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EXECUTIVE SUMMARY
The geotechnical and structural design of bridge bents generally considers the

substructure to be separated from the superstructure, with the superstructure idealized as
a series of static loads and moments applied to the bearing locations on the bridge bent.
The research work presented in this report aims at understanding and optimizing the
design process of drilled shafts bents for safety and functionality. The work included the
examination of the design process for drilled shaft bents and the approach used to
estimate the shaft length and designate a corresponding point of fixity. Potential areas of
conservatism in the current practice are studied through modeling and experimental
investigation. Modeling included analysis of three existing bridge case studies with
drilled shafts to characterize the impact of the current assumptions on sizing the various
components of the bridge bent. Experimental studies included testing full scale
connections between the sub- and super-structure including anchor bolts and bearing
pads. In addition, resistance factors are developed for drilled shafts, based on load test

data from the state’s geologic regions, for compatibility with LRFD implementation.

Modeling of three bridge structures were performed within the framework of the
computer softwrare MultiPier. SAP 2000 was also used and data indicated that MultiPier
model results can be reproduced in the 3-D SAP program. SAP was also used to further
verify the equivalent point of fixity method proposed in Robinson et al. (2006) for frame
analysis. Analyses results indicated the feasibility of optimized design through reducing
the number or size of the shafts while maintaining the same load cases. For example, in
one of the bridge cases, seven 54 inch diameter drilled shafts were reduced to shafts of 36

inches while maintaining acceptable demand capacity ratios and lateral displacement.

Full scale testing was performed on a series of substructure-bearing pad connection-
superstructure systems. This test included an inverted bent structure, with one 60 ft long
deck/AASHTO Type II girder. Observations from the performance testing indicated the
first yielding of the longitudinal steel bars in the square and circular piles occurred at
approximately 3 in (76 mm) top deflection (at the point of load applicaiton.) The
theoretically-estimated first yield displacement was 1 inch (254 mm) with the
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assumption of a fixed base column. It seems that the test connection provided an

additional ductility to the system.

The general trend observed during testing is an increase in the rotational stiffness of the
anchor bolt-bearing pad connection with increasing axial load on the pads. As the lateral
deformation of the foundation element increases, the overall rotational stiffness tends to
decrease. The measured rotational stiffnesses were compared to rotational stiffness
values expected based on a static equilibrium model; this model tends to overpredict the
rotational stiffness compared to measured values. When the measured rotational stiffness
values are implemented in the nonlinear bent models, the overall behavior of the bent
depends on the relative ratio of the rotational stiffness of the connection to the stiffness of
the individual foundation elements. If the foundation element is much stiffer than the
connection, the bent behaves more like a free standing system without rotational restraint.
If the connection is stiffer than the foundation element, the system behaves more like a

bent with locations fixed against rotation.

The resistance factors for laterally and axially loaded drilled shaft are developed based on
test data from sites in North Carolina. Based on Davisson’s method of failure load
interpretation, the resistance factor for the axial loading condition is estimated as 0.38 ata
reliability index of 2.5. If the simulated loads are obtained from the Intermediate
GeoMaterial model as well as using methods in the AASHTO bridge specifications, then
the results, termed a “combined” approach, show a resistance factor that is equal to 0.57
for the same reliability index. On the other hand, the resistance factors under lateral
loading based on 0.5 inches of lateral deflection at the top of the shaft (at the ground

level) is estimated as 0.4 at a reliability index of 2.5.
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CHAPTER 1: INTRODUCTION

Bridge bents are often supported by shallow foundations, piles, drilled shafts, or a
combination of these types of foundation. For example, the foundation for the New Bern
Bridge consisted of more than 1000 piles and more than 800 drilled shafts. In general,
and as described by NCDOT engineers, the design process for drilled shaft bents
proceeds by conducting analysis using a computer program to estimate the load
combinations on the bent under various AASHTO loading conditions. Geotechnical
analyses of the laterally loaded single shaft are also conducted to estimate the shaft length
and designate a corresponding point of fixity. The bent is then modeled using frame
analyses to estimate bending moment and shear forces for structural design. For buckling
analysis, an equivalent length K-factor of 1.9 to 2.1 is assumed in the longitudinal
direction (assuming nearly free head conditions) while a K-factor of 1.2 is used in the

transverse direction (assuming translation with no rotation).

Robinson et al (2006) proposed an approach for estimating the point of fixity based on
matching the moment and pile top deflection from the geotechnical analysis with a
statically equivalent system. Such an approach indirectly accounts for the presence of the
soil around the pile, or shaft, from the point of fixity to the ground surface. Robinson et al
(2006) also indicated the need for an accurate estimation of the rotational stiffness of
typical NCDOT superstructure to substructure connections, as such stiffness affects the
assumption of the boundary conditions at the pile, or shaft, top as well as the assumed
value of the K-factor. The depth to fixity and effective length factors, as currently
evaluated, may not be suitable for all conditions especially when the top boundary
condition can be characterized as partially fixed. This can be the case if the bearing pads
are capable of transferring moment between the superstructure and the cap beam.
Estimation of the rotational stiffness is particularly important in the longitudinal direction
for bridges with elastomeric bearings and diaphragms over the cap-beam connecting
adjacent girders. In this case, NCDOT currently assumes that the K-factor for effective

length is 2.1 (free head).



It seems that the consensus among NCDOT engineers is current bridge bent design can
be optimized for cost-effectiveness. In several instances, it seems that the drilled shafts
bent designs are overly conservative. Understanding and perhaps quantifying the level of
conservatism will empower the NCDOT engineers with the tools to optimize the design

process for safety and functionality.

Previous Research
Previous research by the project team on pile bent design criteria was reported by

Robinson et al (2006) and achieved the following:

(1) Assessment of the approach used by NCDOT engineers in their design,
including limits on deflection and strength as well as effective length factors;

(1)  Development of guidelines to systematically define the point of fixity for
frame analysis,

(ii1))  Development of a proposed method by which uncertainties in effective length
calculations and analysis assumptions are minimized through the use of
commercial program applications such as MultiPier or SAP 2000; and,

(iv)  Establishment of design limit states based on structural aspects and soil

response.

Connection Stiffness and K-Factor

To illustrate the influence of connection stiffness on design assumptions, Figure 1
summarizes the relationship between the ‘K’ factor and ratio of the superstructure and
connection stiffness to substructure stiffness (Ss/Ssub). Sss represents the combined
stiffness of the superstructure (S;) and the connection (S.). Expressions for S, S¢, and S

are shown in Equations 1 through 4. An expression for ‘K’ value is shown in Equation 5.

Equation 1 S = 3% when girders are pinned at end

S



Equation 2 S = 4% when girders are fixed at end
2
Equation 3 S.= d
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Equation 5 K= 1} i E102
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where:
E = Elastic modulus of the girder
I= Moment of inertia of the girder
1= Girder Length
E;= Elastic modulus of steel anchor bolt
s= Area of steel anchor bolt
»= Elastic modulus of elastomeric bearing pad
A, = Area of elastomeric bearing pad
P,= Critical Buckling load
d=  Depth of bearing pads
l.= Cross section moment of inertia of the column
2
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Figure 1. K vs. Stiffness Ratio



The estimation of the connection stiffness, shown in Equation 2, was derived for an
elastomeric bearing pad with area (A,), modulus (E,) and distance (d) between bearings,
as schematically shown in Figure 2. The data in Figure 1 were obtained by conducting an

analysis of the system shown in Figure 3 with the following connection assumptions:

Es= 200000 MPa

Ep=300 MPa (AASHTO)

Ap=0.229x0.559 m®> (NCDOT E2 TYPE SREB)

As=2x ¢50mm anchor bolts

d= 0.64m (spacing between centerline of pads and center of bolts

h=0.04m (height of elastomeric pad)

Figure 2. Elastomeric Bearing Pad Stiffness Calculation

Data in Figure 1 indicate that when a diaphragm is used to connect girders with
elastomeric bearings pads, the potential exists for a reduced K factor depending on the
relative superstructure, connection, and substructure stiffness. While there is high
confidence in the analysis regarding the assumption of stiffness, the strength of the

connection needs to be evaluated through experimental testing.



