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ABSTRACT OF THE DISSERTATION

EVALUATION OF CONCRETE PILE TO FOOTING OR CAP CONNECTIONS

by
Isabella Rakestraw
Florida International University, 2023
Miami, Florida
Professor David Garber, Major Professor

Foundations for many bridges consist of driven piles embedded in pile caps or footings
whereby axial loads, lateral loads and moments are transferred from the bridge to
underlying soil and/or bedrock. The connection between the pile and pile cap will affect
the way forces are transferred through the bridge. The pile-to-cap connection is typically
either assumed to be a pinned or a fixed connection. Current design recommendations for
pinned and fixed connections vary in different states. Assuming a different level of fixity
between pile and pile cap can lead to undesirable behavior of a structure. The disconnect
between current design provisions and past research would suggest that many structures

may have a different level of actual fixity between piles and pile caps than assumed.

The primary objective of this research is to better understand the connection between the
pile and pile cap, to analyze the impact of the connection in the overall structure, and to
provide a better guidance to engineers. These objectives were accomplished through three
interdependent research efforts, which included a literature review of previous research; an

analytical investigation and numerical modeling to explore possible experimental



variables; and an experimental testing to evaluate the level of fixity and impact of primary

variables.

Experimental testing was completed involving ten prestressed concrete pile specimens
embedded into cast-in-place pile caps. Two different square pile sizes were investigated,
18-inch and 30-inch, that were simply embedded into the pile cap to lengths between 0.25
and 1.5 times the diameter of the piles. The tests were conducted to determine the moment
capacity of the connection at failure. In all cases, the capacity of the connection was higher
than expected due to the confining stress provided by the pile cap, which tends to decrease

the development length of the strands.

Recent research has shown that current design recommendations can be conservative under
certain circumstances, e.g., a fixed connection can be achieved with a much shorted
embedment length. A better design guidance of the connection between precast prestressed
concrete piles and cast-in-place pile caps is needed to assure designs are completed

correctly and conservatively.
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1. INTRODUCTION

1.1. BACKGROUND

Foundations for many bridges consist of driven piles embedded in pile caps or footing
whereby axial loads, lateral loads and moments are transferred from the bridge to
underlying soil and/or bedrock. Piles can also be subjected to large lateral deflections in
the event of an earthquake or vessel impact, which can result in high local curvature and

moment demands at various locations along the pile lengths.

The connection between the pile and pile cap or footing will affect the way forces are
transferred through the bridge. Bridge superstructure can transfer axial loads, lateral loads,
and moments. This connection is typically either assumed to be a pinned connection,
allowing for transfer of axial and lateral forces but no moments, permitting some rotation
to eliminate excessive moment build-up, or a fixed connection, allowing transfer of axial
and lateral forces and development of the full moment capacity of the pile. The assumed
connection between the pile and pile cap or footing will impact the stresses in the rest of

the structure.

Currently, 24 states specify a required pile embedment length into the cast-in-place (CIP)
footing or pile cap. Three of these states (Florida [1], Minnesota [2], and Wisconsin [3])
specify a pile embedment length for pinned connections of 0.5 feet or 1.0 foot. Six of these
states, [1], [3]- [4] specify a pile embedment length for fixed connection between 1.0 foot
and 4.0 feet with two states [5], [4] calculating required pile embedment lengths based on
the plastic moment capacity of the pile about the strong axis, concrete compressive

strength, and width of the pile. The other states specify a required embedment length, but



do not clarify in their specification whether that embedment detail will lead to a pinned or

fixed connection behavior.

Past research, [6]-[7] has shown that even short embedment lengths (0.5 times the pile
diameter or less) can achieve significant moment capacity (up to 40 to 60 percent of the
moment capacity). Past researches [6], [8], [9] have also found that the full moment
capacity can be developed with embedment lengths much shorter than the 4-foot

embedment required by some states.

Assuming a different level of fixity between pile and pile cap or footing can lead to
undesirable behavior of a structure. The disconnect between current design provisions and
past research would suggest that many structures may have a different level of actual fixity

between piles and pile caps or footing than assumed.

Engineers currently use these assumptions to design the connection between pile and footing
or pile cap, which influences the design of the rest of the structure. Recent research has shown
these assumptions are unrealistic and can be unconservative under certain circumstances, e.g.,
a fixed connection can be achieved with a much shorter embedment length. A better
understanding of the connection between prestressed concrete piles and CIP footings and pile

caps is needed to assure designs are completed correctly and conservatively.
1.2. OBJECTIVES AND SCOPE OF RESEARCH

The primary objective of this research is to better understand the connection between the
pile and pile cap or footing to provide better design guidance to engineers and allow for
more informed design reviews. This primary objective will require the following

objectives:



1. Determine the required pile embedment length and detail to achieve pinned
connection

2. Determine the required pile embedment length and detail to achieve fixed
connection

3. Estimate the level of partial fixity for embedment lengths between pinned and fully

fixed connections
1.3. RESEARCH METHODOLOGY

These objectives will be accomplished through three interdependent research efforts, which
include a (1) literature review and synthesis, (2) analytical investigation, and (3) experimental
testing. The literature review will be used to review all previous research and resources from
different DOTs and provide guidance for the analytical and experimental programs. The
analytical program and numerical modeling will be used to initially explore the possible
experimental variables and provide guidance for the experimental work. The experimental
program will be used to experimentally evaluate the level of fixity and impact of primary
variables. Results from the experimental work will also be used to validate and refine the
numerical models. The numerical models can then be used to investigate the impact of
secondary variables not tested experimentally, develop equations for predicting level of fixity,

and seeing impact on sensitive structures.



2, LITERATURE REVIEW ON PILE TO CAP CONNECTIONS

The foundation for many bridges in Florida consists of driven piles embedded in pile caps
or footings. Piles transfer axial loads and moments from the bridge into the soil and
bedrock. Piles can also be subjected to large lateral deflections in the event of an
earthquake, which can result in high local curvature and moment demands at various
locations along the pile length. Similar demand on the connections can occur during a barge
impact. The typical construction procedure for this type of foundation is shown in Figure

2.1 and involves the following steps:

1. Precast piles are driven to a sufficient depth based on end bearing and side friction
capacities, shown in Figure 2.1 (a). The length that the pile needs to be driven may
be different from pile to pile, which may even require pile splicing to achieve longer
pile lengths.

2. After all the piles have been driven, the tops of the piles are cut off, so the piles all
have the same length extending from the ground, shown in Figure 2.1 (b). This
length is based on the connection detail between the precast piles and pile cap or
footing, specifically the required embedment length.

3. Reinforcement is placed and formwork installed around the precast piles to
construct the cast-in-place pile cap or footing, shown in Figure 2.1 (c). Some states
require interface reinforcement between precast pile and pile cap or footing, which

would be installed at this time.



(a) (b) (c)
Figure 2.1:Typical construction procedure for piles with cast-in-place pile cap
The connection between the pile and pile cap or footing will affect the way forces are
transferred through the bridge. Bridge superstructures can transfer axial loads, lateral loads,
and moments, as shown in Figure 2.2 (a). This connection is typically either assumed to be
a pinned connection, allowing for transfer of axial and lateral forces but no moments, or a
fixed connection, allowing transfer of axial and lateral forces and development of the full
moment capacity of the pile, as shown in Figure 2.2 (b) and (c) respectively. The assumed
connection between the pile and pile cap or footing will impact the stresses in the rest of

the structure.
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Figure 2.2: (a) Forces from the above structure assumed to be transferred to piles either through
(b) pinned or (c) fixed connections

2.1. TYPES OF PRECAST PILE-TO-CAP CONNECTIONS

There are several different options for connecting precast piles to cast-in-place concrete
pile caps or footings. These connections can be broken into four main categories, as shown

in Figure 2.3:

1. Plain embedment: This connection consists of the pile embedded directly into the
pile cap with no reinforcement connecting the pile to pile cap. The surface of the
pile can remain untreated or can also be intentionally roughened to different
magnitudes.

2. Vertical or horizontal dowels: Reinforcement can be extended from the pile into
the pile cap. This reinforcement can be either vertical or horizontal and can be
straight or hooked. Spiral reinforcement can also be provided around the dowels to
improve their development behavior. These connections typically have shorter pile

embedment lengths than plain embedment.



3. Pile development with spirals: square or round spirals can be placed around the
embedded pile to improve the pile development. The pile can either be untreated or
have an intentionally roughened surface.

4. Exposed strands: strands from the pile can be exposed and either broomed, as
shown in Figure 2.3 (d) or extended straight into the cap and enclosed with spirals,
similar to what is shown in Figure 2.3 (c). This type of connection typically has a

shorter embedment length.

No treatment, Vertical or Square or round spirals Exposed strands
roughened or grooved horizontal dowels a P (can be broomed)

N

S S % S S = <
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Hy. | A Hy. Hy
@ (b) © (d)

Figure 2.3: Types of pile embedment details (modified from [6] and [10])

2.2. PINNED CONNECTION BETWEEN PILE AND CAP

A pinned connection between pile and pile cap is typically required to have a positive
connection between the pile and cap while still permitting some rotation to eliminate
excessive moment build-up [10]. FDOT specifies a 12-inch embedment for pinned
connections [1], which is based on a rule of thumb. Other states typically require pinned

connections be achieved with embedment lengths between 6 and 12 inches [1].



