graphs
presenting the relevant relationship. Figures 76 to 85 present the above investigated equations for
all piles under a uniform scale in all figures. The graphs very clearly illustrate the differences of
the methods’ performance in bias and scatter, and Figure 69 presents a match that outperforms
them all by far. This presentation was done for two reasons: a) the uniform scale allows better
judgment and b) the ramifications of the final analyses are made clear.

3.8.4 Conclusions

The statistical and correlation values presented in Tables 44 and 45, and Figures 76 to 85, show
unequivocally that the equations developed in Phase I of the study specifically for the MnDOT
outperform all other equations either when using the nominal energy or the one observed in the
field. Figure 85 shows the best performance when using the stroke and ram weight along with
the proposed equation with a coefficient of 35 (Equation 1.7a of Table 43). The relations
between equation 1.7a and CAPWAP resulted with a mean of 0.970 and a COV of 0.158 for
EOID conditions checked on 40 cases.
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Table 43. Updated investigated equations

No. Equation Description Fﬁgre Reference
E +12 Energy Approach
1.1 u = 0 E=W.,*h 20, 76 Prediction Method
st 5 (1982)
Modified Gates
— —\W *
1.2 | Ry =175VE *log(10 * N) — 100 E=W,*h 27,77 FHWA(1988)
Modified Gates
_ _ —"750
1.3 Ry = 1.75VE *1og(10 * N) — 100 E=75%En 34,78 FHWA(1988)
_ Modified Gates
Washington
15 R, = 6.6 x Fopp * E * Ln(10N) F eff =0.47 OED 48, 80 State DOT
(Allen, 2005)
105xE W + (0.1 M) Minnesota DOT
1.6 R, = E=W,*h 55, 81
“T5r02z W+M (2006)
. First Stage Proposed
1.7 R, = 35\/E, * log(10N) All piles, All 62,82 | New MnDOT Equation
u n Conditions
(2009)
E=W.*h MOdl%igplz)lsrszj Stage
L7a Ry = 35VE *log(10N) %Lﬁg;?;gﬂ 83 New MnDOT Equation
(2009)
First Stage Proposed
1.8 R, = 30,/E, *log(10N) EOD, BC >4BPI 69, 84 New MnDOT Equation
(2009)
Modified First Stage
_ E=W,*h Proposed
1.8a R, = 30VE *log(10N) EOD, BC >4BPI 85 New MnDOT Equation
(2009)
Notes: R,=ultimate carrying capacity of pile, in kips (Ibs for eq. 1.6)

W,= mass of the striking part of the hammer, in kips

M= total mass of pile plus mass of the driving cap, in kips

W= weight of falling mass, in kips

Ln= the natural logarithm, in base “e”
E= developed energy, equal to W, times h, in kips-foot (Eq. No: 1.1, 1.2)

E= energy per blow for each full stroke in foot-pounds (eq. 5 and 6)

Fe= hammer efficiency factor

s= Set, permanent displacement of the pile at the end of the analyzed blow, in inches
E,= rated energy of hammer per blow, in kips-foot (Eq. No: 1.4, 1.7, 1.8)

N= blows per inch (BPI)
Q= Quake = D,,-set

Dpnax= measured maximum pile top displacement, in inches

OED= Open ended diesel hammers
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Table 44. Summary of statistical analysis and best fit line correlation

Relations

Figure No

Category

No. of
Cases
n

Statistics

mean

S.D.

cov

Best Fit Ling

Coefficient of
Determination

(r’)

CAPWAP/
E.A.

20, 76

All Piles

&9

0.6479

0.1825

0.2817

R,=1.620*R,

0.940

CAPWAP/
Modified Gates
(W:*h)

27,77

All Piles

95

0.6905

0.1210

0.1752

R,=1.442*R,

0.973

CAPWAP/
Modified Gates
(0.75*En)

34,78

All Piles

95

0.6927

0.1338

0.1931

R,=1.425*R,

0.965

CAPWAP/
Modified Gates
(En)

41,79

All Piles

95

0.5866

0.1126

0.1919

R,=1.680*R,

0.966

CAPWAP/
WSDOT

48, 80

All Piles

95

0.6482

0.1109

0.1711

R,=1.592*R,

0.974

CAPWAP/
MnDOT
(2006)

55, 81

All Piles

95

0.5467

0.1505

0.2753

R,=2.011*R,

0.942

CAPWAP/
Proposed
MnDOT

(35) En

62, 82

All Piles

95

0.8260

0.1632

0.1976

R,=1.178*R,

0.964

CAPWAP/
Proposed
MnDOT

(35) W *h

83

All Piles

95

0.9339

0.1586

0.1698

R,=1.051*R,

0.975

CAPWAP/
Proposed
MnDOT

(30) E,

69, 84

All Piles

95

0.9637

0.1904

0.1976

R,=1.009*R,

0.964

CAPWAP/
Proposed
MnDOT

(30) W *h

85

All Piles

95

1.0896

0.1850

0.1698

R,=0.901*R,

0.975

Notes: R, is the calculated capacity using each of the dynamic formulae
R, is the Capacity determined by CAPWAP
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Table 45. Summary of statistical analysis and best fit line correlation

. . No. of Statistics L Coefficient of

Relations | Figure No Category Casesnl mean | SD. | COV Best Fit Line Determination (%)
All Piles 89 [0.6479 [0.1825[0.2817 | R,=1.620*R, 0.940
CAPWAP/ 20,76 EOID 38 [0.68770.1841 [0.2677
E.A. ’ BOR 51 [0.6183]0.1773 |0.2868
EOID&BC>4BPI 31 [0.6918 [0.1852[0.2677
CAPWAP/ All Piles 95 0.6905[0.1210 [0.1752 | R,=1.442*R, 0.973
Modified 7 77 EOID 40 [0.7194]0.1131 [0.1573
Gates ’ BOR 55 10.6695[0.1231 |0.1839
(W, *h) EOID&BC>4BPI 33 [0.7037 [0.1068 |0.1548
CAPWAP/ All Piles 95 [0.69270.1338 [0.1931 | R,=1.425*R, 0.965
Modified 3478 EOID 40 [0.6924 [0.1184 [0.1711
Gates ’ BOR 55 10.6929 |0.1450 {0.2092
(0.75*En) EOID&BC>4BPI 33 [0.6790 |0.1124 |0.1655
CAPWAP/ All Piles 95 10.5866 [0.1126 [0.1919 | R,=1.680*R, 0.966
Modified 41.79 EOID 40 [0.5865|0.1000 | 0.1705
Gates ’ BOR 55 10.5866|0.1218 {0.2077
(En) EOID&BC>4BPI 33 [0.5758 [0.0950 | 0.1649
All Piles 95 10.64820.1109 [0.1711 | R,=1.592*R, 0.974
CAPWAP/ 48, 80 EOID 40 [0.6727[0.1012 [0.1504
WSDOT ’ BOR 55 10.6304[0.1151 |0.1826
EOID&BC>4BPI 33 [0.6685 [0.1035[0.1548
All Piles 95 10.5467]0.1505[0.2753 | R,=2.011*R, 0.942
Cﬁﬁg’gf/ . EOID 40 [0.5652 0.1206 | 0.2133
(2006) ’ BOR 55 10.5333]0.1687 [0.3164
EOID&BC>4BPI 33 [0.5336[0.0970 [0.1818
CAPWAP/ All Piles 95 10.82600.1632[0.1976 | R,=1.178*R, 0.964
Proposed 62. %2 EOID 40 [0.8438 |0.1591 |0.1886
MnDOT ’ BOR 55 [0.8131[0.1664 [0.2047
(35)E, EOID&BC>4BPI 33 |0.8314[0.1533 [0.1843
CAPWAP/ All Piles 95 10.9339[0.1586 [0.1698 | R,=1.051*R, 0.975
Proposed <3 EOID 40 [0.9698 [0.1529 [0.1576
MnDOT BOR 55 10.9078 |0.1589 {0.1750
(35) W,*H EOID&BC>4BPI 33 [0.9559 [0.1457 [0.1524
CAPWAP/ All Piles 95 10.9637[0.1904 [0.1976 | R,=1.009*R, 0.964
Proposed 69. 84 EOID 40 10.984410.1857 | 0.1886 -—- -—-
MnDOT ’ BOR 55 10.9486[0.1941 [0.2047
(30) E, EOID&BC>4BPI 33 [0.9700 [0.1788 [0.1843
CAPWAP/ All Piles 95 |1.0896 |0.1850 [0.1698 | R,=0.901*R, 0.975
Proposed g5 EOID 40 [1.1315/0.1783[0.1576
MnDOT BOR 55 |1.0591]0.1854 [0.1750
(30) W.*H EOID&BC>4BPI 33 [1.1153[0.1700 |0.1524

Notes: R, is the calculated capacity using each of the dynamic formulae
R. is the Capacity determined by CAPWAP
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4 RE-ASSESSMENT OF FORMAT AND LRFD RESISTANCE FACTORS
FOR THE NEW MNDOT PILE DRIVING FORMULA (MPF12)

4.1 Overview

Phase II of the study initially focused on the review of other practices and a comparison of
equations (Chapter 2) and the evaluation of various dynamic equations and the equation
developed in Phase I of the study via dynamic measurements and signal matching (CAPWAP)
analyses on piles in MN (Chapter 3). The evaluation presented in Chapter 3 also included the
modification of the equation developed in Phase I, to reflect stroke measurements and ram
weight instead of nominal hammer energy. When both investigations confirmed the soundness of
the developed equation, Phase II of the study concentrated on the specific cases of the database
and re-evaluation of the proposed equation in a manner better suited to MnDOT field practices.

4.2 Examination of the Extreme Over-Prediction Cases in the Database

4.2.1 Rationale and Method of Approach

The preceding review of Chapter 2 revealed that beyond the difficulties associated with data
source, consistency of interpretation, systematic approach and analyses, the extreme cases of
unsafe over-predictions were not included in the studies presented by Long and Maniaci (2000)
and Long et al. (2009a,b). Section 2.3.7 addresses the issue and the present section provides an
in-depth examination of these case histories.

The databases used in Phase I of the MnDOT research (Paikowsky et al., 2009) were re-analyzed
by reversing the bias to represent the calculated over measured values such that comparison can
be held with the analyses reviewed in Chapter 2. The outlier cases were defined as those outside
the range of the mean * 2 standard deviation typically recognized as the extreme zone.
Approximately 95 percent of the data falls within the two standard deviations around the mean of
a normal distribution. Seven cases outside of this zone were identified and are presented in Table
46. The sources of these case histories were reviewed and analyzed. Davisson (1972) failure
criterion was reapplied to the static load test load-displacement curve. No errors found in any of
the cases compared to the original interpretations. When examining the outliers in comparison to
other case histories of similar conditions, no major reasons could have been identified as
contributors to the unsafe over-prediction in these cases. Thirty-five (35) H pile cases were
identified to have similar pile size, soil type, hammer type and maximum applied load to those
identified as extreme cases. Thirty (30) pipe pile cases were identified as having the same pile
type out of which ten cases had similar soil conditions and hammer types. All the cases identified
in Table 46 fall into the criteria used by Long and Maniaci (2000), or Long et al. (2009a,b) to
analyze the data presented to IDOT. No clear explanation exists as to why the cases were
excluded beyond the speculations presented in section 2.3.7. The ratios of the predicted over
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measured capacities varied from 2.3 to 5.1 for the H piles and 3.4 to 7.7 for the pipe piles
(referring to FHWA modified Gates and WSDOT equations combined). These extreme unsafe
cases should have been taken into consideration since they are those in which “failure” or
exceedance of the criteria takes place.

Two sources were identified for the cases in Table 46. The first, “Pile Load and Extraction Tests
1954 — 19927, Ontario, Ministry of Transportation, Report EM- 48 (rev. 93), and one additional
H-pile case obtained from the Connecticut DOT Results of Static Load Tests from 13 Projects.

The piles tested and included in our database are steel H piles and concrete filled steel tube piles.
All analyzed piles were driven, soil conditions vary considerably across the 41 sites and include
many of the various soil deposits found in the providence of Ontario, Canada, such as organic
soils, alluvial deposits, lacustrine clays, and glacial and glacio-fluvial deposits. Piles driven to
bedrock are founded on either shale or limestone.

All the examined cases relate to vertical piles statically loaded in procedure either identical or
similar to ASTM standards and a period of 10 days was generally allowed between pile driving
and load testing. This interval permitted thixotropic regain and cementation effects to take place
in the soil surrounding the pile.
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Table 46. Summary of the extreme data cases related to MnDOT study

Static
. . . Rated Capacity
Pile Case Loc. Pile Length soil Hammer Type | Energy | BPI by
Type | Number Type | (f) | Type (Kips-ft) Davisson's
(kips)

23-3 | CAN.| 12x74 15 | MC, Clay | OED Delmag D-12| 22.61 |5.42 100
Hydraulic Junttan

H-PILE |91-118-1|/CONN| 12x53 | 68 F,C.S HHK 4n 3472 | 1 56
37-6 | CAN.| 12x53 | 50 Sand CEDLB640 | 51.63 | 2 160

- rr  r° ¢ © " [ T T ]
142 | CAN.|CEP 12.75"| 63 | Silty Clay | OED Delmag D-12| 22.61 | 6 54
PIPE | 22-3 | CAN.|CEP 12.75"| 92 |Clayey Silt| OED Delmag D-12| 22.61 | 5 50
PILE | 22-5 | CAN.|CEP12.75"| 83 |Clayey Silt| OED Delmag D-12| 22.61 | 7 50
25-1 | CAN.|CEP12.75"| 31 | Silty Clay | OED Delmag D-12| 22.61 | 3 72

Notes: Cases analyzed in this table are outside of the mean + 2 Std. deviations ranges, Mean + 2 Std. Deviation for H-piles, Mod-Gates: 2.467, WSDOT:
2.444 Mean + 2 Std. Deviation for Pipe-piles, Mod-Gates: 3.972, WSDOT: 3.418
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4.2.2 Examination of the H Pile Cases

4.2.2.1 Case Number 23-3, Site No. 23, Pile No. 3 (PDLT2000 No. MH 61)

Location Hwy. 401 and Country Road 14 Iona Station (St. Thomas),

Pile type HP 310 x 110 (metric), 12 x 74, the embedded length is 3.05(m), 10 ft, Total
Length: 4.57(m), 15.00 ft

The Soil around the shaft was Hard to Very Stiff - Silty clay, The Soil under the tip, was
Hard - Silty Clay

The hammer type used to drive the pile was a Diesel Delmag D-12 with a max. Rated
energy 30510 J/ Blow, 22.61 k-ft/Blow

Final Set: 64 Blows/0.3m, 5.42 Blows/in

Based on the information provided, the driving logs and the load test results (applying
Davisson’s failure criterion), the static capacity was determined to be: 100 Kips

Modified Gates:
Ry = 1.75\/E, *10og(10 = N) — 100
R, = 1.75,/22.61 1000 *log(10 * 5.42) — 100
=356.28 kips
WSDOT:

Ry = 6.6 % Forp x E x Ln(10N)
R, =6.6 1.6« WH * Ln(10 * 5.42)

= 288.88 kips

4.2.2.2 Case Number 37-6, Site No. 37, Pile No. 6 (PDLT2000 No. MH 38)

Case under the pdIt2000 was registered as a 12 X 53 H pile

Location Q.E.W. and Burlington Skyway, Hamilton

Pile type HP 310 x 110 (metric), 12 x 74 (English Units), the embedded length is
14.48(m), 47 ft 6 in, Total Length 15.24(m), 50 ft

The Soil around the shaft was Sand to Silty Sand Compacted to Very Dense, The Soil
under the tip, was Silty Sand to Sandy Silt Compacted to Very Dense

The hammer type used to drive the pile was a Diesel LB 640 with a max. Rated energy
54200 J/ Blow, 51.6 k-ft/Blow

Final Set: 2 Blows/25mm, 2 Blows/in
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Based on the information provided, the driving logs and the load test results (applying
Davisson’s failure criterion), the static capacity was determined to be: 160 Kips

Modified Gates:
Ry = 1.75\/E,, *1og(10 = N) — 100
R, = 1.75,/51.6 * 1000 *log(10 * 2) — 100
=417.34 kips
WSDOT:

Ry = 6.6 % Forp x E x Ln(10N)
R, =6.6*1.6«WH % Ln(10 * 2)

=371.21 kips

4.2.2.3 Case Number 91-118-1 (PDLT2000 No. MH49)

Location West Haven Connecticut

Pile type HP 12 X 53, Total length 68 ft,

The Soil around the shaft was F, C, S, The Soil around the tip, was not specified in the
database

The hammer type used to drive the pile was a Hydraulic hammer Junttan HHK 4a with a
rated energy of 34.72 k-ft / Blow

Final Set: 1 BPI

The static pile capacity applying Davisson’s failure criterion was 56 kips.

Note: Allowing a net settlement of 0.25 inches and projecting the pile’s rebound produces
the exceedance of the criteria intercept (@ 28-30 Tons. Top 30 ft of the pile was isolated
by casing. 68 ft-30 ft = 38 ft of pile supports 28 tons, allowing 3 Tons for end bearing.
Overall skin friction = 25 Tons/38 ft = 0.65 Tons/Ift, Using S.F.=2 working skin friction
=0.33Tons/Ift

Modified Gates:

R, = 1.75\E, *log(10 * N) — 100

R, = 1.75\/34.72 * 1000 *log(10 1) — 100

= 226.08 kips
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WSDOT:

Ry, = 6.6 % Forp x E x Ln(10N)
R, =6.6+18+«WH *Ln(10*1)

= 287.80 kips

4.2.3 Examination of the Pipe-Pile Cases

4.2.3.1 Case Number 14-2, Site No. 14, Pile No. 2 (PDLT2000 No. 64)

Location Q.E.W. and Niagara Street, St Catherine’s

Pile type Steel Tube 324 O.D. x 5.0 wall (metric), 12.75" x 0.20", the embedded length is
18.29(m), 60.1t total length 19.2(m), 63 ft.

The Soil around the shaft was Silty Clay — Firm to Very Stiff, The Soil under the tip,
Silty Clay - Stiff

The hammer type used to drive the pile was a Diesel Delmag D-12 with a max. Rated
energy 30506 J/ Blow, 22.61 k-ft/Blow

Final Set: 6 Blows/25mm, 6 Blows/in

Based on the information provided, the driving logs and the load test results (applying
Davisson’s failure criterion), the static pile capacity was determined to be: 54 kips

Modified Gates:
Ry = 1.75\/E,, *10g(10 = N) — 100
R, = 1.75,/22.61 + 1000 = log(10 * 6) — 100
=367.90 kips
WSDOT:

Ry, = 6.6 * Forr * E * Ln(10N)
R, = 6.6 1.6« WH * Ln(10 * 6)

=296.23 kips
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4.2.3.2 Case Number 22-3, Site No. 22, Pile No. 3 (PDLT2000 No. MP18)

Location Hwy. 401 and Leslie Street, Toronto

Pile type Steel Tube 324 O.D. x 5.0 wall (metric), 12.75" x 0.20", the embedded length is
15.30 (m), 50.200 ft, total length 28.04(m), 91.99 ft.

The Soil around the shaft was Clayey Silt — Firm to Very Stiff, The Soil under the tip,
Clayey Silt - Stiff

The hammer type used to drive the pile was a Diesel Delmag D-12 with a max. Rated
energy 30506 J/ Blow, 22.61 k-ft/Blow

Final Set: 5 Blows/25mm, 5 Blows/in

Based on the information provided, the driving logs and the load test results (applying
Davisson’s failure criterion), the static pile capacity was determined to be: 50 kips

Modified Gates:
Ry = 1.75\/E, *10og(10 = N) — 100
R, =1.75,/22.61 % 1000 *log(10 * 5) — 100
=347.07 kips
WSDOT:

Ry = 6.6 % Forp x E x Ln(10N)
R, =6.6*1.6+«WH *Ln(10 x5)

= 283.04 kips

4.2.3.3 Case Number 22-5, Site No. 22, Pile No. 5 (PDLT2000 No. MP23)

Location Q.E.W. and Niagara Street, St Catherine’s

Pile type Steel Tube 324 O.D. x 5.0 wall (metric), 12.75" x 0.20", the embedded length is
15.28(m), 50.130 ft total length 25.30(m), 83 ft.

The Soil around the shaft was Silty Clay — Firm to Very Stiff, The Soil under the tip,
Silty Clay - Stiff

The hammer type used to drive the pile was a Diesel Delmag D-12 with a max. Rated
energy 30506 J/ Blow, 22.61 k-ft/Blow

Final Set: 7 Blows/25mm, 7 Blows/in

Based on the information provided, the driving logs and the load test results (applying
Davisson’s failure criterion), the static pile capacity was determined to be: 50 kips
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Modified Gates:

R, = 1.75\E, *log(10 * N) — 100

R, = 1.75\/22.61 * 1000 *log(10*7) — 100

=385.52 kips

WSDOT:

Ry, = 6.6 * Forr * E * Ln(10N)
R, =6.6*1.6«*WH *Ln(10 x 7)

=307.39 kips

4.2.3.4 Case Number 25-1, Site No. 25, Pile No. 1 (PDLT2000 No. MP22)

Location Hwy. 401 and Elgin Country Road 5, West Lorne

Pile type Steel Tube 324 O.D. x 6.3 wall (metric), 12.75" x 0.25", the embedded length is
5.64(m), 18.50.1t total length 9.45(m), 31 ft.

The Soil around the shaft was Silty Clay —Very Stiff to Stiff, The Soil under the tip, Silty
Clay - Very Stiff

The hammer type used to drive the pile was a Diesel Delmag D-12 with a max. Rated
energy 30506 J/ Blow, 22.61 k-ft/Blow

Final Set: 3 Blows/25mm, 3 Blows/in

Based on the information provided, the driving logs and the load test results (applying
Davisson’s failure criterion), the static pile capacity was determined to be: 72.4 kips

Modified Gates:
Ry = 1.75\/E,, *1og(10 = N) — 100
R, = 1.75,/22.61 + 1000 = log(10 * 3) — 100
= 288.69 kips
WSDOT:

Ry = 6.6 % Forp x E x Ln(10N)
R, =6.6*1.6«*WH * Ln(10 * 3)

= 246.08 kips
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424 MnDOT Research Panel Evaluation

The research panel evaluated all cases reviewed in sections 4.2.2 and 4.2.3 and came to the
conclusion that these cases of four pipe piles and three H piles are justified to be removed from
the database as they were deemed irrelevant for MnDOT practices.

4.3 Re-Evaluation of Dynamic Equations Considering Outliers

4.3.1 Initial Analysis

The Dynamic Equations were applied the same way as applied in the 2009 report, i.e. 75%
energy for MnDOT, nominal energy for Modified Gates and the New MnDOT equations. Note;
the W;-h was available for the CAPW AP databases but not for the static load test databases.

Tables 47 and 48 were developed by:

a) Referring to the original analyses presented in Tables 5.2 (H piles) and 5.3 (Pipe piles) of
Phase I (Paikowsky et al., 2009) report.

b) Referring to the exclusion of the lowest outliers (unsafe cases where the prediction is
greater than the measured capacity) reviewed by MnDOT and deemed irrelevant for
MnDOT practice (four Pipe Pile outliers and three H Pile outliers outlined in section 4.2).

c) Removing systematically cases of the highest outliers (safe cases where the prediction is
lower than the measured capacity). Typically this procedure is completely acceptable for
the range of beyond the mean and two standard deviations (five Pipe Pile cases and seven
H pile cases).

d) The analyses included, therefore, all previously analyzed equations for EOD cases and
above (b) and (c) conditions using the same outliers for all cases.

e) To easily follow the ramifications of the new analyses, examine the recommended
resistance factor (¢) at the column before last along with its efficiency factor. The higher
the efficiency factor, the more economical the method is as absolute ¢ values are of
limited significance. At the same time check the mean of the method as while one wants
the method to be efficient, one expects the predicted values to be realistic (mean bias to
be as close to 1.0 as possible), see highlighted cases in Tables 47 and 48.

From the dynamic measurements database provided by MnDOT and analyzed in Chapter 3, one
can conclude that the ratio of measured energy (W;-h, where h=stroke observed in the field) to
the nominal hammer energy for the n=126 cases is mean = 0.763 and S.D. = 0.109. As such, the
assumption made all along by MnDOT of observed energy being 75% of nominal energy (when
stroke is not available) is correct. Additional six cases for the pipe piles are presented using the
New MnDOT equations in which the nominal energy E, was replaced by 0.75E,.. These cases are
also included in Table 48. Note, as the predicted capacity was artificially lowered (applying
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0.75E, to an equation developed for E,) the equations will have to be adjusted (i.e. instead of
using a coefficient of 30, a new coefficient of about 35, and instead of 35, a coefficient of about
40).