Rotational spring of
stiffness Sss (Eq. 3)

)
%
g

Figure 3. Model analyzed to obtain data shown in Figure 1

Objectives
The research work presented in the report addresses the potential areas of conservatism in

the current practice related to bridge bents supported by drilled shafts and piles. An
improved set of design guidelines and recommendations regarding super-sub structure
rotational stiffness, shaft/pile top boundary conditions, and resistance factors are
proposed along with characterizing the impact of the current practice and various design
assumptions on sizing components of bridge bents. The research encompasses modeling
efforts and an experimental program. Modeling includes analysis of existing bridge case
studies with drilled shaft foundations to characterize the impact of the current
assumptions on sizing the various components of the bridge bent. An experimental
program is performed to evaluate the connection stiffness, and to determine if a given
connection has sufficient moment capacity to develop such stiffness. The experimental
program includes testing bearing pads in compression and shear to define their index
properties. The bearing pads are then tested in a prototype bridge set up to measure their
performance under simulated loading. Serviceability limit states are also presented and

discussed.

Resistance factors are developed for drilled shafts, based on load test data from the state’s
geologic regions, for compatibility with LRFD implementation. Work in the report
serves to provide a better understanding of the performance of bents supported by drilled

shafts under AASHTO loading conditions. Such understanding serves as a tool that



provides NCDOT engineers with the flexibility of specifying the level of conservatism to
be built into a specific bridge bent design.

Scope of Work
The work scope is accomplished through a combined structural and geotechnical effort as

the issue of load transfer is related to the soil-structure interaction. The work scope
includes detailed 3-D finite element analysis using FB MultiPier and SAP 2000, axial and
lateral shaft analysis, probabilistic and reliability analyses for the development of
resistance factors for drilled shafts, simplified frame analysis for assessment of design
recommendations, and an experimental program for the testing of the bearing pads on

pilot and prototype scales. Specifically, the report scope includes the following:

(1) Review of current NCDOT design practices, and other state of the art
approaches. A series of three bridge structures are selected and analyzed to establish a
base line description of the current state of practice and study the impace of various
assumptions on the design configuration. The selected bridges’ design files are reviewed

and information is extracted for use in detailed 3-D numerical analyses.

(2) Development of detailed 3D analysis models of drilled shaft bents: benchmark
for comparison and development of design guidelines for current practice. This task
provides modeling of the bridge structure within the framework of MultiPier suite of
programs for both structural and geotechnical analyses. A specific emphasis is placed on
drilled shaft analysis and on automated generation and application of AASHTO load
cases. In addition, modeling with SAP 2000 is performed to validate the results of
MultiPier. Analytical modeling with both programs is performed and results are
compared with those obtained from current practice to explain issues related to

conservatism and impact of current design assumptions.

3) Experimental testing of Substructure to Superstructure Connection for
Assessment of Rotational Stiffness Parameters. This testing provides a measurement

of the rotational stiffness of typical NCDOT superstructure to substructure connections.



As mentioned earlier, this directly impacts the assumption of the boundary conditions as
well as the K-factor. If the connection can accommodate some level of moment transfer,
then the current design assumptions are revisited. The experimental program includes
compression and shear testing of bearing pads typically used by NCDOT in girder-cap
beam arrangements. Prototype testing includes 42 tests on three different foundation
configurations: (1) Pre-stressed concrete pile; (2) Steel tube pile; (3) H-pile. Each of these
is tested with two different elastomeric bearing pads. These are Type V bearing pads for a
steel superstructure, and Type VI pads for a concrete superstructure. The connection is
tested simulating field conditions of NCDOT bridges. Two AASHTO Type II girders
made continuous with a diaphragm are utilized in the testing program. The two different
sets of bearing pads are used with the three different pile configurations. The axial load is
varied in the bearing pads and test piles/shafts while lateral loading is applied in one-

cycle increments of displacements.

It should be noted that, in the transverse direction, NCDOT currently assumes a K value
of 1.4, which indicates the fixity of the connection. Such an assumption seems to be valid
in that direction, and no investigation is focused on the behavior in the transverse
direction. Furthermore, POT and TFE bearing pads are not included in this investigation
as NCDOT does not use a diaphragm to connect adjacent girders with these types of
bearings. Without a diaphragm, such connections will not transfer moment, and a K

factor of 2.1 is deemed appropriate in the longitudinal direction.

(4) LRFD Implementation. Development of resistance factors based on drilled shaft
testing data from North Carolina sites is performed. The factors are implemented using
FB MultiPier. The results in terms of design length of the shafts are compared with
current practice. Key differences are highlighted to assist in the transition of NCDOT
engineers to AASHTO LRFD design approach.

(5) Development of Limit States. Currently, NCDOT practice utilizes a limit of one
inch lateral displacement to assess shaft performance and decide upon the shaft length.

Utilizing the analytical models developed in Task 2 and the results of the experimental



work defining the rotational stiffnesses, more rigorous serviceability limit state formulas
are provided. These account for soil stiffness, pile/shaft to bent cap connection, bent cap

stiffness, and superstructure details.

(6) Development of Recommendations for rigorous analysis and design
approaches Improved design and analysis techniques are proposed. A series of
conclusions and possible design procedures for current and future applications are

suggested.

Report Layout
This report is organized as follows:
e Chapter 2 reviews appropriate studies from the literature and summarizes the
results of the NCDOT pile bent project (Robinson et al., 2006).

e Chapter 3 presents the results of the nonlinear and frame analyses for the three
drilled shaft bent bridge case studies provided by NCDOT.

e Chapters 4 and 5 present the experimental set-up and results for the index and
performance testing of the elastomeric bearing pads and the connection tests

for the superstructure-connection-substructure system.

e Chapter 6 reduces data and results from chapters 3 and 4 for application to
NCDOT projects.

e Chapter 7 summarizes the method and data used to develop resistance factors
for geotechnical drilled shaft design and provides recommendations for the
values of such factors.

e Chapter 8 summarizes the report and provides recommendations, design
guidance, and conclusions.



CHAPTER 2: LITERATURE REVIEW AND BACKGROUND

The design of drilled shaft bents should be viewed in the context of the larger bent-type
substructural elements, in general. Similarly, the bent is a single element in the larger
bridge system that includes the substructure elements, abutments, bearing pad
connections, girders and a deck. This chapter will include a summary of previous work
on the response of bridge bent foundations and point of fixity, as well as selected work

performed by others on the subject.

Pile Bent Project
In 2006, a final report was issued for the NCDOT sponsored Project 2005-19, “Pile Bent

Design Criteria.” Some of the work performed for the current study builds off the results
presented in the 2006 report. A brief review of the approach and significant findings are

presented here; the interested reader is referred to the original report for further details.

Pile bents, like drilled shaft bents, are substructure units constructed by installing one or
two rows of driven piles, then connecting them with a cast-in-place concrete bent cap.
Once the abutments and bents are constructed, girders are placed to ultimately support the
bridge deck. Most pile bents in North Carolina have elastomeric bearing pad placed at
support points of the girders.

In general, NCDOT pile bent design is performed using frame analysis. In this case, the
Geotechnical Unit estimates the foundation size from axial geotechnical analyses, as well
as a “Point of Fixity” from single pile lateral analyses; buckling considerations are
included using estimated lateral and axial loads. The point of fixity allows the designer
to idealize the pile-soil system as a fixed base cantilever column without additional soil
resistance. This cantilever column then forms the basis for elastic frame analyses, which
in turn can be used to verify the size and reinforcement requirements for the bent cap
given a superstructure design. The elastic frame also verifies if piles are sufficient from a

structural standpoint.



The described frame analyses approach has been traditionally performed using the
software program Georgia Pier (Georgia DOT, 1994). As discussed by Robinson et al.
(2006), the approach implemented with the use of Georgia Pier has a few shortcomings.
Figure 4 highlights three challenges when modeling is performed within Georgia Pier
versus a more robust program such as SAP (Computers and Structures, Inc. 2004). An
additional limitation with the use of Georgia Pier is the inability to perform LRFD
analyses, given the recent federal requirement for LRFD design implementation. With
those factors in mind, the Pile Bent Project looked at design details of four representative
types of substructure elements: a steel H-Pile bent, a steel pipe pile bent and two
prestressed concrete pile bents. These were originally designed by NCDOT using
Georgia Pier and were then modeled using more rigorous finite element methods as

implemented within the SAP and MultiPier (BSI, 2004) programs.