2.2.1. Summary of Past Research

There is limited research on specifically developing a pinned connection between pile and
pile cap. Rollins and Stenlund [8] experimentally investigated two connections with
shallow embedments (0.5 to 1.0 times the pile diameter) with a reinforcement cage
connection and two deeper embedments (1 to 2 time the pile diameter) with no
reinforcement cage connection, shown in Figure 2.4. They found that the shallow

embedments still developed at least 40 to 60 percent of the moment capacity of the pile.

A
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36”3 >’ 3 S %
‘\. '1;'
-] >
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e>and | [T} 12” and
127 < 247
_/>
—>, ——>,
12.75” 12.75”
(a) (b)

Figure 2.4: Embedment details for Rollins and Stenlund [8] specimens (a) with and (b) without
interface steel

Xiao [11] tested three full-scale prestressed concrete pile-to-cap connections: two with
constant axial load and cyclic lateral load and one with no lateral load and cyclic axial load.
These connections were all shallow embedment lengths with dowel bars extending from
the pile into the pile cap, shown in Figure 2.5 (a). Xiao found that a significant moment
and rotation could be achieved with the shallow embedment and reinforcement. Xiao also

found that there was no degradation in behavior caused by cycling the axial load.
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Figure 2.5: Embedment details for (a) Xiao [11] and (b) Harries et al. [6]
Xiao et al. [11] tested pile-to-cap connections for steel HP piles with shallow embedment

lengths and diagonal dowel bars extending from the piles into the cap, shown in Figure 2.5
(b). This connection was expected to behave more like a hinge, only developing
approximately 6 percent of the plastic moment capacity of the pile based on Shama et al.[7],
but ended up developing between 25 and 66 percent of the plastic moment capacity of the

pile.
2.3. FIXED CONNECTION BETWEEN PILE AND PILE CAP

The typical objective for the connection between the pile and pile cap is to provide a
connection capable of developing the moment capacity of the pile [6]. An additional
objective is to ensure the connection is rigid enough so that rotation of the pile within the
cap does not significantly contribute to the overall drift of the assembly [6]. This fixed
connection can be developed using any of the connection types shown above in Figure 2.3

by a combination of the below methods:



1. Providing sufficient embedment length,
2. Roughening the surface of the pile,
3. Providing spirals around the embedded portion of the pile, and

4. Using mechanical shear connectors or supplemental mild steel reinforcement. [10]

However, Joen and Park [12] found that embedding the pile into the pile cap was the easiest
to construct and resulted in the least damage to the pile cap. Primarily because of its ease
of construction, a plain pile embedment into pile cap is typically used to achieve a moment

connection.
2.3.1. Required Behavior / Mechanism

Several different mechanisms can control the moment capacity, shown in Figure 2.6. Each

of these failure mechanisms must be prevented to develop the moment capacity of the pile:

1. Slip of prestressing strands in embedded pile: The available development of the
strands must be sufficient to fully develop the prestressing force in the strands.

2. Slip between pile and pile cap: The shear friction capacity at the cold joint between
the precast pile and cast-in-place cap must be sufficient so that slip does not occur
at the interface before the moment capacity of the pile is achieved.

3. Bearing failure between pile and pile cap: If the compression strength in the pile
cap is not sufficient, then there can be crushing of the concrete in the pile cap at the

interface.
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Figure 2.6: Failure of this connection can be controlled by (a) development length of the
prestressing strand, (b) shear friction capacity between the pile and pile cap, and (c) bearing
between the pile and cap

Each of these mechanisms will be discussed in more detail in the following sections. Note
that the shear friction capacity, shown in Figure 2.6 (b), seems to become an influential

factor in tension piles.
2.3.2. Summary of Past Research

Several different researchers have previously investigated this type of connection using
different types of piles, different sizes of piles, and different loading configurations. A
summary of the results from some of these studies is shown in Table 2.1. The current FDOT
recommended embedment length to achieve the full moment capacity of prestressed
concrete piles is 48 inches [1]. This is based on experimental testing conducted by Issa [13]
on square 30-inch depth prestressed concrete piles with an internal pipe void. Issa [13]
tested two pile-to-pile cap connections with the piles embedded the entire way through the
48-inch thick pile cap. They found that failure occurred in the pile just outside the

connection, so the pile was able to develop its full theoretical bending strength. No axial

11



load was applied to the piles tested in this program. Note that the 48-inch embedment is

equal to 1.6 times the pile diameter/depth in this case.

Since this testing was completed, there have been several additional studies from which
researchers have concluded that the full moment capacity of the pile can be developed in
embedment lengths less than 48 inches: ranging from an embedment length equal to the
pile depth to two times the pile depth [6], [14], [15]. These tests were performed on

different pile types, diameters, and depths and with either constant or variable axial loads.
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Table 2.1: Recommended embedment lengths to develop full moment capacity of piles from previous research
Recommended Embedment Pile
Research Year | Length to Develop Full Moment Type of Pile . Notes
: . Size
Capacity of Pile
Castilla et al. [16] 1984 | 2 x pile depth or diameter Steel HP 14x73 and 147 Based on results from numerical
14x117 modeling
. Embedded pile surface was roughened;
No recommendation made, ' .
ing of ile deoth | constant axial load; also tested 2 other
Joen and Park [12] 1990 te_stlng of2x piie epth or Octagonal, 15.7” | types of pile-to-cap connections and
diameter provided full moment prestressed concrete ’ . .
. found embedded pile connection to be
capacity b
est
Square. prestressed Added external clamping force with
Shahawy and Issa [17] 1992 | 50”7 quare, p 14” | jacks simulating shrinkage of cap; no
concrete .
axial load
Issa [13] 1999 | 48 ?gﬁg::t’epvrﬁigessed 307 Testing referenced in FDOT Structures
. . . Design Guidelines [18]; no axial load
internal pipe void
Harries and Petrou [6] 2001 W'dth of pile; greater than 12 Square, prestressed 18” | Constant axial load
inches concrete
Recommend embedment of 24” Piles were driven to a depth of 40 feet
Rollins and Stenlund [14] | 2010 | for their 12” diameter steel pipes | Steel pipe 12” | into soil; no externally applied axial
(2 x pile depth or diameter) load
Larosche et al. [15] 2013 | 1.3 x pile depth or diameter Square, prestressed 18” | Variable axial load; cyclic loading

concrete
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2.4. CURRENT DOTS RECOMMENDATIONS

24.1. Florida Recommendation for Pinned Connections

The FDOT Structures Design Guidelines [1] currently specifies a 1-foot embedment length
for a pinned connection, as shown in Figure 2.7. The strand development length is specified

to be in accordance with the sections on development length of prestressing strands

(85.11.4) inthe AASHTO LRFD Bridge Design Specification [19], as shown in Figure 2.7.

Pile cap or footing

Pile cut off
elevation v foe fos =
1 1

A

1
1
> 1
1

A 4

Pile embedment for T Bottom of
pinned connection (1) pile cap W
Precast pile "l
(@) 0

Figure 2.7: (a) FDOT pinned connection details and (b) strand development
The strand stress can be determined using either Equation 1-2.1 or Equation 1-2.2,

depending on if the location of interest is within the transfer length or between the transfer

and development lengths.

Equation 1-2.1

AASHTO LRFD
(5.11.4.2-2)

frel
fpx =22 P2

Within transfer length: =
60d,
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Equation 1-2.2

and dovelopment longth:  fox = Joe + (%) (fos = fre) ARSHTO LRFD
where:

fox = design stress in pretensioned strand at nominal flexural strength at section
of member under consideration (ksi)

lox = distance from free end of pretensioned strand to section of member under
consideration (in.)

do = nominal strand diameter (in.)

fos = average stress in prestressing steel at the time for which the nominal
resistance of the member is required

foe = effective stress in the prestressing steel after losses (ksi)

la = development length of the strand required to develop fps, found using

(5.11.4.2-1) (in.)

The strand stress development can be used to determine how the moment develops in the

pile away from the hinge location.
24.2. Florida Recommendations for Fixed Connections

Currently, the prestressed concrete pile embedment length is based on a research conducted
by Issa [13] and the FDOT Structures Research Center, which recommends an embedment
length of 4 feet to develop the full bending capacity of the pile as shown in Figure 2.8. The
pile must be solid for 8 feet from the end of the pile (i.e., for the 4-foot embedment length

and for 4 feet below the bottom of the pile cap).

15



Pile cap or footing

Pile cut off
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\ 4
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—>

v L L Ll ___
Pile embedment for L Bottom of
fixed connection (4”) pile cap

Precast pile

Figure 2.8. FDOT fixed connection details
24.3. Other DOTS Recommendations

A summary of the embedment requirements for other states is provided in Table 2.2. The
embedment requirements are organized by recommendations for pinned connections and
fixed connections. Several states specify a required embedment length, but do not state

whether the required embedment length is for a fixed or pinned connection.

The only states that specify a pile embedment length for pinned connections are Florida (1

foot), Minnesota (1 foot) and Wisconsin (0.5 feet).

