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CHAPTER 1
INTRODUCTION

1.1 General

Load and Resistance Factor Design (LRFD) was adopted by the American Association of
State Highway and Transportation Officials (AASHTO) as an alternative method for the design of
bridge superstructures in the early 1970's. At that time, allowable stress design was the only method
available in AASHTO for the design of the bridge foundations. In 1987 AASHTO initiated a research
program, administered by the National Cooperative Highway Research Program to develop LRFD
method for Bridge Foundations (NCHRP 24-4), and concluded with a report NCHRP 343 "Manuals
for the Design of Bridge Foundations".

In LRFD method, the external loads are multiplied by load factors while the soil resistances
are multiplied by resistance factors to ensure an acceptable of safety margin. The load factor is
relatively less sensitive to the different environments. However, the resistance factors (performance
factors) used for geotechnical engineering depend on

- geologic formation

- method of field exploration and laboratory testing
- type of foundation and earth structure

- design methodology.

The resistance factors (performance factors) used in the AASHTO LRFD Specification were
calibrated through general geologic conditions and some specific design methods as described in

report NCHRP 343.



The unique characteristics of Florida geology, such as soft limestone formation, limerock
backfill materials which were widely used in south Florida, and the FDOT design methods of driven
piles and drilled shafts developed through the FDOT research projects were not considered in the
NCHRP 24-4 research project in developing the Resistant Factors. Therefore, the validity of the
Resistance Factors recommended in the AASHTO LRFD Specification is questionable and may not

be applicable in Florida area.

1.2 Objectives
The AASHTO LRFD Specification was approved for used in 1994, and the FDOT is planning
touse it in 1998. To ensure that the LRFD Specification is adopted successfully, it is important to
generate resistance factors that are suitable for the Florida geologic conditions and design methods
used by FDOT. The objectives of this research program are as follows:
1.  To review the assumptions and design methods used in the research project NCHRP 24-4 for
calibrating the resistant factors .
2. To calibrate resistant factors using Florida geologic conditions and FDOT design methods.

3. Torecommend the resistant factors for Florida foundations and retaining wall system.

1.3 Scope of Work

The overall project will be divided into five major tasks as follows:
Task 1: Literature Review
1. Review and study the state-of-the art of LRFD in geotechnical engineering and the

AASHTO LRFD Specifications regarding the geotechnical and foundation



engineering applications.
2. Review the procedures used in the research project NCHRP 24-4 for calibrating the
resistance factors.
Task 2: Database Collection and Analysis
1. Collect and summarize the geotechnical characteristics of typical Florida soils and
limerocks through the FDOT District Offices.
2. Collect and summarize the database of driven pile and drilled shaft load tests
performed in Florida.
3. Collect the case histories of FDOT projects using shallow foundations as bridge
foundations, and typical retaining wall system designs.
Task 3: Calibration of Resistance Factors
1. Summarize the design methods for geotechnical and foundation engineering used in
the FDOT projects.
2. Perform calibration of resistance factors using reliability theory in deep foundation
designs including, but not limited to,
2.1 SPT-94 analyses for driven pile
2.2 Dirilled shaft design by McVay’s method
2.3 Dynamic load testing
2.4 Static load testing using conventional methods and the Osterberg Cell.
3. Perform calibration of resistant factors for shallow foundations and retaining wall
systems.

4. Comply with and evaluate the design criteria for Serviceability Limit.



5. Compare the findings with AASHTO LRFD Specifications as identified in the

NCHRP-343 report.
Task 4: Comparative Analysis

1. Select up to two (2) FDOT projects in various Districts throughout the State and
perform geotechnical and foundation designs using the proposed LRFD guidelines.

2. Compare the results of the LRFD method and the ASD method.

Task S: Report Preparation

1. Finalize a design procedure and guidelines for using the LRFD method in geotechnical

and foundation engineering.

1.4 Literature Reviews

Over the last two decades, the strength design method in corporation of Limit States Design
(LSD) concept has received increasing attention in geotechnical engineering in preference to the
Allowable Stress Design (ASD). However, significant and varying degrees of uncertainty are
inherently involved in geotechnical engineering and foundation design. Therefore, in recent years
there has been a trend towards the use of reliability-based design and probabilistic methods, and the
development of the Load and Resistant Factor Design (LRFD) method which includes Strength
Limits and Service Limits Design.

Many countries are preparing for a forthcoming shift of the geotechnical engineering and
foundation design from ASD to LRFD methods. In general, there are two approaches in Strength
Limits Design, the factored strength approach and the factored resistant approach, to establish the

geotechnical resistance used in the LRFD method. The factored strength approach which was



adopted in Europe following the original work of Brinch Hansen and the Danish Code where
specified partial factors are applied to the individual soil strength properties for the calculation of
factored resistance. In the factored resistance approach, which was adopted in North America, an
overall resistance factor is applied to the resistance for the each applicable limit state. The advantage
of the factored resistance approach over the factored strength approach is that the derived resistance
factors reflect not only uncertainties in soil properties, but also the uncertainties in the design methods
and the extent of site investigation. The resistant factor, ¢, from the factored resistance approach
is similar in concept to the global factor of safety in ASD, and would be familiar to geotechnical
engineers (Backer, 1996a, 1996b).