[ ] /fgg l [ ] l q
Vertical displacements

&
@
&

=0 [BE] =) [BE]

All displacements and
rotations are fixed

Length as shown in Georgia Pier
input file.

Figure 4. SAP Model to mimic Georgia Pier using NCDOT Point of Fixity,
Robinson et al. (2006).

MultiPier, SAP, and Georgia Pier
Models of the four pile bents, from representative bridge projects, were built in two

separate programs: MultiPier and SAP. MultiPier, a software package designed
specifically for bridge substructure design, allows the user to model stand-alone pile

bents or bridges connected by a superstructure with nonlinear material models for the

10



bent cap and the piles. The lateral and vertical resistance from the soil can be modeled
using several non-linear relationships depending on the soil or rock type. Up to nine load
cases can be input in each simulation, including the various load groups required by
AASHTO. Figure 5 shows a sample MultiPier model for Robeson County Bridge as
generated by the program.

On the other hand, SAP is a general purpose structural analysis program that also allows
nonlinear material models for all structural elements. Unlike MultiPier, SAP requires

direct numerical input of the P-y and t-z curves to model the pile-soil response. Figure 6

shows a representative SAP model.

Figure 5. Robeson County Bridge MultiPier Model from Robinson et al. (2006)
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Figure 6. Robeson County Bridge SAP Model from Robinson et al. (2006)

In Robinson et al. (2006), the SAP and MultiPier results were compared, and it was
determined that the two programs produced comparable results for driven pile bents when
similar modeling assumptions were made. MultiPier was then used to evaluate the
possibility of utilizing smaller foundation dimensions or fewer piles for the support of the
analyzed bridge cases. In SAP, models were built to evaluate frames with column
lengths as obtained from the NCDOT’s current point of fixity approach and from the

equivalent model discussed in the next section.

Equivalent Model
The methods typically used to estimate a point of fixity from single pile lateral analysis

involve running the analysis for a given maximum expected axial, shear, and moment
loading combination that is applied to the pile top, then choosing the point of maximum
negative moment below the pile top, the point of maximum negative displacement below
the pile top, or some other indicator of fixity. The final selection of the location of a point

of fixity is however determined by the geotechnical engineer’s judgment.

Robinson et al. (2006) noted that the point of fixity determined by the existing methods
did not necessarily produce similar moments and displacements in the pile elements when

a nonlinear soil-pile model was run in MultiPier or SAP. Indeed, in the four cases
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investigated, the moments generated in the pile section were always greater than those
generated by the nonlinear model. This leads to the conclusion that the existing point of

fixity determination method may be overly conservative.

Robinson et al. (2006) proposed an approach to reduce the conservatism. The overall
method is summarized in Figure 7. An equivalent length (L.) is determined by finding
the maximum moment (My,,x) generated when a lateral load (V) and axial load (P) are
applied in a single pile lateral analysis, with a pile head free to translate and rotate and a
pile head fixed against rotation but free to translate. The “free head” and “fixed head”
condition are assumed for the longitudinal and transverse response of the bridges,
respectively. The equivalent length approach yields similar moments and lateral
deflection as those generated in more rigorous analysis by numerical methods under the
maximum applied design loads. If the same point of fixity is used, however, under lower
applied lateral loads, the moment will be overpredicted compared to a nonlinear analysis
with soils, i.e. the equivalent model only predicts moments properly at the load for which
it is calculated. From a structural analysis standpoint, this should not be an issue as the

maximum expected moments and shears are computed correctly.

Lateral pile analyses will calculate a maximum lateral deformation (A;); axial analyses
will estimate a vertical deformation (A,). If deformations are also required from the frame
analysis, inertial reduction factors for lateral deflections (o) and area reduction factors for
vertical deflections (B) are required. These values are calculated using the elastic modulus
of the pile materal (E,) and the area and moment of inertia of the pile section (A, and I,

respectively).
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Figure 7. Equivalent Model Parameters for Free (Longitudinal) and Fixed
(Transverse) head conditions (from Robinson et al., 2006)

The challenge of the method summarized in Figure 7 is the requirement of two different
effective lengths, or restraints, in the longitudinal and transverse directions. Many frame
analysis programs allow for a single pile length, but not all allow the addition of very stiff
springs to prevent translation in a single direction. SAP does allow for this addition to
occur, and a sample equivalent frame is shown in Figure 8. Using the equivalent model
based on a properly loaded single pile lateral analysis, much of the behavior of the full

nonlinear analysis can be captured in a simple elastic frame analysis approach as

proposed by Robinson et al (2006).
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Figure 8. Frame model of Northampton County Bridge using equivalent lengths
from Robinson et al. (2006)

The equivalent model, described above, allows the designer to better predict the demands
on the overall pile bent structure. While not as versatile as the non-linear soil pile
analyses performed in SAP and MultiPier, the equivalent frame analysis allows the
designer to capture some of the nonlinear response while maintaining some of the current

analysis practices in place at NCDOT.

Limit States
The limit states used by NCDOT were investigated in Robinson et al. (2006). For piles

and shafts design, the size of the foundation element is often dictated by the lateral
displacement under the assumed lateral load. In NCDOT’s case, the lateral displacement
of the pile has been limited to one inch. Several studies on the matter were examined,
including Moulton’s 1986 field survey of 314 bridges from 39 states. Damage to some
part of the bridge structure was recorded, as was any observed movement of substructures.

Moulton’s general observations are summarized in Table 1.
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Table 1. Movement Limits for Bridges (from Moulton, 1986)

Direction of Movement Magnitude most likely to cause intolerable damage

Vertical Only 4 inches
Horizontal (Lateral) Only 2 inches
Both Horizontal and Vertical

Vertical Component 2 inches
Horizontal Component 1 inch
Angular Distortion 0.004
(Differential Vertical Displacement : Span Length)

Multispan structures have a higher frequency of severe structural damage due to
foundation movements than single span bridges.

Robinson et al. (2006) proposed mathematical models to estimate the loads required to
cause expansion joints between adjacent bridge spans to close. These models required
estimates of the abutment and substructure stiffnesses, as well as the rotation stiffness of
the sub- to super-structure connection. These will be reviewed and discussed further in

Chapter 6.

Drilled Shaft Bent Design
Drilled shaft bents are conceptually similar to driven pile bents, although the deep

foundation elements are different. Drilled shaft bents tend to be selected in the following
cases: where lateral loads are significant enough that the cross section and stiffness of a
large diameter drilled shaft are required, where lateral resistance must be developed by
socketing the shaft into weathered or crystalline rock, or where dense soil strata above the
expected required tip elevation make installation of driven piles difficult or impossible
without extraordinary secondary measures. Drilled shaft bents differ from pile bents in
that the deep foundation elements must be sized for each bridge, instead of selecting from
a range of pre-designed or manufactured driven pile types. Thus, drilled shaft design

requires sizing of the reinforcement scheme for the shafts.

Geotechnical Design
As for driven pile design, the Geotechnical Unit typically estimates the size and length of

the drilled shaft to be installed by performing axial and lateral analyses. The lateral and
axial loads can be either assumed or preliminary loads are received from the Structures

and Hydrology Units and used in the analyses.
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For drilled shafts, geotechnical axial ultimate side resistance is determined in both the
soil and in weathered rock. Side and toe resistance in soil profiles are estimated using the
procedures outlined in Section 10 of AASHTO (2006) for cohesive or cohesionless soils.
These methods are similar to those found in O’Neill and Reese (1999). In weathered
rock strata, ultimate side resistance is often assumed to be between 4 and 8 kips/ft* while
ultimate toe resistance is assumed between 90 and 120 kips/ft*. These values come from
a combination of the experience of the designer and knowledge of the formation from
which the weathered rock was produced. These values have been verified in the past by

NCDOT and others using field load tests.