Table 2.2: Embedment Details from other DOTs

Embedment Length

State Not Notes Source
Pinned Fixed e
specified
Alaska i i > 16" Only d_etalls_ for Steel H-piles and 120]
Steel pipe piles
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Embedment Length

State Not Notes Source
Pinned Fixed o
specified
Colorado - Equation [5]
2.3
Connecticut - - >1 [21]
Dowel bars are used for
, connection with precast piles;
Delaware ) ) 21 minimum embedment is for Steel [22]
H-piles
Florida 1 4 - [18]
Positive means of anchorage and
1’ embedment if uplift is present;
ldaho i i Lor 2° 2’ for stubby al_)uf[ments wh_ere _ [23]
superstructure is integral with pile
cap; 1’ without anchorage for most
other cases
Details for reinforcement between
Illinois - 2’ - Steel H-piles and cap are provided [24]
to reduce embedment length
Illinois )
Tollway i i ! [25]
5’ pile embedment is required into
Indiana - - 1.5 the stem of a wall pier with a [26]
single row of piles
1.5’ for continuous concrete slab
i i , pile bent cap (not monolithic with
lowa 2" | slab) and 1 when monolithic with | L2/}
slab
, 1’ embedment into a footing; 2’ to
Kansas i i 1 3’ embedment into an abutment [28]
Michigan - - 0.5 1’ when a tremie seal is used [29]
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Embedment Length

State Not Notes Source
Pinned Fixed o
specified
1’ for embedment into a footing;
Minnesota 1 - - 2.33’ for embedment for a low [2]
parapet abutment footing
Embedment may be reduced by
Montana - - 1.58° extending reinforcement into the [30]
footing
Nevada i i 1 Larger of 1_ and l.(_) X_plle Wl_dth; [31]
no roughening of pile is required
Typically extend 1.5’ into stub
abutments, 2’ into integral
New i 1’ i abutments, and 1’ into pier or [32]
Hampshire other footings; CIP piles with
reinforcement extending have
minimum embedment of 0.5’
New York - - I [33]
Piles supporting capped pile piers
Ohio i i 1 should be embe_dded 1.5_ ; [34]
substructure units on a single row
of piles should be embedded 2’
Oredon i Equation i I’ minimum embedment length if [4]
g 2.3 lateral load capacity is not needed
Pennsylvania - - >1’ 1.5' for a single row of piles [35]
Rhode Island i i S 1 Elles must bg positively anchored [36]
into the footing
No roughening of the pile is
South i i 1 x pile | required; 1.25' minimum [37]
Carolina width | embedment for steel pipe pile
connection
Vermont - - >1 [38]
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Embedment Length

State Not Notes Source
Pinned Fixed .
specified
West )
Virginia ) - z1 [39]
Wisconsin 0.5° > - [3]

Washington does not allow precast, prestressed piles for permanent bridge structures. They

use cast-in-place concrete piles with a specified reinforcement embedment length from the

pile into the pile cap of lg when the footing/cap connection is not a plastic hinge and 1.25lq

when the connection is a plastic hinge zone.

Only a few states have requirements for fixed connections. Florida has the longest

requirement (4 feet). Wisconsin and Illinois DOT both require 2-foot embedments for fixed

connections. New Hampshire has the shortest required connection (1 foot for piles into

piers or other footings) for transferring moment, shear, and axial loads. Colorado and

Oregon use a variable embedment length calculated using Equation 2.3.

4M,,

¢flcbf
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where:

L = Required pile embedment into cap (in)

¢ = Strength reduction factor for concrete bearing

fe = 28-day compressive strength of concrete (ksi)

My = Plastic moment capacity of pile about strong axis (kip-in)
b = Pile flange width

2.5. RESISTING MECHANISMS

2.5.1. Strand Development for Fixed Connections

The available development length for the prestressing strand in the pile will affect the
ability of the pile to develop its full moment capacity at the interface with the footing or
cap. The available development length is the distance from the end of the strands in the

embedded pile to the point when the pile exits the footing or cap, as shown in Figure 2.9

(@).
NV

~\llly/ ~ X

=== = > — — >~( '
l — L= ~i )

: — = —— | =
\ plane where full ==
moment capacity
AL desired AL L AL
(@) (b) (©

Figure 2.9: Strand development in embedded prestressed concrete pile: (a) Available
development length and plane where full moment capacity is desired, (b) shrinkage of the footing
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or cap will actively confine the embedded pile, and (c) bending of the pile will place compressive
stresses on portions of the pile bearing against footing or cap

The strand must be able to develop its full stress at ultimate (fys) if the connection will allow
the pile to develop its full moment capacity. The specified development length (lq) for
bonded strands in AASHTO LRFD [22] is shown in Equation 2.4. A version of this

equation was first presented by Zia and Mostafa [40].

2 Equation 2.4
lg =k (fps — §fpe> dp AASHTO LRFD
(5.9.4.3.2-1)
where:

do nominal strand diameter

fos = average stress in prestressing steel at the time for which the nominal

resistance of the member is required (ksi)
foe = effective stress in the prestressing steel after losses (ksi)

x = 1.0 for piling (and other members) with a depth less than or equal to 24”

1.6 for pretensioned members with depth greater than 24”

For typical stresses, the required development length is greater than 68 inches for 0.5-inch
diameter strands and 80 inches for 0.6-inch diameter strands. As shown in Table 2.1, many
researchers have found that the full moment capacity of the pile can be developed with
much shorter embedment lengths than would be required by AASHTO LRFD to fully
develop the strands. This is because the actual required strand development length for the
pile embedded in a footing or cap is significantly shorter than the development length
calculated using AASHTO LRFD. There are two primary reasons for this, as illustrated in

Figure 2.9 (b) and (c):
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1. Shrinkage of the cast-in-place (CIP) footing or cap will create a clamping force
around the embedded pile, which will decrease the required development length.
[91, [17], [41]-[43]

2. Compressive stresses develop as a moment is placed on the pile and causes bearing
stresses between the pile and footing or cap, which provides active confinement on

the strands further decreasing the required development length. [42]

Several researchers [9], [17], [41]-[43] have measured the strains from shrinkage and

observed the decreased required development length caused by these effects.

The shrinkage differential will only occur for CIP pile caps. The shrinkage in the CIP pile
cap creates the clamping force around the precast pile, which already experienced creep
and shrinkage effects. Clamping forces from shrinkage would not be expected for precast
pile caps, where most shrinkage would occur prior to the cap being connected with the
precast piles in the field. This behavioral difference would suggest that findings from this

research project would not be applicable for precast pile caps.

Strand development failures would be expected in connections with shallower embedment

lengths where slip does not occur between pile and cap.
2.5.2. Shear Friction Capacity of Interface

The shear friction capacity at the interface between the precast pile and cast-in-place
footing or cap is another mechanism that can control the capacity of the connection. There
are two scenarios in which the shear friction capacity controls the behavior. The first is by
the moment that would result from the friction force components, as shown in Figure 2.6

(b). The second would be the friction between the pile and footing or cap required to resist
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tension that may occur in the connection, as shown in Figure 2.10. Three of the four pile
caps tested by Rollins and Stenlund [14] failed due to a pullout failure of the back pile,
Figure 2.6 (b). Two of these had a reinforcement cage between the pile and pile cap with
embedment lengths of 0.5 and 1.0 times the diameter of the steel pipe pile. The other was
connection with pile embedment equal to 2 times the diameter of the steel pipe pile and no
reinforcement cage between pile and pile cap. The pullout failure occurred because the

back pile was in tension from the loading setup, as shown in Figure 2.10 .

N Slem i =

( 1
Ul I Wi ] iu ] |~ 1 Puitou

failure of
back pile

Figure 2.10: Test setup for pile-to-cap connection testing conducted by Rollins and Stenland

Castilla et al. [16] investigated three different coefficients of friction between the cap and
exterior surfaces of the pile in a parametric analysis: 0.4, 0.7, and 1.4. They found that
increasing the coefficient of friction did not have a significant impact on the shape of the
displacement curve but did decrease the maximum displacement and maximum rotation of

the pile.

Additionally, there is also ongoing research being conducted by the principal investigator
investigating the shear friction capacity of interfaces without any reinforcement crossing
the interface plane. Results from this research would be used to guide the shear friction

component of this project.
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This type of failure would be expected in connections with shallower embedment lengths

with a smooth interface surface between pile and cap.
2.5.3. Bearing Capacity of Interface

A moment placed on the pile will also be resisted by the bearing forces between the pile
and footing or cap, illustrated in Figure 2.11. Two proposed methods were developed to
account for the bearing strength of the cap concrete at the interface between pile and cap:
Mattock and Gaafar [44] and Marcakis and Mitchell [45]. Both models were developed for
steel members embedded into concrete. They consider the capacity of the resultant load
(horizontal in this case) acting on the connection to be dependent on the forces caused by

bearing between the embedded member and the concrete, as shown in Figure 2.11.

lever arm between

- 3% - 'I (’f bearing forces le' 3 K:i_—; ~
— e

4 4

l b l b
Vv v
n <«— nle—>
—/— —/—
(a) (b)

Figure 2.11: Capacity of resultant of horizontal load (V,) dependent on bearing stress between
embedded pile and cap, details for model proposed by (a) Mattock and Gaafar [44] and (b)
Marcakis and Mitchell [45] are shown

The equations proposed by Mattock and Gaafar [ref] are shown in Equation 2.5 and

Equation 2.6.
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0.66
_ (b 0.58 — 0.228
Vo =54V f'¢ (g) Bible <—1> Equation 2.5

0.88 + a/le
Mgy = Vna + a 1 0.66 -
108b\/ﬁ (%) Equation 2.6
where:
a = distance from concentrated load to face of pile cap
b = width of pile or embedded section (i.e. bearing width of embedment)

b’ = width of pile cap (for single pile) or pile spacing (for pile groups)
f’c = 28-day compressive strength of concrete (psi)

le = embedment length of pile inside pile cap

b1

ratio of average concrete compressive strength to maximum stress

The equations proposed by Marcakis and Mitchell [ref] are shown in Equation 2.7 and

Equation 2.8.
0.85f'.bl,
n = 1+36¢/, Equation 2.7
6%/,
2
n .
Mipax = Voa + 17Fb Equation 2.8
where:
e = eccentricity of resultant of vertical loads from center of embedment

Other variables are the same as defined for Equation 2.5 and Equation 2.6.
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Marcakis and Mitchell [45] found through their experimental testing that the effective
width of the connection (b in Equation 2.7 and Equation 2.8) measured to the outside of
the reinforcement surrounding the embedded element, limited to 2.5 times the embedded

member width.