In the United States, the American Association of State Highway and Transportation Officials
(AASHTO) initiated a research program in 1987, administered by the National Cooperative Highway
Research Program, to develop a rational load factor design method for bridge foundations (NCHRP
24-4). This research provided the basis for development of Section 10- Foundations and Section 11-
Abutments, Piers and Walls in the AASHTO LRFD Specification. In Canada, a task force lead by
Golder Associates Ltd. (1992) to perform code calibration was introduced into Section 4.2-
Foundations of the National Building Code of Canada (NBCC) in 1995. The resistance factors for
deep foundations recommended in the AASHTO LRFD Specification (1994) and the NBCC
Specification are summarized in Table 1.1. As shown in Table 1.1, the resistance factors in the
AASHTO code for deep foundations are generally higher than those in the NBCC code. The target
reliability index is on the order of 2 to 2.5 (corresponding probability of failure 10 to 10?) in
AASHTO code, and 3.5 to 4.5 (corresponding probability of failure 10* to 10°%) in NBCC code.

In addition to the consideration of Strength Limits which ensure that the designs provide



adequate resistance against geotechnical and structural failures including bearing capacity failure,
sliding and overall instability. The design of Service Limits ensures that the functions of the
structures under normal service conditions perform satisfactorily. Service Limit States of structures

may be reached through excessive settlement, excessive lateral deflection, or structural deterioration.

The vertical and lateral displacement of foundations must be evaluated for all applicable dead
and live load combinations, and compared with tolerable movement criteria. Since the evaluations
of foundation displacements by LRFD are performed in accordance with the Service I Limit State
where load factor, y and resistance factor, ¢ equal to one (1), the methodologies used to estimate
settlement and lateral deflection are identical for LRFD and ASD.

Although many researchers have attempted to comply the tolerable movements of bridge
foundation, the criteria of tolerable axial and lateral movement of foundations usually are developed
by the structural engineer in accordance with the design characteristics of the superstructures. In
general, the structural stability of the entire bridge under the external load is the major concern, and

not the absolute value of the movement of bridge foundations.



Table 1.1

Resistance Factors for Geotechnical Strength Limit State

in Axial Loaded Piles
Resistance Factor
Method/Soil/Condition
AASHTO (1994) | NBCC (1995)
Skin Friction: Clay
a-method 0.70 -
-method 0.50
y-method 0.55
End Bearing: Clay and Rock
Ultimate Bearing Clayk 0.70 -
Resistance of Single Roc 050
Piles Skin Friction and End Bearing:
Sand
SPT-method 0.45 0.4
CPT-method 0.55 0.4
Skin Friction and End Bearing:
All Soils
Load Test 0.80 0.6
Pile Driving Analyzer 0.70 0.5
Block Failure Clay 0.65 -
a-method 0.60 0.3
[-method 0.40 0.3
Uplift Resistance of | y-method 0.45 0.3
Single Piles SPT-method 0.35 0.3
CPT-method 0.45 0.3
Load Test 0.80 0.4
Group Uplift Sand 0.55 -
Resistance Clay 0.55




CHAPTER 2
METHODOLOGY FOR CALIBRATION OF RESISTANCE FACTOR

2.1 Design Philosophies and Methods

The basic design criteria, regardless of the method used, is that the resistances must be greater
than the applied loads and provide an acceptable level of safety. Design procedures developed by
engineers to provide acceptable margins of safety include the following: (1) Allowable Stress Design
(ASD) using a single global factor of safety; (2) Limit State Design (LSD) using partial factors of
safety; and (3) reliability-based Load and Resistance Factor Design (LRFD).

Allowable Stress Design (ASD) has been the traditional design basis in civil engineering since
it was first introduced in the early 1800's. Up until today, in most of the design code, the foundation
design has been based on ASD. In ASD, a global factor of safety is applied to the resistance such that
the estimated stresses (or loads) do not exceed the reduced resistances. The relationship can be

expressed as:

R
'F_;ZQDJ'QL*QE (2.1)

Where R, is the nominal resistance, Qp, and Q, are nominal values of dead and live load, Qg is the
environmental load such as wind, earthquake, etc. and FS is the factor of safety. Although this
concept is simple and useful, the risk or level of safety associated with a value of FS depends on its
definition and application , and a computed value of FS greater than one does not necessarily ensure
safety (Smith 1981, 1985).

Limit State Design (LSD) has received increasing attention in geotechnical and structural
engineering literature over the last 20 years. InLSD, two limit states are considered: (1) Ultimate
Limit States (ULS); (2) Serviceability Limit States (SLS). ULS pertains to structural safety and
applies separate partial factors of safety on loads and strengths. SLS represents the conditions which

affect the function or services requirement. An advantage of LSD is that it provides a clearer



methodology for the separation of the ULS and SLS. LSD is utilized to satisfy the following criteria:
ULS: Factored resistance > Factored load effects
SLS: Deformation < Tolerable deformation to remain serviceable
However, in the United States, geotechnical engineers practically have not adopted this concept.
Load and Resistance Factor Design (LRFD) utilizes the concept of partial factors and can be
viewed as an extension of the LSD. However, the factors utilized in LSD were determined by
experience and judgement, while the factors of LRFD are based on or calibrated using probability and

reliability theory. The LRFD criterion is expressed in the following general form:

®R >Y v0, (2.2)

where R, is the factored resistance.