Geotechnical lateral resistance is determined using P-y analyses, such as those found in
LPILE (Ensoft, 2004), or MultiPier. Design for soil strata is the same as for pile bents.
In weathered rock, based on the work of Gabr et al. (2002) in a project funded by
NCDOT, the weathered rock is modeled using a stiff clay model with elevated strength
properties, or a weak rock model with low unconfined compressive strength values for
the rock. In crystalline rock, a Vuggy limestone model with unconfined compressive
stresses in the range of 3 kips/in® is used These P-y models are selected, in part, based
on pragmatism: they are available in LPILE, which is the DOT’s current single pile
lateral analysis program. Once the drilled shaft is sized based on lateral capacity
considerations, the geotechnical unit determines a point of fixity, which is transmitted to

the Structures unit along with the Geotechnical unit’s other recommendations.

Structural Design
Structural design of drilled shaft bents is similar to those used for pile bent design.

Currently, the frame analysis program used is Georgia Pier, although the need to adopt
LRFD based design has caused the consideration of RC-Pier (LEAP Software, 2006).
The latter program generates live loads due to an AASHTO truck loading on the bridge
as a part of the software suite; in Georgia Pier this was done separately. The live and
dead loads from the superstructure design and the extreme event loading from wind,
stream pressure, vessel impact, and others are then entered into the program to generate

the loads in the bent cap and the individual piles. Once the demand on the structural
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elements is calculated, the required reinforcement of the drilled shaft section and bent cap
are determined and compared to the minimum reinforcement requirements imposed by
AASHTO. It should be noted that both RC Pier and Georgia Pier assume the bent is free

standing and not necessarily restrained against displacement by the superstructure.

Contribution of Bearing Pad Connections
The geotechnical and structural design of bridge bents considers the substructure to be

generally separated from the superstructure, with the superstructure idealized in the bent
design as a series of static loads and moments applied to the bearing locations on the
bridge bent. Particularly in the bent’s longitudinal direction, the current design
methodology assumes implicitly that the bent can translate any amount if loaded in that
direction. While the point of fixity determination is based on limiting the single pile
horizontal deflection to one inch, there is no guarantee that this one inch maxima is: (i)
correctly modeled by the traditional point of fixity determination or (ii) acceptable for the
bridge as a whole and the superstructure in particular. With these conditions in mind, the

true condition of the super to sub structure connection is questioned.

Attention is thus paid to the bearing pads. If the anchor bolt/sole plate/elastomeric
bearing pad system can transfer some moment and load between the sub and
superstructure, then the condition of the bent is likely not simply “free” or “fixed.” The
literature was reviewed to examine other studies on elastomeric bearing pads in general

and those supporting superstructures with diaphragms in particular.

Bearing pad testing methods were examined and developed by Yura et al. (2001) for
determination of shear modulus, as well as for measuring the effect of creep, low
temperature and aging on pad performance. Muscarella and Yura (1995) also
investigated a number of flat and tapered elastomeric bearing pads from different
manufacturers. Through testing, they measured the compressive, shear, and rotation

stiffness of the individual pads.

A number of researchers have looked at the effect of bearing pads on the response of a

larger system. Abendroth et al (1995) studied the diaphragm effectiveness in prestressed-
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concrete girder bridges. They tested a full scale model bridge with different intermediate
diaphragm types and locations subjected to vertical and horizontal loads. The girders
were supported on elastomeric bearing pads. The results from the tests were then
compared with finite element models of the bridge. They determined that the vertical load
distribution is independent of the type and location of the diaphragms used in testing. On
the other hand, they concluded that the horizontal load distribution is dependent on the
type and location of the diaphragms.

Yazdani et al (2000) studied the effect of bearing pads on the response of precast
prestressed concrete bridges. They concluded that performance characteristics of
AASHTO precast bridge I-beams are slightly enhanced by restraining action from
laminated neoprene bearing pads. These effects increase at cold temperatures due to
stiffening of the pads, but such increases are minimal. Also, they found out that the
horizontal restraint forces transmitted by the bearing pads to the substructure were small

in general, within AASHTO limits for the bridge studied.

Eamon and Nowak (2001) conducted research on the effect of secondary elements such
as barriers, sidewalks and diaphragms on bridge structural system reliability considering
moment capacity. They determined that these elements can affect the live load
distribution and increase the bridge loading carrying capacity. The use of typical
combinations of secondary systems has varying effects on girder reliability. In addition,
the use of diaphragms was shown to be more effective for enhancing the load distribution
for bridges with wider girders spacing. In this case, the effect of secondary elements was

more pronounced on live load distribution, when the span length was increased.

Green et al (2004) modeled a Florida Bulb Tee 78 precast concrete bridge girder, which
is widely used in the state of Florida, to determine the effect of intermediate diaphragms
and bearing stiffness on the performance of prestressed AASHTO type bridge girders.
Findings from their study indicated that the presence of intermediate diaphragms

stiffened the precast prestressed girders and reduced the maximum girder deflection.
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Also, increasing bearing pad stiffness led to stiffening of the girders, but this was

generally small in magnitude.

Yoon et al (2004) studied the behavior of sole plates in elastomeric bearing systems
supporting steel box and/or plates girders. In these types of girders, the bottom flange and
the sole plate may act together in dispersing concentrated stresses. The sole plates are
important to resist compression and flexural stresses due to bending of the girder and
local stress concentration in the diaphragm area. The authors developed several finite
element models of the elastomeric bearing system (bearing pads, sole plates, diaphragm
and girders). It was found that the sole plate thickness affects the stresses in both the
bottom flange immediately under the diaphragm and in the elastomeric bearing pads.
Therefore, the sole plate needs to have an appropriate thickness to control the stress
concentration in the bottom flange of the girder and to limit stresses in the elastomeric

bearing pads.

In general, previous studies have focused on a particular component of the bearing-
supported connection systems. Nearly all of the researchers have studied the diaphragm
and bearing pad behavior related to load distributions and girder deflection. No one, to
the authors’ knowledge has studied the moment capabilities of bearing-supported
connection systems and tested all the elements of the connection together including the

pile or substructure elements.

Load Resistance Factor Design
The shift in practice by state departments of transportation from Load Factor Design

(LFD) to Load Resistance Factor Design has not been without controversy. Over the
course of this project, the geotechnical resistance factors and the entire chapter on
geotechnical design originally printed in AASTHO (2004) were completely revised in the
Interim standards of 2006. Even with those changes, strong discussions for and against
the prescribed values of resistance factors, in particular, and LRFD design techniques in

general are still on-going on at national conferences and committee meetings. With that
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in mind, deriving load factors for axial and lateral resistance of drilled shafts in North

Carolina soils was undertaken in preparation for the transition.

In 2002, Rahman et al. used data collected from the NCDOT archives to propose
resistance factors for axial capacity for driven piles. Parts of this work also resulted in
the dissertation work by Kim (2002). These studies compared three geotechnical design
methods for driven piles to load capacities from static and high strain dynamic load tests.
The result was resistance factors for a variety of geologic situations around the state.

Most of the tests were in the coastal plain geologic region.

The resistance factors for axial compressive resistance of drilled shafts outlined in
AASHTO (2006) range from 0.40 to 0.60 with a limit of 0.70 depending on the method
used to estimate the capacity. Capacities estimated from static load tests in compression,
which formed the basis for estimating the resistance factors, are dependent on the number
and variability of the sites in which the shafts are installed. Geotechnical resistance for

horizontal loading has a recommended resistance factor of 1.0.