Table 47. Dynamic equation predictions for H-Piles EOD condition only

No. of mgggu?£7 Stand. | Coef. |Best Fit Line | Coefficient of B_2R325|stzirig/e Flggfjourn?jant Effidc):/itnc

Equation| Cases Calculated Dev. [|of Var.| Equation | Determination-F== : P70, Factory
(n) (my) (o) [(COVy)(least square) (@) FOSM | MC® | Recom | (g0
(a) 125 0.297 0.222 | 0.747 Ru1:5.031*2RS 0.819 0.062 0.066 0.07 23.6
ENR (b) 122 0.301 0.224 | 0.742 0.064 0.067 0.07 233
(c) 115 0.263 0.145 | 0.553 0.083 0.088 0.08 30.4
(a) 125 1.429 0.506 |0.354 | R,=0.626*R, 0.896 0.697 0.761 0.75 52.5
Gates | (b) 122 1.451 0.491 | 0.338 0.732 0.805 0.75 51.7
(c) 115 1.381 0.393 | 0.285 0.776 0.870 0.80 579
Modified (a) 125 0.813 0.323 [0.397 | R;=1.189*R, 0.893 0.361 0.393 0.40 49.2
Gates (b) 122 0.825 0.317 |0.384 0.377 0.411 0.40 48.5
(c) 115 0.770 0.225 10.293 0.426 0.475 0.45 58.4
(a) 125 0.874 0.329 [0.377 | R=1.221*Ry 0.900 0.406 0.443 0.45 51.5
WSDOT | (b) 122 0.887 0.321 | 0.362 0.425 0.464 0.45 50.7
(c) 115 0.850 0.281 |0.331 0.435 0.480 0.45 52.9
(a) 125 0.984 0.650 | 0.660 | R,=1.268*R, 0.833 0.247 0.260 0.25 254
MnDOT | (b) 122 1.001 0.649 | 0.649 0.258 0.272 0.25 25.0
(c) 115 0.886 0.410 | 0.463 0.342 0.368 0.35 39.5
New (a) 125 1.016 0.360 |0.354 | R,=0.880*R, 0.896 0.495 0.542 0.55 54.1
(1::)1;?2; (b) 122 1.032 0.349 |0.338 0.520 0.572 0.55 533
E=E, | (¢) 115 0.982 0.280 | 0.285 0.552 0.619 0.60 61.1
New (a) 125 1.186 0.420 | 0.354 0.578 0.632 0.60 50.6
(lz/f)ré?(goT) (b) 122 1.204 0.407 |0.338 0.607 0.668 0.65 54.0
E=E, | (¢) 115 1.146 0.326 |0.285 0.644 0.722 0.70 61.1

Notes: 1. R, is the calculated capacity using each of the dynamic formulae.
2. Ry is the Static Capacity of the pile determined by Davisson's Failure Criterion.
3. MC - Monte Carlo Simulation for 10,000 simulations
(a) Original data presented in Phase I (Paikowsky et al., 2009) report, Table 5.2.
(b) Low Outliers (removed 3 cases numbered: 23-3, 91-118-1, 37-6)
(c) High Outliers (>2S.D.) (removed 7 cases numbered: 7-2, 100-60-1, CHB2, 91-118-2, FIA, 164-176-3,
103-38-1)
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Table 48. Dynamic equation predictions for Pipe Piles EOD condition only

Mean Bias - - Resistance Factor ¢ o/A
No. of Stand. | Coef. |Best Fit Line | Coefficient of e
Equation Cases Measured/ Dev. |ofVar.| Equation Determination B=2.33, p=1%, Redundant | Efficiency
Calculated 2 3 Factor
(n) (my) (o) |(COV,) |(least square) (r) FOSM | MC® | Recom.| (o)
(a 99 0.331 0.348 1.052 Rul:4.183*Rs2 0.728 0.038 0.040 0.04 12.1
ENR (b) 95 0.342 0.351 1.026 | R=4.205*R, 0.733 0.042 0.043 0.04 11.7
(c) 90 0.280 0.197 0.703 0.064 0.068 0.065 23.2
(@ 99 1.559 0.837 0.537 | R=0.573*R, 0.849 0.511 0.542 0.50 32.1
Gates (b) 95 1.613 0.812 0.503 | R,=0.574*R, 0.861 0.570 0.610 0.60 37.2
(c) 90 1.485 0.603 0.406 0.648 0.703 0.70 47.1
Modified (a 99 0.878 0.549 0.626 | R;=1.085*R, 0.839 0.238 0.251 0.25 28.5
gaie‘: (®) 95| 0908 0.540 | 0.595 | R,=1.088*R, 0.849 0262 | 0277 | 025 275
(c) 90 0.815 0.351 0.431 0.337 0.363 0.35 42.9
(a 99 0.816 0.493 0.604 | R=1.257*R, 0.862 0.231 0.244 0.25 30.6
WSDOT | (b) 95 0.841 0.486 0.578 | R,=1.258*R, 0.867 0.252 0.266 0.25 29.7
(c) 90 0.782 0.414 0.530 0.260 0.276 0.25 32.0
99 1.103 1.278 1.159 _ " 0.106 0.110 0.10 9.1
@ 96)| (0.961) |(0.738) | (0.767) | Re=1 142 Rs 0.759 0.193)| (0.204)| (0.20) | (20.8)
4 95 1.141 1.291 1.132 | R=1.163*R, 0.756 0.115 0.119
MnDOT 1 (®) 90)|  (0.994) | (0.736) | (0.740) |R=1.177*R) |  (0.779) ©0211)] (0223 %% 18.7
© 90 0.907 0.578 0.638 0.239 0.252 025 275
(89| (0.913) [(0.578) | (0.633) (0.243)| (0.257)| :
New @ 99 1.109 0.595 0.537 | R,=0.805*R, 0.849 0.364 0.385 0.35 31.6
MnDOT () 95 1.147 0.577 0.503 | R,=0.807*R, 0.861 0.405 0.434 0.40 34.8
(coef. 35)
E=E, () 90 1.056 0.429 0.406 0.461 0.500 0.50 47.3
New (@) 99 1.280 0.688 0.537 0.420 0.445 0.40 31.3
MnDOT
(coef. 35) (b) 95 1.324 0.667 0.503 0.468 0.501 0.50 37.8
E=0.75E, | (c) 90 1.219 0.495 | 0.406 0532 | 0577 | 0.55 45.1
New (@) 99 1.294 0.695 0.537 0.424 0.450 0.45 34.8
MnDOT (b) 95 1.338 0.673 0.503 | R;=0.692*R, 0.861 0.473 0.506 0.50 374
(coef. 30)
E=E, (c) 90 1.232 0.500 0.406 0.538 0.583 0.55 44.6
New (@ 99 1.494 0.802 0.537 0.490 0.519 0.50 335
MnDOT
(coef. 30) () 95 1.545 0.778 0.503 0.546 0.584 0.55 35.6
E=0.75E, | (c) 90 1.423 0.578 | 0.406 0.621 | 0.674 | 0.60 422
Notes: 1. R, is the calculated capacity using each of the dynamic formulae.
2. Ry is the Static Capacity of the pile determined by Davisson's Failure Criterion.
3. MC — Monte Carlo Simulation for 10,000 simulations.
4. For the MnDOT equation results presented in parentheses, see section 5.6.3 of Aug 2009 report.
(a) Original data presented in Phase I (Paikowsky et al., 2009) report Table 5.3.
(b) Low Outliers (removed 4 cases numbered: 14-2, 22-3, 22-5, 25-1)
(c) High Outliers (>2S.D.) (removed 5 cases numbered: OD4T, OD4W, CH39, CH6-5B, CH95B)

Tables 49 and 50 summarize for each analyzed equation independently, the low and high end
outliers relevant to each case for H and Pipe piles, respectively. In the case of the low range, the
mean minus one standard deviation was taken as a general guideline, though due to the unsafe
nature of these cases, each case history needs to be examined independently.
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Table 51 provides the details of the additional lower end outliers identified in Table 50. These
outliers were carefully examined as to their application to MnDOT practices. Due to the
importance and difficulties encountered with the analyses of pipe piles, only lower end outliers
of pipe piles are listed in Table 51. The following section provides details regarding the outlier
case histories.

Table 49. Summary of selective outlier references for H Piles

Range of Outliers

Equation | Low (unsafe) cases |High (safe) cases Low R_ange High R_’ange Comments
- - Outliers Outliers
Bias = m, - loy Bias = m,+2c,
GF412 m,=0.4281 .. .
Mod. Gates 0.490 1.459 1*-EOID 2.add1t10r.1al low outlle.rs. A !
_ high outliers match criterion
m,=0.4325
63-136-2 m,=1.9303
SLFA-1 LTP-1 m,=1.8867 14 additional low outlier
m,=0.3706 LTP-2 m,=1.7221 to be cases.
WS DOT 0.545 1.532 ABUTI included Three high outliers matched
m,=0.3872 plus Cases 91-118-2, 7-2, | and three additional outlier
12 more CHB?2, and 164-176-3 to cases to include
be excluded
Cases 63-434-1
my=0.2785, and | (. <o 69 m=2.4673 and
ABUTI1
.=0 2895 should FV10 m,=2.4069 to be
MnDOT 0.334 2.284 x o included.
be included
Case 164-176-3
Case 37-6 m,=1.4285 to be excluded
m,=0.3476 should | *
be excluded
Cases PX3 m,=1.9059
Cases 25-9 63-136-2 m=1.7706 and 9 additional 1 tiers t
28-2,37-3,39-2 | FMN2 m=1.7653 to be |~ 2% lgg?nc‘l’lj;:é‘ fers o
New MnDOT GF412, GF413, included . . :
coeff=35 0.656 1.736 42-134-2, 63-138{Cases 100-60-1 m,=1.63 10‘;}1?(};. t‘.’“ﬂ‘ff. nlllatdifd’ a‘tld
2, 1*-EOID to be| 7-2 m,=1.3800, and 103- [ 2 ‘On?nd‘ugdeou tersto
included 38-1 m=1.5111 to be
excluded
Cases PX3 m,=2.2235
Cases 25-9 63-136-2 m,=2.0657 and 9 additional 1 tiers t
28-2,37-3,39-2 | FMN2 m=2.0596 to be |~ 2¢% lgg?nc‘l’lj;:é‘ fers o
New MnDOT GF412, GF413, included . . :
coeff=30 0.766 2.025 42-134-2, 63-1381Cases 100-60-1 m,=1,9024 igh outliers matched, and

2, 1*-EOID to be
included

7-2 m,=1.6099, and 103-
38-1 m=1.7630 to be

3 additional high outliers to
include

excluded
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Table 50. Summary of selective outliers references for Pipe Piles

Range of Outliers

Equation | Low (unsafe) cases | High (safe) cases Lc())vn t'ﬁg?sge HI(%E tﬁ:gge Comments
Bias = m, - loy Bias = m+2c,
Cases #25-6
m,=0.3265
Mod. Gates 0.329 1.976 2-Salllllc,i=203._22852 [Three additional low outlier:
m,=0.2749 to be
included
Cases BEL4-LTP4
m,=0.3.3559
and DD29 m,=1.8117 All low outliers match
to be included. criterion. From high outlier,
WS DOT 0.323 1.802 Cases OD4T m,=1.6136 2 to be excluded and 2
and OD4W m,=1.3769 others to be included
to be excluded from
outliers.
m :C()a;fli)?aﬁd ,.| Case CH4m,=3.8334 | Dueto high S.D., no low
SXm ':0 2604 fall to be included cases should be included
MnDOT 0 3.659 w/xin r'an cof Cases ODA4T m,=3.2473 | other than when following
other exc%u ded and OD4W m,=2.4829 same logic as for other
cases to be excluded equations
Cases 23-2,
m,=0.3424 . i ‘
New MnDOT 0.514 2.299 2-5 m,=0.3893 Case SLT-B-1 Fclzfe:dg:clio:fé L‘Zféé’féﬂﬁr
coeff=35 ’ ’ 25-6 m=0.3938 m,=2.3019 . .
42 M0 4456 high outlier case
25-5 m,=0.4489
Cases 23-2
m,=0.3995
New MnDOT 2-5 m,=0.4542 Five additional low outlier
coeff=30 0.599 2.684 25-6 m,=0.4595 cases
4-2 m=0.5199

25-5 m=0.5237
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Table 51. Details of additional low end outliers encountered in the analyses of the Pipe Piles database

Rated Mod New New
Pile . Total Soil Type Hammer | Blow | Davisson’s ~ |WSDOT| MnDOT | MnDOT | MnDOT
No. | Case R’(\alf(;er. Location .I?'Iee Length Hrfll_mrr;er HEanrgltner CED? |Count| Criterion Gétes Eq. Eq. Eq. Eq.
No. : yp M [sige]l Ti yp i ?_g)’ OED? | (BPI)| (kips) (kiqé) (kips) | (kips) | coeff=35 |coeff=30
P P P (kips) | (kips)
MP8 | 2-5 | 45 | Canada | CEP12” | 27 |Sand Grsiﬁly D]gl_ng 2261 | OED | 60 180 631 463 691 462 396
MPI5 | 4-2 | 45 | Canada |CEP12.757 120 | Silt c1;3lytey DSI_T;g 2261 | OED | 4.15 120 326 270 212 269 231
MP21 | 232 | 45 | Canada |CEP12.757| 15 |Silty| Silty | Delmag |, o OED 6.2 102 371 298 424 298 255
clay | clay D-12
MP23 | 255 | 45 | Canada |CEP 12757 75 |Silty| Silty | Delmag |, o OED 9 146 414 326 327 325 279
clay | clay D-12
MP24 | 25.6 | 45 | Canada |CEP12.757| 36 |Silty| Silty | Delmag |, o OED 4 105 322 267 287 267 229
clay| clay D-12
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4.3.2 Evaluation of Outliers

4.3.2.1 General

Five cases from the global database were considered for possible exclusion in the final formula
analyses. These cases were listed in Table 51 and additional information relating to these five
cases is provided below. Each case was discussed during a research panel meeting in some
detail, after which time a decision was made as to include or exclude that case from future
analyses.

4.3.2.2 MP8 - Case 2-5

A 12 inch shell pile driven open-ended, with a total length of 271t but the pile was only
embedded 19ft below grade. The wall thickness was 0.15 inches, which is very thin relative to
MnDOT practice. The open-ended state was grounds for excluding this case from the closed-end
pipe equation/database.

4.3.2.3 MP15 - Case 4-2

A 12.75 inch shell pile driven with a Delmag D-12 hammer (a small hammer for today’s design
in MnDOT practice.) The pile was driven to a depth (120ft) below the available borings,
therefore, no information exists as to the soil profile at the pile toe. The pile was driven to 50bpf
with relatively low loads. The hammer seemed undersized for the pile length and weight (the ram
weight was approximately 2800 Ibs, with a pile weight of about 4000 1bs).

4.3.24 MP21 - Case 23-2

A 12.75 inch shell pile driven 9.9ft below ground, which is a very short pile relative to MnDOT
practice. In reviewing the boring logs for Borehole No. 7 (pg. 204 from the project information),
cone penetration data went above 120kPa. One could wonder if the pile punched through a stiff
layer. The soil had high silt content. This could lead to dilation of the soil, resulting in high
resistance to driving but subsequent soil relaxation that led to reduced capacity at the time of
load testing. The point/question of whether relaxation was common to MnDOT experience was
discussed, with the consensus being that relaxation is not a common concern but that it could
exist.

4.3.25 MP23 and MP24

These cases were both 12.75 inch pipe with 0.25 inch wall thicknesses, not unlike current
MnDOT practice. The soils had high silt content near the plastic limit. No reason for exclusion
was brought forward.
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4.3.3 MnDOT Research Panel Evaluation

The panel evaluation of the cases presented in section 4.2.2 was:

1. MP8 - Case 2-5 — to exclude due to being an open-ended pipe pile.

2. MPI15 — Case 4-2 — to exclude due to low field driving capacity relative to MnDOT
practice.

3. MP21, MP23 and MP24 — to include after confirming that there were not conversion
errors with respect to loading units.

4.4 Re-Evaluation of the New MnDOT Dynamic Equation for EOD and BOR Low
and High Blow Count

4.4.1 Summary Tables

Summary Tables 52 to 59 present the performance of the new MnDOT equation presented in
Phase I report) utilized with various coefficients (30, 35 and 40) and two variations of hammer
energy; E = E, and E = 0.75E,. The statistical values in Tables 52 to 59 excluded all outliers
described in sections 4.3.2 and 4.3.3, and in addition specific low and high removed outliers are
detailed in the notes accompanied each table. The tables are categorized in the following way:

e Pipe Piles
Table 52 EOD and Table 53 EOD with BC < 15BPI (capped resistance)
Table 54 BOR and Table 55 BOR with BC < 15BPI (capped resistance)
e HPiles
Table 56 EOD and Table 57 EOD with BC < 15BPI (capped resistance)
Table 58 BOR and Table 59 BOR with BC < 15BPI (capped resistance)

4.4.2 Intermediate Conclusions

The results of the analyses presented in Tables 52 to 59 suggest that the use of the MnDOT
equation developed in Phase I adjusted for the energy based on field observations (i.e. E = W-h
approximated as E = 0.75E, when stroke measurements are not available) performed overall very
well. The equation modification is in the form of:

R, = R, = 40./W, - hlog(10N) (24)
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Table 52. Dynamic equation predictions for Pipe Piles EOD condition only

Mean Bias Resistance Factor ¢ o/A
No. of Stand. | Coef. | - g
3
(n) (M) (o) |(COVy)| FOSM| MC Recom. (%)

New @ 99 0.970 0.521 | 0.537 | 0.318 | 0.337

(Eg?%) () 93| 1.017 |0502 | 0493 | 0367 | 0394

E-E. | (c) 87| 0924 |0353 | 0382 | 0.425| 0.463
New | @ 9| 1120 [0602 |0.537] 0367] 0389
MnDOT oy 93 | 1175|0579 | 0493 | 0.424 | 0.455| 050

(coef. 40)
E=0.75E, | (¢) 87 1.067 0.407 | 0.382 | 0.490 | 0.534

New (@ 99 1.109 0.595 | 0.537 | 0.364 | 0.385| 0.35 31.6

(gf?‘g; (b) 93| 1163 |0573 | 0493 | 0420 | 0451

E-E, | (c) 87| 1056 |0403 | 0382 | 0.485| 0.529
New | (@ 99| 1280 |0.688 | 0537 | 0.420| 0445| 040 | 313
MnDOT "y 93 | 1343 | 0662 | 0493 | 0485 0.520

(coef. 35)
E=0.75E, | (c) 87 1.220 0.466 | 0.382 | 0.561 | 0.611

New (@ 99 1.294 0.695 | 0.537 | 0.424 | 0450 | 0.45 34.8
MnDOT
(coef. 30) (b) 93 1.356 0.669 | 0.493 | 0.490 | 0.525
E=E, (c) 87 1.232 0.471 | 0.382 | 0.566 | 0.617

New (@ 99 1.494 0.802 | 0.537 | 0.490 | 0.519 | 0.50 335
MnDOT (b) 93 1.566 0.772 | 0.493 | 0.565 | 0.607

(coef. 30)
E=0.75E, | (¢) 87 1.423 0.543 | 0.382 | 0.654| 0.712

Notes: 1. R, is the calculated capacity using each of the dynamic formulae.
2. Ry is the Static Capacity of the pile determined by Davisson's Failure Criterion.
3. MC — Monte Carlo Simulation for 10,000 simulations.
(a) Original data presented in Phase I (Paikowsky et al., 2009) report Table 5.3.
(b) Low Outliers (removed 6 cases numbered: 14-2, 22-3, 22-5, 25-1, 2-5, and 4-2)
(c) High Outliers (>2S.D.) (removed 6 cases numbered: SLT-B-1, OD4T, OD4W, CH39, CH6-
5B, CH95B)
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Table 53. Dynamic equation predictions for Pipe Piles EOD condition only blow count
limited to max 15BPI (20 cases)

Mean Bias Resistance Factor ¢ o/
No. of Stand. | Coef. | - g
Equation Cases gﬂaﬁiﬂf;fgé Dev. |of Var. [B=2:33 p=1%, Redundant Efgfgfgfy
3
(n) (M) (o) |(COVy)| FOSM| MC® |Recom. (%)
New (a 99 0.995 0.523 | 0.526 | 0.334 | 0.355
MnDOT
(coef. 40) (b) 93 1.043 0.503 | 0.482 | 0.386 | 0.415

E-E. | () 87| 0952 |0361 | 0380 | 0.439| 0.479
New | @ 99| 1149 |o0.604 | 0526 | 0386] 0.410
MnDOT
et doy |B) 93| 1205|0581 | 0482 | 0446 | 0479 | 050
E-0.75E, | (¢) 87| 1.099 |0417 | 0380 | 0.507 | 0.553
New | (@ 99| 1138 |0598 | 0.526 | 0382 0.406
MnDOT
ety [® 93| 1192|0575 | 0482 | 0441 | 0474
E-E. | () 87| 1087 |0413 | 0380 | 0.502| 0.547
New | (@ 99| 1314 |0691 | 0526 | 0.441| 0.468
MnDOT 1) 93 | 1377 | 0.664 | 0482 | 0.509 | 0.548

(coef. 35)
E=0.75E, | (c) 87 1.256 0.477 | 0.380 | 0.580 | 0.632

New | () 99| 1327 |0.698 | 0.526 | 0.446| 0473
MnDOT
Coeta0y |®) 93| 1391|0671 | 0482 | 0515 | 0553
E-E, |(c) 87| 1269 |0482 | 0380 | 058 | 0.638
New | (@ 99| 1533 |0806 | 0.526 | 0.515| 0.547
MnDOT 93 | 1.606 | 0.775 | 0482 | 0.594 | 0.639

(coef. 30) ®)
E=0.75E, | (¢) 87 1.465 0.556 | 0.380 | 0.676 | 0.737

Notes: 1. R, is the calculated capacity using each of the dynamic formulae.

2. Ry is the Static Capacity of the pile determined by Davisson's Failure Criterion.

3. MC — Monte Carlo Simulation for 10,000 simulations.

(a) Original data presented in Phase I (Paikowsky et al., 2009) report Table 5.3, cases with BC >
15BPI were assumed BC = 15BPI.

(b) Low Outliers (removed 6 cases numbered: 14-2, 22-3, 22-5, 25-1, 2-5, and 4-2)

(c) High Outliers (>2S.D.) (removed 6 cases numbered: BEL4-LTP4, OD4T, OD4W, CH39,
CH6-5B, CH95B)
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Table 54. Dynamic equation predictions for Pipe Piles BOR condition only

Mean Bias Resistance Factor ¢ o/
No. of Stand. | Coef. ~ - g
3
(n) (M) (o) |(COV,)| FOSM| MC Recom. (%)

New (a) 58 0.859 0.271 | 0.316 | 0.453 | 0.503

(1240‘2?%) (b) 49 | 0923 |0244 | 0265 | 0539 | 0.611

E=E, (c) 46 0.886 0.200 | 0.255 | 0.528 | 0.601

New (a) 58 0.991 0.313 | 0.316 | 0.523 | 0.580

0.60
MnDOL L 49| 1066|0282 | 0265 | 0.623 | 0.706 | potentially
(coef. 40) 0.70

E=0.75E, | (c) 46 | 1.023 |0.230 | 0.255 | 0.609 | 0.694
New | @ 38| 0981 |o0310 | 0316 | 0518 0575
MnDOT 1\ 49 | 1055 [0279 | 0.265 | 0.617| 0.698

(coef. 35)
E=E, (c) 46 1.012 0.228 | 0.255 | 0.603 | 0.686

New (a) 58 1.133 0.358 | 0.316 | 0.598 | 0.664

(1(\:40‘;?2; (b) 49 | 1218 |0322 | 0265 | 0.712 | 0.806

E-0.75E, | (c) 46 | 1.169 |0263 | 0255 | 0.696| 0.793
New | () 58| 1.145 |0362 | 0316 | 0.604 | 0.671
MnDOT 5" a0 | 1231 [ 0326 | 0265 | 0.719] 0815

(coef. 30)
E=E, (c) 46 1.181 0.266 | 0.255 | 0.704 | 0.801

New (a) 58 1.322 0.417 | 0.316 | 0.698 | 0.774
MnDOT
(coef. 30) (b) 49 1.421 0.376 | 0.265 | 0.830 | 0.941
E=0.75E, | (¢) 46 1.364 0.307 | 0.255 | 0.813 | 0.925

Notes: 1. R, is the calculated capacity using each of the dynamic formulae.
2. Ry is the Static Capacity of the pile determined by Davisson's Failure Criterion.
3. MC — Monte Carlo Simulation for 10,000 simulations.
4. Low outliers arbitrarily removed to examine influence — need to be checked case by case.
(a) All BOR data
(b) Low Outliers (< 1S.D.) removed (9 cases numbered FN4, FM12, TR131, EF167, CA3/8,
ND50, LTP1-Restrike, B2, and CA24)
(c) High Outliers (>2S.D.) removed (3 cases numbered DD23, FIB, and OD4W)
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limited to max 15 BPI (17 cases)

Table 55. Dynamic equation predictions for Pipe Piles BOR condition only blow count

Mean Bias Resistance Factor ¢ /A
No. of Stand. | Coef. _ - A
Equation Cases 'C\:Aeﬁifjlf;'fs(; Dev. |of Var. p=2.33, p=1%, Redundant Efggfgfy
3
(n) (my) (oy) |[(COV,)| FOSM| MC Recom. (%)
New (a) 58 0.901 0.285 | 0.316 | 0.476 | 0.528
MnDOT
(coef. 40) (b) 49 0.969 0.255 | 0.263 | 0.569 | 0.645
E=E, (c) 47 0.943 0.225 | 0.239 | 0.579| 0.662
New (a) 58 1.040 0.329 | 0.316 | 0.549 | 0.609 0.60
MnDOT 1)) 49 | 1119|0295 | 0263 | 0.657| 0.745 | potentially
(coef. 40) 0.75
E=0.75E, | (¢c) 47 1.089 0.260 | 0.239 | 0.669 | 0.764 i
New (a) 58 1.029 0.326 | 0.316 | 0.543 | 0.603
MnDOT
(coef. 35) (b)) 49 1.108 0.292 | 0.263 | 0.650 | 0.738
E=E, (c) 47 1.078 0.257 | 0.239 | 0.662 | 0.756
New (a) 58 1.189 0.376 | 0.316 | 0.628 | 0.696
MnDOT
(coef. 35) (b)) 49 1.279 0.337 | 0.263 | 0.750 | 0.851
E=0.75E, | (c) 47 1.244 0.297 | 0.239 | 0.764 | 0.873
New (a) 58 1.201 0.380 | 0.316 | 0.634| 0.704
MnDOT
(coef. 30) (b) 49 1.292 0.340 | 0.263 | 0.758 | 0.860
E=E, (c) 47 1.257 0.300 | 0.239 | 0.772| 0.882
New (a) 58 1.387 0.439 | 0.316 | 0.732 | 0.812
MnDOT
(coef. 30) (b)) 49 1.492 0.393 | 0.263 | 0.875| 0.993
E=0.75E, | (¢c) 47 1.452 0.347 | 0.239 | 0.892 | 1.019
Notes: 1. R, is the calculated capacity using each of the dynamic formulae.