¢ is the resistance factor that considers the uncertainties in resistance.

R, is the nominal resistance estimated from engineering analyses.

Y v: Q; is the factored loads

Y; is aload factor that considers the uncertainties in a component of load effects.

Q, is a component of load.

The resistance factor, ¢, is similar in concept to the global factor of safety, and the factored
resistance approach is similar to conventional ASD and may be viewed as a logical extension of ASD.

The LRFD method has several advantages over the conventional ASD method including:

1. Considers the uncertainties and variability in both loads and resistances.

2. Provides more uniform levels of safety for various type of structures and materials.

3. Provides similar design concepts and procedures for various superstructures and
substructures.

The primary objective of this research is to determine the resistance factor used in the LRFD
method for various geotechnical engineering and foundation design application for FDOT Projects.
This will provide a smooth transition for geotechnical engineers from the ASD method to the LRFD
method. In general, two procedures are used to calibrate the resistance factor; fitting with ASD and

using reliability. The evaluation of each procedure is as follows.



2.2 Calibration by Fitting with ASD
Because the LRFD method is a reliability-based methodology, the calibration of the resistance
factor requires a sufficient database to perform probability analyses. However, when a database or
case histories are not available, fitting with ASD to determine the resistance factor is an alternative.
This procedure simply converts the global factor of safety to the resistance factor as follows.
If the loads consist of a dead load, Qp, and a live load, Q,, then from Equations 2.1 and 2.2,

the resistance factor, ¢ can be expressed as:

YpOp*Y,9
@>IDEDTLYL 2.3)
FS(Qp+0p)
Equation 2.3 may be written as:
YOO, *Y
D> D D/ L 1L (24)

FS(Q/0,+1)

where Y}, and Y are the load factors of dead load and live load, respectively. Using Equation 2.4
and the values of Y and Y; from the AASHTO LRFD Specification (1994), 1.25 and 1.75,
respectively, the resistance factor,, for a range of safety factors and dead to live load ratios are
calculated as shown in Table 2.1 and Figure 2.1. Although the fitting with ASD method is relatively
simple and ensure that the results of LRFD method will be compatible with the conventional ASD,

the risk or probability of failure in using this method is unknown.

2.3 Calibration using Reliability Theory
The reliability theory provides a valuable tool to compute the risk level or probability of
failure in existing or new design codes. Based on the reliability theory, the calibration of the
resistance factors corresponding to a given set of load factors consists of the following steps; for the
detailed discussions about the reliability theory and applications refer to Barker, et al (1991) and
Tobias and Trindade (1996).
1)  Est he level of saf inl liability i fesi hod

In the reliability model, loads and resistance are considered to be random variables that can

10



be described by probability density functions or frequency distributions. As long as the resistance,
R, is greater than the load effects, Q, there exists a margin of safety for the limit states under

consideration. The probability of failure or the realization of a limit state, P;, can be expressed as

P =P(R<Q)=P[(R-(Q)<0] (2.5)

IfR and Q are assumed to be log-normal distributions, Equation 2.5 can be rewritten as

53773 2 2
P, = PIn(RIQ)<0]= 1 - F[ RO (12175, 26)

Jnl(1+VA+V )]

where R and Q are the mean values, Vy and V, are the coefficients of variation (standard deviation
divided by mean value) of R and Q, and F,() is the standard normal distribution function. Instead of
specifying a probability of failure, a common approach is to express reliability in terms of a safety or

reliability index, P as follows.

5 - RDYAVRY(AT)
{In[(1+VR)(A+P )]

2.7

If the bias factor, A, defined as the ratio of the mean value to the nominal value, and the loads consist

of only dead and live loads, Equation 2.7 can be rewritten as:

" A, FS (00, +1) 1+V5D+V5L]
Aop Op/QL+Ag, \ 1+V; (2.8)

[+ VA4V 3+ V3]

Where Q,, and Q; are the nominal values of the dead and live loads, FS is the factor of safety, Az, Agp
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and A are the bias factors of the resistance, dead load and live load, respectively, Vg, Vop and Vg,
are the coefficients of variation of the resistance, dead load and live load, respectively.

Table 2.2 shows the relationship between reliability index, P (for 2<f<6) and probability of
failure, P; as suggested by Rosenblueth and Esteva (1972):

P, = 460exp(-4.30) (2.9)

Based on Equations 2.8 and 2.9 and the coefficients of variation of R and Q determined from
probability analyses, the reliability index and probability of failure of the corresponding factor of
safety, FS can be calculated.

2) rve th iation of iabili i

As shown in Equation 2.8, the reliability index is not only affected by the uncertainty of the
load effects and soil resistances, also by the ratio of dead load to live load. In order to evaluate the
effect of the ratio of dead to live load which depends on the type of structures, a range of ratio from
one (1) to nine (9) will be used in calibration process .

3) | reliability in n the level of r_probability of failur

in th ign meth

Following Step (1), in which the reliability index was calculated based on the level of safety
of the current design method, the target reliability index will be used for calibration of the resistance
factor. This will ensure that the designs of LRFD method will not have significant deviation from
the current ASD method.