Since a framework for evaluating resistance factors is in place for North Carolina soils
based on load testing, there is also a need for a similar framework for evaluating
resistance factors for drilled shafts based on load tests. However, static load tests for
drilled shafts are often cost prohibitive. As such, other methodologies using cast-in-place
hydraulic load cells (Osterberg, 1999), explosive driven reaction weights (Mullins et al.,
2002) or dropped rams (Robinson et al., 2002) are increasingly popular for estimating the
axial and sometimes lateral capacity of drilled shaft foundations. While this report will
not compare these methods’ efficacy at estimating the loads that would be measured from
a conventional static load test, the results from some of these tests will be used to develop
resistance factors and calibrate them to existing AASHTO and other design methods

typically used by NCDOT.
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With the previous NCDOT work, state of practice, and other researchers efforts in mind,
the modeling effort for the three bridge case studies can begin. Chapter 3 summarizes the

assumptions, modeling efforts and results obtained using the above information.
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CHAPTER 3: BRIDGE MODELS AND ANALYSIS RESULTS

Modeling of the bridge structure with shaft bents within the framework of SAP and
MultiPier is performed and results are compared with those obtained from current
practice to explain issues related to conservatism and design assumptions. The plans and
design documents from three bridges were submitted to the project team to analyze using
detailed 3-D models in SAP2000 and MultiPier. The bridges were selected to capture a
variety of drilled shaft sizes and configurations, superstructure types, and soil conditions.

A brief summary of each bridge follows.

Rowan County Bridge, Project R-2911D
The Rowan County Bridge R-2911D allows US 70 to pass over a Norfolk Southern

Railroad line. The bridge replaced a structure that was standing at the site prior to the
more recent road improvement project. Interior bents were removed and the new bridge
consists of a single span with two end bents supported by drilled shafts. One end bent is
shown in Figure 9. The abutments also include an anchored tieback wall system to
minimize the abutment slope down to the railroad property. While the tieback wall will
provide some additional support, NCDOT engineers decided to design the end bents as if
they were free-standing bents on drilled shaft that do not rely on the soil resistance
behind the tieback walls. Drilled shafts were chosen over driven piles in part due to the
magnitude of loads imposed by span length, but also to minimize vibration and

disturbance to the active railroad track.

General Information

Designed: 2004

Spans: 1 (170 feet)

Interior Bents: None

End Bents: 2
Shaft Type: Four 48-inch diameter (nominal) drilled shafts, reinforced with 20 #11
bars and spaced 24 feet apart. One HP12x53 brace pile is placed for the wing wall.
Free Shaft Length: None
Bent Cap: 83.5 ft long by 54 inch wide by 60 inch deep (minimum) Class A

concrete beam with wing walls
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Superstructure: Five steel girders, AASHTO M270 Grade 50W material. Girder
flanges: 20 in wide x 2 in thick. Girder web: 77 inches high by 5/8” thick
Super/Substructure Connection: Five elastomeric bearing pads, 3-13/16 in. thick,
Type VI (one end bent fixed, one end bent expansion)

Figure 9. Rowan County bridge, under construction in 2005

Geotechnical Summary
For this bridge case study, the westernmost end bent was modeled. The soil profile at

this bent was summarized in boring B1-A LT LN. This soil boring shows the ground
water level to be approximately 18 feet below the surface. Up to nine feet below the
ground surface, medium stiff silty sandy clay was reportedly encountered. The SPT N-
value for this layer was 5 blows per foot. Next, medium stiff to stiff micaceous clayey
sandy silt was encountered from 9 to 20 feet, with N values averaging 8 blows per foot.
Medium to very dense silty sand was reported from 20 to 31 feet, with N values of 19 and
58 blows per foot. Weathered rock with N values in excess of 100 was observed between

31 and 40.5 feet, where the boring terminated.

As designed, the shafts were to terminate in the weathered rock. Based on the project
data, capacities along the shaft and at the toe were estimated for the preliminary analysis
using drilled shaft t-z and Q-z models originally proposed by O’Neill et al. (1996) for the
weathered rock and by BSI (2006) for drilled shafts in sands. P-y models for lateral shaft
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resistance in sand were developed by Reese et al. (1974), while the weathered rock model

utilized the limestone model was developed by McVay (2004).

Lateral group analysis considered the spacing between the shafts, which for this bridge
was 24 feet, or six times the four foot diameter of each shaft (6D). Thus, the P-y
multipliers were set to 1. For the 6D spacing, axial group capacity was considered to be

unaffected.

Equivalent Model
After a single shaft lateral analysis was performed in MultiPier using the same soil profile

used for the full bent analysis, the equivalent model parameters were calculated based on
the proposed procedure by Robinson et al. (2006). The equivalent model parameters,
including effective length, are shown in Table 2. These effective lengths were then input
into a SAP frame without soil and are presented in the next section as “SAP—

Equivalent.”

Table 2. Equivalent Model Parameters for Rowan County Bridge

EQUIVALENT MODEL PARAMETERS

Head Le (ft) o B K
Fixed 36.3 0.92 0.28 1.1
Free 229 0.23 0.28 2.1

Analysis Results—SAP and MultiPier
Models of the bridge pier were created in both MultiPier and SAP. Figure 10 shows the

MultiPier model. The input files can be found in the Electronic Appendix and results are
summarized in Table 3, Table 4 and Table 5 for axial, and lateral responses, and capacity
demand, respectively. These tables compare specific critical load cases by considering
the predicted maximum moment, shear and axial loads in a particular drilled shaft
foundation. The ratio of the demand placed on the shaft due to the AASHTO load cases
to the capacity of the shaft based on the combined axial force and moment capacity is

also shown.
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5

Figure 10. MultiPier Model--Rowan County

Table 3. Rowan County Nonlinear Analysis Results: Maximum Axial Load Case

Maximum Maximum Maximum Shear
Model Moment Axial Force Force
(kip-ft) (kips) (kips)
SAP—Nonlinear 541 315 21.9
MultiPier 547 306 24.5
SAP—Equivalent 476 306 19.6
AASHTO Group I
AASHTO Group
Shaft 4, Demand Capacity Ratio=0.175

Table 4. Rowan County Nonlinear Analysis Results: Maximum Lateral Load Case

Maximum Maximum Maximum Shear

Model Moment Axial Force Force

(kip-ft) (kips) (kips)
SAP—Nonlinear 605 257 28.7
MultiPier 529 249 28.7
SAP—Equivalent 573 253 27.7

AASHTO Group II
AASHTO Group
Shaft 4, Demand Capacity Ratio=0.171
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Table 5. Rowan County Nonlinear Analysis Results: Maximum Ratio of Demand
to Capacity

Maximum Maximum Maximum Shear
Model Moment Axial Force Force
(kip-ft) (kips) (kips)
SAP—Nonlinear 510 274 22.8
MultiPier 582 290 29.6
SAP—Equivalent 647 298 30.5
AASHTO Group III
AASHTO Group ) .
Shaft 4, Demand Capacity Ratio = 0.187

Table 3 through Table 5 shows reasonable agreement between the two models with full
soil models (SAP—Nonlinear and MultiPier). The SAP model using the equivalent point
of fixity method, as described by Robinson et al. (2006), also produces a reasonable
match compared to the MultiPier results. Differences between the two nonlinear models
could be due to the way P-y and t-z models are generated in MultiPier (at each discrete
node) versus SAP (linearly interpolated with depth between the P-y or t-z curve at the top

of a layer and the P-y or t-z curve at the bottom of a layer.)

Analysis Results—Optimization
After the MultiPier models were verified by SAP, MultiPier was used to optimize the

design by reducing the size or number of the shafts in the bridge bent. The bent was
constructed using four 48-inch diameter drilled shafts with a reinforcement ratio of 1.6%.
First, the four 48-inch shafts were replaced by 42, 36 and 30 inch shafts with
reinforcement ratios of 2%. Finally, the number of 48-inch shafts was reduced from four

to three, with the 1.6% reinforcement ratio remaining constant.

A summary of the results is shown in Table 6. The values shown are the maxima over all
AASHTO load cases analyzed (Groups I, 1A, II, and III). As expected, the ratio of the
demand placed on the shaft to the capacity of the shaft, based on axial loads and moments
applied, steadily increases as the shaft diameter decreases. Similarly, transverse,

longitudinal and vertical displacements steadily increase as shaft diameter decreases.