2. Ry is the Static Capacity of the pile determined by Davisson's Failure Criterion.

3. MC — Monte Carlo Simulation for 10,000 simulations.

4. Low outliers arbitrarily removed to examine influence — need to be checked case by case.

(a) All BOR data, cases with BC > 15BPI were assumed BC = 15BPI

(b) Low Outliers (< 1S.D.) removed (9 cases numbered FN4, FM12, TR131, EF167, CA3/8,
ND50, LTP1-Restrike, B2 and CA24)

(c) High Outliers (>2S.D.) removed (2 cases numbered FIB and 120-Restrike)
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Table 56. Dynamic equation predictions for H-Piles EOD condition only

Mean Bias Resistance Factor ¢ o/A
No. of Stand. | Coef. | - g
cauaton] Case | VESES Do o Var, £=25 et Rededant | Efiency
3
(n) () (6) |[(COVy)| FOSM| MC® | Recom (%)
New (a) 125 0.889 0.315| 0354 | 0.434 | 0.474
MnDOT
(coef. 40) (b) 118 0.916 0.302 | 0.330 | 0.470 | 0.518
E=E, (c) 111 0.864 0.222 | 0.257 | 0.513 | 0.583
New (a) 125 1.027 0.364 | 0.354 | 0.501 | 0.548 58.4
MnDOT
(coef. 40) (b) 118 1.058 0.349 | 0.330 | 0.543 | 0.599 0.60 56.7
E=0.75E, | (¢) 111 0.998 0.256 | 0.257 | 0.592 | 0.674 60.1
New (a) 125 1.016 0.360 | 0.354 | 0.495 | 0.542 0.55 54.1
MnDOT
(coef. 35) (b) 118 1.047 0.346 | 0.330 | 0.537 | 0.592
E=E, (c) 111 0.988 0.254 | 0.257 | 0.586 | 0.667
New | (@ 125| 1.174 0.416 | 0.354 | 0.573 | 0.626 | 0.60 51.1
MnDOT
(coef. 35) (b) 118 1.209 0.399 | 0.330 | 0.620 | 0.684
E=0.75E, | (¢) 111 1.141 0.293 | 0.257 | 0.677 | 0.770
New (a) 125 1.186 0.420 | 0.354 | 0.578 | 0.632 0.60 50.6
MnDOT
(coef. 30) (b) 118 1.221 0.403 | 0.330 | 0.626 | 0.691
E=E, (c) 111 1.153 0.296 | 0.257 | 0.684 | 0.779
New (a) 125 1.369 0.485 | 0.354 | 0.668 | 0.730 0.70 51.1
MnDOT
coef. 30) (b) 118 1.410 0.466 | 0.330 | 0.723 | 0.798
E=0.75E, | (¢) 111 1.331 0.342 | 0.257 | 0.790 | 0.899

Notes: 1. R, is the calculated capacity using each of the dynamic formulae.
2. Ry is the Static Capacity of the pile determined by Davisson's Failure Criterion.
3. MC - Monte Carlo Simulation for 10,000 simulations
(a) Original data presented in Phase I (Paikowsky et al., 2009) report, Table 5.2.
(b) Low Outliers (removed 7 cases numbered: 23-3, 25-9, 28-2, 37-3, 37-6, 39-2, 91-118-1)
(c) High Outliers (>2S.D.) (removed 7 cases numbered; 63-136-2, CHB2, 91-118-2, FMN2,
FIA, 164-176-3, PX3)
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Table 57. Dynamic equation predictions for H-Piles EOD condition only blow count limited
to max 15 BPI (50 cases)

Mean Bias Resistance Factor ¢ o/
No. of Stand. | Coef. | - g
Equation| Cases gﬂaﬁizﬂ:ﬂ Dev. |of Var, [[B=2:33. p=1%, Redundant Efgfgfgfy
3
(n) (my) (on) |[(COV,)| FOSM | MC® | Recom (%)
New | (@) 125 0.931 0.313 | 0.336 | 0.471 | 0.519
MnDOT
(coef. 40) (b) 118 0.960 0.296 | 0.309 | 0.514 | 0.572

E=E, | (¢) 113 0.921 0.232| 0.252 | 0.552 | 0.629

New | @ 125| 1075 | 0361|0336 | 0.544 | 0.599

MnDOT
(coef. 40)

E=0.75E, | (¢) 113 | 1.063 0267 | 0.252 | 0.637 | 0.726

(b) 118 1.108 0.342 | 0.309 | 0.593 | 0.660

New | (@) 125 1.064 0.358 | 0.336 | 0.539 | 0.593

MnDOT
(coef. 35)
E=E, | (¢) 113 1.052 0.265 | 0.252 | 0.630 | 0.718

New | (@) 125| 1228 | 0413|0336 | 0.622 | 0.684
MnDOT [y 118 | 1267 | 0391|0309 | 0.678 | 0.755

(coef. 35)
E=0.75E, | (¢) 113 1.215 0.306 | 0.252 | 0.728 | 0.829

(b) 118 1.097 0.339 | 0.309 | 0.587 | 0.654

New | (@) 125| 1241 0417 | 0.336 | 0.628 | 0.692

MnDOT
(coef. 30) (b) 118 1.280 0.395 | 0.309 | 0.685 | 0.763

E=E, | (¢) 113 1.228 0.309 | 0.252 | 0.736 | 0.838

New (a) 125 1.433 0.482 | 0336 | 0.726 | 0.799
MnDOT

coef. 30) (b) 118 1.478 0.456 | 0.309 | 0.791 | 0.881
E=0.75E, | (c) 113 1.418 0.357 | 0.252 | 0.850 | 0.968

Notes: 1. R, is the calculated capacity using each of the dynamic formulae.

2. Ry is the Static Capacity of the pile determined by Davisson's Failure Criterion.

3. MC - Monte Carlo Simulation for 10,000 simulations

(a) Original data presented in Phase I (Paikowsky et al., 2009) report, Table 5.2, cases with BC
> 15BPI were assumed BC = 15BPI.

(b) Low Outliers (removed 7 cases numbered: 23-3, 25-9, 28-2, 37-3, 37-6, 39-2, 91-118-1)

(¢) High Outliers (>2S.D.) (removed 5 cases numbered: CHB2, 91-118-2, FIA, 164-176-3,
PX3)

]
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Table 58. Dynamic equation predictions for H-Piles BOR condition only

Mean Bias Resistance Factor ¢ o/A
No. of Stand. | Coef. | - g
Equation | Cases 'C\:Aaﬁizlljz;tegé Dev. | of Var. |_B=2:33, p=1%, Redundant EfFf;:(:te:rcy
3
(n) (my) (on) |[(COV,)| FOSM | MC® | Recom (%)
New (a) 34 0.817 0.499 | 0.611 | 0.228 | 0.241
MnDOT
(coef. 40) (b) 30 0.890 0.486 | 0.546 | 0.286 | 0.303
E=E, (c) 28 0.781 0.262 | 0.335 | 0.396 | 0.436
New (a) 34 0.944 0.576 | 0.611 | 0.264 | 0.278
MnDOT
(coef. 40) (b) 30 1.028 0.562 | 0.546 | 0.331 | 0.350
E=0.75E.| (c) 28 0.902 0.302 | 0.335 | 0.458 | 0.504
New (a) 34 0.934 0.541 | 0.611 | 0.261 | 0.275
MnDOT
(coef. 35) (b) 30 1.017 0.556 | 0.546 | 0.327 | 0.346
E=E, (c) 28 0.893 0.299 | 0.335 | 0.453 | 0.499
New (a) 34 1.078 0.659 | 0.611 | 0301 | 0.318
MnDOT
(coef. 35) (b) 30 1.175 0.642 | 0.546 | 0.378 | 0.400
E=0.75E,| (¢c) 28 1.031 0.345 | 0.335 | 0.523 | 0.576
New (a) 34 1.090 0.666 | 0.611 | 0.304 | 0.321
MnDOT
(coef. 30) (b) 30 1.187 0.648 | 0.546 | 0.382 | 0.404
E=E, (c) 28 1.042 0.349 | 0.335 | 0.529 | 0.582
New (a) 34 1.258 0.769 | 0.611 | 0351 | 0.371
MnDOT
(coef. 30) (b) 30 1.370 0.749 | 0.546 | 0.441 | 0.466
E=0.75E, | (c) 28 1.203 0.403 | 0.335 | 0.611 | 0.672
Notes: 1. R, is the calculated capacity using each of the dynamic formulae.
2. Ry is the Static Capacity of the pile determined by Davisson's Failure Criterion.
3. MC - Monte Carlo Simulation for 10,000 simulations
4. Low outliers arbitrarily removed to examine influence — need to be checked case by case.
(a) All BOR data

(b) Low Outliers (< 1S.D.) removed (4 cases numbered 63S, 35-1, TRBH, and DW2)
(c) High Outliers (>2S.D.) removed (2 cases numbered FIA, and PX3)
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Table 59. Dynamic equation predictions for H-Piles BOR condition only blow count limited
to max 15 BPI (16 cases)

Mean Bias Resistance Factor ¢ o/
No. of Stand. | Coef. | - g
Equation | Cases gﬂaﬁizﬂ:ﬂ Dev. |of Var, -B=233. p=1%, Redundant Efgfgfgfy
3
(n) (my) (on) |[(COV,)| FOSM | MC® | Recom (%)
New (a) 34 0.982 0.472 | 0.481 | 0.364 | 0.391
MnDOT
(coef. 40) (b) 32 1.014 0.469 | 0.463 | 0.391 | 0.421

E=E, (c) 29 0.881 0.212 | 0.241 | 0.539 | 0.615

New (a) 34 1.134 0.545 | 0.481 | 0.420 | 0.452

MnDOT
(coef. 40)

E=0.75E, | (¢) 29 | 1.018 0.245 | 0.241 | 0.623 | 0.711

(b) 32 1.171 0.541 | 0.463 | 0.451 | 0.487

New (a) 34 1.123 0.540 | 0.481 | 0.416 | 0.448

MnDOT
(coef. 35)
E=E, (¢) 29 1.007 0.243 | 0.241 | 0.616 | 0.703

New | (@ 34| 1296 | 0623|0481 | 0480 | 0517
MnDOT |y 35 | 1338 | 0.619| 0463 | 0516 | 0.556

(coef. 35)
E=0.75E, | (¢) 29 1.163 0.280 | 0.241 | 0.711 | 0.812

(b) 32 1.159 0.536 | 0.463 | 0.447 | 0.482

New | (@ 34 | 1310 0.630 | 0.481 | 0.486 | 0.522

MnDOT
(coef. 30) (b) 32 1.352 0.625 | 0.463 | 0.521 | 0.562

E=E, | () 20 | 1.175 | 0283|0241 | 0719 | 0821
New | (@ 34| 1512 | 0727|0481 | 0.560 | 0.603
MnDOT |55 | 1561 | 0722 0463 | 0.602 | 0.649

(coef. 30)
E=0.75E, | (c) 29 1.357 0.327 | 0.241 | 0.830 | 0.948

Notes: 1. R, is the calculated capacity using each of the dynamic formulae.
2. Ry is the Static Capacity of the pile determined by Davisson's Failure Criterion.
3. MC - Monte Carlo Simulation for 10,000 simulations
4. Low outliers arbitrarily removed to examine influence — need to be checked case by case.
(a) All BOR data, cases with BC > 15BPI were assumed BC = 15BPI
(b) Low Outliers (< 1S.D.) removed (2 cases numbered FN1 and 63S)
(c) High Outliers (>2S.D.) removed (3 cases numbered FIA, PX3 and PX2)
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This equation was designated as MnDOT Pile Formula 2012 or abbreviated as MPF12. The
statistical results of equation (24) were highlighted in Tables 52 to 59 and suggest the following:

1.

For all pipe pile cases (EOD and BOR with and without limiting blow count) the bias of
the equation varied between 0.991 to 1.205.

With removal of high and low outliers, the equation when applied for all pipe pile cases
resulted with a bias varying between 1.023 to 1.099 with a Coefficient of Variation
(COV) between 0.239 to 0.382.

For all H pile cases (EOD and BOR with and without limiting blow count) the bias of the
equation varied between 0.902 to 1.171.

With removal of high and low outliers, the equation when applied for all H pile cases
resulted with a bias varying between 0.902 to 1.063 with a COV between 0.241 and
0.335.

Based on the above, the following sections concentrate on the performance of the equation in the
format presented in equation (24).

4.5 Evaluation of MPF12 and Resistance Factors Development

45.1

Graphical Presentation

The performance of the MPF12, equation (24), is examined in Figures 86 to 94 in the form of the
actual bias of the data (static measured capacity over dynamic equation prediction) vs. driving
resistance (blow count) for the following groups:

o a0 o

Pipe Pile EOD (Figures 86 and 87)

Pipe Piles BOR (Figures 88 and 89)

H Piles EOD (Figures 90 and 91)

H Piles BOR (Figures 92 and 93)

H Piles EOD and BOR grouping the zones of driving resistance (Figure 94)

Each of the sets was presented in four ways:

ao o w

Bias vs. linear Blow Count

Bias vs. log scale Blow Count

Bias vs. linear Blow Count for the range of 0 to 16 BPI

Mean and Standard Deviation of the Bias for 2BPI zones, e.g. 0-2, 2-4, etc.
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Figure 86. Bias vs. blow count for Pipe Pile EOD cases only (low and high outliers removed) for the New MnDOT Equation
(coefficient 40, 75% energy); (a) linear scale, and (b) log scale
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Figure 87. Bias vs. blow count for Pipe Pile EOD cases only (low and high outliers removed) for the New MnDOT Equation

deviation per 2bpi segments
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Figure 88. Bias vs. blow count for Pipe Pile BOR cases only (low and high outliers removed) for the New MnDOT Equation
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Figure 89. Bias vs. blow count for Pipe Pile BOR cases only (low and high outliers removed) for the New MnDOT Equation

(coefficient 40, 75% energy) where the blow count is limited to 15bpi maximum; (a) linear scale, and (b) average and standard
deviation per 2bpi segments
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Figure 90. Bias vs. blow count for H Pile EOD cases only (low and high outliers removed) for the New MnDOT Equation
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Figure 91. Bias vs. blow count for H Pile EOD cases only (low and high outliers removed) for the New MnDOT Equation
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Figure 92. Bias vs. blow count for H Pile BOR cases only (low and high outliers removed) for the New MnDOT Equation
(coefficient 40, 75% energy); (a) linear scale, and (b) log scale
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Figure 93. Bias vs. blow count for H Pile BOR cases only (low and high outliers removed) for the New MnDOT Equation
(coefficient 40, 75% energy) where the blow count is limited to 15bpi maximum; (a) linear scale, and (b) average and standard

deviation per 2bpi segments
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Figure 94. Average and standard deviation of the bias vs. blow count for H Pile cases (low and high outliers removed) for the
New MnDOT Equation (coefficient 40, 75% energy) where the blow count is limited to 15bpi maximum; (a) EOD only, and (b)

BOR only
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4.5.2 Summary Tables

Tables 60 to 61 and Tables 62 to 63 present the performance of MPF12, equation (24), for pipe
and H piles under EOD and BOR, respectively. The Tables summarize the performance of
MPF12 under various assumptions associated with variation in driving resistance (blow count).
All tables refer to the cases presented in Tables 52 to 59 for which the high and the low outliers
were removed (case 3¢ in the notes associated with those tables).

All four tables show extremely accurate predictions in regard to the bias and the low coefficient
of variations. Table 60 reveals the sensitivity of the dynamic analyses to the condition of large
soil inertia effects. Closed pipe piles under easy driving conditions (< 4bpi) present systematic
under-prediction. These conditions are marginally relevant at BOR and of small relevance for H
piles, only under very easy driving (< 2bpi).

Table 60. Statistical summary based on blow count of Pipe Pile EOD cases (low and high
outliers removed) for the New MnDOT Equation (coefficient 40, 75% energy)

No. of | Avg. Bias | Stand. [}
Blow Count Cases (m,) Dev. cov FOSM MC Recom.
0-2 16 1.128 0425 | 0377 | 0.524 | 0571
BC<4 | 2_4 2 1224 0491 | 0401 | 0.540 | 0.587
0—4 38 1.184 0461 | 0389 | 0536 | 0.583
Actual 21 0.957 0317 | 0332 | 0489 | 0.539
BC> 15 050
Limited ’
BC>15= 21 1.088 0395 | 0363 | 0597 | 0.675
BC=15
All - Actual BC 87 1.067 0408 | 0382 | 0.490 | 0.534
All — Limited BC 87 1.099 0417 | 0380 | 0501 | 0.545

Table 61. Statistical summary based on blow count of Pipe Pile BOR cases (low and high
outliers removed) for the New MnDOT Equation (coefficient 40, 75% energy)

No. of | Avg.Bias | Stand. [0}
Blow Count | coses | (my) pev. | “©V [FOSM| MC | Recom.
0-2 3 1.038 0.393 0.379 | 0.480 | 0.523 | not to apply
BC<4 2-4 8 0.981 0.144 0.147 | 0.702 | 0.842
0-4 11 0.997 0.215 0.216 | 0.638 | 0.741
Actual
BC> 15 15 1.010 0.262 0.259 | 0.597 | 0.679
Limited 0.65
BC>15= 15 1.184 0.303 0.256 | 0.704 | 0.801
BC=15
All — Actual BC 46 1.023 0.230 0.255 | 0.609 | 0.694
All — Limited BC 47 1.089 0.260 0.239 | 0.669 | 0.764
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Table 62. Statistical summary based on blow count of H Pile EOD cases (low and high
outliers removed) for the New MnDOT Equation (coefficient 40, 75% energy)

No. of | Avg.Bias | Stand. ()
Blow Count | ~ces | (my) Dev. | “OV "FosM | MC | Recom.
0-2 12 1204 0347 | 0288 | 0.673 | 0.753
BC<4 | 2-4 22 1.015 0245 | 0242 | 0.620 | 0.708
0—4 34 1.082 0295 | 0272 | 0.624 | 0.705
Actual 50 0.908 0.189 | 0208 | 0590 | 0.687
BC>15 0.60
Limited ’
BC>15= 50 1.024 0209 | 0204 | 0.669 | 0.782
BC=15
All — Actual BC 111 0.998 0256 | 0257 | 0592 | 0.674
All— Limited BC | 113 1.063 0267 | 0252 | 0.637 | 0.726

Table 63. Statistical summary based on blow count of H Pile BOR cases (low and high
outliers removed) for the New MnDOT Equation (coefficient 40, 75% energy)

No.of | Avg.Bias | Stand. [0}
BlowCount | cases | (my pev. | “©V [FosM | MC | Recom.
0-2 3 1.206 0.335 0.278 | 0.687 | 0.774
BC<4 | 2-4 4 0.854 0.207 0.243 | 0.520 | 0.594 0.60
0-4 7 1.005 0.307 0305 | 0.543 0.604
B%C;lails 13 0.792 0.329 0.415 | 0.339 | 0.367 | notto apply
Limited
BC215= 13 1.174 0.438 0.373 | 0.550 | 0.600 0.60
BC=15
All = Actual BC 28 0.902 0.302 0.335 | 0.458 | 0.504 | not to apply
All — Limited BC 29 1.018 0.245 0.241 0.623 0.711 0.60

4.5.3 Driving Resistance Bearing Graphs

The MPF12 was utilized to develop driving resistance curves (bearing graphs) presented in
Figure 95 showing the variation of the calculated capacity vs. blow count for three nominal
hammer energies (E, = 60, 80, 100kip-ft), including a suggested limiting blow count of 15 bpi.

45.4 Calculated Resistance Factors

Tables 60 to 63 include the evaluation of the resistance factors for the different investigated
conditions described in section 4.5.2. Both First Order Second Moment (FOSM) and Monte
Carlo (MC) simulations were used for the evaluation with the load side statistical parameters and
load factors following the methodology presented by Paikowsky et al. (2004) and reviewed in
the Phase I report (Paikowsky et al., 2009). Tables 60 to 63 also include the recommended
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resistance factors for each of the conditions. The calculated resistance factors lead to the
following recommendations:

a.

For pipe piles, use ¢ = 0.50 for EOD, ¢ = 0.65 for BOR, keep 2 <BC < 15

b. For H piles, use ¢ = 0.60 for EOD and BOR, keep BC < 15

Blow Count (blows/10cm)
300 400 500
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600

R, (kips)

400

200

o

New Mn/DOT Equation
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\ \ \ \ \ \ \ \
R, (kips) = 40 x /0.75E,, X log[10 X blow count(BPI)]

Figure 95. New

rFrrrr 1r-tTr v 1r T 17t
20 30 40 50 60 70 80 90
Blow Count (bpi)

100

MnDOT equation vs. blow count for set energy values

4.6 MPF12 Final Format and Recommended Resistance Factors

Following the analyses presented in the previous section and attempting to maintain the
engineering units format of the new equation in line with previous practices, the final format of
MPF12 to be used by the MnDOT is:

in which
R,

’WXH 10
Rn = 20 1,000 X log (?)

nominal resistance (tons)
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= stroke (height of fall) (ft)
weight of ram (Ibs)
set (pile permanent displacement per blow) (inch)

H
\%
s

The value of the energy (W-H) used in the dynamic formula shall not exceed 85% of the
manufacturer’s maximum rated energy for the hammer used considering the settings used during
driving. Equation (25) is to be used with the following Resistance Factors (RF) in order to obtain
the factored resistance:

R, = q) "Ry (26)
where

for Pipe Piles, $ = 0.50,2 <BC < 15
for H piles, ¢ =0.60,2 <BC <15
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5 EVALUATION OF MPF12 FOR PRECAST PRESTRESSED
CONCRETE PILES

5.1 Overview

The MPF12 was investigated for application to precast prestressed concrete piles. As the case
history database was diverse and extensive, it required looking at 24 combinations for
establishing the resistance factors, but also allowed to expand the investigation in various ways:

1. The use of MPF12 for large/voided piles that would require equation modification, for
the present research it can be resolved using a higher resistance factor as presented in the
conclusions.

2. CAPWAP predictions were compared to static load test results and to MPF12. The
performance of MPF12 is much better than that of CAPWAP for EOD and comparable to
CAPWAP at BOR within the applicable pile sizes.

5.2 PSC Database Summary

Table 64 outlines the database compiled for examining the application of MPF12 equation
(Paikowsky et al., 2009) for the capacity evaluation of precast, prestressed concrete piles.
Overall, 137 cases are available, related to 38 piles for which End of Driving (EOD) records are
available in addition to 99 Beginning of Restrike (BOR) records.

Table 64 categorizes the piles by size and shape distinguishing between voided and un-voided
shapes. Most of the un-voided EOD pile cases range from 14 to 24-inch size piles (20 of 26).
Table 65 further subcategorizes the pile cases by referring to the driving resistance in the form of
Blows Per Inch (BPI) of the EOD and BOR cases. Both tables provide the pile capacity ranges as
established by a static load test using the Davisson’s failure criterion.
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Table 64. Summary of PSC data set attributes

Capacity Type of Soil Types”
Pile Type/Size (in) No. Range Data
(Kips) EOD | BOR Soil Type | Side | Tip
10 9 64 -270 0 9
12 7 358 - 466 2 5 Sand w/ 77 45
14 12 313 -398 5 7 Fines
. . 16 5 807 - 1006 2 3
Sq“ag gé’r'gsr'ca' 18 | 18 | 230-550 7 1 cand
20 | 9 | 368-1360 | 1 8 W"/"g‘ut % |
24 28 453 -1671 5 23 Fines
30 6 754 - 1590 3 3
36 2 1140 1 1
20 2 980 1 1 .
24 E 200817 ) 9 Clay/Till 34 21
Voided Concrete 30 7 511-900 1 6
36 10 540 - 542 2 8
— I 54 3 920 - 1430 1 2 Rock/IGM 0 9
ctagona 2 | 6 | 512-1140 | 3 3
Concrete

Total: | 137 | 38 99 Total: 137 | 137
*includes all cases, hence may refer multiple times to same pile.

Table 65. PSC cases categorized by pile shape/size, time of driving and driving resistance

. All EOD Cases BOR Cases Static Capacity
Pile Type - - -
Cases | All | B.C.>2bpi |All | B.C.>2bpi (Kips)
10" sq 9 0 0 9 8 64 to 270
12" sq 7 2 2 5 5 358 to 466
14" cyl 2 1 1 1 1 313
14" sq 10 4 3 6 6 320 to 398
16" sq 5 2 1 3 3 807 to 1006
18" sq 18 7 6 11 11 230 to 550
20" hollow cyl. 2 1 1 1 1 980
20" sq 9 1 1 8 8 368 to 1360
24" oct 6 3 3 3 3 512 to 1140
24" hollow sq. 13 4 2 9 8 400 to 817
24" sq 28 5 5 23 23 453 to 1671
30" hollow sq. 7 1 0 6 5 511 to 900
30" sq 6 3 3 3 3 754 to 1590
36" hollow cyl. 10 2 1 8 8 540 to 542
36" sq 2 1 1 1 1 1140
54" hollow cyl. 2 1 1 1 1 1430
54" hollow sq. 1 0 0 1 1 920
TOTAL: 137 38 31 99 96
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5.3 Statistical Analysis

Table 66 provides the statistical analysis for the 24 investigated subgroups of the PSC database.
Overall the database was broken down based on (a) pile type, distinguishing between full shape
and voided piles (typically included in large size piles), (b) time of driving, EOD, BOR and
combined, and (c) driving resistance, typically resistance greater than either 2 or 4 bpi. This
detailed subdivision was recognized by investigating the data in various ways and reflects the
large variability of the pile types.

Graphical presentation of the major subcategories (with a different notation for each pile type)
comparing the measured (static load test) to the calculated capacities, are presented in Figures 96
through 99. Based on the analyses and graphs, the following major observations can be made:

1.

For EOD, the bias of the unvoided piles is smaller than that of the voided piles (m =
1.27 for n =28 vs. m; = 1.53 for n = 10). This seems to be associated with size and
capacity, i.e. the equation naturally under-predicts the capacities of the larger piles in size
and capacity as it was originally not developed for these pile sizes. Figure 99 elucidates
this fact by examining the bias for all tested pile sizes showing an overall trend of
increased bias with the increase with pile size.

A substantial under-prediction with a large scatter exists in the low driving resistance
range for which the blow count (BC) is smaller than 2BPI. This evidence becomes clear
in the graphical presentation of the data in Figure 100.