@ Iculate resistance factors consi ith the rget reliability index

From Equations 2.2 and 2.8, in which for a given target reliability index, B, and only dead

and live loads are considered, the resistance factor can be expressed as

b = A(YpOp/ QL+YL)‘/(1 +V5D+V5L)/ 1+Vp)

= - —— (2.10)
(5000, +A g )expB/In((1+V )1+ 5o+ V)]
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The resistance factor calculated from Equation 2.10 can be used to validate or verify the new
design approach by comparing designs based on calibrated resistance factors with designs obtained

from conventional ASD. Recalibrating and modifying the resistance factors may be required.
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Table 2.1
Resistance Factors Calibrated by Fitting with ASD
Yp,=125and Y| =1.75

Resistance Factor, ¢
Q/Q
FS=1.5 FS=2.0 FS=2.5 FS=3.0
1 1.00 0.75 0.60 0.50
2 0.94 0.71 0.57 0.47
3 0.92 0.69 0.55 0.46
4 0.90 0.68 0.54 0.45
) 0.89 0.67 0.53 0.44
6 0.88 0.66 0.53 0.44
7 0.88 0.66 0.53 0.44
8 0.87 0.65 0.52 0.44
9 0.87 0.65 0.52 0.43
Median 0.94 0.70 0.56 0.47
Recommended 0.90 0.65 0.55 0.45
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Relationship between Probability of Failure

Table 2.2

and Reliability Index for Lognormal Distribution
(from Barker, et al , 1991)

Reliability | Probability of Probability of Reliability
Index Failure Failure Index
B Py Py B

25 0.99%107 1.0x10™ 1.96
3.0 1.15x10° 1.0x107 2.50
3.5 1.34x10% 1.0x10° 3.03
4.0 1.56x107 1.0x10* 3.57
4.5 1.82x10° 1.0x10°% 4.10
5.0 2.12x107 1.0x10°¢ 4.64
5.5 2.46x10* 1.0x107 5.17
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CHAPTER 3
DRIVEN PILE FOUNDATION DESIGN

3.1 General

In the calibration process, the load factors for dead and live loads as specified in the AASHTO
LRFD Bridge Design Specification (1994) are 1.25 and 1.75, respectively. The bias factors and
coefficients of variation of the load effects depend on the materials and manufacturing of the load
components. Table 3.1 summarized the results of statistic study of highway structure dead and live
loads by Nowak (1993). To simplify the unknown characteristics of the structure components of the
database, the bias factor and coefficient of variation of the dead load for cast-in-place load
components, 1.05 and 0.10, respectively, will be assumed in the calibration process. For live loads,
1.10 and 0.18 will be used for the bias factor and coefficient of variation, respectively. These

conditions represent an average worse case.

3.2 Service Limits

The axial load-settlement analysis of driven pile can be performed by the Computer Program
PL-AID developed by University of Florida (1990), while the lateral load-deflection analysis can be
performed by the Computer Program FLPIER developed by University of Florida. The evaluation
of foundation movements using LRFD method is performed in accordance to Service I Limit State
with load factor and resistance factor equal to one (1).

The criteria of tolerable axial and lateral movement of deep foundations usually are developed
by the structural engineer in accordance with the design characteristics of the superstructures. In
general, the structural stability of the entire bridge under the lateral load is the major concern, and not
the absolute value of the movement of bridge foundations. It is strongly recommended that a
FLPIER analysis should be performed in final design to evaluate the stability of bridge structure
subjected to external loads. A detailed discussion of the lateral load stability is presented in Section
3.4
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3.3 Axial Load Capacity
Currently, FDOT uses computer program SPT-94 or SPT-97 to estimated the bearing

capacity of driven pile in design phase, and uses static load testing and/or dynamic load testing with
Pile Driving Analyzer (PDA) monitoring to determine the bearing capacity and provide quality control
of pile installation in construction phase. Wave Equation Analysis predominately is used to evaluate

the drivability of pile hammer in pre-construction phase.

3.3.1 SPT94/SPT97 Analysis
Although FDOT has released a new version SPT-97 in 1998, the computer program used in

predicting driven pile capacity of the pile database in this research was SPT-94. The Computer
program SPT94 is a DOS version program, whiie program SPT97 is a WINDOWS version program.
The differences between two programs are the pre-and post- processors Both programs were
developed based on the procedures outlined in the FDOT Research Bulletin 121 (1967) and should
pose the same features to estimate the bearing capacity of driven pile.

Based on the database collected by the University of Florida and the results of statistic
Analyses, the bias factor and coefficient of variation for the ratio of load test result (Davisson
capacity) to SPT-94 prediction are 1.172 and 0.246, respectively. Figure 3.1 shows the comparison
of the database of static load test and the corresponding Davisson capacity predicted by SPT-94
analyses. The frequence histogram of the results of SPT-94 analyses is presented in Figure 3.2.
Using the above statistic parameters and a safety factor of 2 for the estimated Davisson capacity, the
corresponding reliability index, B ranged from 2.45 to 2.57 for a ratio of dead load to live load
ranging from 1 to 9. The detail results were shown in Table 3.2 and Figure 3.3. Table 3.3 and
Figure 3.4 present the calibrated resistance factors for different reliability indices with a ratio of dead
load to live load ranging from 1 to 9. According to AASHTO Specifications (1994), the ratio of
dead load to live load ranged from 0.52 to 3.53 for a typical bridge span ranged from 9 to 60 meters.
The median of the reliability index within this range of load ratio is approximately 2.5 which has a
probability of failure of approximately 10. This indicated that in the current FDOT practice, the
reliability index of using SPT-94/SPT-97 to estimate driven pile capacity is on the order of 2.5 which