Harries and Petrou [6] recommended that the embedment length in the above equations be
modified to account for the possible spalling of the soffit of the pile cap. This modification

results in Equation 2.9 and Equation 2.10.

b'\"*° 0.58 — 0.225, .
V, =54f .| — bl Equation 2.9
" I <b> Puble (0-88 + “/(le —0 (modified Equation 2.5)

_ 0.85f'cb(le — ©) Equation 2.10
" 1436 e/(le —0 (modified Equation 2.7)

where:
¢ = depth of concrete cover in pile cap face toward embedded pile

Both estimation procedures [44], [45] have been found to conservatively estimate the

required plain embedment length of prestressed concrete piles into caps [6].

This type of failure would be expected in connections with larger embedment lengths

where the concrete in the cap is weaker than the concrete in the prestressed pile.

2.6. TESTING DETAILS FROM PREVIOUS RESEARCH

2.6.1. Experimental Variables

There are several different variables that researches have previously studied. Some of these

important variables that have been previously investigated are:
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e Embedment length,

e Use of interface reinforcement and type,

e Pile shape and size,

e Dimensions of pile cap, and

e Reinforcement in pile cap.

There do not appear to be any researchers that have systematically investigated the effect

of pile and pile cap concrete strength on the performance of the connection, though there

have been different concrete strengths tested due to the variability of concrete.

2.6.1.1.

Embedment Length and Interface Reinforcement

Embedment length has been one of the primary variables that has been previously

investigated. The embedment length dictates the available development length for the

prestressing strands and the available interface area for bearing and shear friction

interactions between the pile and the cap. Previous research efforts that have investigated

multiple embedment lengths are summarized in Table 2.3.

Table 2.3: Previous experimental research investigating multiple embedment lengths

Researcher

Pile Size

Embedment Lengths

Embedment lengths

EIBatanouny et al. [9]

18” square, prestressed
concrete

18in.,22in., 26 in.

1dp, 1.22dy, 1.44d,

Harries and Petrou [6] | 18” square, prestressed 18 in., 24in. 1d,, 1.33d,
concrete
Joen and Park [12] 15.7” octagonal reinf. 2in.*,31.5in. 0.127dy*, 2dp

concrete

Larosche et al. [15]

18” square, prestressed
concrete

2in.*, 22 in., 24in., 26 in.

0.11d,*, 1.22d,, 1.33d,,
1.44d,
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Researcher

Pile Size

Embedment Lengths

Embedment lengths

Rollins and Stenlund
[14]

12” steel pipe pile

6in.*, 12 in.*,12in., 24
in.

0.5dyp, 1dy*, 1d,, 2d,

Shahawy and Issa
[17]

14” square, prestressed
concrete

32in, 42in, 48 in, 60 in

2.28dj, 3dp, 3.43d,,
4.28d,

Shama et al. [46]

9” circular timber pile

9in., 14 in.

1dp, 1.56d,

*interface reinforcement was provided between pile and cap

The embedment details done by these researchers included plain embedment of the pile

into the cap, shown in Figure 2.12 (a), and embedments with interface steel extending from

the pile into the pile cap, shown in Figure 2.12 (b). The reinforcement extending from the

pile into the cap either consisted of prestressing strands or reinforcement continuing out of

the pile into the cap or dowel bars being grouted into the top of the pile and extended into

the cap. This reinforcement was either extended straight into the cap or hooked to shorten

the required length.

AL
(@)

(b)

Figure 2.12: Types of connections

Harries and Petrou [6] studied two simple embedded connections of 18-inch prestressed

concrete square piles without interface reinforcement under a constant axial load equal to
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approximately 0.1fcAq. The two lengths they selected were based on the previous
embedment length recommended by South Carolina Department of Transportation (24
inches) and the calculated embedment length required to develop the capacity of the pile
(18 inches). They found that the pile with 24-inch embedment was able to develop a
moment of 3,636 k-in., while the 18-inch embedment developed 3,144 k-in. The estimated
capacity of the pile using RESPONSE2000 was 3,420 k-in. Based on these test results, they
proposed a minimum embedment length equal to the width of the pile but not less than 12

inches with no special interface reinforcement required.

ElBatanouny et al. [9] studied three different embedment lengths (18, 22, and 26 inches)
of 18-inch square prestressed piles and found that the deeper embedments had higher
moment capacities. They also determined the prestressing strand stress at time of failure to
see if any slipping of the strands occurred. A summary of their test results is shown in
Table 2.4. They did not report the estimated full moment capacity of the piles, only the
estimated capacity accounting for insufficient development length of the prestressing
strands. The measurement capacities were significantly larger than the estimated capacities

including the effect of insufficient development lengths.

Table 2.4: Summary of test results from EIBatanouny et al. [9]

Specimen ID Embedment Length Moment Capacity Slipping Stress
BC-18-1 18” 2,350 k-in. 185 ksi
BC-18-2 18” 2,090 k-in. 160 ksi
BC-22-1 227 2,950 k-in. 270 ksi
BC-26-1 26” 2,770 k-in. 270 ksi
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Larosche et al. [15], Rollins and Stenlund [14], and Joen and Park [12] all investigated
multiple different embedment lengths with much smaller embedment lengths (as small as
0.111 times the pile width or diameter) with interface reinforcement between the pile and
pile cap. The goal of these smaller embedment lengths was to determine the amount of
moment transferred between pile and cap in an assumed pinned connection. These
researchers found that it is difficult to create a true pinned connection as the short
embedment lengths were still able to develop significant moment transfer (up to 30 percent
higher than the estimated pile capacity). Larosche et al. [15] also investigated the behavior
of plastic hinges developing adjacent to this connection and concluded that increasing the
pile embedment will lead to the improvement of the plastic hinge development and the

associated moment capacity.

Shama [46] studied timber piles connected to concrete pile caps. One of the specimens had
an embedment length equal to the pile diameter and the other 1.5 times the diameter.
Specimens were found to have satisfactory performance when the embedment length
equaled the diameter of the pile, although the specimen with the larger embedment length

had a higher capacity.

Shahawy and Issa [17] also investigated several different embedment lengths. They tested
four different embedment lengths (36, 42, 48, and 60 inches) for 14-inch prestressed
concrete square piles. They did not embed these piles into actual pile caps but used a
reaction frame to imitate the clamping force provided by the pile cap, as shown in Figure
2.13. They were attempting to isolate the relationship between the embedment length and

the development of the prestressing strands.
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reaction frame

P

embedment length

14” square prestressed pile

Figure 2.13: Test setup used by Shahawy and Issa [17]

Results from Shahawy and Issa [17] are summarized in Table 2.5 as the average measured

and theoretical ultimate moments for all specimens with similar embedment lengths. There

was no apparent strength gain as the embedment increased from 36 inches to 60 inches,

although slip of prestressing strands was reported for more specimens with shorter

embedment lengths. Although Shahawy and lIssa [17] had the most systematic and

complete evaluation of embedment length, the range of embedment lengths investigated

was above the range of interest for 14-inch prestressed concrete square piles and there are

questions as to whether the clamping provided by the reaction frame accurately represents

the conditions of an actual pile-to-pile cap connection.

Table 2.5: Summary of test results from Shahawy and Issa [17]

Avg. Measured Avg. Theoretical Avg. # specimens
Embedment # of . ; .
Length (in.) | specimens ultimate moment | ultimate moment Measurgd/ where slip
' (k-ft) (k-ft) Theoretical | was reported

36 4 140.3 124.9 1.13 2

42 6 142.3 127.3 1.12 4

48 6 139.1 128.2 1.09 1

60 3 141.0 127.9 1.10 0

Embedment length for plain embedment details will be the primary variable of interest for

the future experimental testing of this project.
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2.6.1.2. Pile Details

No single researcher has previously isolated the effect of pile shape on the connection

behavior. The pile sections that have been investigated by previous researchers are

summarized in Table 2.6 and shown in Figure 2.14.

Table 2.6: Previously tested pile types

Pile Type Dimensions Researcher
_Square pr_estress_,ed concrete with 30 Issa [13]
internal pipe void
147 Xiao [47], Shahawy and Issa [17]
Square prestressed concrete . ElBatanouny et al. [9], Harries and Petrou [6],
18
Larosche et al. [15]
Octagonal prestressed concrete 15.7” Joen and Park [12]
HP10x42 Shama et al. [7]
Steel HP
HP14x89 Xiao et al. [11]
g” Stephens and McKittrick [48], Kappes et al.
Steel pipe [49]
12” Rollins and Stenlund [14]
Circular timber 9”7 Shama and Mander [46]

Square, prestressed concrete piles have been the most tested pile type with 18-inch being

the most tested size. Most of the prestressed pile tests have investigated the embedment

length required to develop the full capacity of prestressing strands and thus the full capacity

of the pile. Most of tests using the steel pile types have investigated pile cap details by

forcing failure of the specimens into the pile cap.