The equation provides accurate prediction for the non-voided piles at BOR for all cases
and in particular for the cases when the BC > 2BPI and outliers are removed, resulting
with a mean bias of m; = 0.98 for n = 66 cases and a COV; = 0.33. The relationship
between the bias and the driving resistance for the BOR cases is presented in Figure 101.
Figure 102 presents the relationship between the bias and the pile dimension for (a) EOD
and (b) BOR. While for the piles equal or smaller than 24-inch, the bias ranges typically
about 0.6 to 1.2. For sizes greater than 24-inch, the bias is typically above 1, suggesting
the equation to under-predict consistently the higher pile dimensions and their associated
higher capacities.
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Table 66. Summary of statistics and resistance factors for PSC piles categorized by pile
shape/size, time of driving and driving resistance

# of Resistance Factor
Cases | ™ | ™ | COVa [EGsm | mc Re(‘:bom.
All Cases 28 0.55 | 127 | 043 0.52 0.56
o | a B.C. > 2 bpi 25 0.51 | 123 | 041 0.53 0.57
219 B.C. > 2 bpi & No Outliers' 22 0.40 | 1.10 | 0.36 0.53 0.58 0.50
= B.C. > 4 bpi 18 0.54 | 127 | 043 0.53 0.57
% B.C. > 4 bpi & No Outliers' 16 0.45 | 1.15 | 0.40 0.51 0.56
T All Cases 72 042 | 1.05 | 0.40 0.46 0.50
‘g » B.C. > 2 bpi 71 042 | 1.06 | 0.40 0.47 0.51
3 9Q B.C. > 2 bpi & No Outliers’ 66 032 | 098 | 0.33 0.50 0.56 0.50
@ B.C. > 4 bpi 65 042 | 1.09 | 0.39 0.50 0.54
§ B.C. > 4 bpi & No Outliers’ 60 031 | 1.01 | 0.31 0.54 0.60
£ All Cases 100 | 047 | 1.11 | 0.42 0.47 0.51 0.50
) B.C. >2 & No Outliers 88 034 | 1.01 | 0.34 0.51 0.56 '
[a)]
8|9 All Cases 10 026 | 1.53 | 0.17 1.05 1.25
=
3
e | 0.80
= e All Cases 27 025 | 1.16 | 0.21 0.74 0.86
2
£ All Cases 37 030 | 126 | 0.24 0.77 0.89
o B.C.>2 & No Outliers 30 024 | 1.17 | 0.20 0.77 0.90
8 All Cases 38 047 | 127 | 037 0.60 0.66
w B.C.>2. 31 0.51 | 1.27 | 0.40 0.56 0.61
All Cases 99 037 | 1.05 | 0.35 0.52 0.57
3| 5 B.C.>2 BPI 96 0.39 | 1.08 | 0.36 0.52 0.57
a | o No Outliers’ 93 0.30 | 1.02 | 0.30 0.56 0.62
g | @ B.C.>4 88 038 | 1.09 | 0.35 0.54 0.60 N/A
= B.C. >4 & No Outliers’ 82 028 | 1.03 | 0.28 0.59 0.66
<
ey
g All Cases 137 | 042 | 1.13 | 0.37 0.53 0.58
Notes:

1. Omit all piles with bias > 2.10
2. Omit all piles with bias > 1.85
3. Omit all piles with bias > 1.74
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5.4 Broader Examination of the MPF12 Equation

Additional analyses were carried out to gain better perspective of the aforementioned
investigation of the MPF12 equation performance. The case histories that contained dynamic
measurements and signal matching (CAPWAP) analyses were examined for the accuracy of the
prediction and compared to MPF12 performance. Figures 103 and 104 contain comparisons
between static load test capacity (Davisson’s failure criterion) and CAPWAP predictions for
EOD and BOR cases, respectively. Figures 105 and 106 present comparisons between the
MPF12 and the CAPWAP predictions; note that Ry in these figures relate to CAPWAP
prediction and not to static capacity. The data in Figures 103 to 106 lead to the following
observations:

1. CAPWAP predictions at EOD provide systematically lower capacities when compared to
the measured static capacities. On the average for the 35 examined cases, the bias was m;,
= 2.37 and the COV; = 0.91. This is in contrast to the comparison in Figures 96 and 97,
and the data in Table 66, suggesting significantly better pile capacity predictions by
MPF12 than CAPWAP for the EOD examined cases. This observation may have been
influenced by the nature of the cases where capacity gain with time had taken place.

2. Figure 104 shows a much better performance for the CAPWAP analyses when compared
to the measured static capacity for the BOR cases. For the 99 cases (note, multiple
restrikes on same piles), the mean bias m; = 1.22 and the COV; = 0.35. The comparison
in Figure 104 suggests the signal matching to perform comparably to the MPF12 for the
BOR cases when compared to the relations presented in Figures 98 and 99 and Table 66
all BOR cases.

3. The data in Figure 105 related to EOD suggests that a somehow good agreement exists
between MPF12 and CAPWAP for the range of pile capacities approximately lower than
300kips. For capacities between 300 and about 500kips, the MPF12 predictions are
somehow conservative compared to the CAPWAP predictions (approximately %3) and for
pile capacities in excess of 500kips the MPF12 capacities are under predicting
significantly compared to CAPWAP (by approximately }%).

4. The data in Figure 106 related to BOR suggests that as both methods perform well in this
category, overall a good agreement exists between the MPF12 and CAPWAP predictions
over the entire range of capacities (i.e. ratio of 90%). However, graphical observation of
the data shows that up to about 600kips the MPF12 capacity is typically higher than that
of CAPWAP, between about 600kips and 900kips the MPF12 capacity is typically
moderately lower than the CAPWAP predictions, while for capacity range beyond
900kips the MPF12 seriously under-predicts the pile capacities as compared to
CAPWAP. Naturally this zone is dominated by large piles mostly voided with capacities
beyond the range for which MPF12 was originally developed.
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5.5 Resistance Factors

Table 66 summarizes the calculated and recommended resistance factors based on the above
discussed sub categorization of the cases. Figures 96 to 99 present the application of resistance
factors ¢ = 0.5 and ¢ = 0.6 to the analyzed data. It should be noted that with the factored load, the
cases on the boundary are actually on the safe side (i.e. factored resistance greater than factored
load).

5.6 Recommendations

The calculated resistance factors of Table 66 and the graphics representation of Figures 96 to 99
lead to the following recommendations:

1. For non-voided PSC Pile sizes < 24"

use the same recommendations as previously provided for steel pipes, i.e.:

¢ = 0.5 for EOD and BOR, 2 <B.C. < 15BPI (see equation (25), section 4.6)
2. For voided PSC sizes 20” < PSC < 54"

use ¢ = 0.80

Case 2 requires modification of the equation but as a first evaluation one can use ¢ = 0.80 for all
cases.
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6 EVALUATION OF MPF12 FOR TIMBER PILES

6.1 Overview

The MPF12 was investigated for application to timber piles. A total of 28 timber piles were
examined and the appropriate resistance factor was developed based on 25 of the original 28 cases.
Three cases were set aside as control cases. Due to large damping and loss of energy when
impacting timber, it was proposed that the MPF12 equation be multiplied by 0.50 for a simplified
format and accurate pile capacity predictions. The use of the Timber piles modified equation was
calibrated resulting with a recommended resistance factor of ¢ = 0.60.

6.2 Timber Pile Database

6.2.1 Summary

Table 67 outlines the database compiled for examining the application of MPF12 equation
(Paikowsky et al., 2009) for the capacity evaluation of timber piles. Overall, 25 cases are
available for evaluating the efficacy of the MPF12 equation, related to 24 piles for which End of
Driving (EOD) records are available in addition to one Beginning of Restrike (BOR) records. All
cases were obtained from the Ontario Ministry of Transportation.

Results outlined in this report represent all relevant timber pile cases for both EOD and BOR
times of driving. Three (3) additional cases (to the 25 timber piles) were set aside as control
cases, primarily to examine the validity of the recommended MPF12 equation for timber piles
and the associated resistance factors. Table 67 categorizes the piles by three common metric
sizes: Size 30, 32, and 36 (in centimeters). Table 68 summarizes the range of tip/butt diameters
(inch) and embedded lengths (ft) for each pile size. The driving resistances, in the form of Blows
Per Inch (BPI), were limited to 15 BPI for all cases, where a total of three (3) cases exceeded this
limit.

Table 67. Summary of timber pile data set attributes

Pile Size Capacity : -
Type Embedded Length (ft) No Ra_nge Soil Type
Min. Max. Ave, ) (Kips) Side | Tip
Size 30 15 22 17 6 130-350 Sand w/ Fines 10 11
Size 32 n/a n/a 24 1 150 Sand w/out Fines 2 4
Size 36 11 72 36 18 70-350 Clay/Silt 16 12
Total: 25 Rock 0 1

* Includes all cases, hence may refer multiple times to same pile.
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Table 68. Range of timber pile dimensions

Pile _Butt _ Tip Average Embedded
Type Dlameter Dlameter Dlameter Length
(in) (in) (in) (ft)
Size 30 12.0 8.0-10.0 10.0-11.0 15.0-22.0
Size 32 12.8 8.5 10.6 24.0
Size 36 13.4-16.7 8.0-13.8 11.5-14.8 11.0-72.0

6.2.2 Pile Capacity Evaluation

The capacity of driven piles is most appropriately defined by Davisson (1972) failure criterion.
Paikowsky et al. (2004) had established the statistical validity of this criterion and, as such, all
calibrations were conducted based on the load test results interpretations utilizing Davisson’s
criterion.

The application of Davisson’s criterion requires the use of the pile’s modulus of elasticity in
order to establish the elastic deformation of a free standing pile (i.e. column) under load. In
contrast to manmade materials (steel, concrete), timber modulus varies significantly based on the
timber type, orientation of grain, etc. As such, Table 67 provides the pile capacity ranges as
established by a static load test using the Shape of Curve failure analysis. The Shape of Curve
analysis was preferable due to the general/plunging failure behavior of the timber piles and the
ability to introduce judgment. A comparison of the static capacity based on the Shape of Curve
and Davisson’s Criterion is presented in Figure 107. For the majority of the cases a section
modulus (E) of 1500 ksi was assumed (Collin, 2002). A reduced modulus was assumed for those
cases yielding a distinct under-prediction of static capacity based on Davisson’s Criterion and is
summarized as follows: E= 1100 ksi for TS #33 Pile #5 and TS #35 Pile #7, E = 800 ksi for TS
#13 Pile #s 1, 2, 12, and 14. This subjective modulus application further augments the invalidity
of applying Davisson’s Failure Criterion for analyzing the static capacity of timber piles.
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Figure 107. Shape of Curve versus Davisson’s Criteria for determining the static capacity
of 28 timber piles

6.2.3 Extrapolated Non-Failed Load Tests

The timber pile data set includes four (4) piles from one test site (TS #13) which were statically
loaded but did not reach failure. Given the limited number of cases presented (25 combined EOD
and BOR), an extrapolation procedure was performed to accurately predict the static capacity
from the non-failed load tests. The extrapolation procedure followed is described in FHWA-RD-
99-170 (Paikowsky and Tolosko, 1999). The resulting extrapolated curves are shown in Figures
108 through 111.
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6.3 Statistical Analysis

6.3.1 Equation Modification

Table 69 provides the statistical analysis for the 25 timber pile cases. The database was broken
down based on driving resistance, typically resistance greater than 2 BPI, and resulting bias of
measured versus predicted axial capacity. Under an initial investigation, the MPF12 equation in
its current format yielded a high over-prediction of the piles’ static capacity. This can be
attributed to the nature of the wood where large energy is lost in impact and stress propagation,
and as such, different from steel or concrete piles. The first three rows of Table 69 present,
therefore, the statistical analysis in terms of a fixed reduction in the ultimate capacity determined
from the MPF12 equation. Both a 50% and 75% reduction in the predicted capacity are
presented. The (0.50)*MPF12 equation provides the most accurate predictions, while using a
simplified factor (0.50) particularly when the BC > 2BPI and outliers are removed. This MPF12
format resulted with a mean bias of m, = 1.07 for n = 25 cases and a COV, = 0.28.

In principle one can use the MPF12 in its prevailing format and a reduced resistance factor (e.g.
¢ = 0.30). This will result with the same factored resistance but a nominal resistance (predicted

capacity) of twice the actual magnitude. Such approach is unwarranted as it leads to unrealistic

capacities instead of dealing with factored accurate predictions.

Table 69. Summary of statistics and resistance factors for timber piles

Equation C;Z#a(;;s m,, 6, | COV, = O':s;ma:;é':ac:gcd;m Comments!
(050)xMPF12 | 25 | 1.23 | 0.45 | 036 | 059 | 0.64 | 0.60 m, | Safe side
(0.75)xMPF12 | 25 | 0.82 | 030 | 036 | 039 | 043 | N/A | m,., Unsafeside

MPF12 25 | 061 | 022 | 036 | 029 | 032 | N/A | m,., Unsafeside
(050)<MPF12 | 23 | L.14 | 033 | 029 | 0.64 | 0.71 Omit high outliers’
(050)xMPF12 | 21 | 1.18 | 0.47 | 040 | 053 | 057 | 0.60 B.C.22bpi
(0.50)xMPF12 | 19 | 1.07 | 030 | 028 | 0.60 | 0.67 o n]i't%ighzozﬂli -

Notes:
" All results limited B.C. to 15 bpi
2 Omit cases w/ S.D. >1.90; TS #13 Pile #14, TS #26 Pile #26
3 Omit cases w/ B.C. < 2.0 bpi; TS #15 Pile #2, TS#26 Pile #9, TS #31 Pile #3, TS # 38 Pile #2
* Omit cases with S.D. > 1.60; TS #26 Pile #6

6.3.2 Performance and Graphical Presentation

The remaining three rows of Table 69 refer, therefore, to the statistical analysis of the modified
equation. Graphical presentation of the timber pile analysis is shown in Figures 112 and 113.
Figure 112 displays all 25 cases used in the statistical analysis with three (3) additional control
cases. Based on the presented results, the following conclusions can be made:
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1. The calculated pile capacities are typically less than 60% of the measured static capacity.
Based on the control cases, (0.50)*MPF12 provided highly accurate predictions for two
(2) cases and over-predicted the capacity of one (1) timber pile. Despite the over-
prediction, with the appropriate load and resistance factors the factored resistance
(allowable capacity) is safe (allowable capacity is less than the measured static capacity).

2. An under-prediction is evident for low driving resistance (BC < 2), with a relatively large
scatter in the bias throughout the driving resistances. The scatter in the bias is
significantly diminished for high driving resistances. Relatively accurate predictions for
those piles with high resistances are evident in Figure 113, where the mean bias is
typically less than 1.4.

' LEGEND

N Size 30- (4
\ él- . ' From Extgaz)olation
S .
S

Size30- (2)

w
()
o
|
'
- — = =
'
!

w
o
o
|

Size 32 - &)

N
a
o
]

Size 36 - (18

»O b

contro| Cases - (3)

R, = 0.5 MPF12 (75% E,) (kipS)
N
o
o
|

100 = - - Y/ Timber Piles
< 24 Cases EOD
! ase
so | VA 1CaseBOR ||
. Best Fit Line
9 ~ 7 (R#=0.857)

!

!
N DL DL LN DL B B
0 50 100 150 200 250 300 350
R,, Static Capacity (kips)

Figure 112. Measured static capacity vs. New MnDOT dynamic equation prediction for 28
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6.3.3 Control Cases

Table 70 summarizes the details and results of the control case. For two of the cases, a good
match (bias of about 1.0) exists between the measured and calculated capacities. For one of the

cases, the equation significantly over-predicts the pile capacity but remains safe when

considering a resistance factor of 0.6 and a typical combination of load factors of yp = 1.25 yr =
1.75 leading to the approximate relations of FS = 1.4167/¢ (Paikowsky et al. 2004).

Table 70. Summary of timber pile control cases

Pile Rated Blow 0.5* -
Case # Diameter Hammer | Hammer Count RS MPF12, RJ/R, 0'69 Ry
(inch) Type Energy (bpi) (Kips) Ry (Kips)
(Kip-ft) (Kips)
TS#23 Pile#] 12.00 D-12 22.50 12.70 82.50 172.85 0.48 103.71
TS#29 Pile#1 11.16 B225 25.00 2.00 120.00 112.67 1.07 67.60
TS#29 Pile#2 11.16 B225 25.00 3.00 118.00 127.92 0.92 76.75

6.4 Resistance Factors

Table 69 summarizes the calculated and recommended resistance factors. Figure 112 presents the
application of resistance factors ¢ = 0.5 and ¢ = 0.6 to the analyzed data. A resistance factor of ¢

= (.6 is recommended.

6.5 Recommendations

1. A multiplier of 0.50 should be used for MPF12 when applied to capacity evaluation of
driven timber piles (refer to equation (25), section 4.6).

’WH
Rn =10 mlog(

2. A resistance factor of ¢ = 0.6 should be used with the modified equation.
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7 MINNESOTA LOAD TESTING PROGRAM

7.1 Overview

The MnPILE Static Load Test program is a Load Testing Program Development project initiated
and conducted by MnDOT. The program is promoted and directed by Mr. Derrick Dasenbrock
from the MnDOT Foundations Unit. This chapter provides a summary of this effort in the form
of two load test results at bridge locations. The chapter includes the presentation and
interpretation of the results and the examination of the prediction methods, focusing on the
MPF12.

Two static load tests (axial compression tests) were conducted during the contract period for this
project. One load test was conducted in Victoria, Minnesota (state project no. 1002-89) in June
2012. The second was conducted in Arden Hills (Old Snelling Ave.), Minnesota (state project
no. 6285-62716) in January 2013.

For each of these projects, and for subsequent projects for which load tests are scheduled, a
significant effort has been made to develop and improve the load testing specifications and
construction plans in hopes of greatly reducing the effort needed on future projects. Having a
complete and accurate set of specifications and accompanying plans will allow future tests to be
included early in project discussions, enabling greater ability to expedite the process and allow
load tests to be performed more readily. Such upcoming projects as Dresbach and others,
continue to improve and broaden the specification language and the plan documents to allow
greater efficiency in the MnPILE program as it moves forward. Further discussion on the subject
is presented in Chapter 8.

The intent of this chapter is threefold. First, to summarize the data obtained from the two load
tests conducted thus far and to show the performance of the MPF12 formula relative to the
original MnDOT Dynamic formula (the latter of which was specified for both projects since
contracts preceded adoption of the new MPF12 formula developed during this project). Second,
to establish the data needed from such load tests to develop a useful database which will allow
further refinement of the MPF12 formula and the MnDOT pile driving practice in general. Third,
to provide the data collected from the geotechnical subconsultants who performed the two static
load tests described in this chapter, with reference to the most critical information from this
documentation. The reports provided by the subcontractors are presented in the Appendices C
and D.
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7.2 TP1 Load Test at Victoria, MN

7.2.1 General

The load test at Victoria was the inaugural application of the 500 ton load frame designed and
fabricated as part of the MnPILE Load Test Program. Figure 114 shows the load frame prior to
the load test being conducted. The frame is supported by four reaction piles.

Figure 114. 500 ton MnDOT load frame being used at Bridge 10003 in Victoria, Minnesota

7.2.2 Static Capacity Evaluation

One traditional boring and ten cone penetration soundings were performed by MnDOT at the site
in order to develop soil stratigraphy and to aid in foundation design. Based on the SPT data
collected from the soil boring, a static capacity was estimated as a function of pile length using
the FHWA DRIVEN software. Various CPT-based methods/models were also used to estimate
pile capacity as a function of depth for the CPT data collected at the site. Figure 115 presents a
summary of these static capacity predictions as a function of pile toe elevation. The average
predicted pile capacity at the tip elevation at which the load test was conducted was about 125
tons, consistent for most of the seven models evaluated. Twelve inch diameter closed-end pipe
piles were used for the project, having a wall thickness (w.t.) of 0.25 inches. The piles were
comprised of Grade 3 steel, with a minimum yield stress of 45ksi required.
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Figure 115. Static pile capacity predictions for Bridge 10003 in Victoria, Minnesota

7.2.3 Load and Resistance

The factored design load for Bridge 10003 piles was 99.2 tons/pile, based on Strength I Load
Combination as presented in Table 71. Table 71 also shows a summary of the Required Nominal
Resistance values for each of the field control methods.

Required Nominal Pile Bearing Resistance values (R,) were approximately 250 tons/pile, 180
tons/pile and 125 tons/pile for the original (old) MnDOT Dynamic Formula, Energy Approach
using the PDA and the Static Load Test field control methods, respectively, as presented in Table
71 as well. Using the new MPF12 formula and the associated resistance factor of 0.5 would have
required a nominal resistance of approximately 200 tons/pile.
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Table 71. Computed pile load and required nominal pile bearing resistances for Bridge
10003 in Victoria, Minnesota (per project plans)

West Abutment Computed Pile Load (Tons/Pile)

Factored Dead Load + Earth Pressure 82.8
Factored Live Load 16.4
*Factored Design Load 99.2

*Based on Strength I load combination

West Abutment Required Nominal Pile Bearing Resistance R,

(Tons/Pile)
Field Control Method ¢ dyn *R,
MnDOT Nominal Resistance Formula 0.40 247.9
Energy Approach 0.55 180.4
MPF12 0.50 198.4
Static Load Test 0.80 124.0

*Rn = (Factored Design Load)/¢ dyn

7.2.4 Dynamic Observations, Predictions, and Static Load Test Results

Detailed static and dynamic load test results were reported by Minnowa Construction, Inc. and
prepared by Braun Intertec Corporation are presented in Appendix C. The pile 12 inch diameter
and 0.25 inch w.t. was driven 63 ft with a diesel hammer D19-42. Table 72 presents a summary
of the field and office capacity prediction methods at the end of drive (EOD) and subsequent
restrikes. Note; the second restrike was carried out after the static load test. The estimated
capacity of the pile at the end of initial drive was approximately 222 tons, significantly higher
than the measured capacity but below the required 250 tons for the resistance factor of 0.4 per
past practice. The new formula (MPF12) at 168 tons estimated more accurately the measured
bearing but is also below the required 198 tons for the resistance factor of 0.5. CAPWAP
analysis based on dynamic records at the end of initial drive estimated a nominal geotechnical
resistance of 138 tons, which is the best match to the nominal resistance measured at the load test
but still less than the required 153 tons with a resistance factor of 0.65.

Figure 116 shows the load test data. The load-displacement relations indicating a maximum
applied load of 134 tons and suggesting a general shear mode failure under a small tip resistance.
A Static Load test capacity of 132 tons can be interpreted based on Davisson’s criterion, which
met the required 124 ton capacity using a resistance factor of 0.8.

Table 73 presents the nominal and factored resistances of the various testing methods for TP1.
Based on EOD, MPF12, Old MnDOT equation and CAPWAP would have required the pile to be
driven a deeper into the soil in order to gain capacity (unless restrikes were used to show
increased capacity due to setup.) The Energy Approach would have shown at the EOD the pile
capacity as valid and hence is highlighted as the best match for factored resistance at the EOD.
The estimated static capacity of 125tons (see section 7.2.2) based on field investigation, matched
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exceptionally well the static load test results, but when applied with a resistance factor of 0.45,
would result with unacceptable pile penetration and would require a significantly deeper

penetration design.

For the 3 day restrike (BOR3), the factored resistance obtained from the MPF12 formula best
match the required resistance and along with the Energy Approach at BOR3 would indicate the
pile to be valid. The CAPWAP and the old MnDOT equation while indicating the same are
unsafe as they significantly over predict. The Energy Approach CAPWAP and MPF12 predict
well for the restrike after the load test with the factored CAPWAP resistance for the last BOR
matching well the factored resistance of the EA at EOD. The old MnDOT equation
systematically shows unsafe nominal and factored resistances at both restrikes.
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Figure 116. Additional load vs. displacement of pile top — static load test results for Bridge
10003 in Victoria, Minnesota
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Table 72. Nominal resistances from dynamic analyses of the test pile TP1

1. See Paikowsky et al. (2004) for calibrations and R.F. recommendations.

2.
3.

See section 4.6 and adoption by MnDOT.

Un-calibrated R.F. as used by MnDOT when adopting LRFD.
|:| Best match for nominal resistance

|:| Best match for factored resistance
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o Field® Maximum® |... 1 Energy s
Driving* 1 Driving™ | o corvation of | EMX! | DMx:| Case MethogS'9na! Match Approach? | MPF12? Old MnDOT
Date Resistance - . - CAPWAP formula
State (BPF) Hammer Stroke | (kip-ft) | (inch) | Capacity (tons) EA (tons) (ton)
(feet) (tons) (tons)
EOD 6-15-2012 30° 7.75 21.0 0.90 143 138 194 156 222
BOR3 6-18-2012 80° 9.5 28.2 0.96 242 244 305 221 465
BOR;ETAﬁer 6-26-2012 240° 8.0 15.3 0.65 223 219 262 247 548
Notes:
1. See Appendix C report by Minnowa Construction, Inc., dated July 25, 2012.
2. See Table 40, equation 1. See Paikowsky et al. (2004) for performance and LRFD calibration.
3. See section 4.6 equation (25) including limiting energy and blow count.
4. Using the general equation Table 40, equation 6, with W, =40151b, M = 2984lb.
5. Equivalent BPF values calculated from BPI observations.
Table 73. Nominal and factored resistances of the various testing methods
Factored . CAPWAP EA MPF12 Old MnDOT Egq. SLT
Design Load Driving
g State Rn (1)1 Rr Rn (1)1 Rr Rn (1)2 Rr Rn (1)3 Rr Rn ‘l’ Rr
(tons) (tons) (tons) | (tons) (tons) | (tons) (tons) | (tons) (tons) | (tons) (tons)
EOD 138 | 0.65 | 88 194 | 0.55 | 107 | 156 | 0.50 | 78 222 | 040 | 88
99.2 BOR3 244 | 0.65 | 159 | 305 | 0.40 | 122 | 221 | 0.50 | 110 | 465 | 0.40 | 186 | 134 | 0.80 | 107
BORI11 After SLT | 219 | 0.65 | 108 | 262 | 0.40 | 105 | 247 | 0.50 | 123 | 548 | 0.40 | 219
Notes:




7.3 TP2 Load Test at Arden Hills (Old Snelling)

7.3.1 General

The same load frame used at the Victoria load test on TP1 was also used at Arden Hills for load
test TP2 conducted in January 2013. The Geotechnical Subconsultant for this load test was
American Engineering Testing, Inc. and the submitted report is presented in Appendix D. At this
site, 12.75 inch diameter closed-end pipe piles with 0.25 inch wall thickness were used. The
contractor indicated that the steel had a yield strength of 60 ksi.

7.3.2 Static Load Test

The test pile was driven on December 19, 2012 with APE D25-32 Diesel hammer to a
penetration depth of 63 ft. The pile was not filled with concrete prior to the static load test, which
was conducted on January 14, 2013. Thus, almost one month had passed from the end of initial
drive to the time of the load testing. The 500 ton load frame was installed and the load test plan
was to fail the pile geotechnically in order to establish the static capacity. The load versus pile
head movement for each of the four LVDT’s used for monitoring the pile’s top is presented in
Figure 117. As the pile was loaded to around 275 tons, the pile yielded structurally near the pile
top and the load test was stopped. Data collected indicate that the pile was on a verge of failure
(geotechnically). Figure 117 suggests that according to two LVDT’s (1 and 2), pile capacity is
about 268 tons. The data in Figure 117 also suggested that either the load application was not
vertical or the pile was not installed vertically, hence, with the increased loading and with lack of
concrete in the section, the developed moments resulted with the structural failure of the pile.

Figure 118 presents the average pile top displacement based on the data presented in Figure 117.
As the measured displacements in Figure 117 suggest uneven pile top displacement, the relations
presented in Figure 118 are speculative and assuming even average pile top movement though it
was clearly not the case. The displacement values for the top of the pile in Figure 118 were
developed by averaging all LVDT’s (1 —4) readings. The pile’s tip displacement against the
applied load is also presented in Figure 118. The fact that the pile tip displacement exceeds the
average of all LVDT’s suggest that either (a) the average of the four top displacements don’t
represent correctly the pile top movement, or (b) the pile tip displacement is not accurate due to
several possibilities (one of which is the bending in the pile), or the combination of both. The
relationships in Figure 117 were re-analyzed by averaging only LVDT’s 1 and 2 that seem to
better represent the actual pile top movement. The results are presented in Figure 119, which
seem to present a better load-displacement behavior when judged by the pile tip movement,
though still not correct relations between the two.
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Figure 117. Load versus pile head movement for each of the pile’s top LVDT sensors of
Test Pile 2 (per Report No. 22-01025 submitted to MNDOT by American Engineering
Testing, Inc.)