represented a failure probability of approximately 1 %.
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For the target reliability index of 2.5, the resistance factors ranged from 0.65 to 0.72 as shown
in Table 3.3. The resistance factors calculate by fitting ASD for a safety factor of 2 ranged from 0.65
to 0.75 as shown in Table 2.1. Therefore, based on the results of the calibration by reliability analysis
and ASD fitting in conjunction with the engineering judgements, a resistance factor of 0.65 is
selected for using the Program SPT-94/SPT-97 to estimate the axial compression capacity of driven
pile.

3.3.2 Static Load Testing
According the FDOT Standard Specification for Road and Bridge Construction Section A455,

a safety factor of 2 shall be used for the project when performing conventional static load tests.
Using the load factors specified in the AASHTO LRFD Bridge Design Specification (1994) and the
statistic parameters of load effects proposed by Barker, et al. (1991), the corresponding reliability
index of the current FDOT practice for a safety factor of 2 is 2.73 to 2.89 for a ration of dead load
to live load ranging from 1 to 9 as shown in Table 3.4 and Figure 3.5. The median of the reliability
index is 2.81 which represents a probability of failure of 2.6x10. This calculation assumed that the
bias factor and coefficient of variation are 1.0 and 0.1, respectively. According to Becker (1996b),
a reasonable range of coefficient of variation of pile load test generally is from 0.08 to 0.25.

For the target reliability index of 2.5, the resistance factors ranged from 0.73 to 0.79 for a
ratio of dead load to live load ranging from 1 to 4 as shown in Table 3.5 and Figure 3.6. The
resistance factors calculated by ASD fitting for a safety factor of 2 ranged from 0.65 to 0.75 for a
ratio of dead load to live load ranging from 1 to 9 as shown in Table 2.1. In general, the ratios of
dead load to live load for the majority of the highway bridge are on the order of 2 to 4. In addition,
according to the ASSHTO LRFD Bridge Design Specifications, a specific load combination of
Strength IV is designed for load combination relating to very high dead load to live load force effect
ratio. Therefore, based on the results of the calibration by reliability analysis and ASD fitting in
conjunction with the engineering judgements, a resistance factor of 0.75 is selected for using the

conventional static load test to estimate the axial compression capacity of driven pile.
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333 L ic Load T ith Driving Anal (PDA) Monitori

A majority of the current FDOT bridge construction projects require dynamic load testing be
performed on test piles by using Pile Driving Analyzer (PDA) monitoring. The required safety factor
is 2.5 according to the FDOT Standard Specifications for Road and Bridge Construction Section
A455. During the test pile installation phase, two driving conditions are evaluated; the end of initial
driving (EOD) and beginning of redriving (BOR).

Based on the database collected by the University of Florida and the results of probability
analyses, the bias factor and coefficient of variation for the ratio of load test result (Davisson
capacity) to PDA-EOD prediction are 1.355 and 0.325, respectively, for the PDA-BOR prediction
are 1.052 and 0.318, respectively. Figure 3.7 and 3.8 show the comparison of the database of static
load test and the corresponding PDA-EOD and PDA-BOR capacity. The frequence histogram of the
results of PDA-EOD and PDA-BOR predictions are shown in Figures 3.9 and 3.10, respectively. The
load factors for dead and live loads as specified in the AASHTO LRFD Bridge Design Specification
(1994) are 1.25 and 1.75, respectively. Barker, et al (1991) recommended that the bias factors for
dead and live loads be 1.05 and 1.15, respectively, and the coefficients of variation for dead and live
loads be 0.1 and 0.18, respectively. Using the statistic parameters of load effects and a safety factor
of 2.5 for the PDA capacity, the corresponding reliability index, B of the current FDOT practices
ranged from 3.04 to 3.14 for the PDA-EOD condition and 2.40 to 2.50 for the PDA-BOR condition
for a ratio of dead load to live load ranging from 1 to 9. The detail results were shown in Table 3.6
and Figure 3.11. The true pile bearing capacity determined by the PDA-EOD results are usually
underestimates as compared to the static load test results because of lacking freeze effects.
Therefore, if the PDA-EOD values are used for the design, the probability of failure will be small.
However, the PDA-BOR values usually are closer to the static load test results because the pile freeze
effects are included. Therefore, if the higher value of PDA-BOR results are used for design, the
corresponding probability of failures will be higher than that of PDA-EOD results. Based on the
results of the reliability analysis, the medians of the reliability index of PDA-EOD and PDA-BOR
conditions are 3.09 and 2.45, respectively, which corresponds to a probability of failure of
approximately 7.8x10* and 1.2x10?, respectively .

