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ABSTRACT

The Tennessee Department of Transportation (TDOT) has a history of designing
and constructing integral abutments with prestressed concrete piles. Initially, the design
of the integral abutments called for the prestressing strands to be cut along the top of the
pile. The integration of the pile into the abutment was achieved by pouring the abutment
around a length of the pile. This practice has been replaced. The current practice is to
leave the prestressing strands intact above the pile and integrate them as well as a length
of the pile in the abutment. Both types of integral abutments are still in use in Tennessee.

TDOT contracted The University of Tennessee, Knoxville (UTK) to research the
behavior of concrete piles in integral abutments. This research provided an opportunity
to compare abutments with and without exposed strands. Three integral abutments with
prestressed concrete piles were tested. The strands were left exposed in two piles.

Two theoretical models have been created to determine the effects of exposed strands.
The first model determines the maximum stress that may be developed in a prestressing
strand at a particular location based on the exposed strand length and the distance to the
top of the pile. The second model predicts the axial load and moment capacity of the pile
based on the prestressing strand stress, pile geometry, and material properties. Both
models agree with the test data collected. The models show that axial load and moment
capacity of the pile may be increased by changing the maximum stress in the strands.
Similar increases in strand stress may be achieved by lengthening the pile embedment in
the abutment or by lengthening the exposed strands, but the effects on the pile’s axial
load and moment capacity are not the same.
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NOMENCLATURE

Apile Cross sectional area of the pile (in)

Aps Cross sectional area of prestressing strand(s) (inz)

(Aps)T Cross sectional area of prestressing strand(s) in tension (inz)
C Compressive force on the pile (kips per inch)

E; Concrete Modulus of Elasticity (ksi)

E; Steel Modulus of Elasticity (ksi)

F Force acting on prestressing strand(s) (kips)

Compressive force due to prestress on a pile under pure axial load (kips)
L Generic term for length of prestressing strand(s) (in)

Lp Development Length (in)

Lembedded Embedded length of prestressing strand(s) (in)

Lexposed Exposed length of prestressing strand(s) (in)

Lr Flexural Length (in)

Lt Transfer Length (in)

Liotal Total length of prestressing strand(s) (in)

M Moment acting on the pile (kip-ft)

p Total axial load on the pile (kips)

R’ Coefficient of Determination

T Tensile force in the prestressing strand(s) (kips)

V. Nominal strength of the section controlled by concrete (Ib)
a Depth of the compressive zone on the pile stress diagram (in)
a, Shear span (in)

X1



b Pile width (in)

b Effective width of the compression block (in)
c Depth of the compressive zone on the pile strain diagram (in)
d Distance from the top of the pile to the center of gravity of the

prestressing strand(s) in tension (in)
dy Diameter of a prestressing strand (in)

d Distance from the top of the pile to the center of gravity of the
prestressing strand(s) in compression (in)

f Generic term for stress (ksi)

fe Compressive stress in the pile due to initial prestressing (ksi)
fe Concrete strength (psi)

fembedded Stress developed by the embedded strand(s) (ksi)

fexposed Stress developed by the exposed strand(s) (ksi)

fos Strand ultimate stress based on pull out strength (ksi)

fpu Strand ultimate stress based on steel strength (ksi)

f Stress in a prestressing strand (ksi)

fee Initial strand stress due to jacking, less losses (ksi)

fsi Initial jacking stress (ksi)

ft Foot

fiotal Stress developed by the entire length of prestressing strand(s) (ksi)
h Total height of pile (in)

n Inch

ksi Kips per square inch

le Embedment length (in)

X1l



m Slope of a line in terms of y = mx + b (kips per inch)

psi Pounds per square inch

sq. in. Square inches

B, Adjustment factor

B2 0.85

At Limiting measured amount of slip (in)

Ag, Change in concrete strain

£ Strain in the extreme concrete fiber

Ece Compressive strain in the pile due to initial prestressing
€cs Compressive strain in the extreme prestressing strand
£ Strain in the prestressing strands or extreme steel fiber
Ese Initial strain in the prestressing strands

£'s Adjusted strain in prestressing strands

O Compressive stress in the concrete (ksi)
Abbreviations

ACI American Concrete Institute

LVDT Linear Variable Displacement Transformers

PCI Precast/Prestressed Concrete Institute

TDOT Tennessee Department of Transportation

UTK The University of Tennessee, Knoxville

X111



CHAPTER 1

INTRODUCTION

The Tennessee Department of Transportation (TDOT) contracted with The
University of Tennessee, Knoxville’s Transportation Center to research the lateral load
capacity of integral abutments. The contract specified two phases. Phase I researched
integral abutments constructed with steel piles. Phase I began in 1996 and was
completed in 1999 (7). Phase II of the contract involved prestressed concrete piles and

began in 2000.