The relations between load and displacement in Figures 118 and 119 were re-evaluated and the
procedure proposed by Paikowsky and Tolosko (1999) was applied in order to estimate the pile
behavior beyond the maximum applied load. Figures 120 and 121 present the outcome of this
procedure suggesting the pile capacity to be as high as 288 tons, or more realistically, 265 tons.
Due to the relatively small gap between the two, an average value of 277 tons was chosen as a
representative of the capacity of test pile TP2, its nominal resistance. Without having the actual
static load test geotechnical capacity, comparisons to dynamic formula are made in the next
section assuming the capacity is 277 tons and knowing the limitation of this value. The load test
did serve as a proof test, showing that the 125 tons required nominal resistance for a resistance
factor of 0.8 (based on a static load test as construction control) was met. The measured load of
around 275 tons at structural failure, while less than the geotechnical capacity anticipated, was
more than twice the factored load for the project.
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Figure 118. Load-displacement relations for TP2 based on top displacement of LVDT 1-4
and tip displacement based on LVDT 6
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7.3.3 Dynamic Observations and Predictions

Detailed static and dynamic load test results were reported by American Engineering Testing,
Inc. and are presented in Appendix D. The pile 12 inch diameter and 0.25 inch w.t. was driven
with a diesel hammer, APE D25-32. Table 74 presents a summary of the field and office capacity
prediction methods at the end of drive (EOD) and subsequent restrikes. Note: the second restrike
was carried out after the static load test. The estimated capacity of the pile at the end of initial
drive was approximately 326 to 386 tons (depending on the stroke), significantly higher than the
measured or estimated capacity and exceeding the required 313 tons for the resistance factor of
0.4 per past practice. The new formula (MPF12) at 261 tons estimated more accurately the
measured/estimated bearing and matches well the required 250 tons for the resistance factor of
0.5. CAPWAP analysis based on dynamic records at the end of initial drive estimated a nominal
geotechnical resistance of 141 tons, which is about half of the nominal resistance measured at the
load test and a factored resistance less than half of the required 192 tons with a resistance factor
of 0.65.

Table 75 presents the nominal and factored resistances of the various testing methods for TP2.
Based on EOD, the EA and in particular CAPWAP the pile would have been required to be
driven deeper into the soil in order to gain capacity (unless restrikes were used to show increased
capacity due to setup.) The dynamic formulaec MPF12 and Old MnDOT equation would have
shown at the EOD the pile capacity as valid and hence is highlighted as the best match for
factored resistance at the EOD. In contrast to the extreme over-prediction of the previous
MnDOT formula, the estimated static capacity of 261 tons based on MPF12, matched
exceptionally well the static load test results and was the best prediction of all the dynamic
methods.

For the 1 day restrike (BOR1), the factored resistance obtained from the MPF12 formula and
CAPWAP best match the required factored resistance also at BOR27, which would indicate the
pile to be valid. The old MnDOT equation consistently predicts unsafe capacity as it significantly
over-predicts. The Energy Approach and MPF12 predict well the nominal capacity in
comparison to all other methods.
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Table 74. Nominal resistances from dynamic analyses of the test pile TP2

. Field"’ Maximum®? |.. ] Energy 5
Driving* 1 Driving™ | o corvation of | EMx! | DMx:| Case Methog|S'9na! Match Approach® | MPF12* Old MnDOT
S Date Resistance - . - CAPWAP formula
tate (BPF) Hammer Stroke | (kip-ft) | (inch) ] Capacity (tons) EA (tons) (ton)
(feet) (tons) (tons)
EOD 12-19-2012 240° 6.0/7.1 19.9 1 1.107 145 141 206 250/272 326/386
BORI1 12-20-2012 320° 9.9 29.9 1 1.370 202 199 255 306 567
BORgZTAfter 1-15-2013 960° 9.1 28.5 1.190 484 223 284 306 582
Notes:
1. See Appendix D report by American Eng Testing Inc., dated January 30, 2013.
2. Case method evaluation at each stage was calculated using a different J. factor.
3. See Table 40, equation 1. See Paikowsky et al. (2004) for performance and LRFD calibration.
4. See section 4.6 equation (25) including limiting energy and blow count.
5. Using the general equation Table 40, equation 6, with W, = 55121b, M = 2386lb.
6. Equivalent BPF values calculated from BPI observations.
7. Read by field inspector / PDA calculation.
Table 75. Nominal and factored resistances of the various testing methods
Factored Driving CAPWAP EA MPF12 Old MnDOT Eg. SLT
Design Load State R, " R, R, o' R, R, e R, Rn & R, Rn ® R,
(tons) (tons) (tons) ] (tons) (tons) ] (tons) (tons) ] (tons) (tons)] (tons) (tons)
EOD 141 | 0.65 | 92 206 | 0.55 | 113 | 261 | 0.50 | 130 | 346 | 0.40 | 138
277 212
125.0 BORI1 199 | 0.65 | 129 | 255 | 0.40 | 102 | 306 | 0.50 | 153 | 567 | 0.40 | 227 (265-288) 0.80 (230)
BOR27 After SLT | 223 | 0.65 | 145 | 284 | 0.40 | 114 | 306 | 0.50 | 153 | 582 | 0.40 | 333
Notes:

1. See Paikowsky et al. (1004) for calibrations and R.F. recommendations.
2. See section 4.6 and adoption by MnDOT.
3. Un-calibrated R.F. as used by MnDOT when adopting LRFD.
|:| Best match for factored resistance
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7.4 Comparisons Between Statically Measured and Dynamically Predicted
Capacity

7.4.1 Nominal Resistance

Figure 122 is a graphical presentation of the data contained in Tables 73 and 75 in the form of
nominal measured and predicted resistances of TP1 and TP2 for EOD condition (Figure 122a)
and BOR condition (Figure 122b). The data in Figure 122a shows the excellent match of MPF12
for the EOD condition, while the old MnDOT formula performs consistently as the most unsafe
over-prediction. The data in Figure 122b again illustrates the extreme unsafe over-prediction of
the old MnDOT equation and the robustness of MPF12 and the dynamic methods that are based
on dynamic measurements.

The presentation in Figure 122 shows similar trend to the large database analysis presented in the
Phase I report (Paikowsky et al., 2009) and in Chapters 3 and 4 of this manuscript. The presented
two cases are the first ones that contain Minnesota SLT data and systematically compare the new
MPF12 formula to static and dynamic measurements. It is emphasized that the databases used
originally for developing MPF12 did not include any data from Minnesota and the dynamic
measurements data used for its evaluation in Phase II did not include any static load test results
from Minnesota. These tests are, therefore, extremely important and their continuation is vital for
establishing MPF12’s applicability to local conditions.

7.4.2 Factored Resistance

Figure 123 is a graphical presentation of the data contained in Tables 73 and 75 in the form of
factored measured and predicted resistances of TP1 and TP2 for EOD condition (Figure 123a)
and BOR condition (Figure 123b). The data in Figure 123a shows a relatively good match of all
the methods for TP1, and a consistent match of all for TP2. Figure 123b shows a large scatter of
the data with the old MnDOT equation consistently over-predicting on the unsafe side, at times
in the extreme zone of over-prediction.

The MPF12 was proven very accurate for TP1, and under-predicts similarly to the methods
based on dynamic measurements (i.e. CAPWAP and Energy Approach). Considering the limited
available data from Minnesota (thus far), the use of the MPF12 formula appears to be valuable,
reporting typically more accurate but lower capacities than the old MnDOT formula. The
previous formula provided a false sense of security due to the high (but inaccurate) capacities at
the end of driving, especially for high driving resistances.
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8 WEAP ANALYSIS (WAVE EQUATION ANALYSIS PROGRAM)

8.1 Overview

This chapter comes to address the use of a wave equation analysis simulating the pile driving
during design and construction and its utilization in qualifying pile hammers. The modern
application of the numerical solution to the one dimensional wave equation (1-D W.E.) for piles
under impact was proposed by Smith (1960) with relatively small substantive changes since. The
commonly used program in the USA to conduct the analyses is the WEAP (Wave Equation
Analysis Program) by GRL/Pile Dynamics Inc. (PDI, 2010).

GRL/Pile Dynamics includes the following description, warnings and suggestions.

“The GRLWEAP program simulates the behavior of a pile driven by either an impact
hammer or a vibratory hammer. The program is based on mathematical models, which
describe motion and forces of hammer, driving system, pile and soil under the hammer
action. Under certain conditions, the models only crudely approximate, often complex,
dynamic situations. A wave equation analysis generally relies on input data, which
represents normal situations. In particular, the hammer data file supplied with the
program assumes that the hammer is in good working order. All of the input data selected
by the user may be the best available information at the time when the analysis is
performed. However, input data and therefore results may significantly differ from actual
field conditions. Therefore, the program authors recommend prudent use of the
GRLWEAP results. Soil response and hammer performance should be verified by static
and/or dynamic testing and measurements. Estimates of bending or other local non-axial
stresses and prestress effects must also be accounted for by the user. The calculated
capacity - blow count relationship, i.e. the bearing graph, should be used in conjunction
with observed blow counts for the capacity assessment of a driven pile. Soil setup
occurring after pile installation may produce bearing capacity values that differ
substantially from those expected from a wave equation analysis due to soil setup or
relaxation. This is particularly true for pile driven with vibratory hammers. The
GRLWEAP user must estimate such effects and should also use proper care when
applying blow counts from restrike because of the variability of hammer energy, soil
resistance and blow count during early restriking. Finally, the GRLWEAP capacities are
ultimate values. They MUST be reduced by means of an appropriate factor of safety to
yield a design or working load. The selection of a factor of safety should consider the
quality of the construction control, the variability of the site conditions, uncertainties in
the loads, the importance of building and other factors.”
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8.2 Design and Construction Process of Deep Foundations

Figure 124 presents a flow chart depicting the design and construction process of deep
foundations. Commonly, design starts with site investigation and soil parameter evaluation,
assessments that vary in quality and quantity according to the importance of the project and
complexity of the subsurface. Possible foundation schemes are identified based on the results of
the investigation, load requirements, and local practice. All possible schemes are evaluated via
static analyses. Schemes for driven piles also require dynamic analysis (drivability) using WEAP
for hammer evaluation, feasibility of installation, and structural adequacy of the pile. In sum, the
design stage combines, therefore, structural and geotechnical analyses to determine the best
prebidding design. This process leads to estimated quantities to appear in construction bidding
documents.

Upon construction initiation, static load testing and/or dynamic testing, or dynamic analysis
based on driving resistance (using dynamic formulas or wave-equation) are carried out on
selected elements (i.e., indicator piles) of the original design. Pile capacity is evaluated based on
the construction phase testing results, which determine the assigned capacity and final design
specifications. In large or important projects, the pile testing may also be used as part of the
design. Two requirements are evident from this process: (1) pile evaluation is carried out at both
the design and the construction stage, and (2) these two evaluations should result in foundation
elements of the same reliability but possibly different number and length of elements depending
on the information available at each stage.

Figure 125 summarizes the above process in a flow chart describing in detail the utilization of
WEAP in the design and construction of driven piles. The following sections address various
stages associated with the process depicted in Figure 125.

8.3 The Accuracy of WEAP for Capacity Evaluation

Paikowsky et al. (2004) evaluated the accuracy of WEAP in evaluating driven piles’ capacity
based on driving resistance observed in the field. The evaluation of WEAP effectiveness for
capacity predictions is difficult, as a large range of input parameters is possible and the results
are greatly affected by the actual field conditions. Examination of the method through analyses
making use of default values is therefore the best avenue unless a local database exists where
specific soil parameters for modeling had been established and static load tests database exists.
Other evaluations, including WEAP analysis adjustments following dynamic measurements
(e.g., matching energy), seem to be impractical in light of the other methods available and lead to
questionable results regarding their quality and meaning (Rausche et al., 1997; Rausche, 2000).
The WEAP analysis was evaluated by Paikowsky et al. (2004) as a dynamic method for pile
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capacity prediction. The use of the method for the evaluation of pile capacity was examined
through the comparison of WEAP results for default input values and the blow count at the EOD
with static load test results. The data presented were provided by GRL Inc. (Hannigan et al.,
1996). A comparison between the performance of WEAP to other methods is summarized in
Table 76. For the construction category, the dynamic analyses methods without dynamic
measurements included in Table 76, is the MPF12 performance as describes in previous
chapters. The methods with dynamic measurements are CAPWAP and the Energy Approach.
The dynamic methods are broken down into subsets based on time of driving, driving resistance,
and area ratios. Judgment and statistical guidelines were used for the inclusion or exclusion of
cases. For example, extreme CAPWAP under-predictions (beyond 2 standard deviations) were
observed at EOD at one site. All the case histories on that site included easy driving and large
area ratios; if included in the general population of the data, the EOD statistics would have
become 1.861 + 1.483 (mean = 1 S.D.). This site is included only in the subcategory of blow
count < 16 BP10cm and Ag < 350.

Observing the statistical information presented in Table 76, one can come to the following
conclusions regarding the WEAP analysis as a method for predicting pile capacity:

a. Using default soil modeling values in the design stage, the WEAP analysis results
performs very poorly as a capacity predictor based on driving resistance. Overall it shows
a great under-prediction (on the average 60% of the actual value) with a large scatter.
This fact should not detract from the need of conducting WEAP analysis for structural
and drivability reasons.

b. MPFI12 provides a much better method for capacity prediction, developing a driving
resistance-capacity relationship.

c. Both Energy Approach in the field and CAPWAP following analysis provide good
capacity estimations as presented in previous chapters.

d. Though never examined in a systematic way and on a large scale, the correction of
WEAP following dynamic and/or static tests provide a means for improving the field
prediction of capacity and will be further discussed.
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Table 76. The performance of the dynamic methods: statistical summary and resistance
factors (Paikowsky et al., 2004) compared to MPF12 performance

. - No. of Standard Resistanc_e F_qctors for a given
Method Time of Driving c | Mean .. | COoV Reliability Index, B
ases Deviation
2.0 2.5 3.0
" General 377 | 1.368| 0.620 [0.453| 0.68 0.54 0.43
g EOD 125 | 1.626] 0.797 [0.490 0.75 0.59 0.46
g | CAPWAP | EOD-AR <350 &
g BL Ct. < 16 BP10cm 37 [2.589| 2.385 0921 0.52 0.35 0.23
§ BOR 162 | 1.158| 0.393 [0.339] 0.73 0.61 0.51
% General 371 10.894] 0.367 [0.411| 0.48 0.39 0.32
'g Energy EOD 128 | 1.084| 0.431 ]0.398| 0.60 0.49 0.40
£ | Approach DD AR aoec | 39 |1431] 0727 |os08] 063 | 049 | 039
BOR 153 10.785] 0.290 ]0.369| 0.46 0.38 0.32
WEAP EOD 99 |1.656| 1.199 |0.724| 0.48 0.34 0.25
H EOD 111 10.998| 0.256 ]0.257| 0.60
H BOR 28 | 1.018| 0.245 [0.241| 0.60
MPF 12 Pipe EOD 87 [1.099| 0.417 ]0.380] 0.50 p=233
Pipe BOR 46 |1.023] 0.230 |0.255] 0.65
Notes: EOD = End of Driving; BOR = Beginning of Restrike; AR = Area Ratio;
BIl. Ct. = Blow Count; ENR = Engineering News Record Equation;
BP10cm = Blows per 10cm; COV = Coefficient of Variation;

Mean = ratio of the static load test results (Davisson’s Criterion) to the predicted capacity = Kgx = A =bias

8.4 WEAP Analyses for Typical MnDOT Pile Driving Conditions

8.4.1 Overview

Following the process depicted in Figure 125, WEAP analyses were conducted based on
MnDOT typical piles, hammers and soil conditions as described in our initial report of August 3,
2009. Section 9.4 presents and discusses these analyses. A summary table of representative cases
was prepared and analyzed. Utilizing the extensive detailed results, simplified driving resistances
relations were developed. The following section provides the driving resistance graphs for each
typical case and “average” summary graphs for several cases. The average graphs are then
compared to the MPF12 when assuming 75% hammer efficiency or for the average stroke
calculated by WEAP as part of the analysis. Conclusions are derived and the results are put in
perspective of other information.
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8.4.2 Typical WEAP Analyses for MNnDOT Conditions

Table 77 summarizes the typical pile sizes, soil profiles and hammer types used in MnDOT
projects reviewed and summarized in our initial report by Paikowsky et al. (2009). Variations in
pile length, based on the previously reviewed projects, were included as the pile’s length affects
the energy transfer and the driving resistance. Each of the seventy (70) identified cases (with
range of loads for each) was analyzed using the WEAP program and default soil model
parameter values. A summary of all analyzed cases, each identified by a case number, along with
the soil parameters used in the analyses and the figure number presenting the results are shown in
Table 78. The note section below Table 78 also presents the structure of each case number.

8.4.3 Driving Resistance Charts

Figures 126 to 132 are each comprised of two figures. One provides the driving resistance graphs
for each typical case presented in Table 78, and the other presents “average” representative
summary graphs for several cases. The average graphs are then compared to the MPF12 when
assuming 75% hammer efficiency and when using the average stroke calculated by WEAP as
part of the analysis. Reviewing the graphs presented in Figures 126 to 132, one can conclude the
following:

1. The graphs provide easy representation in the design stage of the WEAP performance
under ‘typical’ MnDOT cases and, hence, can serve as a first approximation as well as a
basis for comparison with site specific and/or other analyses.

2. In almost all cases within typical driving resistances at or below 8bpi, the capacity
associated with a given driving resistance is lower (often significantly) compared to that
obtained by us in MPF12. This fact matches the statistics shown in Table 76 suggesting
WEAP to typically under-predict capacity by 60% of the actual value.

3. The above observation suggests that the hammer/pile/soil combinations used in MnDOT
projects were adequate and based on long term experience rather than some inadequacy
indicated by WEAP.

4. The cases for which a better match exists between the WEAP results and the MPF12
curves are typically those for shorter end bearing piles where the energy loss is small and
the displacements are small.

5. The MPF12 should be used for developing resistance curves at the design stage in
addition to the field calculation of capacity as a result of driving.
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Table 77. WEAP plan of study for MnDOT prevailing driving conditions

Pile Type Length __Soil Percent End Hammer Type * Load Quake 2 I_Damping_2

ft Side Tip Bearing (%) | D-12 | D-19 | D-25 | D-30 Kips Side | Tip | Side | Tip

35 Sand/Silt Till 60% X 0.1 [0.04 | 0.05 | 0.15

o 70 | Sand/Silt | Till 50% X 160 [0.1 |0.04 | 005 | 0.15

CEP 127x0.25 105 Sand/Silt Till 25% X X (120-200)| 0.1 |0.04 | 0.05 | 0.15
140 Sand/Silt Till 25% X X 0.1 [0.04 | 0.05 | 0.15

35 Clay Till 80% X 0.1 [0.04 0.2 0.15

o 70 Clay Till 75% X 160 [0.1 |0.04 | 02 | 0.15

CEP 127x0.25 105 Clay Till 50% X X (120-200) | 0.1 |0.04 0.2 0.15
140 Clay Till 50% X X 0.1 [0.04 0.2 0.15

35 Sand/Silt | Sand 50% X 0.1 0.1 0.05 | 0.15

o 70 | Sand/Silt | Sand 50% X 160 [01 |01 | 005 | 0.15

CEP 127x0.25 105 Sand/Silt | Sand 25% X X (120-200)| 0.1 0.1 0.05 | 0.15
140 Sand/Silt | Sand 25% X X 0.1 0.1 0.05 | 0.15

35 Clay Sand 75% X 0.1 0.1 0.2 0.15

s 70 Clay | Sand 75% X 160 [01 |01 | 02 | 015

CEP 127x0.25 105 Clay Sand 50% X X (120-200)| 0.1 0.1 0.2 0.15
140 Clay Sand 50% X X 0.1 0.1 0.2 0.15

35 Clay Clay 20% X 0.1 0.2 0.2 0.15

s 70 Clay | Clay 20% X 160 [01 |02 | 02 | 015

CEP 127x0.25 105 Clay | Clay 10% X X (1202000 0.1 | 02 | 02 | 0.15
140 Clay Clay 10% X X 0.1 0.2 0.2 0.15

50 Sand/Silt Till 50% X 250 0.1 [0.04 | 0.05 | 0.15

CEP 16"x0.3125" 60 Sand/Silt Till 50% X (200-300) 0.1 [0.04 | 0.05 | 0.15
70 Sand/Silt Till 50% X 0.1 [0.04 | 0.05 | 0.15

50 Clay Till 85% X 250 0.1 ]0.04 0.2 0.15

CEP 16"x0.3125" 60 Clay Till 85% X (200-300) 0.1 ]0.04 0.2 0.15
70 Clay Till 85% X 0.1 ]0.04 0.2 0.15

50 Sand/Silt | Sand 50% X 250 0.1 |0.13 | 0.05 | 0.15

CEP 16"x0.3125" 60 Sand/Silt | Sand 50% X (200-300) 0.1 |0.13 | 0.05 | 0.15
70 Sand/Silt | Sand 50% X 0.1 [0.13 | 0.05 | 0.15

50 Clay Sand 75% X 250 0.1 |0.13 0.2 0.15

CEP 16"x0.3125" 60 Clay Sand 75% X (200-300) 0.1 |0.13 0.2 0.15
70 Clay Sand 75% X 0.1 |0.13 0.2 0.15

Note:

"Default hammer set-up

“Default soil parameters
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Table 77 (cont’d.). WEAP plan of study for MnDOT prevailing driving conditions

Pile Tvoe Length Soil Percent End Hammer Type * Load Quake * Damping *
yp ft Side Tip | Bearing (%) | D-12 | D-19 | D-25 | D-30 | kips |Side | Tip | Side | Tip
50 Clay Clay 50% X 250 0.1 [0.27 0.2 0.15
CEP 16"x0.3125" 60 Clay Clay 50% X (200-300) 0.1 [0.27 0.2 0.15
70 Clay Clay 50% X 0.1 [0.27 0.2 0.15
30 Sand/Silt Till 40% X 150. 160 & 0.1 [0.04 | 0.05 0.15
HP 12x53 40 Sand/Silt Till 40% X X ’170 0.1 [0.04 | 0.05 0.15
50 Sand/Silt Till 40% X X 0.1 [0.04 | 0.05 0.15
30 Clay Till 70% X 150. 160 & 0.1 [0.04 0.2 0.15
HP 12x53 40 Clay Till 70% X X ’170 0.1 [0.04 0.2 0.15
50 Clay Till 70% X X 0.1 [0.04 0.2 0.15
30 Sand/Silt | Sand 50% X 150. 160 & 0.1 0.1 0.05 0.15
HP 12x53 40 Sand/Silt | Sand 50% X X ’170 0.1 0.1 0.05 0.15
50 Sand/Silt | Sand 50% X X 0.1 0.1 0.05 0.15
30 Clay Sand 80% X 150. 160 & 0.1 0.1 0.2 0.15
HP 12x53 40 Clay Sand 80% X X ’170 0.1 0.1 0.2 0.15
50 Clay Sand 80% X X 0.1 0.1 0.2 0.15
30 Clay Clay 10% X 150. 160 & 0.1 0.2 0.2 0.15
HP 12x53 40 Clay Clay 10% X X ’170 0.1 0.2 0.2 0.15
50 Clay Clay 10% X X 0.1 0.2 0.2 0.15

Note: 'Default hammer set-up “Default soil parameters
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Table 78. Summary of typical pile, hammer and soil conditions for MnDOT pile driving to be used in WEAP analysis