Using a target reliability index of 2.5, the resistance factors ranged from 0.65 to 0.70 for
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PDA-EOD and 0.51 to 0.55 for PDA-BOR with a ratio of dead load to live load ranging from 1 to
4. The detail results were shown in Table 3.7 and Figure 3.12 and 3.13. The resistance factors
calculated by fitting ASD for a safety factor of 2.5 ranged from 0.52 to 0.60 as shown in Table 2.1.
In general, the ratios of dead load to live load for the majority of the highway bridge are on the order
of 2 to 4. In addition, according to the ASSHTO LRFD Bridge Design Specifications, a specific load
combination of Strength IV is designed for load combination relating to very high dead load to live
load force effect ratio. Therefore, based on the results of the calibration by reliability analysis and
ASD fitting in conjunction with the engineering judgements, a resistance factor of 0.65 is selected
for using the PDA-EOD condition of dynamic load test to estimate the axial compression capacity
of driven pile, and 0.55 for the PDA-BOR condition.

As shown in Table 3.6, the results of statistic analysis indicated that in average BOR condition
provided a more accurate prediction of pile capacity with a bias factor, A of 1.052, while the EOD
condition underestimated the pile capacity with A of 1.552. Therefore, a higher resistance of 0.65
was calculated for EOD condition compared to that of 0.55 for BOR condition. However, due to
the high uncertainty of the pile freeze effect, the use of PDA-BOR condition for the quality control
of piling poses a higher risk compared to the PDA-EOD condition. Therefore, it is recommended
that the PDA-EOD condition with a resistance factor of 0.65 be used as the general procedure of
piling control, while the PDA-BOR condition with a resistance factor of 0.55 be used as a special case

where pile freeze effects were well documented.

3.3.4 Wave Equation Analysis

Wave Equation Analyses were performed on the database where pile driving data and hammer
data were available. The computer program used in calibration was GRLWEAP developed by GRL,
Inc. In general Wave Equation Analysis was performed in pre-construction phase where actual
hammer efficiency and Smith soil parameters were not available, therefore, the analysis used the
default values of the hammer efficiency and soil damping and quake specified in the Program
GRLWEAP(1996). Based on the database collected by the University of Florida and the results of
probability analyses, the bias factor and coefficient of variation for the ratio of load test result

(Davisson capacity) to GRLWEAP prediction are 1.355 and 0.606, respectively. Figure 3.14 shows
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the comparison of the database of static load test and the corresponding Davisson capacity predicted
by GRLWEAP analyses. Using the above statistic parameters and a safety factor of 3 for the
estimated Davisson capacity, the corresponding reliability index,  of the current FDOT practice
ranged from 2.22 to 2.28 for a ratio of dead load to live load ranging from 1 to 9. The detail results
were shown in Table 3.8 and Figure 3.15. The median of the reliability index is 2.25 corresponding
to a probability of failure of approximately 3x10. Table 3.9 and Figure 3.16 present the calibrated
resistance factors for different reliability indices with a ratio of dead load to live load ranging from
1to 9. For a target reliability index of 2.5, the resistance factors ranged from 0.33 to 0.36. The
resistance factors calculate by fitting ASD for a safety factor of 3 ranged from 0.43 to 0.50 as shown
in Table 2.1.

The resistance factor calibrated by the reliability theory is about 0.1 to 0.14 less than that
calibrated by ASD Fitting. This is because of the highly variation of the default values of hammer
efficiency and soil damping and quake compared to that of the actual values determined from PDA
monitoring. Therefore, if PDA monitoring is not performed during pile driving, a resistance factor
of 0.35 is selected for using the Program GRLWEAP to estimate the axial compression capacity of

driven pile.

3.3.5 Other Considerations
In addition to the axial compression capacity, uplift capacity (axial tension capacity) and
group effect should be considered in driven pile foundation design as discussed in the following

sections..

3.3.5.1 Uplift capacity

Since very limited tension pile load tests were performed in Florida, the database of uplift
capacity of driven piles is not available. Therefore, the calibration using reliability theory for the uplift
capacity predicted by Program SPT-94 can not be performed. Barker, et al (1991) recommended that
the resistance factor for the uplift capacity of driven pile is 0.1 less than that for the axial
compression capacity. In ASD, the uplift capacity is usually estimated as 75% of the compression

side friction. Comparing the safety factor of 2 used in the Program SPT-94 on the side friction, the
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equivalent safety factor of uplift capacity corresponding to the ultimate side friction is 2.67
(=2.0/0.75). The resistance factor calculated by fitting ASD using a safety factor of 2.67 ranged from
0.47 to 0.56. Therefore, a resistance factor of 0.55 is selected for using the Program SPT-94 to
estimate the uplift capacity of driven pile.

The resistance factor of uplift capacity is selected as 0.65 for using the conventional static

load test which is 0.1 less than that for the axial compression capacity of driven pile.

3.3.5.2 Pile group

According to FDOT Structure Design Guideline (1996), the minimum center-to-center
spacing between piles in a group is three (3) pile diameters, and the pile group efficiency subjected
to axial load is designed as one (1). Therefore, the resistance factor for pile group is selected as the
value of single pile. For the group efficiency subjected to lateral loads, it is recommended that a

FLPIER analysis should be performed to evaluate the group behavior.