An integral abutment is an abutment designed to sustain both axial loads and
horizontal loads. One benefit gained by designing a bridge with integral abutments is a
reduction or complete elimination of expansion joints. The expansion joints are no
longer required to relieve the horizontal loads created as the bridge undergoes thermal
changes. Expansion joints account for a substantial portion of the total cost of building
and maintaining a bridge. Therefore, the use of integral abutments is often an attractive
design alternative. The state of Tennessee has been a leader in the use of integral
abutments to create bridges with longer continuous spans (2). However, the length of
continuous spans is limited. An integral abutment sustains horizontal and vertical loads
as well as the moment induced by these loads. The magnitude of these loads is
determined by the type of bridge, load conditions, and length of continuous bridge.
Therefore, the length of the bridge with no joints is directly related to the abutment

capacity.



TDOT has a long history of using prestressed concrete piles in integral abutments.
Over the course of that history, two design techniques have been utilized to integrate the
concrete pile and the abutment. In the past, when the pile was cut, the prestressing
strands were cut as well. In this situation, a portion of the pile was integrated into the
abutment. This design practice has been replaced. TDOT currently leaves the
prestressing strands exposed above the top of the pile. The strands and the pile are then
both integrated in the abutment. Both types of abutment are currently in use in

Tennessee.

The objective of this thesis is to develop a model capable of predicting the
behavior of an integral abutment based on the use of or lack of exposed, integrated
strands. If a strand is capable of being fully developed, the use or lack of exposed strands
becomes irrelevant to the pile’s behavior. Therefore, this thesis is concemed with
determining the location of the region of the pile where the strands are not fully
developed and what the pile behavior is in this region. The model may then be used to

determine what if any benefits arise from the use of exposed strands.



CHAPTER 2

LITERATURE REVIEW

2.1 Project History

The University of Tennessee, Knoxville (UTK) under a contract with TDOT,
conducted research on the lateral load carrying capabilities of integral abutments. The
first phase of the contract researched the behavior of integral abutments constructed with
HP 10x42 steel piles driven approximately 38 feet on site. Five pile/abutment assemblies
were tested over the course of three years. Three of the piles were driven in virgin soil
and two in compacted fill. Four piles were embedded one foot in the abutment, and one
foot of clear space was left between the abutment and the ground. The fifth pile was
embedded 2 feet in the abutment. All of the piles were instrumented with strain gages
along their length. The current practice in the state of Tennessee at the time of testing
was to design integral abutments for 1 inch of lateral deflection. Consequently, great care
was taken to examine the pile and abutment behavior in the region of 1 inch of deflection.
Previous laboratory research had suggested that the concrete abutment would begin to fail
before the entire assembly reached 1 inch of deflection, contrary to field experience. The
test results gathered by UTK suggested that the pile and abutment assembly did not
experience significant damage at deflections as great as 1.5 inches. The tests also
demonstrated that the extra foot of pile embedment in the fifth test significantly increased
the entire assembly’s capacity. When pulled far enough, the abutment cracked and

showed signs of failure. Specifically, diagonal cracks began to grow from the pile



flanges and limited the assembly’s moment capacity. The cracks suggested a mechanism

by which the pile and abutment interface could fail (7).

The second phase of research by UTK was concerned with the use of prestressed
concrete piles in integral abutments. A point of particular interest was the behavior of the
pile and abutment interface. The questions created by Phase I were whether or not the
same type of damage would occur and what moment capacity could be developed at the

pile and abutment interface.

Phase II tested four prestressed concrete piles and their abutments. The initial
tests on Pile 1 revealed several areas for improvement in the instrumentation and test set-
up. The piles were driven approximately 36 feet on site. As in Phase I, the abutments
were cast one foot above grade with one foot of pile embedded in the abutment. The
prestressing strands in the pile were left exposed 3 feet above the pile top and embedded
in the abutment in three of the assemblies. The piles in Phase II were not instrumented
along their length as in Phase I. Instead, strain gages were used only on the 1 foot of
exposed pile above grade and below the abutment. Phase I used a reaction beam to
prevent abutment rotation. Phase II used hold down beams to prevent abutment rotation.
However, initially the moment induced by the eccentricity of the beams with relation to
the pile was not countered, causing a moment on the pile at all times. The solution was to
align the ballast on top of the abutment to create zero moment in the pile when tests were

not in progress. Data for Phase II was collected with Linear Variable Displacement



Transformers, strain gages, DEMEC gages, and load cells. All of the electronic data was

collected with a MEGADAC and Test Control Software (3, pp. 7-29).

Three different configurations were used for the hold-down assembly. The
purpose of the assembly was to simulate the stiffness of a bridge deck and limit pile
rotation. Two configurations were tried during the testing of Pile 1. A third
configuration that most closely simulated actual bridge stiffness was used for Pile 2 and

the remainder of the tests (4), and is discussed in chapter 4.