32




(@) (b)

Figure 2.14: Previously investigated pile cross sections: (a) square prestressed concrete pipe
pile, (b) square prestressed concrete pile, (¢) octagonal prestressed concrete pile, (d) steel HP
piles, (e) steel pipe pile, and (f) circular timber pile

The shape and type of pile will affect how the pile and pile cap interact. Unlike square
piles, round or octagonal piles will develop bearing forces directed radially from the
embedment which may result in greater deterioration of the pile cap and embedment region
[6], as shown in Figure 2.15. These radially directed bearing stresses may result in tension

developing in the pile cap and may result in failure in the pile cap rather than the pile.

(a)

Figure 2.15: Direction of bearing stresses in (a) square and (b) octagonal piles

Pile shape will not be a primary variable investigated experimentally in this project. Several
different sizes for square prestressed concrete piles will be investigated experimentally.

Pile shape may be investigated through numerical modeling efforts.

The surface of the embedded piles were intentionally roughened for two pile specimens in
Joen and Park [12]. The surface of these two piles were roughened to a magnitude of 0.12

inches using a pneumatic hammer before the pile caps were cast. This is the surface
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roughness required for a Type B construction joint by the New Zealand Standard

Specification for Concrete Construction, NZS 3109 [50].

2.6.1.3. Pile Cap Details

There have been several studies that have investigated the impact of pile cap dimensions

and reinforcement detail on the pile-to-cap connection performance.

Larosche et al. [15] investigated several different pile cap details with 18-inch square

prestressed concrete piles. Their control specimen had an 18-inch embedment (embedment

equal to pile size) and pile cap dimensions and reinforcement detail in line with the practice

used at the time in South Carolina, as shown in Figure 2.16.

—> A —> B 5-#9
L #6 skin~
36” < _#5 ¥
18’1 stirrup
- I
1 LA 5 B ; } g >
:‘ 1 7 J Section A-A 9 A 9
' 33” 18” | 13” ' Section B-B
_\/\_
@ (b) (©)

i)

(d)

Figure 2.16: Control pile cap detail for Larosche et al. [15], (a) Elevation, (b) Section A-A, (c)
Section B-B views and (d) picture of reinforcement cage for Specimen EB-18

Two modifications were made by Larosche et al. [15] to the pile cap design to improve the

behavior of the connection. Additional reinforcement was provided in the cap of EB-26,

shown in Figure 2.17 (a). Additional distance was provided between the edge of the pile

and edge of the pile cap for EB-22, shown in Figure 2.17 (b).
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Figure 2.17: Modifications to pile cap design for Larosche et al. [15] for (a) EB-26 and (b) EB-22
A summary of some relevant details related to pile cap design and maximum failure

moments for the moment connection tests from Larosche et al. [15] is provided in Table

2.7.

Table 2.7: Summary of moment capacity for moment connection specimens from Larosche et al.

[15]
Specimen Reinforcement Percent Minimum Edge Maximum Failure
ID per Cap Volume Distance Moment
EB-18 1.62% 13” 1,416 k-in*
EB-26 2.71% 137 2,744 k-in
EB-22 1.62% 277 2,832 k-in

*failure occurred in pile cap

The two modified pile cap designs moved the failure from the pile cap into the pile. Both

increasing the reinforcement ratio in the pile cap and increasing the minimum edge distance

in the direction of bending increased the capacity of the pile-to-cap connection enough to

move the failure into the pile.

Stephens and McKittrick [48] tested five different pile cap reinforcing schemes for 8”

diameter steel pipe piles with a 9-inch embedment length. Cap reinforcement was the
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primary variable. The control specimen had the recommended reinforcement plan in
Montana at the time of testing. The four other details had a thinner pipe wall thickness and
up to seven times the amount of reinforcement in the cap, as shown in Table 2.8. They
found that increasing the amount of reinforcement in the cap increased the capacity in the

connection and eventually caused failure in the steel pipe pile and not in the cap.

Table 2.8: Summary of test results from Stephens and McKittrick [48]

Pipe wall Lonaitudinal Transverse Concrete Maximum
ID thiclfness (i) steelgll’atio (%) steel ratio strength moment at
0 (%) (ksi) failure (k-ft)
PC-1 0.32 0.41 0.09 4.83 82
PC-2 0.25 0.41 0.09 5.33 74
PC-3 0.25 1.09 0.24 3.15 76
PC-3a 0.25 2.11 0.65 3.95 102
PC-4 0.25 2.83 0.70 4.68 121*

*only specimen that failed due to plastic hinging in steel pipe pile

Kappes et al. [49] also investigated pile cap reinforcement for connections between 8-inch
diameter concrete filled tube (CFT) piles and pile caps. One type of reinforcement that they
investigated in more depth was the use of U-bars around the embedded pile, as shown in

Figure 2.18.
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Figure 2.18: Cap reinforcement details from Kappes et al. [49] with single #7 U-bar in each

direction

A summary of the test results from Kappes et al. [49] is shown in Table 2.9. The pile design

for VT1 was made to be consistent with previous testing done by Stephens and McKittrick

[48]. The design strength of the pile was increased to exceed the pile cap strength for the

remainder of the specimens.

Table 2.9: Summary of test results from Kappes et al. [49]

Specimen U-Bar U-Bar AIE Concrete Failure Maximum
. . - Embedment . Moment
ID Configuration | Location Strength | Mechanism .
Length at Failure
. . Plastic hinge
yr1 | Single#7U-bar | Exterior | g4 6.25ksi | insteel pipe | 119.2 k-ft
in each direction only oile
Single #4 and Exterior Fracture of
VT2 #5 U-bar in each onl 11.75in. 3.8 ksi concrete pile | 173.8 k-ft
direction y cap
. . Fracture of
VT2.5 _Slngle #7 U-_bar Exterior 9.0in. 6.25 ksi | concrete pile | 138.5 k-ft
in each direction only cap
. . Fracture of
vr3 | Single#7 U-bar | BXterior | 16075, | 41ksi | concrete pile | 1517 k-ft
in each direction only cap
Single #4 and Exterior Fracture of
CT1 #5 U-bar in each onl 11.75in. 4.2 ksi | concrete pile | 172.4 k-ft
direction y cap
Single #4 and Interior Fracture of
CT2 #5 U-bar in each and 11.75in. 4.2 ksi | concrete pile | 181.8 k-ft
direction Exterior cap
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The single #4 and #5 U-bar detail with 11.75-inch embedment, shown in Figure 2.19, was
found to perform better than the single #7 U-bar detail. The single #4 and #5 U-bar detail
with U-bars located both on the interior and exterior, shown in Figure 2.19 (b), was the

best performing detail.

\}
“\_—Equivalent Moment Arms

Strong
Direction  «—
(Posifive Cycles)\ ™—___

@ b)

Figure 2.19: Single #4 and #5 U-bar detail from Kappes et al. [49] for (a) CT1 exterior only and
(b) CT2 exterior and interior

The reinforcement detail in the pile cap is currently not a primary detail for this project.
The design of the pile cap will be decided on based on current Florida practice and

integrating some of the research discussed in this section as appropriate.
2.6.1.4. Compressive Strength

As previously stated, there has been no previous research systematically investigating the
effect of pile and pile cap concrete compressive strengths on the behavior of the connection.
The range of compressive strengths that have been achieved in previous research in the pile

and pile cap are summarized in Table 2.10.
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Table 2.10. Previous experimental research investigating multiple concrete compressive strength

Researcher Pile Concrete St_rength Pile Cap Concrete_
Range (ksi) Strength Range (ksi)
ElBatanouny et al. [9] 7.3t08.3 43t05.5
Harries and Petrou [6] 6.7 3.0t05.0
Issa [13] 10.1 9.0
Joen and Park [12] 6.3t07.3 3.6t04.8
Larosche et al. [15] 7.3t08.3 51t06.4
Shahawy and Issa [17] 56t07.8 n/a
Xiao [47] 8.6 5.9

A higher quality concrete is used for the precast piles than the cast-in-place pile cap, so the
strength of the pile concrete has been greater than the pile cap concrete in all previous

research.
2.6.2. Test Setups

Several different test setups have been used by past researchers to experimentally evaluate
the connection between piles and pile caps, as shown in Figure 2.20. Three of the five test
setups required fixture to a strong floor, Figure 2.20 (a) to (c). Two of the test setups are

self-equilibrating, Figure 2.20 (d) and (e).

1. Harries and Petrou [6]: This test setup required load and support frames. The
support frame was anchored to the strong floor and the pile cap to prevent
displacement and rotation of the pile cap. Two load frames were required: one to
apply a constant axial load to the system and one to apply the variable lateral load.

Two hydraulic jacks were used at the location of the lateral load, one bearing
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against the strong floor and one against the load frame, to apply lateral loads in both
directions.

Shahawy and Issa [17]: This test setup relied on a single reaction beam connected
to the strong floor with high-strength threaded rods to provide moment restraint for
the pile cap. The lateral load was applied through a hydraulic jack bearing against
the strong floor. No axial load was applied to the system.