3.4 Lateral Load Stability
For piles subjected to lateral loadings, it requires a relatively large deflections to mobilize
passive failure of soils around the pile which generally exceed tolerable movements or structure
capacity. Therefore, driven pile foundation must be designed to resist lateral loads without structural
failure of the pile, or without excessive lateral deflection to ensure the structural stability. The
ultimate soil resistance to the lateral loads usually is not critical. In general, the design of lateral load
resistance of driven piles can be accomplished using computer programs FLPIER (1996) or
COM624P (1992) for single pile and FLPIER for pile group, and should include:
1. ine th im i ion an r ility.
The pile deflection should be evaluated at the Service Limit State in which Load
Factor, Y and Resistance Factor, ¢ equal to one (1). However, the allowable deflection
should be evaluated by Structural Engineer based on the structure stability and an arbitrary
criteria of allowable lateral deflection is not acceptable according to FDOT (Potter, 1995).
To ensure the structure stability, pile should be installed to a required minimum

penetration below the final grade or design scour elevation. FDOT State Geotechnical office
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has suggested a methodology to determine the minimum tip elevation. This method involves
constructing a curve of pile top deflections for different pile lengths using the same
unfactored load (service load) condition by performing FLPIER or COM624P analyses.
Then, the minimum tip elevation is determined by increasing 1.5 meters on the tip elevation
corresponding to the highest tip elevation that the pile top deflection start deviating from
constant, as shown in Figure 3.17.
2. Determine the maximum moment along pile.
The moment acting in the pile should be evaluated at the Strength Limit State in which
Load Factor, y should properly be selected according to the load combinations of the design
conditions, while the resistance factor, ¢ equals to one (1). The estimated maximum moment
should compare with the factored structure resistance to ensure that structure failure will not
occur.
However, if Structural Engineer determines that the pile top deflection or the maximum moment
exceed the tolerable limit at the minimum pile penetration, a trial-and-true analysis should be
performed to determine the minimum pile size required for structure stability. This analysis can be
performed using single pile. However, it is strongly recommended that pile group analysis should be

performed for final design.

3.5 Structure Capacity
In pile design using LRFD, the pile materials should provide sufficient factored resistance
against the external factored loads. The Resistance Factor, ¢ presented in AASHTO Specifications
(1994) was calibrated using ASD fitting. Since there were no data available to perform calibration,
it is recommended that the Resistance Factor for different pile materials shown in Table 3.10 should

be used..
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Table 3.1
Statistics of Bridge Load Components
(After Nowak, 1993)

Load Component Bias, A COV
Dead Load
® Factor-Made 1.03 0.08
® Cast-in-Place (CIP) 1.05 0.10
® Asphaltic Wearing Surface 1.00 0.25
Live Load 1.10-1.20 0.18
(w/Dynamic Load Allowance)
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Table 3.2
Reliability Index of SPT-94 Analyses

Qv QL p Ve A Voo Ap Va AL AI;SSD
1 2.45 0.246 1.172 0.1 1.05 0.18 1.15 2.0
2 2.50 0.246 1.172 0.1 1.05 0.18 1.15 2.0
3 2.52 0.246 1.172 0.1 1.05 0.18 1.15 2.0
4 2.54 0.246 1.172 0.1 1.05 0.18 1.15 2.0
5 2.55 0.246 1.172 0.1 1.05 0.18 1.15 2.0
6 2.55 0.246 1.172 0.1 1.05 0.18 1.15 2.0
7 2.56 0.246 1.172 0.1 1.05 0.18 1.15 2.0
8 2.56 0.246 1.172 0.1 1.05 0.18 1.15 2.0
9 2.57 0.246 1.172 0.1 1.05 0.18 1.15 2.0
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Table 3.3
Resistance Factors for SPT-94 Analysis

Resistance Factor, ¢
W B=20 B=25 B=3.0
1 0.84 0.72 0.61
2 0.81 0.69 0.59
3 0.79 0.67 0.57
4 0.78 0.66 0.57
5 0.77 0.66 0.56
6 0.77 0.65 0.56
7 0.76 0.65 0.55
8 0.76 0.65 0.55
9 0.76 0.65 0.55
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Table 3.4
Reliability Index of Conventional Static Load Testing

Wa | B | Ve | A | Ve | R | Ve | A | 5%
1 2.73 0.1 1.0 0.1 1.05 0.18 1.15 2.0
2 2.79 0.1 1.0 0.1 1.05 0.18 1.15 2.0
3 2.83 0.1 1.0 0.1 1.05 0.18 1.15 2.0
4 2.85 0.1 1.0 0.1 1.05 0.18 1.15 2.0
5 2.86 0.1 1.0 0.1 1.05 0.18 1.15 2.0
6 2.87 0.1 1.0 0.1 1.05 0.18 1.15 2.0
7 2.88 0.1 1.0 0.1 1.05 0.18 1.15 2.0
8 2.88 0.1 1.0 0.1 1.05 0.18 1.15 2.0
9 2.89 0.1 1.0 0.1 1.05 0.18 1.15 2.0
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Table 3.5

Resistance Factors for Conventional Static Load Testing

Resistance Factor, ¢

W B=20 B=2.5 B=3.0
1 0.88 0.79 0.70
2 0.84 0.75 0.67
3 0.83 0.74 0.66
4 0.81 0.73 0.65
5 0.81 0.72 0.64
6 0.80 0.72 0.64
7 0.80 0.71 0.64
8 0.79 0.71 0.63
9 0.79 0.71 0.63
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Table 3.6
Reliability Index of PDA Prediction