Percent
Pile Type CASE Group Length Soil End Bearing Hammer Type* Load Quake ° Damping *
ft Side Tip (%) D-12° |D-19 |D-25 |D-30 kips Side | Tip | Side |Tip
3-A-1-A . Figure 1. - Qroup 1. 30 Sand/S%lt T%ll 40% X 150. 160 0.1 0.04 | 0.05 |0.15
HP 12x53  [3-A-3-B & 3-A-3-C [Figure 2. - Group 1./ Figure 3. - Group 1. | 40  [Sand/Silt | Till 40% X X & ’170 0.1 0.04 0.05 0.15
3-A-4-B & 3-A-4-C [Figure 2. - Group 1./ Figure 3. - Group 1. | 50  [Sand/Silt | Till 40% X X 0.1 0.04 | 0.05 ]0.15
3-B-1-A Figure 1. - Group 2. 30 Clay Till 70% X 0.1 0.04 0.2 0.15
HP 12x53  |3-B-3-B & 3-B-3-C [Figure 2. - Group 2. / Figure 3. - Group 2. | 40 Clay Till 70% 1(5&0’1 ;(6)0 0.1 0.04 0.2 0.15
3-B-4-B & 3-B-4-C |Figure 2. - Group 2./ Figure 3. - Group 2. | 50 Clay Till 70% 0.1 0.04 0.2 0.15
3-C-1-A Figure 1. - Group 1. 30  [Sand/Silt | Sand 50% X 0.1 0.1 0.05 |0.15
HP 12x53  |3-C-3-B & 3-C-3-C [Figure 2. - Group 1./ Figure 3. - Group 1. | 40  [Sand/Silt | Sand 50% 1(5&0’1 ;(6)0 0.1 0.1 0.05 0.15
3-C-4-B & 3-C-4-C [Figure 2. - Group 1./ Figure 3. - Group 1. 50 |Sand/Silt | Sand 50% 0.1 0.1 0.05 0.15
3-D-1-A Figure 1. - Group 2. 30 Clay |Sand 80% X 0.1 0.1 0.2 0.15
HP 12x53  |3-D-3-B & 3-D-3-C [Figure 2. - Group 2. / Figure 3. - Group 2. | 40 Clay | Sand 80% 1(5&0’1 ;(6)0 0.1 0.1 0.2 0.15
3-D-4-B & 3-D-4-C [Figure 2. - Group 2./ Figure 3. - Group 2. | 50 Clay Sand 80% 0.1 0.1 0.2 0.15
3-E-1-A . Figure 1. - Qroup 3. 30 Clay | Clay 10% X 150. 160 0.1 0.2 0.2 0.15
HP 12x53 3-E-3-B & 3-E-3-C [Figure 2. - Group 3. / Figure 3. - Group 3. | 40 Clay Clay 10% X X & ’170 0.1 0.2 0.2 0.15
3-E-4-B & 3-E-4-C [Figure 2. - Group 3. / Figure 3. - Group 3. | 50 Clay | Clay 10% X X 0.1 0.2 0.2 0.15
1-A-2-A Figure 4. - Group 1. 35  |Sand/Silt | Till 60% 0.1 0.04 | 0.05 |0.15
1-A-6-A Figure 4. - Group 1. 70  |Sand/Silt | Till 50% 160 0.1 0.04 | 0.05 |0.15
CEP 12"x0.25" - ’ ; ;
1-A-7-B & 1-A-7-C |Figure 5. - Group 1./ Figure 6. - Group 1. | 105 [Sand/Silt | Till 25% (120-200) 0.1 [0.04 | 005 [0.15
1-A-8-B & 1-A-8-C [|Figure 5. - Group 1./ Figure 6. - Group 1. | 140 |Sand/Silt | Till 25% 0.1 0.04 | 0.05 ]0.15
1-B-2-A Figure 4. - Group 2. 35 Clay Till 80% 0.1 0.04 0.2 0.15
1-B-6-A Figure 4. - Group 2. 70 Clay Till 75% 160 0.1 0.04 0.2 0.15
CEP 12"x0.25" - - ;
1-B-7-B & 1-B-7-C |Figure 5. - Group 2. / Figure 6. - Group 2. | 105 Clay | Till 50% (120-200) 0.1 (004 | 02 0.5
1-B-8-B & 1-B-8-C |Figure 5. - Group 2./ Figure 6. - Group 2. | 140 Clay Till 50% 0.1 0.04 0.2 0.15
1-C-2-A Figure 4. - Group 1. 35  [Sand/Silt | Sand 50% 0.1 0.1 0.05 0.15
1-C-6-A Figure 4. - Group 1. 70 Sand/Silt | Sand 50% 160 0.1 0.1 0.05 0.15
CEP 12"x0.25" - - -
1-C-7-B & 1-C-7-C [Figure 5. - Group 1./ Figure 6. - Group 1. | 105 |Sand/Silt | Sand 25% (120-200) 0.1 0.1 | 005 ]o0.15
1-C-8-B & 1-C-8-C [Figure 5. - Group 1./ Figure 6. - Group 1. | 140 [Sand/Silt | Sand 25% 0.1 0.1 0.05 0.15
1-D-2-A Figure 4. - Group 2. 35 Clay |Sand 75% 0.1 0.1 0.2 0.15
1-D-6-A Figure 4. - Group 2. 70 Clay Sand 75% 160 0.1 0.1 0.2 0.15
CEP 12"x0.25" - -
1-D-7-B & 1-D-7-C [Figure 5. - Group 2. / Figure 6. - Group 2. | 105 Clay |Sand 50% X X (120-200) 0.1 0.1 02 |0.15
1-D-8-B & 1-D-8-C [Figure 5. - Group 2. / Figure 6. - Group 2. | 140 Clay Sand 50% X X 0.1 0.1 0.2 0.15
Note: First Pil§ Type - 1 =CEP 1.2"x(.).25", 2= CEP 16'X0.3125"., & 3=HP 12x 53
1. Default Hammer Set-up Se(.:ond Sgll Type - A=Sand/Silt Till, B=Clay Till, C=Sand/Silt Sand, D= Clay Sand, E= Clay Clay
> Default Soil Parameters Third Pile Length - 1 =30, 2=35, 3=40, 4=50, 5=60, 6=70, 7=105, 8=140
Fourth Hammer Type - A=D-12, B=D-19, C=D-25, D=D-30
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Table 78 (cont’d). Summary of typical pile, hammer and soil conditions for MnDOT pile driving to be used in WEAP analysis

Percent
Pile Type CASE Group Length Sail End Bearing Hammer Type * Load Quake ? | Damping 2
ft Side |Tip (%) D-12° |D-19 |D-25 |D-30 kips Side |Tip | Side |Tip
1-E-2-A Figure 4. - Group 3. 35 Clay |Clay 20% X 01 02 [ 02 Jois
CEP 12"%0.25" 1-E-6-A ' Figure 4. - Group 3. 70 Clay |Clay 20% X 160 01 |02 | 02 Jois
1-E-7-B & 1-E-7-C |Figure 5. - Group 2. / Figure 6. - Group 2. | 105 Clay Clay 10% X X (120-200) 0.1 0.2 02 |0.15
1-E-8-B & 1-E-8-C |Figure 5. - Group 2. / Figure 6. - Group 2. | 140 Clay Clay 10% X X 0.1 0.2 02 |0.15
2-A-4-D Figure 7. - Group 1. 50  [Sand/Silt | Till 50% X 0.1 10.04 | 0.05 [0.15
CEP 16"x0.3125" 2-A-5-D Figure 7. - Group 1. 60  [Sand/Silt | Till 50% X (20%5200) 0.1 ]0.04 | 0.05 [0.15
2-A-6-D Figure 7. - Group 1. 70  [Sand/Silt | Till 50% X 0.1 10.04 ] 0.05 [0.15
2-B-4-D Figure 7. - Group 2. 50 Clay |Till 85% X 0.1 [0.04] 0.2 ]0.15
CEP 16"x0.3125" 2-B-5-D Figure 7. - Group 2. 60 Clay |Till 85% X (20%5200) 0.1 [0.04] 0.2 ]0.15
2-B-6-D Figure 7. - Group 2. 70 Clay |Till 85% X 0.1 ]0.04| 0.2 ]0.15
2-C-4-D Figure 7. - Group 1. 50  [Sand/Silt |[Sand 50% X 0.1 ]0.13 ] 0.05 [0.15
CEP 16"x0.3125" 2-C-5-D Figure 7. - Group 1. 60  [Sand/Silt |Sand 50% X (20%5200) 0.1 ]0.13 ] 0.05 [0.15
2-C-6-D Figure 7. - Group 1. 70  [Sand/Silt |[Sand 50% X 0.1 10.13 ] 0.05 [0.15
2-D-4-D Figure 7. - Group 2. 50 Clay [Sand 75% X 0.1 [0.13 ] 0.2 ]0.15
CEP 16"x0.3125" 2-D-5-D Figure 7. - Group 2. 60 Clay [Sand 75% X (20%5200) 0.1 [0.13] 0.2 ]0.15
2-D-6-D Figure 7. - Group 2. 70 Clay [Sand 75% X 0.1 ]0.13 ] 0.2 ]0.15
2-E-4-D Figure 7. - Group 3. 50 Clay |[Clay 50% X 250 0.1 1027 | 0.2 [0.15
CEP 16"x0.3125" 2-E-5-D F%gure 7. - Group 3. 60 Clay |Clay 50% X (200-300) 0.1 1027 | 0.2 0.15
2-E-6-D Figure 7. - Group 3. 70 Clay |Clay 50% X 0.1 ]0.27 | 0.2 ]0.15

Note:

3. Default Hammer Set-up
4. Default Soil Parameters

First
Second
Third
Fourth

Pile Type - 1=CEP 12"x0.25", 2= CEP 16'x0.3125", & 3 =HP 12x 53
Soil Type - A=Sand/Silt Till, B=Clay Till, C=Sand/Silt Sand, D= Clay Sand, E= Clay Clay
Pile Length - 1 = 30, 2=35, 3=40, 4=50, 5=60, 6=70, 7=105, 8=140
Hammer Type - A=D-12, B=D-19, C=D-25, D=D-30
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Figure 126. WEAP analysis results presenting static capacity vs. driving resistances for HP
12x53 piles driven by a D-12 hammer (a) detail graphs based on typical case studies (b)
representative cases of (a) compared to MPF12 with assumed 75% hammer performance
and strokes as indicated by the WEAP analysis
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Figure 127. WEAP analysis results presenting static capacity vs. driving resistances for HP
12x53 piles driven by a D-19 hammer (a) detail graphs based on typical case studies (b)
representative cases of (a) compared to MPF12 with assumed 75% hammer performance

and strokes as indicated by the WEAP analysis
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Figure 128. WEAP analysis results presenting static capacity vs. driving resistances for HP
12x53 piles driven by a D-19 hammer (a) detail graphs based on typical case studies (b)
representative cases of (a) compared to MPF12 with assumed 75% hammer performance

and strokes as indicated by the WEAP analysis
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Figure 129. WEAP analysis results presenting static capacity vs. driving resistances for
CEP 12in x 0.25in piles driven by a D-12 hammer (a) detail graphs based on typical case
studies (b) representative cases of (a) compared to MPF12 with assumed 75% hammer
performance and strokes as indicated by the WEAP analysis
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Figure 130. WEAP analysis results presenting static capacity vs. driving resistances for
CEP 12in x 0.25in piles driven by a D-19 hammer (a) detail graphs based on typical case
studies (b) representative cases of (a) compared to MPF12 with assumed 75% hammer
performance and strokes as indicated by the WEAP analysis
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Figure 131. WEAP analysis results presenting static capacity vs. driving resistances for
CEP 12in x 0.25in piles driven by a D-25 hammer (a) detail graphs based on typical case
studies (b) representative cases of (a) compared to MPF12 with assumed 75% hammer
performance and strokes as indicated by the WEAP analysis
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Figure 132. WEAP analysis results presenting static capacity vs. driving resistances for
CEP 16in x 0.3125in piles driven by a D-30 hammer (a) detail graphs based on typical case
studies (b) representative cases of (a) compared to MPF12 with assumed 75% hammer

performance and strokes as indicated by the WEAP analysis
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8.5 WEAP Adjustment Following Dynamic Measurements

8.5.1 Overview — Victoria Load Test

Section 7.2 describes the static load test (on pile TP1) carried out by MnDOT for bridge 10003 in
Victoria, Minnesota. The present section examines the WEAP submittal prior to testing and the
adjustment of the WEAP using the information becoming available during the dynamic and the
static testing.

8.5.2 Subsurface Conditions

Figures 133 and 134 provide the bridge longitudinal cross-section of subsurface conditions based
on a drilled boring with SPT (T05) and on CPT soundings, respectively, as provided by Johnson

et al. (2011). The subsurface at the site is described based on borings TO5 (see Figure 135 for the
boring log) in the following way:

“The SPT boring (TO05), that was drilled later to supplement the CPT soundings, was
located on the Lake Minnetonka LRT Regional Trail approximately 28 feet below the
bridge. The boring was approximately in the middle of the bridge, located 37 and 59 feet
from the east and west abutments, respectively.

The upper 3.5 feet of the TOS boring consisted of soft clay loam. Below this layer, there
was approximately 94 feet of plastic sandy loam with pebbles which had a 14 foot layer
of dense loamy sand beginning at elevation 913.5 feet. A dense layer of sand and coarse
sand with gravel was discovered at the bottom of the boring. The N-value blow counts
were slightly higher than the CPT interpreted values, but seemed to correlate relatively
well. Due to the similar nature between the T05 boring and the CPT values acquired at
the east abutment, this boring as used for pile analysis only at the east abutment. Water
was encountered at an elevation of 953 feet.”
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Figure 133. Victoria, Minnesota Bridge 10003 longitudinal cross-section of subsurface

conditions based on drilled SPT boring (T05) (Johnson et al., 2011)
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Figure 134. Victoria, Minnesota Bridge 10003 longitudinal cross-section of subsurface

conditions based on drilled CPT boring (T05) (Johnson et al., 2011)
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Figure 135. Boring T05 (Johnson et al., 2011)

180



MINNESOTA DEPARTMENT OF TRANSPORTATION - GEOTECHNICAL SECTION
LABORATORY LOG & TEST RESULTS - SUBSURFACE EXPLORATION

UNIQUE NUMBER 74957 ”‘q | ﬁé:
U.S. Customary Units Ll

MnDOT GEOTECHNICAL SECTION - LOG & TEST RESULTS SHEET 50f 5

State Project Bridige Mo, or Job Dese. Trunk Highwayocation Boring o, Ground Elevation

1002-89 MN Trunk Highway 5

TO5 958.0 (sunvey)

SPT | MC ‘CDHI T ‘: Other Tests
Nez | (%) [uS’J|{DC’J 3: O Remarks

Depth

Formation
or Member

DEPTH
| Rock

Eiev.

2 winotegy

o
Classffication E &
PD

o N
°_.| Coame Sand and Gravel, gray and safurated continued)

Sand, gray-brown and salurated

Batton of Hole - 121.0
Waler measured a1 4 B wilh auger
Water measuired at 6.4, hols depth 41 0%, 34741

Figure 135 (cont’d.). Boring TO5 (Johnson et al., 2011)

8.5.3 Design stage WEAP Analysis

WEAP input file dated April 20, 2012 was provided by Engineer Corwin Reese of Braun Interfer
Corp. of Minneapolis, MN. The analysis was performed for drivability. The subsurface
resistance distribution table and graph are presented in Figure 136. Figure 137 presents the input
file for the drivability analysis and the resistance distribution along the pile based on the input
file of Figure 136. Figure 138 and Table 79 present the drivability analysis results. Note that
although Figures 136 to 138 and Table 79 contain in their heading the name GeoDynamica Inc.,
the data and analyses are based on a WEAP input file provided by others and only run through
GeoDynamica licensed software. The analysis results suggest that the pile capacity increases
with depth to a capacity of 250kips at a penetration depth of 65ft and the expected blow count at
the end of driving is 3.5bpi (42.3bpf) but high driving resistance/refusal of 55bpi (661bpf) is
expected at the depth of about 60ft.
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Figure 136. Resistance distribution input file — Victoria L.T. design stage
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Figure 137. Input file for drivability analysis and resistance distribution along the pile based on the input table presented in
Figure 136
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GeoDynamica, Inc.

Bridge 10003 - Abutments - 12x0.25" CIP

Ultimate
Depth Capacity
ft kips

2.0 229
18.0 40.9
18.0 732
325 108.2
47.0 154.5
47.0 2720
535 3142
60.0 358.0
60.0 2279
62.5 238.6
65.0 249.8

Friction
kips

17.6
35.6
35.7
69.0
115.2
115.4
153.8
196.2
196.4
2071
218.4

Gain/Loss 1 at Shaft and Toe 1.000/ 1.000

End
Bearing
kips

5.3
53
37.4
393
393
156.6
160.4
161.8
314
31.4
314

Blow
Count
blows/ft

23
4.7
8.8
128
18.5
60.1
123.9
685.3
336
376
42.4

Comp.
Stress
ksi

14.522
21.289
25.902
28.358
30.056
36.21
36.208
35633
33.063
33.628
34.899

Total Continuous Driving Time  82.00 minutes; Total Number of Blows

184

Tension
Stress
ksi

0.000
0.000
-0.858
-1.040
0.000
-2.108
-1.275
-0.411
-0.212
-0.01
0.000

3847

Stroke

ft

3.93
472
5.47
6.01
6.62
7.93
8.23
8.27
7.26
7.34
7.42

Nov 01 2013
GRLWEAP Version 2010
Gain/Loss 1 at Shaft and Toe 1.000 / 1.000
——————— Ult. Capacity (kips) ======-Comp. Stress (ksi) ======- ENTHRU (kips-ft)
o 100 200 300 400 1] 10 20 an 40 1] 10 20 30 40
10 % 10 5 10 +
‘|‘ ‘\\ ::
20 ‘_ﬂ“ 20]] \__*‘. 20 :_‘
;! \ \ !
K \ i
30 ; 30 ‘.‘ 30
.‘ : \
kY A
40 ‘.‘ 40 . 40
= t ‘\! :l
% 50 . b 50 ] i 50
3 \-——~——____\,____ {
60 < E 80 T i 60 T
\ \ A
70 70 T0
a0 B0 80
a0 a0 20
100 100 100
o 100 200 300 400 o 10 20 30 40 o 4 8 12 16
Blow Count (blows/ft) Tension (ksi) Stroke (ft)
Figure 138. Drivability analysis results
Table 79. Drivability analysis results table
GeoDynamica, Inc. MNov 01 2013
Bridge 10003 - Abutments - 12x0.25" CIP

GRLWEAP Version 2010

ENTHRU
kips-ft

23.2
20.7
18.8
18.1
17.7
20.0
203
19.8
17.5
17.3
16.9



MINNESOTA DEPARTMENT OF TRANSPORTATION

PILE HAMMER DATA

FILE DATA

TEST PILE REPORT - LRFD

JOE DEECEIFTION

FORMULA USED[10.5E/(S+0.2)"(W+0_1M ViVW+M )

INSPECTOR SIGHATURE

DROP TEST PILE MUMBER 1 BRIDGE #[10003
X SINGLE ACTING POWER DRIVEM FILE TYFE TH NUMBER |5
DOUBLE ACTING POWER DRIVEN LENGTH IN LEADS STATE PROJ[T002-38
Delmag  |MAKE DIAMETER FED PROJ
4180 |WEIGHT OF HAMMER THICKNESS COUNTY [Carver
WEIGHT OF PILE ABUTMENT [wesl
g [minowa ] WEIGHT OF CAP PIER NUMEBER 1
INSPECTOR CUT-OFF ELEVATION ENGINEER [K. Slama
FEET  HAMMER ENERGY BLOWS INCH  BEARING  FEET ENERG Y BLOWS INCH  BEARING
BELOW  OR RAM PER PER PER PER IN BELOW  OR RAM FER PER FER FER IN
CUTOFF__ DROP BLOWY MIN FOOT BLOW TONS  CUTOFF _ DROP BLOW MIN FOOT BLOW TONS
18 5 20850 ] 12 47 934603
19 5 20950 E 1.3333333 | 43766377
20 5 20850 11 108 5199
21 5 20050 12 1.00
27 5 20850 11 109
23 5 20950 1 108
24 20850 12 100
5 20950 13 092
26 f+1 20850 11 108
27 20950 12 100
28 A 20950 13 naz?
29 20950 12 100
20 B 20950 16 0.75
El 20950 13 036
32 B 20950 B 0.80
33 5 20950 18 067
24 5.50 23045 17 071
35 5 50 23045 17 0.71
36 550 23045 20 0.60
37 5 50 73045 29 041
38 700 29330 59 017
39 700 26330 54 027
40 7.00 29330 53 019
A 700 26330 50 024
[ .50 7 41 028
43 B 00 25140 21 057
[ 550 73045 21 057
45 5 50 73045 22 055
45 .00 25140 21 057
47 B 00 25140 20 0 &0
[ .00 25140 21 057
49 .00 25140 2: 0.55
50 .00 25140 24 0.50 115.04
51 B 00 25140 23 057 111 58
52 6.0 25140.00 2 048 11843
53 B0 2514000 23 057 111 58
54 5.0 25140.00 25 0.45 115.43
55 60 25140.00 24 050 115 04
56 6.0 25140.00 27 044 124 96
57 55 27235 00 27 0.44 135 37
58 5.7 28073.00 25 0.48 132.24
59 54 2681600 27 044 133 29
] 5.5 27235.00 26 046 131.88
B1 (=] 27654 .00 26 046 133 890
62 6.6 27654.00 25 0.48 130.27
63 6.4 26816.00 26 046 129.85
REMARKS
&G0' + 20" on Friday TA18/08 +20' more on Monday 7/21/08
DATE|06/15/2012 STARTTIIME] .. .. ... END TIME|

DESIGN BEARING

ENGINEER SIGNATURE

DOWH TIME] | CRIVE TIME
AUTHORIZED PILE LENGTH

BRIDGE OFFICE SIGNATURE DATE

Figure 139. Driving log of TP1 Victoria static load test
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The dedicated WEAP analysis results presented in Figure 138 and Table 79 can initially be
compared to the “typical” MnDOT conditions analyzed in section 9.4. Case 1-C-7B of Table 78
refers to a pipe pile 12 x 0.25 inch driven by D-19 in sand/silt/sand conditions. Figure 130
suggests that for a resistance of about 250kips the expected blow count is about 45bpf (Group #1
typical behavior) or when using MPF12 250kips translates to about 18bpf. Note that while the
WEAP in figure 130 was developed for a 102ft pile, the MPF12 equation is independent of the
pile’s length.

The drivability analysis results can be compared to the pile driving in the field using the driving
log presented in Figure 139. Note that some site, dates and hammer details on the original log
were corrected per communication with Derrick Dasenbrock (2013). The design stage drivability
analysis is compared to the field records, dynamic measurements and static LT (see section 7.2)
in Table 80 and suggests the following:

1. The driving log suggests a relatively uniform driving from a penetration depth of about
42ft with driving resistances varying between 21 to 27bpf.
2. The actual test pile driving was as follows:
e EOD - 6-15-2012 pen = 62.25ft (895.75)
e 3DR - 6-18-2012 pen = 62.50ft (895.50) 80bpf (eq.)
e 1 day following LT 6-26-2012 Pen = 62.50ft (895.50) 240bpf (eq.)
Note that while Figure 139 suggests 26bpf at EOD, the load test report specifies the
numbers presented in Tables 72 and 80.
3. Table 79 shows WEAP predication of 238.6kips at the depth of 62.50ft and a blow count
of 37.6bpf with energy of 17.3kip-ft (ENTHRU)
4. Considering that the static capacity of the pile was determined to be 268kips (see section
7.2), a relatively close match was achieved other than in the transferred energy.

30bpf

Table 80. Summary of WEAP predicted and measured during pile driving

i Energy | Capacity

Analysis Date Pen (ft) | EL (ft) | BC (bpf) (Kip-f) (ip) Comment Reference
Static analysis & | Figure 138

WEAP | 4202012 | 6250 | 89550 | 376 | 17.3 238.6 vabiins gure 13
Typical | yn | 10200 | WA | 450 19.9 2500 | General relations | Figure 130

WEAP : : : : g

EOD | 6/152012 | 6225 | 89575 | 30.0* | 210 | 2760 CAPWAP 1:;;67(:2

3DR | 6/18/2012 | 62.50 | 895.50 | 800 | 282 488.0 CAPWAP TZELG 7

Static LT | 6/25/2012 | 6250 | 89550 | NA | N/A 268.0 failure TZI‘;’LG 7

*the driving resistance is based on the LT report and the field PDA measurements while the driving log suggests
26bpf as shown in Figure 139.
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In Summary it can be concluded that while the drivability analysis with depth was not accurate,
the final match between the blow count and the resistance was very good. It is important,
however, to notice that the match was achieved with the calculated transferred energy by WEAP
being about 20% lower than the one measured in the driving.

8.5.4 Construction Stage WEAP Analysis

A signal matching analysis was carried out following the dynamic measurements obtained during
the installation of TP1. The summary of the results are presented in Table 72 while the details are
provided in Appendix C. Figure 140 provides the input data file for abutment W with
penetrations similar to the load test pile. Figure 141 and Table 81 provide the results of this
analysis. The parameters used in this analysis were influenced by the EOD CAPWAP analysis of
the test pile provided in Appendix C for blow number 783. The analysis is noted as being carried
out on July 12, 2012. While the CAPWAP analysis had resulted with the use of quakes of Qs =
0.04inch and Q; = 0.465inch for shaft and toe, respectively. The WEAP analysis made use of Qs
= 0.039inch and Qt = 0.522inch. Similarly, while the CAPWAP had resulted with damping
factors of Js = 0.087s/ft and J; = 0.024s/ft, the WEAP analysis was conducted for J; = 0.111s/ft
and J; = 0.024s/ft and shaft resistance being 83%. The analysis of Figures 140, 141 and Table 81
while being a ‘modified” WEAP following the dynamic testing are not clearly following the
procedure. The driving resistance relations in Figure 140 can be further evaluated as to the
driving resistance and ultimate capacity suggesting that the graph does not reflect the field
driving condition and the match to the static load test. Table 82 summarizes the soil parameters
used in the WEAP analysis prior to construction, the CAPWAP analyses for the dynamic
measurements and the WEAP analysis for the West abutment following CAPWAP.

8.5.5 GeoDynamica Modified WEAP for the Construction Stage

Signal matching analysis (CAPWAP) has many more unknowns than equations to satisfy. As
such, there is a large number of combinations that would lead to the signal match solution. With
this fact in mind, several observations are known to be valid (i) the variation between the
solution of one user (of the program) to the other usually, does not exceed 10% in the obtained
total capacity, and (ii) the total capacity remains accurate while the distribution of tip and friction
resistances (especially at the lower part of the pile) can vary quite a bit.