27



Table 6. Rowan County Alternative Shaft Configurations

48 in . . . 3-48 in
42 in. 36 in 30 in
shaft, shafts,
shaft, 2% | shaft, 2% | shaft, 2%
1.6% . . . 1.6%
. reinf. reinf. reinf .
reinf. reinf.
Demand/Capacity Ratio
0.192 0.352 0.423 0.539 0.397
(Shafts)
Displacement, transverse
. 0.13 0.16 0.24 0.41 0.24
(Shaft top, in)
Displacement,
longitudinal 0.26 0.36 0.58 1.17 0.38
(Shaft top, in)
Displacement, axial
) 0.27 0.34 0.46 0.67 0.49
(Shatft top, in)

Robinson et al. (2006) compared relative cost savings of reducing the number or size of
foundation elements using NCDOT bid averages (NCDOT, 2004). For drilled shafts,
there is tremendous variation in the bid average for drilled shafts in soil and in rock. For
example from the 2005 NCDOT bid averages (NCDOT, 2005), installing a 48 inch
drilled pier in soils ranged in cost from $189/linear foot to $752/linear foot. Drilling in

rock (all size shafts) ranged from $686 to $2750/linear foot.

This wide variation in cost certainly reflects differing site conditions, as well as the
contractor’s available drilling equipment. Such wide variation, however, makes
determining possible cost savings problematic. Thus, cost savings will not be estimated

in this report.

Wake County Bridge, Project R-2809D
This case study analyzed the bridge that spans Richland Creek on the NC 98 bypass

between US 1 and US 1A. The concrete girder bridge is supported by three interior
drilled shaft bents and two end bents with vertical and battered HP 12x53 (HP 310x79)
driven piles. A photograph is shown in Figure 11.
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Figure 11. Wake County Bridge R-2809D, 2006.

General Information
Designed: 2003

Spans: 4 (100.8, 98.4, 98.4 and 100.8 feet)
Skew: 130°

Interior Bents: 3

Shaft Type: Seven 4.5 ft (1372 mm) diameter drilled shafts, spaced 18.3 ft (5.58 m)
Free Shaft Length: Cast after shafts are completed with 4 ft (1220 mm) diameter,
39.4 feet (12 m) long columns

Bent Cap: 56 inch (1420 mm) wide by 51 inch (1300 mm) deep by 80.44 ft (24.517
m) long Class A concrete beam

Cap Reinforcement: Seven #36 (metric) bars (top and bottom), four #16 (metric) on

each face

End Bents: 2

Pile Type: 28 HP12x53 (310x79); Eight brace piles battered 1:4
Free pile Length: None
Bent Cap: 160 ft (48.7 m) long by 49 inch (1250 mm) wide by 30 inch (760 mm)

deep (minimum) Class A concrete beam with wing walls

Superstructure: Seventeen 4.5 ft (1372 mm) prestressed concrete girders with cast-in-

place concrete deck slab. Diaphragms are constructed between girders at the end bents,

the interior bents and between bents.
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Interior Bents Super/Substructure Connection: Two rows of 17 elastomeric bearing
pads (Type V pads with 2 inch diameter anchor bolts)

End Bent Super/Substructure Connection: One row of 17 elastomeric bearing pads
(Type V, 2-1/4 inch or 57 mm thick)

Bearings: Bearings at the end bents are expansion. Bearings at Bents 1 and 3 are all

expansion. All bearings at Bent 2 are fixed.

Geotechnical Summary
For this analysis, one of the three interior drilled shaft bents was modeled. Five soil

borings were performed by NCDOT for each of the interior bents. For Bent 1, they were
labeled B1-A, B1-B, B1-C, B1-D, and B1-E. All borings showed similar profiles, except
B1-E.

The profiles can generally be characterized as residual and composed of approximately
10 feet (3.2 m) of low N-value material overlying weathered and parent rock. The
groundwater table was encountered approximately 10 inches (0.25 m) below the ground
surface. Scour effects are considered because the bridge crosses a small stream that has a

relatively high flood elevation.

The borings indicate a ten foot thick layer of clayey silt and sandy clay which has N-
values between 7 and 17 blows per foot. Below that, weathered or slightly to severely
fractured black gneiss was encountered. Recovery ratios were between 0 and 45% in the
weathered material, and generally 100% in the parent material. RQD values were

typically 0% in the weathered rock and between 50 and 90% in the sound gneiss.

Boring B1-E shows silty clay and silty sands were encountered to depths of 10 ft (3.1 m)
with N values averaging 10 blows per foot. This layer is underlain by pea sized alluvial
gravels and sandy clays with N values of 46 and 68, respectively. Finally, very dense
silty sands (likely weathered rock) with N values in excess of 100 are encountered. Scour

elevations on this boring are indicated to depths of 22.5 ft (7 m), which leaves
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approximately 10 ft (3.2 m) of weathered rock underlain by gneiss and granite parent

rocks.

According to the provided plans, the 30 to 45 foot (9 to 14 m) long shafts were installed
with a socket in the weathered and parent rock material. After the shafts were completed,
a 35 ft (11 m) column was cast on top of the shaft with a reduced diameter. In MultiPier,
the soils were modeled using Reese’s P-y curves for stiff clay below the water table, with
a 4 ksf unconfined compressive strength for the weathered rock and McVay’s (2004)
limestone model for P-y curves of the parent material. Axial curves were developed

using O’Neill’s and Reese (1999) model for drilled shafts in intermediate geomaterial.

Equivalent Model
After a single shaft lateral analysis was performed in MultiPier using the same soil profile

used for the full bent analysis, the equivalent model parameters were calculated based on
the model presented by Robinson et al. (2006) and recreated in Figure 4 in Chapter 2.
The equivalent model parameters are shown in Table 7. These parameters were then
input into a SAP frame without soil and are presented in the next section as “SAP—

Equivalent.”

Table 7. Equivalent Model Parameters for Wake County Bridge

EQUIVALENT MODEL PARAMETERS

Head Le (ft) o B K
Fixed 20.00 1.16 0.24 1.1
Free 29.42 1.16 0.24 2.1

Analysis Results—SAP and MultiPier
The models for the Wake County bridge were developed in MultiPier and SAP. A

sample set-up is shown in Figure 12. Input files are included in the Electronic Appendix.
Table 8 shows the maximum moment, shear and axial forces developed in the most
critical shaft for each model. Both the MultiPier and SAP models yielded consistent

shaft responses under the applied load cases.
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Figure 12. Wake County Bridge MultiPier Model

Table 8. Wake County Nonlinear Analysis Results at Top of Shaft: Maximum

Lateral Load Case
Maximum Maximum Maximum Shear

Model Moment Axial Force Force

(kip-ft) (kips) (kips)
SAP--Nonlinear 442 4052 40
MultiPier 450 4100 45
SAP—Equivalent 398 4053 41

AASHTO Group II

AASHTO Group

Shaft 4, Demand Capacity Ratio=0.226

Analysis Results—Optimization

Once the MultiPier result was verified, the model was then optimized by reducing the
number or size of the shafts while maintaining the same load cases.
seven 54 inch diameter drilled shafts were used. Table 9 shows the results from reducing
the number of shafts. Demand capacity ratios tend to be between 0.2 and 0.3, although
displacements in the transverse and longitudinal directions begin to exceed 1 inch when

42 inch diameter shafts are considered. The highest demand capacity ratio, in the original

layout, occurs due to the reduction in shaft area between the shaft and the column.
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Table 9. Wake County Alternative Shaft Configurations, based on AASHTO

Groups I, IA, II and 111
Seven 54 ) .
in. shafts, Seven 48 Seven 42 Seven 36 §even 30 | Six 42 in.
48 in. in. shafts | in. shafts | in. shafts | in. shafts, shafts
uniform | uniform | uniform | uniform | uniform
columns
Demand/Capacity
Ratio 0.32 0.21 0.26 0.36 0,49 0.29
(Shatfts)
Displacement,
transverse 043 0.47 0.75 1.28 2.5 0.91
(Shaft top, in)
Displacement,
longitudinal 0.67 0.75 1.22 2.18 4.4 1.46
(shaft top, in)
Displacement,
axial 0.24 0.24 0.28 0.38 0.53 0.35
(shaft top, in)

Pitt County Bridge, Project B-3684
This bridge spans the Tar River and its overflow area on state route 1565. It consists of

two end bents and 19 interior bents, for a total length of 1952 feet.