P Vi A ASD
QyQ \Y A \Y A
1 Eop | BOR | EOD | BOR | EOD |BOR | ©| ™ | % | ™ | FS

[—

3.04 | 240 | 032510318 | 1.355(1.052 0.1 | 1.05]0.18 | 1.15 | 2.5

3.08 | 244 | 0325|0318 |1.355|1.052 0.1 | 1.05 [0.18 | 1.15 | 25

3.10 | 2.46 | 03250318 | 1.3551.052 0.1 | 105018 | 1.15 | 2.5

3.11 | 2.47 [ 03250318 13551052 0.1 |1.05]0.18 [ 1.15 | 25

3.12 | 2.48 | 03250318 | 1.355(1.052 0.1 | 1.050.18 | 1.15 | 2.5

3.13 | 249 | 0325|0318 1355105201 | 105018 [ 1.15| 25

3.13 | 249 | 0325|0318 | 1.355|1.052 | 0.1 | 1.05 [0.18 | 1.15 | 2.5

3.13 | 249 | 03250318 | 1.355[1.052 0.1 | 1.05 [0.18 | 1.15 | 2.5

O |0 | N | ]|jwn s~ |W I

3.14 | 2.50 | 0325|0318 [ 1.355|1.052 | 0.1 | 1.05 | 0.18 | 1.15 | 25
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Table 3.7
Resistance Factor for PDA Prediction

Resistance Factor, ¢

Qu/Q. EOD BOR

B=2.0 | p=2.5 | PB=3.0 | B=2.0 | p=25 | P=3.0
1 0.85 0.70 0.58 0.66 0.55 0.46
2 0.81 0.67 0.56 0.64 0.53 0.44
3 0.79 0.66 0.54 0.62 0.52 0.43
4 0.78 0.65 0.54 0.61 0.51 0.42
5 0.77 0.64 0.53 0.61 0.51 0.42
6 0.77 0.64 0.53 0.60 0.50 0.42
7 0.77 0.63 0.53 0.60 0.50 0.41
8 0.76 0.63 0.52 0.60 0.50 0.41
9 0.76 0.63 0.52 0.60 0.50 0.41
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Table 3.8
Reliability Index of WEAP Analyses

Wu | B | Ve | A Ve | R | Va | A | AR
1 222 0.606 1.355 0.1 1.05 0.18 1.15 3.0
2 2.25 0.606 1.355 0.1 1.05 0.18 1.15 3.0
3 2.26 0.606 1.355 0.1 1.05 0.18 1.15 3.0
4 2.27 0.606 1.355 0.1 1.05 0.18 1.15 3.0
5 2.27 0.606 1.355 0.1 1.05 0.18 1.15 3.0
6 2.28 0.606 1.355 0.1 1.05 0.18 1.15 3.0
7 2.28 0.606 1.355 0.1 1.05 0.18 1.15 3.0
8 2.28 0.606 1.355 0.1 1.05 0.18 1.15 3.0
9 2.28 0.606 1.355 0.1 1.05 0.18 1.15 3.0
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Table 3.9
Resistance Factors for WEAP Analysis

Resistance Factor, ¢
W B=20 B=25 B=3.0
1 0.49 0.36 0.27
2 0.47 0.35 0.26
3 0.46 0.34 0.25
4 0.45 0.34 0.25
5 0.45 0.33 0.25
6 0.45 0.33 0.25
7 0.44 0.33 0.24
8 0.44 0.33 0.24
9 0.44 0.33 0.24
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Table 3.10

Resistance Factors for Structure Design of Driven Piles
(AASHTO, 1994)

Pile Material Resistance Factor
Prestressed Concrete 0.45
Steel 0.35-0.45
Concrete-Filled Pipe
Steel Pipe 0.35
Concrete 0.55
Timber 0.35
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Figure 3.4 Calibrated Resistance Factor of SPT-94 Analysis

37

10



Reliability Index, B

295

29

2.85

N
o0

275

2.7

2.65

2.6

2 3 4
Ratio of Dead to Live Load, Qp/Qy,

Figure 3.5 Reliability Index of Static Load Test for FS =2.0
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Figure 3.6 Calibrated Resistance Factor of Static Load Test
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Figure 3.7 Static Load Test Results vs. PDA-EOD Capacity
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Figure 3.8 Static Load Test Results vs. PDA-BOR Capacity
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Figure 3.9 Frequence Histogram of PDA-EOD Prediction
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Figure 3.10 Frequence Histogram of PDA-BOR Prediction
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Figure 3.11 Reliability Index of PDA Prediction for FS =2.5
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Figure 3.12 Calibrated Resistance Factor of PDA-BOR Prediction
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Figure 3.13 Calibrated Resistance Factor of PDA-EOD Prediction
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Figure 3.14 Static Load Test Capacity vs. WEAP Analysis
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Figure 3.15 Reliability Index of WEAP Analysis
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Figure 3.16 Calibrated Resistance Factor of WEAP Analysis
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CHAPTER 4
DRILLED SHAFT FOUNDATION DESIGN

4.1 General

In the calibration process, the load factors for dead and live loads as specified in the
AASHTO LRFD Bridge Design Specification (1994) are 1.25 and 1.75, respectively. The bias factors
and coefficients of variation of the load effects depend on the materials and manufacturing of the load
components. Table 3.1 summarized the results of statistic study of highway structure dea<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>