The issue of CAPWAP accuracy is therefore of less significance when dealing with capacity
alone, but is important when trying to use a modified WEAP analysis based on a CAPWAP
match. For example, the EOD and 3DR analyses have resulted with significant differences
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8 GRLWEAP 2010-4-GeoDynamica, Inc. T il Dﬁue'WA_bumentg

Eﬂﬁ File Edit View Options Tools Window Help - |8 %
(| 1 Dﬂ‘|m] = | ‘? I ;;| E 1 | 3] 5 1 L | ) |ST| o | 1 1 1 A] ] {Eng\ish ;J '|5\mple Fiesistance Distr jJ ‘Unifnrm File ﬂ 4Bea|ing Graph - prop. shaft resistance -
Bridge 10003 - W. Abutment - Initial 1
~ Hammer Information
Select from folowing st [2/22/20132003 1D
D | Mame | Twpe | Ramwit | Energy/Power | -
40 DELMAG D 19-32 OED 4.000 42.440 i =
# DELMAG D 1342 0ED 4.000 43240 e
a2 DELMAG D200-42 OED 44.090 492.044 i -
— Hammer parameters — Ultimate Capacities [up to 10) i
i 2.00 in
Efficiency o ; H 184 Lips
Pressure 1657 psi [Fixed ; . _
Shake m it Wariable g
Pile material 4
" Concrete i+ Steel " Timber 3 58—
Incr.
r~ Cushion Information - , -
Hammer File Soil Parameters
Aien 0 i e 2nd Tae - Ha | 18—
Elastic Modulus 0. ksi
— Shaft (IR1ER]
Thickness 1} h a - ¥ o0zt Tlig =
C.0R. il Toe [IKre] in
Stiffriess o Kisn || ; #
: amping :
Helmet 'weight ki
— St shait [REEEN st [Const Al
le: Information
Length f W‘ Coqienits LR 0.024 s/t |Smith 32
Penetration ft F&ulu. S-Length i
Section Area in"2 ﬁuto. S-SE Wt Al ey 3 s
g P t =
Elast Modulug ksi |0 Splices HERE E 5
SpecWeight Ib/ft3 | — 100% |
Toe Area in"2  Pile Tpe: Dist. Shape Num mﬂ o
Peiimeter 3142 [N —
Pile Size 12 in Residual Stress Analpsis: Ma 43—
a0
55—
s
64_,
_—56
?2__
75.0—£—62.0 S
] I - 3
Press F1 for General Help Topics or F3 for Specific Help on Current Parameters INUM

Figure 140. Abutment W input file
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GeoDynamica, Inc.
Bridge 10003 - W. Abutment - Initial

01-Nov-2013

GRLWEAP Version 2010

Compressive Stress (ksi)

Ultimate Capacity (kips)

50
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.--."
400 e 8
) /'!r'_.__l/‘f’—J 6
o
200 4
100 2
0 0
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Blow Count (blft)

——=—= Tension Stress (ksi)

--=—— Stroke (ft)

DELMAG D 18-42

Ram Weight
Efficiency
Pressure
Helmet Weight
Hammer Cushion
CORof H.C.
Skin Quake
Toe Quake
Skin Damping
Toe Damping
Pile Length

Pile Penetration
Pile Top Area

Pile Model

4.00 kips
0.700

1657 (109%) psi

1.84 kips
46308 kipsfin
0.800
0.039 in
0.522 in
0.111 secfit
0.024 secift

75.00 ft
62.00 ft
9.23 in2

Skin Friction
Distribution

Res. Shaft =82 %
(Proportional)

Figure 141. Abutment W driving resistance graph

Table 81. Abutment W driving resistance table

GeoDynamica, Inc.
Bridge 10003 - W. Abutment - Initial

Ultimate
Capacity
kips

240.0
292.0
300.0
310.0
320.0
330.0
340.0
350.0
360.0
370.0

Maximum
Compression
Stress

ksi

33.94
36.45
36.86
37.31
37.80
38.22
38.78
39.24
39.67
39.94

Maximum
Tension
Stress

ksi

1.48
2.20
232
241
253
2.63
276
2.90
3.02
3.08
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Blow
Count Stroke
bl/ft ft
340 7.80
56.5 8.17
61.5 8.23
69.4 8.32
78.4 8.40
90.7 8.49
103.4 8.66
122.0 8.72
148.2 8.79
197.0 8.84

Energy
kips-ft

19.33
19.64
19.76
19.86
20.02
20.10
20.39
20.55
20.68
20.61



Table 82. Summary table for WEAP parameters prior and post construction along with

CAPWAP parameters
Analysis Date Qs (in) Qt (in) Js (s/ft) Jt (s/ft) . Lpad . Comment
Distribution
Braun Interfer
WEAP 4/20/201 0.100 0.100 0.050 0.150 15.2% tip Corp. prior to
driving
CAPWAP 0/ 4 Braun Interfer
EOD 6/15/2012 0.040 0.465 0.087 0.024 7.5% tip Corp.
CAPWAP 1 182012 0.129 0.064 0.240 0.439 22 3%¢tip | Draun Interfer
3DR Corp.
WEAP Braun Interfer
6/26/2012 0.039 0.522 0.111 0.024 17.0% tip Corp. post
W abutment
CAPWAP
GeoDynamica o/ o Example using
WEAP 11/15/2013 0.040 0.465 0.087 0.024 7.5% tip EOD CAPWAP

between the soil parameters (see Table 82 and Appendix C) and as such, two questions need to
be answered: (i) are the differences truly reflecting variation in the soil property over time, and
(i1) what should be used for the modified WEAP? The answer to these questions is awareness
when conducting the CAPWAP to try and maintain consistent and “reasonable” values for the
soil parameters as a requirement around which the value of other parameters can be shifted. With
that in mind, GeoDynamica had used the model parameters from CAPWAP EOD to perform a
modified WEAP serving as an example. Table 83 presents the parameters used in the analysis
and Figure 142 presents the input file including the detailed copy of the load distribution along
the pile shaft and tip, which was obtained in the EOD signal matching analysis. Table 83
provides the driving resistance for that analysis and Figure 143 presents the driving resistance
graph to be used in the field. The comparison of this graph, presenting the ultimate capacity vs.
driving resistance (blow count) for the modified WEAP, with the MPF12 and the load test data
are summarized in Figure 144. The relations in Figure 144 suggest a remarkable agreement
between the MPF12 (using the ram’s stoke measured in the field), the modified WEAP following
the dynamic measurements, and the static load test results. These curves are the driving
resistance curves that should be used in the field along with the curves obtained by using MPF12
for the specific pile.
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Figure 142. Input file for GeoDynamica modified WEAP analysis using CAPWAP EOD results
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Table 83. GeoDynamica modified WEAP driving resistance table

GeoDynamica, Inc. 03-Dec-2013
Bridge 10003 - W. Abutment - Initial GRLWEAP Version 2010
Maximum Maximum

Ultimate Compression Tension Blow
Capacity Stress Stress Count Stroke Energy
kips ksi ksi blows/in ft kips-ft
100.0 28.23 3.42 0.6 5.87 22.28
150.0 31.88 1.27 11 6.79 21.39
200.0 35.38 0.01 1.6 7.29 20.35
250.0 38.90 0.27 2.2 7.75 20.86
300.0 41.97 0.55 31 8.20 21.46
350.0 44,95 0.68 4.6 8.69 22.30
400.0 47.26 0.73 8.1 8.97 22.62
450.0 49.52 0.99 201 9.34 23.47
470.0 50.56 0.89 44 .4 9.43 23.59
500.0 51.61 0.83 9999.0 9.54 23.64

GeoDynamica, Inc

Bridge 10003 - W. Abutment - Initial

03-Dec-2013

GRLWEAP Version 2010

100 floo DELMAG D 19-42
Ram Weight 4.00 kips
- Efficiency 0.900
8 80 80 Pressure 1657 (109%) psi
3 £ Helmet Weight 1.84 kips
o 9 Hammer Cushion 46308 kips/in
1] 60 s0 2 CORof HC. 0.800
_% % Skin Quake Variable
o |y o Toe Quake Variable
W % A
s c Skin Damping Variable
g 40 a0 2 Toe Damping Variable
o 1 Pile Length 65.00 ft
! Pile Top Area 923 ft
20 20 ! in2
oh@g——————-—————————— ————— 0 Pile Model
1000 10
w-—-——-—-w1———————- -——
Pl
7 soorg 8
= L]
> —
5 £
§ 800 6 @
3 o
2 B
E ] 1
= 400 4
= 1
1
200 2
0 0
0.0 16.7 333 50.0 66.7 833 100.0 Res. Shaft =92 %
Blow Count (blows/in) (Proportional)

Figure 143. GeoDynamica modified WEAP driving resistance graph
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Figure 144. Driving resistance summary of Geodynamica modified WEAP, MPF12 and the
static load test results

8.5.6 Instructions for WEAP Modifications Following Dynamic Measurements

Stroke or bounce chamber pressure and transferred energy should be compared between the
WEAP and field measurements. Often transferred energy values are lower than calculated and
adjustment of hammer efficiency alone may improve energy agreement but need to be checked
that driving stresses and capacity remain in agreement requiring the cushion stiffness or
coefficient of restitution adjustment. Due to the many variables, matching of measured values
can be difficult and matching stresses and transferred energies within 10% of the observed or
measured quantities are sufficient.

The following procedure is recommended by the FHWA (2006) and requires that wave equation
input parameters for hammer, driving system, and soil resistance are adjusted and then wave
equation analyses are run for the CAPWAP calculated capacity. The following data preparation
steps and successive input parameter adjustments generally lead to an acceptable solution.
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Set up a table with the observed stroke or bounce chamber pressure for diesel hammers,
and measured values of compressive stresses and transferred energy, both at the
measurement location. Include in this table for concrete piles the PDA calculated
maximum tension stresses. These values should be averages over several consistent
blows of pile installation or the earliest consistent blows of restrike testing. Additional
matching quantities are CAPWAP calculated capacity and penetration resistance.

Set up a wave equation model to run bearing graphs for the actual hammer, pile, and
driving system with total capacity, resistance distribution, quake, and damping from
CAPWAP.

Run wave equation analyses and compare results with table values from step a. Adjust
hammer efficiency (for diesel hammers, also maximum combustion pressure) until
agreement between measured and wave equation computed compressive stress and
transferred energy (for diesel hammers, also stroke) is within 10%. For steel piles,
occasionally the hammer cushion stiffness, and for concrete piles modifications of the
pile cushion stiffness, may also be needed. In rare cases, it is necessary to change the
cushion coefficients of restitution.

After an initial agreement has been achieved for transferred energy and pile top
compressive stress, compare calculated penetration resistance for CAPWAP capacity and
associated maximum tension stresses. For steel piles, adjust hammer cushion stiffness
and coefficient of restitution, and for concrete piles adjust the equivalent pile cushion
parameters together with efficiency to improve agreement of penetration resistance and
tension stresses within the 10% tolerance.

Adjust the hammer efficiency to values not greater than 0.95 and not less than 50% of the
standard recommended hammer efficiency values for that hammer type. The exceptions
are hammers whose stroke input is based on measured impact velocity. Efficiency values
greater than 0.95 are then possible. Adjust cushion coeffients of restitution between 0.25
and 1.0.

If penetration resistance and stresses cannot be simultaneously matched by adjusting
hammer and driving system parameters, change the shaft and toe damping and the toe
quake simultaneously and proportionately to achieve agreement between measured and
computed penetration resistance. Under certain conditions, it may also be necessary to
change the wave equation damping model from Smith to Smith-Viscous.

8.6 WEAP - Wave Equation Analysis of Piles — Submittal

8.6.1 Description

The submittal consists of conducting Wave Equation Analysis of Piles (WEAP) at each
substructure or location specified on the contract plans, using the latest version of the WEAP
software program. The analyses assumptions and driving recommendation shall be provided to
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the Engineer for review and approval, to establish the pile acceptance criteria and ensure the
proposed driving system will not overstress the piles.

8.6.2

Submittals

The Contractor shall submit the wave equation analysis results and driving recommendations to
the Engineer for review and approval. The wave equation analysis shall be conducted by an
Engineer experienced in the use of the WEAP program and selection of the geotechnical and
hammer input parameters.

As a minimum, the Contractor shall submit the following analysis assumptions:

N hAE DD =

The pile type and size analyzed at each location.

The Nominal Required Bearing specified at each location.

The test pile bearing when test pile(s) are specified.

The batter angle(s) of any piles specified to be driven in a non-vertical alignment.

The proposed or anticipated total pile length and length above ground at end of driving.
Ground surface elevation during driving.

The assumed subsurface soil profile layer depths and thicknesses, location of water table,
soil type and strength parameters.

8. Borings numbers used to develop the design soil profile.
9. Explanation of why any input values were selected that differ from the default values

recommend by the program.

10. A completed “Hammer Data Form” documenting the proposed hammer, helmet and

cushion information, see Figure 145 or see
http://www.pile.com/pdi/users/GRLWEAP/equipdatafrm-en.pdf

The recommendations to be included in the submittal are to include:

1.

An assessment of the proposed hammer driving system(s) ability of drive the test,
production and batter piles to their required bearings at a penetration rate between 2 and
10 blows per inch.

The expected stress levels in the piles at the maximum expected hammer energy and any
recommended limitations on hammer energy or fuel settings to ensure the pile stresses do
not exceed 90% of the pile yield stress.

A pile inspector’s charts showing hammer stroke (ft) or Energy versus pile penetration
rate (blows/inch) at the nominal required bearing, batter pile bearing and test pile bearing
for each substructure specified.
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Pile Driving Equipment Data Form

Structure Number: -
Pile Driving Contractor:

Abutment /Pier Number(s): Route:
Pile Type & Size(s): Section:
Nominal Required: County:
Production Pile Length(s): Closest Boring(s): Contract:
Hammer Manufacturer: Model No:

Type (diesel, air/steam hydraulic, etc.): Ram Stroke Type (fixed of Variable):
Maximum Operating Energy: Minimum Operating Energy:

Maximum Recommended Stroke:

Minimum Measurable Stroke:

Ram Weight:
Anvil Weight:
Modifications to Hammer (if any):
Striker Plate
Diameter:
Thickness:
Weight:
Hammer
Cushion Hammer Cushion Material 1 Hammer Cushion Material 2 (if composite)
Dw/\] Material Type: Material Type:
Diameter: Diameter:
Pile Cushion Thickness per Plate: Thickness per Plate:
No. of Plates: No. of Plates:

Total Hammer Cushion Thickness:

Pile

Helmet (Drive Head, Pile Cap) Weight (including bonnet insert if any):

\ Pile Cushion (precast concrete piles only)
Material:

Thickness Per Sheet:

Area:

No. of Sheets:

Thickness Total:

Double Acting/Differential Acting Air or Steam
Hammers Net Weight:

Cylinder Net Weight:

Piston Area:

Attach Bounce Chamber Pressure vs. Equivalent Energy Graphs (Closed-End Diesel Hammers Only):

Hammer Data Completed by: Contact Phone Number:

Date Completed:

Figure 145. Sample pile driving equipment data form
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A new analysis is required if the contractor makes driving system changes from what is proposed
in the approved analysis.

8.7 MnDOT Specifications

The following specification summary was proposed by Eng. Derrick Dasenbrock based on
review of documents and discussions with Samuel Paikowsky and Aaron Budge.

C.1 Requirements for Pile Hammers

Use pile driving equipment approved by the Engineer. The Engineer will use the contractor-provided Driving
System Submittal (C.1.1) as the basis for approval of equipment. Acceptance of the pile driving equipment does not
relieve the Contractor of the responsibility to properly install the piling. If in the opinion of the Engineer the
accepted driving system fails to perform satisfactorily during actual driving, the Engineer reserves the right to revise
the driving criteria and/or require change of equipment.

C.1.1 Driving System Submittal

The driving system submittal must be sealed and signed by a professional engineer, licensed in the State of
Minnesota. Allow 10 business days for the Department's review. Allow an additional 10 business days for the
review of any resubmittals. No variations in the driving system will be permitted without the Engineer’s written
approval. Submit a Revised Driving System Submittal if the hammers or other driving system components change
from those shown in the original approved submittal. Use the same pile hammer to drive test piles and to drive the
piles authorized by the Engineer based on the results of the test pile driving. Any variation needs to be authorized by
the engineer.

For the Driving System Submittal, perform drivability studies as follows for each hammer and pile type:

1. Model the proposed driving system including hammers, striker plate, hammer cushion, helmet, and pile
cushions based on a wave equation analysis.

2. Include in the analysis pile length variation to account for driven length variation, stickup length, and other
considerations appropriate to construction requirements. As appropriate, include soil parameter variations to
account for geotechnical uncertainties at the project site as well as possible range of hammer energy.

3. Use the last version of an authorized computer program (GRL WEAP or similar program).

4. When a follower is used, include (1) an analysis of the driving system with the follower and (2) an analysis
of the driving system without the follower.

5. When adding weld on sections, provide set-up analysis and redrive assessment considering capacity change
during driving recess and the effect of the additional pile section.

Include in the Driving System Submittal:

1. Results of the drivability analysis showing that all proposed driving systems will install piles to the specified
tip elevation or nominal pile bearing resistance shown on plans. The system should be adequate to overcome
the greatest expected driving resistance or a minimum of 155% of the factored design load and account for
end of initial driving, interruptions in driving, and restrike conditions, as appropriate. Driving systems must
generate sufficient energy to drive the piles with compressive and tensile stresses not more than 90 percent
of the yield strength of a steel pile as driven.

2. The Engineer will only accept pile driving equipment, as determined by the wave equation analysis, capable
of operating from 30 blows per ft to 180 blows per ft [10 blows per 0.1 m to 60 blows per 0.1 m] at the
above conditions.

3. Include with relevant ranges when applicable scaled graphs depicting:
3.1 Pile compressive stress versus blows per foot.
3.2 Pile tensile stress vs. blows per foot.
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3.3 Nominal driving resistance vs. blows per foot.

Complete description of:

4.1 Soil parameters used, including soil quake and damping coefficients, skin friction distribution, and
ratio of shaft resistance to total resistance.

4.2 Assumptions made regarding the formation of soil plugs, drilling through the center of open ended
steel shells, pre-augering, pre-boring, jetting, use of vibratory or other systems to advance the pile
other than impact hammers, and the use of closure plates, shoes, and other tip treatment.

List of all hammer operation parameters assumed in the analysis, including fuel settings, stroke limitations,
and hammer efficiency.

Copies of all test results from any previous pile load tests, dynamic monitoring, and all driving records used
in the analyses.

Completed Pile and Driving Data Form along with manufacturer’s specifications for pile driving system
components. Driving system components will be confirmed by the Engineer upon delivery of the hammer
to the project site.

An electronic copy of the WEAP input files.
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9 STATIC LOAD TEST - PROCEDURES, INTERPRETATIONS AND
SPECIFICATIONS

9.1 Background

9.1.1 Overview

Traditional static axial load test is performed by a slow application of a force produced against
independent reaction, imitating structural loading. It is the most reliable method to determine the
pile’s performance as commonly required under typical service conditions, and hence, remains as
the ‘benchmark’ for pile behavior monitoring and capacity determination. The major limitations
of the static load testing are: (i) high cost associated with set-up, test duration, interpretation and
construction delays, (i1) often carried out to a limited load (typically to twice the design load) and
hence serves as a “proof test”, which does not provide meaningful information for possible
savings or future design, and (iii) inability to obtain information about the pile-soil interaction
along the pile without additional testing means (e.g. tell tales, strain gauges, etc.). These
limitations are acute when high capacity foundations are involved.

Alternative methods to the standard static load testing have been developed in two avenues:

1. Static loading by methods that either do not require independent, external reaction for
load application (e.g. Osterberg cells — Osterberg, 1989), or short duration, pseudo-static
loading procedures (e.g. Static-Cyclic Testing; Paikowsky et al., 1999), and

ii. Dynamic testing in which the pile is exposed to dynamic effects i.e., a varying stress with
time is generated at the top of the pile through the impact of a mass or its combination
with explosion

The dynamic testing methods include the generation of low and high strain waves as well as
impacts that produce short and long relative wavelengths. The methods that produce a relatively
long wavelength (e.g. Statnamics, Bermingham and Janes, 1990) are most appropriately termed
kinetic testing (Holeyman, 1992). These testing methods encounter difficulties in wave
resolution with depth, and hence in interpretation of test results based on wave mechanics, as
explained below. The traditional impact tests in which a falling mass strikes the pile top (driving
hammers or drop weight systems) become, therefore, an attractive testing solution due to physics
principles and economical advantages.

Paikowsky (2004, 2013) outlines the basic methodology for understanding the underlying
principles of the dynamic and static testing methods in the framework of wave length. This leads
to the testing categorization as well as the description and the analyses of the tests themselves.
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9.1.2 Principles

A simplified mechanical model was introduced (Paikowsky 2004, 2013), producing a
relationship between force and velocity at pile top vs. impact time. That allows to examine the
relationship between the produced wave length and the ability to analyze the pile-soil system.
Such a measure can be done through the relationship between the wavelength and the pile length,

introducing the relative wavelength A:
A = Length of the force pulse / double length of the pile (2L)

The relationship between pile acceleration, force duration, and relative wavelength (which
represents the sharpness and duration of the force pulse) for different pile tests is presented in
Figure 146. To understand a relative wavelength, one needs to follow the propagation of a force
pulse through a pile realizing the importance of the pulse sharpness and its length relative to the
pile’s length.

1EH005

— ] High-Strain Testing Range (a)

? 1E+000 g Kinetic Testing Range

e 1 Depi e
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Figure 146. Typical load testing values for Pile A acceleration vs. (a) relative wavelength,
and (b) force duration (after Holeyman, 1992)

200



When a compressive force pulse propagates down the pile, it will be reflected whenever there is
a change in the pile impedance (e.g. change in cross-section) or as a result of external forces (i.e.
friction), generating two waves; a compressive wave up and a tension wave down, which
combines with the initial pulse. Upon reaching the pile toe (under easy or normal driving
conditions, say less than 8 BPI) the resulting downward compressive wave is reflected upward
and reversed (compression becomes tension) with a compressive offset corresponding to the
mobilized toe resistance. On its way up toward the pile head, the wave interacts again with (and
activates) the shaft resistance, and impedance changes, arriving back to the pile top after time t =
2L/c in which L is the pile’s length and c speed of wave propagation. This depiction of wave
mechanism results in the understanding that:

1. A shorter pulse duration enables higher resolution of the propagating waves and the
combined reflections,

i1. The number and complexity of the waves depends on the changes of the cross-section of
the pile, and

iii. The reflecting wave is affected by the interaction of the pile with the soil (shaft and end
resistances) allowing the interpretation of the soil’s resistance along the shatft.

9.1.3 Pile Testing in Light of Pulse Duration and Relative Wavelength

Following the above, one can examine the different dynamic testing in light of the produced
relative wavelength and possible interpretation. Integrity testing that utilizes reflection
techniques of low strain, short duration pulse, is typically characterized by a relative wave length
of 0.1, which provides for maximum depth resolution. Dynamic testing during driving is
typically characterized by a relative wavelength of 1, associated with force duration of 5 to 20
milliseconds. These relations allow for depth resolution for typical piles while providing high
strain testing. Further enhancement of the depth resolution is possible with additional internal
measurement near the pile’s tip (e.g. Smart Pile System, Frederick, 1996, or McVay et al., 2004).
Dynamic Fast Penetration (or Kinetic Testing) such as Statnamic (Bermingham and Janes, 1990),
as well as Dynatest or Fundex, are characterized by a relative wave length A of 10 or higher and,
therefore, do not allow for depth resolution. The produced pulse duration is about 50 to 200
milliseconds (about an order of magnitude larger than that of impact dynamic testing), and
practically the front of the wave’s reflection from the tip arrives back to the top before the main
portion of the wave propagates through the pile.

Although these tests resort to inertial actions on masses to generate their extended force pulse,
they can be referred to as “Kinetic Tests” or “Dynamic Fast Penetration” as the inertial forces
within the pile are small compared to the force being applied, and as a result of their high relative
wave length, the interpretation of these tests cannot make use of the wave equation form of
analysis, hence, different from tests which can be categorized as Dynamic Wave Action tests
(e.g. impact hammer). This fact does not affect the ability to determine the total
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capacity/resistance of shafts from kinetic tests using other techniques or diminishes their
distinctive advantages such as mobility and the ability to produce high-energy impacts to
mobilize the resistance of very high capacity shafts.

The above discussion leads to the categorization of pile testing based on the nature of the loading
and it's duration relative to the pile itself. The relative wave length (A) explains the relationship
between the loading, the transfer of the loading in the pile, the importance of dynamic effects,
and the ability to analyze the pile-soil interaction as a result of measurements recorded at the
pile's top. Table 84 outlines the different tests based on this categorization and their relevant
method of analysis.

Table 84. Typical Key Attributes of Different Types of Pile Tests (Holeyman, 1992)

Integrity Hlljghr;gzim Kinetic Static
Attributes Testing yna Testing Testing
Testing
Mass of Hammer 0.5 - S5kg 2,000 - 10,000 kg 2,000 - 5,000 kg N/A
Pile Peak Strain 2 - 10 pstr 500 - 1,000 pstr 1,000 pstr 1,000 pstr
Pile Peak Velocity 10 - 40 mm/s 2,000 - 4,000 mm/s 500 mm/s 10” mm/s
Peak Force 2 -20 kN 2,000 - 10,000 kN | 2,000 - 10,000 kN | 2,000 - 10,000 kN
Force Duration 0.5-2ms 5-20 ms 50 - 200ms 10" ms
Pile Acceleration 50g 500 g 05-1g 10" g
Pile Displacement 0.01 mm 10 - 30 mm 50 mm >20 mm
Relative Wave Length 0.1 <1.0 >10 10°

A comprehensive testing program illustrating the above concept was carried out on a test pile
cluster at a bridge reconstruction site in Newbury, Massachusetts. The research at the site was
conducted by the Geotechnical Engineering Research Laboratory at the University of
Massachusetts Lowell, as part of a long-term research sponsored by the Massachusetts Highway
Department (see e.g. Paikowsky and Chen, 1998, and Paikowsky and Hajduk, 1999).

Figure 147 presents magnitudes and durations of load measurements during some of the testing
conducted on a 14-inch square, 80 foot long pre-stressed, pre-cast concrete pile. The pile was
instrumented and subjected to various testing over a long period of time; relevant information is
provided by Paikowsky and Hajduk (2004), Hajduk et al. (2000), and Hajduk et al. (1998). The
data in Figure 147 demonstrates the principles previously discussed. The driving system
produced an impact of about 5 milliseconds in wave length, the Statnamic test produced a wave
length of about 60 milliseconds, a Static-Cyclic load test was carried out at about 15 minutes a
cycle while a short duration static testing was about 8 hours. A slow maintained load test that
was carried out at the site was not included in Figure 147, as it adversely affected the time scale.
The data in Figure 147 clearly demonstrates the different time ranges phenomena associated with
the different tests.
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Figure 147. Typical loading durations for various tests performed on Test Pile #3 by the
Geotechnical Engineering Research Laboratory of the University of Massachusetts Lowell,
at the Newbury test site

9.2 Review of Static Pile Load Testing Methods

9.2.1 ASTM Procedures

Overview

The American Standard for Testing and Materials (ASTM) provides three designated standards
for static load test procedures:

D1142/1143M-07 (Reapproved 2013) “Standard Test Methods for Deep Foundations Under
Static Axial Compressive Load”

D3689/D3689M-07 (Reapproved 2013) “Standard Test Methods for Deep Foundations
Under Static Axial Tensile Load”

D3966/D3966M-07 (Reapproved 2013) “Standard Test Methods for Deep Foundations
Under Lateral Load

The tests for axial compressive loading outlines five procedures, and that of tensile (uplift)
loading outlines six procedures that are described briefly below. The overlapping procedures for
compression and tension are presented together. For more details, refer to ASTM D1143-07 and
D3689-07 (both reapproved in 2013). Table 85 and Figure 148 summarize these procedures.
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Table 85. Summary of static load test procedures

Code Test Name Loading _ Hold Time at Unloading _ Hold Time at
Increments| Hold Time| Max. Load | Decrements| Hold Time Zero Load
Qll)lrlgli ﬁT 5% 4-15min - 5-10 steps | Instantaneous Ohr
Proc. B
Maintained LT 50, | oy 24hr 25% | Thr & 0.017/hr Thr
ASTM Stgndard
D1142/1143 Loading Proc.
Proc. G 50%, 100%, 1hr Ohr 50% 0.33hr 1hr
Cyclic Loading| 150%, 200%|  0.33hr 12-24hr 25% lhr Ohr
Proc. E
Constant Rate 0 (? 59 /lr;lin Ohr - - - -
of Penetration )
Short Duration 25% 0.5hr 1hr 25% 0.25hr Lhr
Maintained LT 50% 2hr 12-24hr 25% 4hr 4hr
Quick LT 10-20kips 2.5min Smin 25% of max 2.5min 15min
MassDOT Carry out 3
Static-Cyclic Continuous loading at 20-40kips/min | Continuous at 60-80kips/min cycles of load
LT to failure and
unload
Notes:

2.
3.
4.