Xiao [47]: This test setup was the only setup with a vertically oriented pile. The
pile cap was anchored directly to the strong floor to provide moment restraint. Two
load frames with two hydraulic jacks were used to provide a constant axial load and
variable lateral load.

Issa [13]: This test setup was self-equilibrating. Two piles were cast into a single
pile cap. A hydraulic jack was placed between the two piles and lateral load applied
to failure. Both piles were tested at the same time under this setup. No axial load
was applied.

Larosche et al. [15]: This test setup was self-equilibrating. A modified W-shape steel
section was chemically anchored to the side of the pile cap. A diagonally oriented hydraulic
jack extended between the W-shape connected to the pile cap and a pinned connection
device to the end of the pile. Using this setup, a single jack was used to apply axial load,
moment, and shear to the connection. A variable compressive and tensile axial load was

applied during testing.
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(d) (e)

Figure 2.20: Test setups from previous research (a) Harries and Petrou [6] (elevation), (b)

Shahawy and issa [17] (elevation), (c) Xiao [47] (elevation), (d) Issa [13] (plan), (e) Larosche et
al. [15] (plan)

Several different types of tests have been previously conducted by researchers, as shown
in Table 2.11. Most of previous testing has been conducted using a constant axial load and

cyclic lateral load to failure.

Table 2.11: Types of tests previously conducted by researchers

Axial Load Lateral Load References
. . Harries and Petrou [6], Xiao [47],
Constant Cyclic to Failure EIBatanouny et al. [9], Joen and Park [12]
None Monotonic to Failure | Shahawy and Issa [17], Issa [13]
Cyclic to Failure None Xiao [47]
Variable Variable Larosche et al. [15]
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2.6.3. Instrumentation Layouts

Previous researchers have used different types of gauges and instrumentation to measure
displacement, curvature, strand slip, and strain in reinforcement, prestressing strands, and
concrete. Some relevant details on the types of instrumentation used by these previous

researchers are organized by goal of instrumentation in the following sections.
2.6.3.1. Displacement and Load Measurement

Displacement was typically measured at the point where the lateral load was applied
typically using either linear or string potentiometers. The displacement measurement point
was shifted in some studies due to limited access at the point of load application. Load was
typically measured using load cells at the load application points. Load cells or pressure

transducers were also used to verify the constant applied axial loads.
2.6.3.2. Curvature in Plastic Hinge Region

ElBatanouny et al. [9] and Larosche et al. [15] both used four linear variable differential
transducers (LVDTs) fixed in series to two opposite faces of the pile in the plastic hinge
region, as shown in Figure 2.21. These LVDTs are used to measure displacement, which
can be then used to determine the strain on opposite faces. Assuming strains are linear
across the section, these strains can be used to determine the curvature along the length of

the hinge region.
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Figure 2.21: Procedure for measuring curvature in hinge region with LVDTs
Similar instrumentation was also used by Xiao [47] to measure the curvature in the pile

near the connection.
2.6.3.3. Confining stresses

ElBatanouny et al. [9] used two vibrating wire strain gauges (VWGSs) embedded in the end
of one of their pile specimens (BC-22-1) to measure internal concrete strains in two
directions perpendicular to the pile, as shown in Figure 2.22 (a). They used these measured

strains in the pile to determine the confinement provided in both directions by the bearing stresses

between the pile and pile cap.

Shahawy and Issa [17] used VWGs mounted in the pile cap oriented in the x, y, and xy
directions, shown in Figure 2.23 (b), at four different heights along the length of the
embedment. They used these gauges to measure the shrinkage strain in the pile cap along
the length of the embedment. They assumed that this shrinkage strain in the pile cap applied
clamping stresses to the embedded pile, which they assumed decreased the development

length of the prestressing strands.
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Figure 2.22: Location of VWGs at Section A-A for (a) EIBatanouny et al. [9] and (b) Shahawy
and Issa [17]
2.6.3.4. Strand slip
Shahawy and Issa [17] used horizontal LVDTs at the free end of the pile (extending through
the pile cap) to measure the slip of the prestressing strands during testing, as shown in
Figure 2.23. Measurement of the strand slip using this technique was only possible because
the pile extended through the entire pile cap (i.e. the pile embedment length was equal to
the pile cap depth).
A »B LVDT Y%
PRl N ( \
74 I
<
N—eo
—»>A =B mounting frame on A,
@) end of specimen (b) ©)

Figure 2.23: LVDTs used by Shahawy and Issa [17] to measure strand slip (a) elevation, (b)
section A-A and (c) Section B-B
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ElBatanouny et al. [9] stated that they used two LVDTs mounted on the top and bottom
strands of each pile within the bent cap to measure strand slip. The pile embedment does

not equal the pile cap depth though, so it is not clear how these gauges were installed.
2.6.3.5. Prestress Losses

Joen and Park [12] used demountable mechanical (Demec) strain gauges on the piles to
measure the concrete strains immediately after transfer and periodically up until testing.
These strains were used to determine the prestress losses due to creep and shrinkage.
Internally-mounted, longitudinally-oriented VWGs could also be used to monitor prestress

losses in the pile up to the time of testing.
2.6.3.6. Engagement of reinforcement

Joen and Park [12] used typical resistance strain gauges on spiral reinforcement in the pile
and pile cap and also on some of the longitudinal non-prestressed steel in the piles. Xiao
[47] also used resistance strain gauges mounted on some of the reinforcement in the pile
cap, although the specific location of the instrumentation was not specified by the author.
ElBatanouny et al. [9] used five strain gauges on some of the longitudinal reinforcement

within the bent cap, although the specific location of gauges was not specified.
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3. SENSITIVITY STRUCTURE ANAYSIS

A numerical analysis was performed using a non-linear finite element analysis software
(FEA) MIDAS Civil to determine the impact of pile-to-cap fixity assumptions on the

design and behavior of sensitive structures.

The sensitive structures analysis focused on the analysis of the following primary types of

structures:

1. Simple spans with uneven span lengths with piles embedded in pier cap

2. PT segmental box girder bridge with fixed pier table subjected to lateral load

3. Straddle bent with pile cap subjected to temperature effects

4. PT segmental box girder bridge with fixed pier table and forced displacement at

end of span
3.1. BRIDGE #1: SIMPLE-SPANS WITH UNEVEN SPAN LENGTHS

The stability of substructures can be dependent on the degree of pile fixity in the cap. One
example of a substructure dependent on the pile fixity is the construction of tall pile bents
using relatively small embedment lengths into the bent cap, shown in Figure 3.1 (a). The
bearings for down-station and up-station girders are placed on the bent cap offset from the
centerline of the pier, as shown in Figure 3.1 (b). A hinge assumption would result in an
unstable linkage across the depth of the bent cap. This detail works because of the

consideration of some degree of fixity between the pile and pile cap.
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Figure 3.1: (a) Construction of a bridge with tall pile bents (courtesy of Corven Engineering) and
(b) schematic of unstable bent with assumed pinned connection

The first structure considered was a simple-span bridge with piles directly embedded in the
pier cap, similar to that shown in Figure 3.1. The analysis of this structure investigated the
moment developed at the pile-to-cap connection at different construction stages. Analyzing
at different construction stages allowed for investigating any in-service impact of the pile-
to-cap connection fixity. The fixity of the connection was also varied using a rotational

spring connection.
3.1.1. Base Structure

The base structure had five girder lines spaced at eight feet on center, as shown in Figure
3.2 and specified in Table 3.1. The number of girders was decided to equal to the number
of piles, and girders were located directly over the piles. The bridge layout was based on
sample drawings provided by FDOT, although the properties were not the same as the

provided drawings.
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Figure 3.2: Section of interior bent for Bridge #1
The base structure was a three-span bridge with simply supported, non-continuous girders

in each span. The middle span had a much longer span length than the first and third spans,

as shown in Figure 3.3.

Lbridge

Figure 3.3: Elevation of Bridge #1
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The values used in the base structure are summarized in Table 3.1. Note that several of the
variables are interdependent, e.g., beam spacing and span length will control the beam cross
section design. The parameters selected for this base structure were determined to represent

the general behavior of this type of structure.

Table 3.1: Variable values for Bridge #1

Variable Base Case

Pile spacing Spile &
Driven pile depth Ip1 40°
Exposed pile length 2 15
Pile width dpile 18”
Number of piles at each pier Npiles 5
Number of girders Ngirders 5
Beam spacing Sbeam 8’
Bridge width Whd 40’
Overhang length Loh 4
Bridge length Lbridge 176’
Shorter span length Ls1, Ls3 40’
Longer span length Ls2 100°
Beam cross section FIB 45
Deck thickness td 8”

3.1.2. Concrete Strength Properties

The concrete strength used in each structural element is summarized in Table 3.2.
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Table 3.2: Concrete strength properties for Bridge#1

Component Concrete Strength
Deck Class IV
Piles Class V (Special)

Pile Cap Class IV
Girders Class IV
Piers Class IV

3.1.3. Cross Section Details for Members

3.1.3.1. Prestressed Beam Details

The 45-inch deep Florida I-Beam (FIB-45) was selected as the cross section for this base
bridge, as it is the appropriate cross section for the longer 100-foot span length with 8-foot

beam spacing, as shown in Figure 3.4. The general cross section geometry and properties

for the FIB-45 are shown in Figure 3.5.
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Figure 3.4: FDOT Design Aid for Florida-1 beams [51]
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Figure 3.5: General properties for FIB-45 [51]
The FDOT design software “Prestressed Beam” [52] was used to design the beams. Strand

layouts determined for the longer and shorter span lengths are shown in Figure 3.6. The

51



section properties and strand location and strand properties are all inputs in the software

being used for this study.