General Information

Designed: 2005

Spans: 20 (Span between end bent 1 and Bent 1 is 101 ft-1 inch, 14 are 100 feet, four are

90 feet, final span is 91 ft-1 inch)

Skew: 90°

Interior Bents: 19

Drilled Shaft Bent (Bents 1, 4, and 5: Bent 4 summarized below)
Shaft Type: Two five ft (1524 mm) diameter drilled shafts, reducing to 4.5 ft (1.37

m) diameter for the free column above the ground surface, spaced 19.5 ft (6 m)

Free Shaft Length: Cast after shafts are completed with 4.5 ft (1.37 m) diameter, 35

feet (10.67 m) long columns
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Bent Cap: 62 inch (1575 mm) wide by 48 inch (1219 mm) deep by 30 ft (9.14 m)
Class A concrete beam
Cap Reinforcement: Eight #11 bars on top, eight #11 bars on the bottom, and eight

#5 on each face.

Drilled Pile Footings or Vessel Impact Bents(Bents 2 and 3)
Not in this study.

Driven Steel Pile Footings and Bents (Bents 6 through 20)
Not in this study

End Bents: 2
Pile Type: H-Pile
Free Pile Length: Not available
Bent Cap: 39.25 ft (12 m) long Class A concrete beam with wing walls

Superstructure: Four 54 inch prestressed concrete girders with cast-in-place concrete
deck slab. Diaphragms are constructed between girders at the end bents, the interior
bents and between bents.

Interior Bents Super/Substructure Connection: Two rows of four elastomeric bearing
pads (Type V pads with 2 inch diameter anchor bolts)

End Bent Super/Substructure Connection: One row of four elastomeric bearing pads
(Type V, 2-1/4 inch or 57 mm thick)

Bearings: Bearings at the end bents are expansion. Odd numbered bents have two rows

of fixed connections; even numbered bents have two rows of expansion connections.

Geotechnical Summary
For this analysis, one of the three interior drilled shaft bents was modeled. Two soil

borings were performed by NCDOT at this bent. For Bent 4, they were labeled B4-A and
B4-B. Both borings showed similar profiles, although B4-A was more detailed and
included SPT testing.
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The profile is typical of the coastal region, consisting of alternating layers of sands and
clayey silts. At a depth of approximately 25 feet, the PeeDee Formation was
encountered. Generally, this stratum consists of soils described as sands or sandy silts

with intervals of sandy limestone.

The boring indicates a three foot thick layer of clayey silt which has an N-value of 2
blows per foot. This is underlain by saturated fine sands and wet sandy clayey silts with
N-values between 8 and 15 blows per foot that extend to a depth of 24 ft. The PeeDee
formation follows the saturated fine sand. It is described as fine to coarse sand, fine to
coarse sandy silt, fine sandy clay and fine sandy clayey silt, all with intervals of sandy
limestone. The limestone layers tend to be no more than 12 inches thick, and are
indicated in the boring log. N-values are highly variable depending on whether the SPT
struck a limestone layer (N-values greater than 100 blows per foot) or one of the sandy
layers (N-values of around 10 to 20 blows per foot). In this boring, the PeeDee formation

reportedly extends from a depth of 24 feet to the termination of the boring at 98.9 feet.

The shafts at Bent 4 were expected to be installed to depths of 100 feet (30.5 m) below
the ground surface, well into the PeeDee formation. After the shafts were completed, a
37 ft (12 m) column was cast on top of the shaft with a reduced diameter. In MultiPier,
the upper 25 ft of the soil profile was removed for scour considerations. The soils were
modeled using Reese’s P-y curves for sand, with a 32° friction angle in the PeeDee
formation’s soils and 45° friction angles in the sandy limestone. Axial curves were
developed using BSI’s (2004) model for drilled shafts in sands. The soil profile for this
bridge was the same used by NCDOT in the original MultiPier analysis performed for the
bridge design.

Equivalent Model
After a single shaft lateral analysis was performed in MultiPier using the same soil profile

used for the full bent analysis, the equivalent model parameters were calculated based on

the approach presented by Robinson et al. (2006). The equivalent model parameters are
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shown in Table 10. These parameters were then input into a SAP frame without soil and

are presented in the next section as “SAP—Equivalent.”

Table 10. Equivalent Model Parameters for Pitt County Bridge

EQUIVALENT MODEL PARAMETERS

Head Le (ft) A B K
Fixed 73.4 0.30 .20 2.1
Free 84.2 0.47 .20 1.1

Analysis Results—SAP and MultiPier
The models for the Pitt County bridge were developed in MultiPier and SAP. A sample

profile set-up is shown in Figure 13. Input files are included in the Electronic Appendix.
Table 11 shows the maximum moment, shear and axial forces developed in the most
critical shaft for each model. Both the MultiPier and SAP models yielded consistent

responses under the applied load cases.

= 001X - b view
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338
=358
=4h8
534

Figure 13. Pitt County Bridge MultiPier Model
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Table 11. Pitt County Nonlinear Analysis Results at Top of Shaft: Maximum

Lateral Load Case
Maximum Maximum Maximum Shear
Model Moment Axial Force Force
(kip-ft) (kips) (kips)
SAP—Nonlinear 978 832 35.7
MultiPier 1098 807 33.3
SAP—Equivalent 1245 790 354
AASHTO Group II
AASHTO Group ) )
Shaft 2, Demand Capacity Ratio=0.302

Analysis Results—Optimization
Once the MultiPier result was verified, the model was then optimized by reducing the

number or size of the shafts while maintaining the same load cases. For this bridge, two
60 inch diameter drilled shafts were used. Table 12 shows the results from reducing the
number of shafts. Demand versus capacity ratios tend to vary greatly, approaching as

high a value as 0.7 for the 48 inch shafts.

Table 12. Pitt County Alternative Shaft Configurations, based on AASHTO Groups

I, IA, IL, IIT and IV
Two 60 in. | Two 54in. | Two 48 in.
shafts, 54 shafts shafts
in. columns uniform uniform
Demand/Capacity Ratio
0.308 0.386 0.70
(Shafts)
Displacement, transverse
) 1.3 1.7 2.6
(shaft top, in)
Displacement,
longitudinal 2.1 3.6 8.4
(shaft top, in)
Displacement, axial
i 0.7 0.7 1.0
(shaft top, in)

In this case, model for the original 60 inch diameter shaft layout resulted in longitudinal

displacements of approximately two inches. It should be noted, however, that the worst
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case soil profile was used, where maximum scour was assumed. With that in mind, the
analysis based on the modeling configuration yielded displacements that are significantly

greater than the normal 1 inch limit especially in the longitudinal direction.

Summary
The results presented herein have shown that the MultiPier model can be approximately

reproduced in the 3-D SAP program. This essentially verifies the output results for
computed drilled shafts responses from the MultiPier model. Coupled with the results
from the driven piles project as reported by Robinson et al (2006), MultiPier appears to

be capable of modeling a wide range of commonly used deep foundation solutions.

Similarly, the equivalent frame model proposed in Robinson et al. (2006) provides results
that are comparable to those obtained from both the SAP and MultiPier analyses,
provided that the most critical lateral load case is used to evaluate the parameters for the
equivalent model. If nonlinear analyses are not eventually adopted by NCDOT, then an
equivalent frame model that is built using Robinson et al (2006) approach will result in
similar moments, axial loads and shear loads in the most critical case. This should lead to

more optimal and possibly reduced sizing of the structural elements.

An optimization analysis was conducted for each bridge by reducing the number, or size,
of the shafts. In all three cases, it was shown that some savings in material and
installation costs can be realized using the nonlinear analysis. Thus, compared to the
point of fixity methods traditionally used by NCDOT, there is some room for cost and

material savings by using the nonlinear or equivalent models.