% of Design Load

1.  ASTM — American Standard for Testing and Materials

MassDOT — Massachusetts Department of Transportation
All percentages relate to the design load of the pile.
The loading increment for the standard test is based on the assumed bearing capacity of the pile.
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Figure 148. Static pile load testing procedures according to ASTM (Paikowsky et al., 1999)
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Procedure A — Quick Load Test Method for Individual Piles or Pile Groups (ASTM D1143
and ASTM D3689 section 8.1.2)

The load is applied continuously (delay at every increment for a consistent interval of 4 to 15
minutes for readings only) in increments of 5% of the anticipated failure load. Load increments
are added until reaching failure or the safe structural limit, i.e. continuous jacking is required to
hold the test load or practically until the specified capacity of the loading device is reached. After
one of these criteria is reached, the load is removed from the pile in 5 to 10 approximately equal
increments. The procedure recommends considering longer time intervals for the failure load and
the final zero without specific guidelines.

Procedure B — Maintained Load Test Standard Loading Procedure (ASTM D1143 and D3689
section 8.1.3)

The traditional (standard) ASTM method calls for single piles to be loaded to 200% of the
anticipated design load and pile groups to 150% of the design load unless failure occurs first.
The load is applied in increments of 25% of the design load. Each load increment will be held
until the rate of settlement is not greater than 0.01 inches per hour (0.25mm/hr) but no longer
than two hours per increment. In the event the pile has not failed, the total load is held on the test
pile or pile group for 24 hours. If failure occurs during loading, the maximum load is maintained
until the total settlement equals 15% of the pile diameter. After completing the final load
increment, the load is removed in decrements of 25% of the maximum test load with one hour
between decrements.

Procedure C — Maintained Load Test in Excess of Procedure B (ASTM D1143 and D3689
section 8.1.4)

Following the loading and unloading of Procedure B, the pile or pile group is loaded to the
maximum maintained load in increments of 50% of the design load allowing 20 minutes between
load increments and then applying additional load in increments of 10% of the design load until
reaching the maximum required load or failure. If failure does not occur, the maximum load is
held for 2 hours and then removed in four equal decrements allowing 20 minutes between
decrements. If failure occurs, the pile is continued to be loaded until the settlement equals 15%
of the pile diameter.

Procedure D — Constant Time Interval Loading (ASTM D3689 section 8.1.5)

Using procedure B but applying the load in increments of 20% of the design load with 1 hour
between load increments. Unload in decrements of 25% of the maximum test load with 1 hour
between decrements.
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Procedure E — Constant Rate of Penetration or Uplift (ASTM D1143 and D3689 section 8.1.6)

The pile is loaded at a constant rate of penetration 0.01 to 0.05 in/min (0.3 to 1.3 mm/min) for
cohesive soils or 0.03 to 0.1 in/min (0.75 to 2.5 mm/hr) for granular soils. For uplift, maintain a
pile uplift rate of 0.02 to 0.04 inch/min (0.5 to 1.0 mm/min). In the compression test, the pile is
continually loaded until no further increase in load is necessary for the constant rate of
penetration of the pile under the predetermined rate or the capacity of the pile is reached. If the
pile continues to settle under the constant load, the load is held until the pile has moved at least
15% of the average pile diameter and then the pile is gradually unloaded completely. If
maximum capacity of the pile is reached before failure, the total load is released.

Procedure F — Compression Constant Movement Increment Test (ASTM D1143 section 8.1.7)

Load is applied in increments required to produce pile top movement increments equal to
approximately 1% of the average pile diameter/width. The load is varied as necessary to
maintain each movement. The pile is continued to be loaded until the load movement equals 15%
of the average pile diameter/width. The load is then removed in four equal decrements.

Procedure F Uplift and G Compression — Cyclic Loading Test (ASTM D1143 section 8.1.8 and
D3689 section 8.1.7)

The pile is loaded in a series of four cycles up to 50%, 100%, 150% and 200% of the design load
(50% and 100% for pile groups). Each cycle follows the loading procedure described in
Procedure B, e.g. the first cycle is loaded in increments of 25% of the total design load up to
50% and each load increment is held for one hour, at 50% the pile is unloaded in decrements of
25% until the entire load is removed from the pile with 20 minutes between decrements. Cycles
two, three, and four are loaded to 100%, 150%, and 200%, respectively in increments of 50% of
the total design load. Each load increment is held for one hour during each cycle. Once the
maximum load is reached per cycle, the pile is unloaded to zero in decrements of 50% of the
maximum applied load with 20 minutes between each unloading.

9.2.2 Massachusetts Department of Transportation (MassDOT) Procedures

Overview

The Massachusetts Department of Transportation described in its standard specifications for
Highways and Bridges — 1988 English edition (see also 1995, 1998 and 2006) load test
procedures similar to the previous generation ASTM methods. The procedures described by the
MassDOT encompass the short duration test, maintained load test, and the quick load test. The
procedures are described in detail by the MassDOT (1995) and were supplemented by a new
load test procedure, Static-Cyclic (Express) load test as appears in the Supplemental
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Specifications of 2012. All procedures are briefly described below and summarized in Table 85
and Figure 149.

Short Duration Test

Massachusetts Highway Department requires the load to be applied up to 200% of the design
load to the load transferring 100% of the design load to the bearing layer as determined by tell-
tales, but not to exceed 90% of the reaction load. The load is to be applied in increments of 25%
of the design load. Each load increment is held for half an hour. Once the maximum applied load
is achieved, it is held for one hour and until the settlement rate is less than 0.01 inch per hour (25
mm/hr). After both of the above criteria are met, the load is removed in decrements of 25% of
the design load every 15 minutes until zero load is reached. Finally, zero load is held for one
hour to complete the test.

Time (Hrs)
-1 4 9 14 19 24 29 34 39 44 49
ot —1 L0101
7 Note: The Quick Test is carried out until failure or
225 =1---ff-| until the capacity of the loading apparatus is reached [ ==----F----=-==--b--====----b-ooooooodooooooooo o
200 =l ————————————————————————————————— L 4
175 -] b e
'O -
8
S 150 - e
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E wo 4 8 Q‘mck Load Test 7% 77777777777777777777777777777777777
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Duration (min)
Figure 149. Static pile load testing procedures according to MassDOT (Paikowsky et al.,
1999)

Maintained Load Test

The pile is tested under load increments equal to 50, 100, 150, 175, and 200% of the design load
and maintained for a period of two hours. Once the maximum load is achieved, it is held until the
settlement does not exceed 0.02 inches (0.5 millimeters) in a 12-hour time period or until the pile
failed. The loading period for twice the design load is held no less than 24 hours. After
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completion of the loading, the unloading is conducted in decrements not exceeding one quarter
of the total test load and maintained for a period of four hours each.

Quick Load Test

The test shall be applied in increments of 5 to 10 tons not to exceed 10% of the design load and
maintained for 2.5 minutes until continuous jacking is required to maintain the test load. The
final load increment shall be held for no more than five minutes and then unloaded in four equal
decrements.

9.2.3 Static-Cyclic (Express) Load Test

This load test procedure was proposed by Paikowsky et al. (1997) and appears as part of the
Massachusetts Department of Transportation supplemental Specifications to the 1988 English
Standard Specifications and 1995 metric standard specifications (see MassDOT, 2012). The
following language is a direct quotation of the MassDOT specifications.

This load test can apply to a compression test, tension test, or both, on a pile and provide the
ultimate capacity of the pile. The load test is carried out in four “loading-unloading” cycles, at a
constant loading rate, conducted continuously without allowing for settlement stabilization. The
loading frame should be designed to handle at least two times the estimated ultimate pile
capacity. The displacement and load readings from the top of the pile are to be taken continually
by a data acquisition system. The load sequence shall be as follows:

a. For a compression test; apply continuously a load at a rate between 20 to 40 kips/minute
(100 to 200 kN/minute) until failure is observed and an additional settlement equal to 0.1
inches (2.5 mm) is achieved with total pile settlement equal or exceeding 1 inch (25 mm).
A failure is defined when displacement increases without an increase in the pile’s load at
or below the ratio of 0.1kips/0.1 inch/foot (0.67 kN/mm/meter) pile embedment for all
compression tests. Unload the pile at a constant rate between 60 to
80 kips/minute (300 to 350 kN/minute) until zero load.

Carry out additional three load-unload cycles to the maximum load that was achieved in
the first cycle.

b. For a tension test, apply a load at a rate of 15 to 30 kips/minute (75 to 150 kN/minute)
and unload at a rate of 30 to 60 kips/minute (150 to 300 kN/minute). Failure is defined
when displacement increases without an increase in the pile’s load at or below the ratio of
0.05 kips/0.1 inches/foot (0.33 kN/mm/meter) pile embedment for all tension tests.

c. For all tests, pile top load and displacement are measured at intervals of loads equal to
1/10 of the estimated ultimate pile capacity but no more than 20 kips (100 kN) for a
compression test and 10 kips (50 kN) for a tension test. The readings need to allow for
accurate definition of the load-unload interception. The use of electronic data acquisition
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is recommended. If dial gages are used, the gages should not be adjusted at the end of the
first cycle and the zero load reading at the end of the first cycle (first zero reading of the
second cycle) will be subtracted from the readings of the second cycle.

The pile design load on this test is based on the measured ultimate capacity of the pile. The
ultimate capacity of the pile is defined as the average of the three intersection points formed by
the load-unload curves.

9.3 Static Pile Load Test Interpretation Procedures

9.3.1 Overview

Various methods are available for interpreting static load test results in order to determine the
pile’s bearing capacity. The methods are based on different principles related to a limiting
settlement, maximum load, ratio of load to settlement, shape of curve, and so on. Davisson’s
failure criterion (Davisson, 1972) is typically being adopted to provide a single unique value
when determining a driven pile’s bearing capacity based on a load test to failure. However,
judgment must be used in evaluating this value as well. Detailed description of interpretation
procedures and the analyses are presented by Paikowsky et al. (1994). The following brief
description summarizes major methods to consider. Load test results on a 65 ft (19.8 m)-long, 24
inch square, pre-stressed concrete pile driven 63 ft into a sitly sand in Alabama is used to
demonstrate the different interpretation methods (see case no. 5 Paikowsky and Tolosko, 1999).

9.3.2 Consistent Presentation of Load-Settlement Relationship

For consistent visual judgment and interpretation of a load test load-settlement curve, a common
scale needs to be implemented. The scale is based on the elastic deformation of the pile as
proposed by Vesic, (1977). When plotting the load-settlement curve, the elastic deformation of a
fixed end free standing frictionless pile (i.e., a column) is expressed as:

6=PL/EA (28)

where: d = calculated elastic deformation of the pile
P = applied load

L = npilelength

E = elastic modulus of the pile’s material

A = cross-sectional area of the pile

The elastic compression obtained by equation 28 is based on the assumption that the entire load
applied to the pile top is transferred to the pile tip. To implement a scale proportional to all
settlement curves, the elastic compression line is kept inclined at an angle of approximately 20
degrees to the load axis. Figure 150 shows an example of a scaled load-settlement curve using
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the above criterion. Note that observing the load-displacement relations in the non-scaled load-
settlement relations would lead to an erroneous conclusion as to the ‘failure’ load if judged by
the curve shape appearance alone.

Load (MN)
0.0 0.5 1.0 15 2.0 25 3.0 35 4.0
PP AN NI [T [T NI NI NI N E—

Load (MN)
00 05 10 15 20 25 30 35 40
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Displacement (inches)
o
]
Displacement (mm)
Displacement (inches)
Displacement (mm)
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Load (kips)

0 200 400 600 800 1000
Load (kips)

(a) (b)
Figure 150. Load-settlement curve with (a) a non-specific scale for Pile Case No. 5, and (b)
with the elastic compression line inclined at 20 degrees (Paikowsky et al., 1994)

9.3.3 Davisson’s Criterion

Davisson’s Criterion (Davisson, 1972), or the offset limits, defines the failure load of a pile as
the load corresponding to the settlement that exceeds the elastic compression of the pile ( ) by
an offset (X) equal to 0.15 inches (3.8 mm) plus the pile diameter (in inches) divided by 120;

X=0.15+B/120 (29)
where: X = Offset displacement of the elastic compression line (inches)
B = diameter of the pile in inches.

The Davisson’s Criterion line is parallel to the elastic compression line. The intersection of
Davisson’s line with the load-settlement curve provides the ultimate capacity of the pile. Figure
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151 illustrates the use of Davisson’s failure criterion for load-settlement relations for the pile
described in section 9.3.1 yielding a capacity of 625 kips. Davisson’s Criterion has the advantage
of being deterministic (and hence objective), while being able to consider the pile properties and
geometry, hence the influence of the tip size on the failure zone.

Load (MN)
0.0 0.5 1.0 15 2.0 25 3.0 3.5 4.0

Shape of Curve Range:‘
500 kips - 640 kips
(2224 kN - 2847 kN)

Displacement (inches)
Displacement (mm)

0 200 400 600 800 1000
Load (Kkips)

Figure 151. Load-settlement curve for Pile Case No. 5 of the PD/LT data set with the elastic
compression line inclined at 20 degrees and different ultimate capacity interpretation
methods (Paikowsky et al., 1994)
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9.3.4 Shape of Curve

The Shape of Curve Method is a failure load approximation that usually yields a range of values
over which the pile is considered at or near failure. The boundaries of this range can be
determined by examining the minimum curvature in the load-settlement curve through lines
drawn tangent to the load-settlement curve (similar to the method proposed by Butler and Hoy,
1977). The failure range is relatively easy to define for load-settlement curves that exhibit
general failure or plunging failure (rapid settlement with slightly increased loads). Piles that
experience local failure, or non-plunging failure, are difficult to analyze using the shape-of-curve
method because of the uniform changes in the slope of the lines drawn tangent to the curve.
Figure 151 illustrates the use of the shape-of-curve procedure, yielding an estimated capacity
ranges of 500 kips to 640 kips with a representative average of 570 kips for the concrete pile for
which Davisson’s criterion resulted with 626 kips.

9.3.5 Limited Total Settlement Methods

The limited total settlement methods define the failure load as the load corresponding to the
settlements of one inch (A=I inch) and 0.1 times the pile diameter (A=0.1B) (Terzaghi, 1942).
These methods are not applicable in many cases most likely due to the changes in the piles
employed since 1942. For example, the elastic compression for a very long steel pile often
exceeds 1 inch and/or 0.1B without inducing plastic deformation in the soil at the tip and the
lower portion of the pile. Figure 151 presents the load-settlement curve for the concrete pile that
experiences a plunging failure well before a displacement of 1 inch is achieved but due to the
plunging, the A = 1 inch criterion provides a failure of 679 kips. Also, it is obvious in this case
that a settlement of 0.1B, or 2.4 inches, does not represent the failure load of this pile, and
therefore, is not applicable. In contrast, Paikowsky et al. (2004) had shown that the use of the
FHWA failure criterion for drilled shafts (A = 0.05B) is the most suitable for such deep
foundations.

9.3.6 DeBeer’s Log-Log Method

DeBeer defines the failure load as the load corresponding to the intersection of two distinct
slopes created by the load-settlement data plotted using logarithmic scales (DeBeer, 1970).
Figure 152 illustrates the use of DeBeer’s criterion for the same load-settlement curve (24 inch
Pre-Stressed Concrete Pile) presented in Figure 150, resulting in an estimated capacity of 648
kips. The two slopes are especially visible for piles that experience plunging failures, yet when
using DeBeer’s method on piles that undergo local failures, the result may be a range of values.
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Figure 152. Load-settlement data plotted on a logarithmic scale for Pile Case No. 5 to
determine the failure load according to DeBeer’s method (Paikowsky et al., 1994)

9.3.7 Representative Static Capacity

The capacity results from Davisson’s criterion, the Shape of the Curve, Limited Total Settlement
methods, and DeBeer’s method for the specific case history shown in Figures 150 to 152 yields
the following values:

e Davisson’s = 645 kips

e Shape of Curve = 500-640 kips, 570 kips representative
e A=1inch=679 kips

e A =0.1B=not applicable

e DeBeer’s = 648 kips

Excluding the A = 1 inch settlement method, which is clearly beyond failure and the A =0.1B
method, which does not apply, the average of all acceptable criteria leads to a final representative
static capacity of 614 kips.

Other interpretation methods like Chin (1971) and Brinch-Hansen (1963) methods are not widely
used in practice and would result with failure capacities of 748 kips and 603 kips, respectively.

Paikowsky et al. (2004) used the above methods to independently evaluate the capacity of each
pile of a large data set. After considering the pile type, size, and the load test procedure,
unrealistic results were eliminated and the acceptable values were averaged, yielding a final

213



(representative) static pile capacity. These values were then employed against the individual
interpretation procedure in order to establish a nominal strength and its uncertainty as detailed in
section 9.5.

9.4 Full Scale Pile Testing Examining Testing Methods and Driven Piles Capacity
Evaluation

9.4.1 Overview

The presented detailed case studies are aimed at demonstrating the previously discussed load test
procedures as well as the interpretation method in order to allow for recommendations to be
made for the MnDOT load test procedures. A fully instrumented test pile cluster was tested
during a research project by the Geotechnical Engineering Research Laboratory of UMass
Lowell for the Massachusetts Highway Department (currently MassDOT) as part of a bridge
reconstruction site in Newbury, MA. The test pile cluster consisted of two 12-inch diameter
close-ended steel pipe piles and one 14 inch, square, pre-cast concrete pile. The test piles were
labeled as test piles #1, #2, and #3. Figure 153 shows the soil profile and test pile depths for the
bridge reconstruction site in Newbury. The site generally consisted of a 4 ft top layer of a
miscellaneous fill followed by a thin organic layer, a 3 ft overconsolidated clay layer, a 5 ft soft
normally consolidated clay layer, a 5 ft normally consolidated clay layer, a 2 ft sand layer
between two interbedded silt, sand and clay layers, a 2 ft fine to medium sand, followed by 4 ft
of fine to coarse gravel/till, underlain by bedrock at a depth of 98 ft from the ground surface. For
a detailed description of the soil properties at the Newbury bridge reconstruction site, refer to
Paikowsky and Chen, (1998).

Figure 153 shows the magnitude of the instrumentation and depths associated with each test pile.
The vibrating wire strain gages (VWSG) inside each pile are used to monitor the load
distributions under the static load tests. For a more detailed description of the piles and their
instrumentation refer to Paikowsky and Hajduk (1999 and 2004). All static load testing
information presented in this section is based on Hajduk (2006), a graduate research student of
the Geotechnical Engineering Research Laboratory at UMass Lowell.

9.4.2 Static Load Test Set-Up

Figure 154 presents a plan view of the test piles and reaction piles location. The load frame
entails 12-reaction piles setup in a triangular pattern. Depending on which pile is tested, a large
steel reaction beam is placed across the reaction piles. For example, the reaction beam is placed
across reaction piles three to six to statically load test pile #3. Figure 155 is a photograph of the
driving of test pile #1 with the static load-testing frame on the perimeter.
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Figure 153. General soil profile and planned test pile layouts (Paikowsky and Hajduk,
2004)
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Figure 154. Plan view of test pile layout and reaction piles (Paikowsky and Hajduk, 1999)

Figure 155. Static load test frame used for test pile cluster in Newbuty, MA (Paikowsky &
Hajduk, 1999)
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9.4.3 Static Load Testing Procedures and Records

Each pile was tested using three load-testing procedures: (i) short duration (ii) maintained load
test and (ii1) static cyclic load test. The applied load to the pile was recorded using the pressure
gage on the pump (which is supplying the hydraulic fluid to the jack), and via a load is recorded
using a load cell and a Data Acquisition System (DAS). The DAS recorded the output from the
instrumentation on and in the piles, for more details see Paikowsky & Hajduk, (1999 and 2004).
The pressure in the hydraulic jack was also recorded by the DAS. The movement of the piles was
recorded using two methods, one via four dial gauges placed on the pile top, and the second
using several direct current differential transformers (DCDT’s) connected to the data acquisition
system. The dial gauges and DCDT’s were setup in accordance with ASTM standard D1143.
Table 86 summarizes the different static load tests and the dates in which they are conducted on
the Newbury test pile cluster.

Table 86. Summary of static load tests conducted on Newbury test pile cluster (Paikowsky
and Hajduk, 1999)

Test Pile # Test Type Date Conducted
Short Duration (Osterberg Cell) 12/11/1997
Static Cyclic (Osterberg Cell) 12/12/1997
1 Short duration 1/11/1998
Incremental Static Cyclic 1/12/1998
Static Cyclic 1/12/1998
Slow Maintained 10/2/1997
2 Short Duration 10/27/1997
Static Cyclic 10/28/1997
Slow Maintained 12/2/1997
3 Short Duration 12/4/1997
Static Cyclic 12/5/1997

9.4.4 Test Pile #1

Overview

Test pile #1 is a 12-inch diameter, 103 ft long, 0.5 inch wall thickness, close-ended steel pipe
pile drive to 98 ft. with the tip of the pile resting on bedrock. An Osterberg load cell is attached
to the tip of test pile #1 allowing to perform static load tests by pushing the pile up from the
bottom. For more details on the Osterberg load cell configuration and testing method refer to
Paikowsky and Hajduk (1999).

Static Load Test

The first two static load tests were conducted using the Osterberg load cell located at the pile tip.
The Osterberg load cell tests the piles in compression from the bottom up with a movement
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upwards, similar to a tension test conducted on the pile top. The test was completed when the
peak skin friction of the pile was overcome. The first Osterberg load test conducted was a short
duration test. Figure 156 shows the applied load versus displacement, applied load versus time,

and displacement versus time for the Osterberg short duration test. The figure is graphed using

the load from the Osterberg load cell and the displacement from an average of three DCDT’s on
the pile top. The ultimate compressive load for this test is around 81 tons. The second Osterberg
static load test was the static cyclic test. Figure 157 shows the applied load versus displacement,

applied load versus time, and displacement versus time for this load test. Figure 158 shows the

applied load versus displacement in an enlarged scale to provide clarification of the load-unload
intersection point.
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load vs. displacement (Paikowsky and Hajduk, 1999)
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Three traditional static load tests were conducted on test pile #1. Two static cyclic tests and one
short duration test were conducted on test pile #1. The first static cyclic test was conducted in 9
increments to failure. Figure 159 shows the three in one graphical format used for the
presentation of the static load test results. The pile was loaded in increments of 6 tons until
plunging failure occurred. The ultimate compressive load and maximum displacement was 48
tons and 0.22 inches, respectively. The second test conducted on test pile #1 was a static cyclic
test. Figure 160 presents the expanded view of load vs. displacement relationship for TP#1.
Figure 161 shows applied load versus permanent displacement for the incremental static cyclic
load test. Figure 162 shows the results from the static cyclic test. The test was carried out in four
load-unload loops with the third loop not loaded to failure because the pump operator thought
maximum load was reached. This load-unload intersection was 38 tons and can be observed in
Figure 163. The final test conducted was a short duration test shown in Figure 164. The ultimate
compressive load on the pile under this test was 40 tons.
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Intermediate Summary

The static cyclic failure point is based on the fundamental mechanism of the soil/pile interaction.
The failure point is defined by the intersection of the load-unload portions of the load versus
displacement graphs. The static cyclic failure point is correlated with the transition from the
elastic to plastic regions of the soil/pile mechanism. Figure 161 displays the three regions,
elastic, elasto-plastic, and plastic, based on the results from Figure 159. The soil/pile mechanism
behaves elastically until approximately 70 kips. From there the mechanism is a combination
between elastic and plastic behavior ranging from 70 to 88 kips. After 88 kips, the soil/pile
system behaves plastically. Figure 161 clearly shows the transition of the soil/system from one
region to the next.

9.45 Test Pile #2

Overview

Test pile #2 is a 12-inch diameter, 80 ft long, 0.5 inch wall thickness, close-ended steel pipe pile.
The pile penetrated through overconsolidated clay, normally consolidate clay, and interbeded
silt, sand, and clay layers. The tip of the pile was in an interbeded layer of silt, sand, and clay.

Static Load Tests

Three tests were carried out on test pile #2, a slow maintained test, short duration test, and a
static cyclic test. The short duration and slow maintained tests were analyzed using four
traditional pile capacity interpretation methods, (i) DeBeer, (ii) Limited Total Settlement, (iii)
Shape of Curve, and (iv) Davisson, and the intersection of the load-unload loops determines the
failure for the static cyclic test. Figure 165 presents a graph describing the results of the slow
maintained test, which was carried out first. The ultimate compressive load and maximum
displacement on the pile were 96 tons and 1.3 inches, respectively. The representative static
capacity based on the average of the above four interpretation methods was 83 tons (741 kN).
Table 87 summarizes the failure loads for each method and the representative static pile capacity
based on the average of the four methods. Figure 166 describes the short duration test results,
which were carried out next. The ultimate compressive load and maximum displacement on the
pile were 90 tons and 1.0 inches, respectively. The representative static capacity based on the
average of the three applied methods was 81 tons and is tabulated in Table 87. The limited total
settlement method was not applicable to this test because the pile top was not displaced 10% of
the pile diameter. The third test conducted was the static cyclic test. Figure 167 shows the load
versus displacement, load versus time, and displacement versus time for the static cyclic test.
The test was conducted in three loops and the average point of intersection of the loops, i.e. the
failure point, was 75 tons shown in detail in Figure 168. Figure 169 provides a comparison of the
load versus displacement curves for the three static load tests conducted on test pile #2. The
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static cyclic test was compared to the two traditional tests in the last column of Table 87. The
ratio between the representative static capacities and the static cyclic test for the short duration
and slow maintained tests were 1.12 and 1.11, respectively.
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Figure 165. Slow maintained test plots: (a) load vs. time, (b) displacement vs. time, and (c)
load vs. displacement (Paikowsky and Hajduk, 1999)

Table 87. Summary of pile capacity interpretation for Test Pile #2 (Paikowsky and Hajduk,

1999)
DeBeer Limited Total | Shape of Davisson Representative | Static Cyclic
Test Type (kN) Settement Curve (kN) Static Capcity Capcity | Po/Peyc
(kN) (KN) (KN) (kN)
Short Duration 720 - 738 791 750 -
Slow Maintained | 715 796 745 709 741 -
Static Cyclic - - - - - 668 -
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Load Distributions

The load distributions for the three static load tests carried out on test pile #2 were measured
using 10 vibrating wire strain gages (VWSG) and the load cell on the pile top.

Figure 170 shows the load distribution for the short duration test indicating the location of each
strain gage along the length of the pile in relation to the soil profile. The distribution of load was
based on an average at each strain gage location during the duration of the time the load was held
at each of the 10 loading increments. The maximum load was recorded using the load cell on the
pile top. Table 88 shows the ratio of the load carried at the pile tip from the applied load on the
pile top for each loading increment during the short duration test. The ratio of Pyy/Pyqp for this test
was initially 0% under the first loading increment and increased up to 20% for the final loading
increment.
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