0.6” strand A,=0.217 in2
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(@) (b)
Figure 3.6: Strand layout for (a) 100-ft span and (b) 40-ft span
3.1.3.2. End and Interior Bents

The cross-section dimensions for the end and interior bents were based on the sample

drawings provided by FDOT. No reinforcement details are required in the input for the

analyses.
End Bent 1 and 4 Int. Bent 2 and 3
> 17 256” - 3,_6” |
. 4” pedestal o E— R
,,,,,,,,,,,,, 4~ height e
- y
2,_677 6”
¢ lembed lembed t 77777777
dpile g dpile -

Figure 3.7: Typical cross section dimensions for pier caps
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3.1.3.3. Piles

Pile designs were based on FDOT standard plans for prestressed concrete piles[53]. Square
prestressed concrete piles with 18-inch width and height were used for Bridge #1; details
for 18-inch piles are shown in Figure 3.8. The pile section and concrete properties are
provided as inputs in the software used for this study. Details for the prestressing strands

are not inputs in the analysis software.

18"

o ° ° 9 __3” Cover
b 16 - 0.5 (Typ.)

b strand_s at d W3.4

b 26 kIpS 9 Spiral Ties

o o fed oo

18"

. [ /
See Alternate
Strand Patterns

Figure 3.8: Details for 18-inch square prestressed concrete pile used in Bridge #1 [53]

3.1.4. Construction Procedure

This bridge was modeled using construction stages to investigate the impact of placement
of each girder and the final stage. The construction procedure for girder placement included
the stages shown in Figure 3.9. All the girders in a span were placed at the same time for
these analyses. Effects of the weight of the deck during construction were analyzed in
Construction Stages 4a through 4c. Results are presented for Construction Stages 1, 2, 4a,

4c, and 5 (completed structure).
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1. Girders placed
for Span 1

2. Girders placed
for Span 2

3. Girders placed
for Span 3

_() (40)

4. Deck cast by span

5. Completed structure under service loading

Figure 3.9: Assumed construction procedure for Bridge #1
The placement of the second span girders (Construction Stage 2) causes the maximum

moment on the pile-to-cap connection of the right interior support. This construction
procedure (i.e., with the Span 2 girders placed after the Span 1 girders) was selected as it

resulted in the maximum moment in the connection.

The construction stages for Bridge #1 investigated through numerical modeling are shown
in Figure 3.10. Construction Stage 3 and 4c were found to not control, so they were not

modeled.
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Figure 3.10: Sample model for Bridge #1 with construction stages analyzed

The weight of the deck during construction stage 4 was added using a distributed load with
a magnitude of 0.8 k/ft. This distributed load was determined based on an 8-inch thick
deck, 8-foot beam spacing, and normal weight concrete (150 pcf). The distributed load was

applied to each girder individually in the model.
3.15. Fixed verses Pinned Connection

Several different connections can be assumed between the pile and pile cap, as shown in
Figure 3.11. A fixed connection between pile and pile cap, Figure 3.11 (a), assumes full
moment transfer between the pile and pile cap with a rotational stiffness equal to that of
the pile. A pinned connection, Figure 3.11 (b), results in an unstable system as there is no
moment restraint between pile and pile cap to resist the moment caused by the off-center
loading from the adjacent span. A rotational spring, Figure 3.11 (c), can also be used at the
connection between pile and pile cap to allow for moment transfer between the elements

with a smaller rotational stiffness than the fixed connection.
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(@) (b) (©

Figure 3.11: Possible assumed connections between pile and pile cap, (a) fixed, (b) pinned, and
(c) pinned with rotational spring

The stiffness of the rotational spring was determined from numerical modeling results
based on different embedment lengths. The rotational stiffness was determined by plotting
the moment versus rotation assuming rigid body Kinetic rotation about the connection
between pile and pile cap, as shown in Figure 3.12. The rotational stiffness was then found
based on the slope of the moment-rotation plot in the linear elastic region. The rotational
stiffness was determined from one shallow embedment (0.25dpie) and used as the

connection input in the Midas model.

M

, =PL
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»

by :A/L (b) g

@)

Figure 3.12: Stiffness of rotational spring determined from (a) M-6 from (b) numerical results
assuming kinetic rotation about a hinge at the connection

The moment versus rotation plot for the 18-inch piles with 0.25dy pile embedment is shown

in Figure 3.13. The 0.25dp embedment would not meet current FDOT specifications; it was
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chosen to simulate a pinned connection. As shown the rotational stiffness was determined

based on two points from the elastic response.
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Figure 3.13: Moment versus rotation plot for 18-inch pile with 0.25d; pile embedment from
numerical analyses

3.1.6. Boundary Conditions and Modeling Assumptions

The piles, piers, beams, and deck were modeled as general beam elements. The pile caps
were modeled as plate elements with a section thickness corresponding to the cap depth.
The boundary conditions at the end of the beams were modeled as pinned connection. The
piles were modeled assuming a pinned connection at the tip of the pile, Figure 3.14 (a), and
point springs along the length of the embedded pile to model the soil-structure interaction,
Figure 3.14 (b). FDOT Structure Design Guidelines [1] specifies that the modulus of
subgrade reaction should be obtained from the geotechnical engineer. For purposes of this
project, a modulus of subgrade reaction of 0.23 kips/in® in the Ky and Ky direction was

selected, which corresponds to a dense soil [1].
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Figure 3.14: Boundary conditions for Bridge #1 (a) supports (b) soil-structure interaction
The beam element for the pile comes into a shared node with the pile cap. This creates a
fixed connection unless a beam end release is applied to the node, in which case a pinned
connection is realized. A beam end release with the corresponding rotational stiffness was
used to simulate the pinned connection. Elastic links (simulating bearing pads) were used
to connect the beam elements for beams to the pile caps at one point at the ends of the
beams. The stiffness of bearing pads is manufacturer dependent; the elastic links in this
model were specified to have a horizontal stiffness of 8.3 kips/inch and vertical stiffness
of 7,686 kips/inch, common values for bearing pads with 7-inch thickness. In the last
construction stage, the beams were modeled as composite sections with the deck. The full
bridge (Construction Stage 5) was modeled two different ways: one with a continuous deck

(SDCL) and one with a joint over the supports.
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Figure 3.15: Bridge #1 modeling assumptions: (a) elements intersecting between spans at pile
caps and (b) representation of elements and links between elements at this location

3.1.7. Summary of Results

A summary of all results from these analyses on Bridge #1 are presented in Section 7. A

summary of some of the major findings are presented below.

The moment responses for the piles in Bridge #1 at Construction Stages 1 and 2 are shown
in Figure 3.16 (a) and (b), respectively. The moment at the pile-to-cap interface was not
influenced by the type of connection, as this moment is dictated by the eccentricity and
magnitude of the loads provided from the two spans. The moment at the soil level was not
influenced by the type of connection, all moments were minor in comparison to the pile
and pile-to-cap connection capacities (about 10 percent of the full moment capacity of the

18-inch piles).
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Figure 3.16: Moment response for select piles in Bridge #1 at (a) Construction Stage 1 and (b)
Construction Stage 2

The moments in the beams for Construction Stage 1 and 2 were unaffected by the type of
connection between the pile and cap, as shown in Figure 3.17.
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Figure 3.17: Moment response for beams in Bridge #1 at Construction Stage #2
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The moment responses for the piles in Bridge #1 at Construction Stages 4a and 4b are

shown in Figure 3.18, respectively.
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Figure 3.18: Moment response for select piles in Bridge #1 at (a) CS4a (b) CS4b
The moments in the beams for Construction Stage 4a and 4b were unaffected by the type

of connection between the pile and cap, as shown in Figure 3.19.
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Figure 3.19: Moment response for beams in Bridge #1 at (a) CS4a (b) CS4b

The moment response in the composite beams with a continuous deck from live load and

piles is shown in Figure 3.20 (a) and (b), respectively. There was no observed difference
in the moment in the composite beams between the fixed and rotational spring connections,
but there was a slight difference in the moments in the piles with the rotational springs

resulting in slightly smaller moments at the pile-to-cap connection.
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Figure 3.20: Moment response in (a) composite beam and (b) piles for Bridge #1 with continuous
deck in service (Construction Stage 5)

The moment response in the composite beams with a non-continuous deck from live load
and piles is shown in Figure 3.21 (a) and (b), respectively. There was again no observed
difference in the moment in the composite beams between the fixed and rotational spring
connections, but a slight difference in the pile moments. There was a slightly smaller

moment at the pile-to-cap connection and a slightly larger moment at the ground level.

63



o Fixed »
Fixity | 7
—————— Rotational Spring 1002
25000 .
’ e R 9
= 20000 | 5 500N °
& = T
o -
2 15000 | g
= 2 -200
£ 10000 | T
g -300 -
S 5000 | P
\ / \ -400 +
0 Al 1 1 A 1 \
0 500 1000 1500 2000 can
Beam length (in) Moment-y (Kips-ft)
(a) (b)

Figure 3.21: Moment response in (a) composite beam and (b) piles for Bridge #1 with non-
continuous deck in service (Construction Stage 5)

The type of joint had no impact on the axial load in any of the piles for any of the

construction stages.