These analyses have considered the drilled shaft bents as free standing. The next chapter
will investigate the moment transfer capabilities of the anchor bolt-sole plate-bearing pad

connection between super- and sub-structure. Full scale lab tests and their results will be

described.
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CHAPTER 4. EXPERIMENTAL PROGRAM: BEARING PADS

In cases of bearing supported bridge superstructures with diaphragms connecting adjacent
girders, it is important to identify the stiffness of the connection as well as its moment
transfer capacity. This aspect is often not considered in design and its quantification
facilitates the optimization of the design process. The rotational stiffness of the
connection directly impacts the assumptions of the boundary conditions and the effective
length or buckling factor used in the pile or substructure design. As mentioned earlier, the
NCDOT assumes the K-factor for effective length calculations is 2.1 (free head) in the
longitudinal direction. If it can be shown that current details can accommodate an
effective length less than 2.1, then this would be advantageous and can possibly be

translated into cost savings.

Figure 14 shows different pile boundary conditions used in the design of the bridge
substructure (AISC, 2002). The last case in Figure 14 is the one assumed for analysis in
the longitudinal direction. As the effective length factor (K) increases, the critical
buckling load decreases. Therefore, as the K-factor increases there is a need to design

stiffer deep foundation elements, which becomes more expensive.
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Figure 14. Boundary conditions for pile design (after AISC. LRFD Manual of Steel
Construction, 2001)

The experimental program for characterization of the bearing pad stiffness was divided
into two phases. The first included testing of the bearing pads under the combined action
of shear and axial loads. The second consisted of several full scale tests on a typical
substructure/bearing pad/diaphragm/superstructure connection to study the moment
transfer capabilities of the bearing connection between the super- and sub-structure. The
connection is tested simulating field conditions of NCDOT bridges. These tests are

described in detail in the next sections.

Index Testing
The primary purpose of this phase of the experimental program is to investigate the

behavior of the bearing pads supplied by NCDOT under the combined action of shear and
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axial forces. Results from the experimental program are used to estimate the shear
modulus and the force-deformation response of the bearing pads under the effects of
combined load levels. The properties of the bearing pads tested in this study are shown in
Table 13. The hardness/durometer nominally gives an indication of the shear modulus of
the material. According to Mucarella and Yura (1995), for a material with a durometer
between 55 and 65, the shear modulus should range between 110 and 150 psi (0.76 and
1.03 MPa). Nonetheless, in some cases the shear modulus values can vary as these values
are determined by testing unreinforced vulcanized rubber. A picture of the bearing pads

used in the testing program is shown in Figure 15.

Table 13. Properties of the Bearing Pads

Thickness Area
Type Durometer ) 9 o
in (mm) in” (m°)
v 50 3.56 (90.5) 325(0.210)
VI 60 2.50 (63.5) 253 (0.163)

Figure 15. Bearing Pads provided by NCDOT

A series of displacement-controlled lateral load tests were performed on the bearing pads
under varying levels of axial load. The tests were performed under axial loads of 50 (222
kN), 100 (444 kN), and 150 kips (667 kN). The lateral loading history for all the tests
consisted of reversed single displacement cycles with increments of 0.25 inches (6.35
mm) until a target displacement of 2 in (50.8 mm) is achieved. The loading history is

shown in Figure 16.
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Figure 16. Example Lateral Loading Scheme

Experimental Test Setup

A schematic drawing and a photograph of the experimental setup are shown in Figure 17.
The setup consisted of a steel frame to which a 110 kip (489 kN) hydraulic actuator was
connected. The actuator (labeled “4” on Figure 17) was used to apply the lateral load
during testing. The steel frame was rigidly attached to the laboratory strong floor using
four Dywidag bars. Then, a concrete block (labeled “5’) with dimensions of 31.5 inches
(0.8m) by 18.5 inches (0.47m) by 18.5 inches (0.47m) was connected to the actuator by
means of four 1 inch (0.025 m) Dywidag bars and four 1 inch (0.025 m) square steel

plates applied as washers to the bottom of the concrete block.

Next, two bearing pads (labeled “6”) were centered on two sides of the concrete block to
simulate the bearing pad connection with a bridge bent cap. Later, two steel plates
(labeled “1”) were placed adjacent to the bearing pads to simulate the bearing pad
connection with a sole plate. Four 1-3/8 inch (0.034 m) Dywidag bars (labeled “3”) were
installed through the steel plates (but not the bearing pads) and tied with steel plates and
nuts. Then, two steel beams (labeled “7”) were placed on the top of the steel plates to
restrain any vertical movement of the plates. With everything together, four 60-ton (534
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kN) jacks and 3 load cells (labeled “2”’) were positioned between 1 inch (0.025 m) steel

plates and nuts. The load cells were used to measure the axial load applied during the

tests. An electric pressure pump was connected to the jacks to apply the axial load. Figure

18 shows the load cell and 60-ton (534 kN) jack used in the test.

Figure 18. Load cell and 60-ton jack
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Instrumentation

Instrumentation consisted of a total of eight string potentiometers and eight linear
potentiometers. The string potentiometers were used to measure the vertical
displacements of the concrete block and bearing pads during the cyclic loading history.
The linear pots were used to record any horizontal movement of the block in order to
have an indication of the block’s rotation during the tests. The linear pots were placed at
2 inches (0.0508 m) from the top and bottom of the concrete block (for a total of four on
each face of the block).

Figure 19 and Figure 20 show the location of the string and linear pots, respectively. Four
of the string potentiometers were located near the four corners of the concrete block and
the rest were connected to the bearing pads (two per pad). They were fixed to the floor
with Hydro-Stone® (gypsum cement) to prevent movement during testing. Figure 21
presents a closer view of the instrumentation and experimental setup used in the testing

program.

Figure 20. Linear Potentiometers
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Figure 21. Closer view of the instrumentation

Experimental Results
A summary of the results is presented in this section. A total of six testing cases are
presented (three for each bearing pad type). The shear force versus displacement was

recorded during each test along with the applied axial load.

Bearing Pad Type V — Axial Load 50 kips (222 kN)
Figure 22 (a,b,c,d) shows the lateral force-displacement hysteretic response for the two

bearing pads studied during these tests. These responses were obtained by displacing the

concrete block using the displacement-controlled loading history as shown in Figure 16.

Figure 22 (a,b,c,d) shows the response obtained for the left and right bearing pad,
respectively. The displacements were obtained with the string pots, located at the
following positions: at 10/16 inch (15.87 mm) from the left edge and 1-1/2 inch (38.1
mm) from the concrete right edge for the left bearing pad, and at 15/16 inch (23.81 mm)
from right edge, 1-5/16 inch (33.33 mm) from concrete left edge for the right bearing
pad.
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Figure 22. Force-displacement hysteretic response Type V-axial load 50 Kips

(222 kN)

The bearing pad displacements are higher nearer to the concrete surface as expected

(right (R) and left (L) side for Left and Right bearing pad, respectively. The load-

displacement responses (Figure 22) show the typical nonlinear behavior of elastomers

under the influence of shear forces.

Bearing Pad Type V — Axial Load 100 kips (444 kN)

Figure 23(a-d) shows the force-displacement responses for Type V bearing pad. In this

case an axial load of 100 kips (444 kN) was applied to the bearing pads. The

displacements were recorded at the same points of the previous case.
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Figure 23. Force-displacement hysteretic response for Type V-axial load 100 kips
(444 kN)

It can be noticed that when the axial load increases, the size of the loops in the load-
displacement response also increases. This is an indication that the bearing pads are
dissipating more energy from the shear loads as axial loads get higher. In addition, a
slight increase in the applied lateral force was observed for the higher axial load

(compare Figure 22 to Figure 23).

Bearing Pad Type V — Axial Load 150 kips (667 kN)
Figure 24(a-d) shows the force-displacement responses for Type V bearing pad with an

applied axial load of 150 kips (667 kN). The displacements were recorded at the same

points of the previous cases.
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Figure 24. Force-displacement hysteretic response for Type V-axial load 150 Kkips

(667 kN)

Basically, Figure 24 shows the same pattern in the response obtained for previous cases.

The sizes of the loops in the load-displacement response become larger and consequently

the dissipated energy increases.

Bearing Pad Type VI — Axial Load 50 kips (222 kN)

Figure 25 (a,b,c,d) presents the lateral force-displacement hysteretic response for the

Type VI bearing pad. The displacements were obtained with the string pots, located at the

positions schematically shown on the figure.
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