3.2. BRIDGE #2: PT SEGMENTAL BOX GIRDER WITH FIXED PIER TABLE AND

LATERAL LOAD ON SUBSTRUCTURE

Structures that are designed to resist large lateral loads (e.g., ship impact or seismic loads)
are sensitive to the assumed fixity between the pile and pile cap or footing. Bridges in
Florida that are located over navigable waters must be designed including consideration

for possible vessel impact (e.g. from barges or ocean going ships) [54].

The second base structure analyzed was a segmental box girder with a fixed pier table with
pile cap and pier, similar to the structure shown in Figure 3.22. This structure was used to

analyze the effect of pile fixity on the structural response of vessel impacts.
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Figure 3.22: Wekiva River Bridge (a) fixed pier table and (b) bridge elevation [55]
3.2.1. Base Structure

The base structure was a one-cell segmental box girder fixed to a pier with a constant depth

D, as shown in Figure 3.23, with three spans, as shown in Figure 3.24.

S
> d,;
lpier F prer
dcap -
lp H Npiles
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Figure 3.23: Typical section for Bridge #2
The primary variables selected for the analysis are summarized in Table 3.3. The cap width

and length were based on the pile size and pile configuration.
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Table 3.3: Variable values for Bridge #2

Variable Base Case
Pile spacing Spile 3.0dp
Pile length I 40°/55°
Pier height Ipier 65°/85’
Pile width dpile 24” and 30”
Pier width dpier 10°
Cap depth dcap 4
Number of piles at each pier Npiles 12
Bridge width Whd 35°
Bridge length Lbridge 435’

The span length was determined based on whether the structure had three equal spans,
Figure 3.24 (a), or was constructed using a balanced cantilever approach, Figure 3.24 (b).
The bridge length was kept the same for both cases. For the equal span length
configuration, all spans were 145 feet. The spans for the balanced cantilever were selected

such that the outside span lengths were 0.6 times the main span length, giving span lengths

of 118, 199, and 118 feet for the three spans.
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Figure 3.24: Elevation of Bridge #2 with (a) equal spans and (b) balanced cantilever
configuration

The pile cap in this type of structure can either be located at the water line, which is most
typical, or at the soil level under the water, both shown in Figure 3.25. The location of the
lateral load will be at the water level, so it will be applied at mid-height of the pier for the
soil-level pile cap and directly to the pile cap when the pile cap is at the water line. When
the pile cap is at soil level, the entire pile (40 feet) will have soil-structure interaction and
the pier will have a height of 85 feet. When the pile cap is at the water level, 40 feet of the
pile is embedded in soil and 15 feet of the pile will not have soil-structure interaction,
which is the distance from bottom of pile cap to soil. The piers in this case will extend 65

feet above the water line, which is typical for navigation clearance.
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Figure 3.25: Pile cap location for Bridge #2 (a) at water line and (b) at soil level

3.2.2. Concrete Strength
The concrete strengths used in each structural element are summarized in Table 3.4.

Table 3.4: Concrete Strength Properties for Bridge#2

Component Concrete Strength
Box girder Class IV
Piles Class V (Special)
Pile Cap Class IV
Piers Class IV
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3.2.3. Cross Section Details for Members
3.2.3.1.  Segmental Box Girder
The AASHTO-PCI-ASBI Standard box girder 2100-1 with a deck width of 34.5 feet

(10,500 mm) was selected as the cross section for this bridge. The AASHTO general cross

section is shown in Figure 3.26 and properties summarized in Table 3.5.
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Figure 3.26: AASHTO-PCI ASBI Standard 2100-1 box beam [56]
Table 3.5: Section properties for AASHTO-PCI ASBE Standard 2100-1 box beam [56]

Dec‘(‘ir‘]";'dth A(in) | Area(in?d | Wt (Kft) Iy (in.4) ye (in.)
414 413 8,353 8.86 7.621 x 10° 29.1
3.2.3.2. Piles

Pile designs were based on FDOT standard plans for prestressed concrete piles [53]. Square
prestressed concrete piles with 24-inch width and height were used for the initial pile
configuration for Bridge #2; details for 24-inch piles are shown in Figure 3.27 (a). The pile
size was later increased to 30-inch piles, Figure 3.27 (b), and pile configuration modified

to reduce the demand on individual piles. The pile section and concrete properties are
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provided as inputs in the software used for this task. Details for the prestressing strands are

not inputs in the analysis software.
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Figure 3.27: Details for (a) 24-inch and (b) 30-inch square prestressed concrete piles used in
Bridge #2 [53]

3.2.3.3. Pile Cap

Details for the base pile cap configuration are shown in Figure 3.28. The preliminary pile
cap investigated had a pile grid of 3 by 4 piles, which was thought to be typical for the
bridge configuration and lateral load applied. Additional pile grids were investigated as
described below to decrease the demand on individual piles. The spacing of the piles was

based on a minimum center-to-center spacing of 3dy [1].
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Figure 3.28: Pile cap details (a) Plan view (b) Cross section
3.2.34. Piers

Square concrete columns with 10ft width and height were used for Bridge #2. The cross

section of the pier is shown in Figure 3.29.

10°

Figure 3.29: Pier cross section
3.2.4. Loading

FDOT Structures Design Guidelines [1] specifies that the design of all bridges over
navigable waters must include consideration of vessel impact. To analyze the bridge
response under extreme events, a lateral force representing the vessel collision was applied.

A 2,000-kip lateral force was applied to Pier 1 to represent the vessel impact on the bridge.
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The analysis was performed under the load combination “Extreme Event II”” as shown in

Equation 3.1.

1.00 DC + 0.50LL + 1.00CV Equation 3.1

3.2.5. Boundary Conditions and Modeling Assumptions

The models for Bridge #2 are shown in Figure 3.30 for all equal spans and the balanced
cantilever configuration. The global x-y-z coordinate system is shown; this coordinate

system is referenced in many of the results figures to help with orientation.
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Figure 3.30: Bridge #2 with (a) all equal spans and (b) balanced cantilever configuration
The piles, piers, and box beams were all modeled as general beam elements. The pile caps
were modeled as plate elements with a section thickness corresponding to the cap depth.
An elastic link was provided between the top of the pier and the box segment on top of the
pier, like those described for Bridge #1. The structure was modeled as a three-span
continuous structure. Like Bridge #1, the piles were modeled assuming a pinned
connection at the bottom tip of the pile and point springs along the length of the embedded
pile, simulating soil-structure interaction. A beam end release was defined between pile
and pile cap to simulate a pinned connection; otherwise, the connection behaves as fully

fixed. A rotational spring was not used for pinned connections between pile and cap (like
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in Bridge #1) in these models as all models were stable with fully pinned connections.
Modeling these extremes also enveloped all possible results between a pinned and fixed

connection.

When the pile cap was located at the water level, the lateral load was applied to the pile
cap and soil structure interaction (i.e., point springs) in the pile was initiated at 15 feet
below the pile cap, as shown in Figure 3.31 (a). The soil structure interaction was included
along the entire length of the pile for the case of the pile cap at soil level, as shown in

Figure 3.31 (b).

Figure 3.31: Boundary conditions for half of structure (showing Pier 1) with (a) pile cap at water
level and (b) pile cap at soil level
3.2.6. Summary of Results

A summary of some of the major findings are presented below. Note that similar results

were observed for equal span length and balanced cantilever analyses.

The axial load in the piles of the pier with the lateral load are shown in Figure 3.32. In the

waterline pile cap, an axial tension force (maximum of 285 kips tension) was observed for
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some of the piles with pinned pile-to-cap connections while almost no axial tension
(maximum of 40 kips tension) was observed in the piles with fixed pile-to-cap connections.
Larger axial compression was also observed in the piles with pinned pile-to-cap

connections (maximum of 574 kips compression compared to a maximum of 285 kips for

piles with fixed pile-to-cap connections).

In the soil-level pile cap, axial tension was present in some piles with pinned (maximum
of 325 kips tension) and fixed (maximum of 388 kips tension) pile-to-cap connections, a
difference of about 16%. There was also a smaller difference between the maximum axial
compression in piles with pinned (600 kips compression) and fixed (664 kips compression)

pile-to-cap connections, a difference of about 10%.
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Figure 3.32: Axial load response for Bridge #2 with all equal spans for select piles supporting
the loaded pier for (a) pile cap at water level and (b) pile cap at soil level
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The moment demand in the piles of the pier with the lateral load (caused by the lateral load)
are shown in Figure 3.33. A pinned connection resulted in a slightly higher maximum
moment (1,774 Kip-ft) in the pile compared to the fixed connection (1,713 kip-ft) for water-
level pile cap location (3% increase). For soil-level pile cap, a fixed connection resulted in
a higher maximum moment (420 kip-ft) compared to a pinned connection (251 kip-ft)
which corresponds to a 40% difference. The location of the maximum moment also
changes based on connection fixity, between the embedded portion of the pile for pinned

connection to the connection between pile and cap for the fixed connection.

The pinned connection produced the maximum axial tension and compression forces in the
piles for the water-level pile cap, while the fixed connection had larger axial tension and
compression forces in the piles for the soil-l