2.2 Research History

Currently, the use of integral abutments in bridge design is considered a viable
solution to the problems associated with the use of expansion joints. The reduction in
maintenance required for integral abutments as opposed to expansion joints provides a
substantial cost saving over the course of a structure’s life. Expansion joints complicate
future renovations or additions to structures and do not always perform as designed.
Studies have found that bridges designed with expansion joints still generate horizontal
loads capable of causing measurable deflections on their abutments. The majority of
state Departments of Transportation design a portion of their abutments as integral
abutments. TDOT designs both semi-integral and integral abutments but prefers to use

integral abutments (2).

The University of South Carolina has researched the ability of prestressed

concrete piles embedded in concrete abutments to resist horizontal loads. In particular,
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the focus of the research was the ability of “bare” concrete piles to develop full moment
capacity when embedded in an abutment. The researchers defined “bare” pile as a pile
that has not been altered in any way to enhance mechanical or chemical bonding. The
researchers also defined full moment capacity as the maximum moment the pile may
develop at a particular location along the pile. Therefore, by definition a pile may be able
to develop its full moment capacity based on the embedment length in the abutment but
only a portion of the pile’s maximum moment capacity when the prestressing strands are
fully developed. The researchers concluded that “bare” piles embedded in an abutment
could develop the piles’ full capacity. The required embedment length may be defined by
either the equations for the embedment length of steel haunches in the Precast/Pretsressed
Concrete Institute (PCI) manual or as the width of the pile top. Twelve inches is
suggested as an absolute minimum (5). PCI defines the embedment length of steel

haunches with equation 6.9.1:

v 085*f *b, *I,

c *
1+3.? e

€

¢y

]
e=a, +— 2
1t )

In equation 6.9.1, f°. is defined as the concrete strength, b, as the effective width of the
compression block, I as the embedment length of the haunch, and a, as the shear span.
When reinforcement ties are spaced less than 3 inches apart, it is suggested that b, be
defined by the smaller of the distance from outside to outside of the ties or 2.5 times the

width of the steel section (6, pp. 6-27).



Several tests concerned with the ability of prestressed concrete piles and their pile
caps to resist horizontal loads have been performed in New Zealand. In particular, six
tests were performed by Joen and Park using octagonal prestressed concrete piles. The
research focused on the pile behavior and the capacity of the pile and pile cap connection.
Two of the piles (1, 2) were roughened to facilitate mechanical bonding and embedded
31.5 inches in the abutment. Three piles (3, 4, 5) were embedded 2 inches in the
abutment, but 23.6 inches of prestressing strand and spiral reinforcing were also
integrated in the abutment. The final pile (6) utilized four 0.79 inch diameter dowels
placed along the top of the pile and anchored by 90 degree standard hooks in the
abutment. The piles were then tested under horizontal loads in conjunction with an axial
load of 0.2*f . *A,, where f’. is the concrete compressive strength and A is the gross area
of the pile. The maximum flexure sustained by the pile was compared to four theoretical
models. Two of the models were based on American Concrete Institute (ACI)
provisions. Model A assumed fully developed strands. Model B accounted for the
possibility of non-fully developed strands. Models C and D used a concrete stress versus
strain diagram specific to spirally reinforced concrete. Model C assumed fully developed
strands, and Model D accounted for the possibility of non-fully developed strands. The
conclusions reached were that all of the models were valid and that either embedment of
the pile or exposed strands were valid connection details. The test results exceeded the

theoretical results by the percentages listed in Table 1 (7).



Table 1: Joen and Park Test Results

Model
A B
1| 20% 22%
12| 21% 22%
§ 3| 19% 19%
4 21% 21%
5| 27% 27%

2.3 Prestressing Strand Capacity

Chong Key Chew conducted extensive research into the adequacy of ACI 318-83
relative to transfer and development lengths of prestressing strands. In particular, he
addressed the question of bond development of seven wire prestressing strands. Based on
his research, he was able to provide guidelines for the determination of strand end slip
during testing and when the strands were suddenly cut. Several factors affected the
strand’s maximum load capacity before slipping began. They included strand diameter
and surface condition and the concrete strength. The determination of when a strand
would slip during testing was at best an approximation as was the magnitude of the slip.
Instead, slip in the strands was identified by close inspection of P-A curves. An equation
for approximating the strand end slip when cut was provided.

A - fsi *db

3
« =950 (3)

This equation is only an approximation and based on the initial jacking stress, f and the
strand diameter, d,. However, test data supported the conclusion that the strands which
slipped the most during cutting were the first to slip during testing. Sudden release of the
prestressing force in a strand also had the potential to increase the transfer length of the

strand. Chew found that in flexure the strands might slip by relatively small amounts

8



without lessening the pile’s capacity, provided the strands did not slip simultaneously.
Simultaneous slips when the pile was in flexure led to a complete loss of load carrying

capability (8, pp. 27-29)

Sudden cutting of prestressing strands and other factors have been shown to affect
the transfer length of the strands. The question then arises as to whether the transfer
length equations provided by ACI are adequate. Research conducted in Florida
suggested that large abutments cast around a prestressed concrete pile provided a
“clamping” or confinement force on the pile. This force negated the need for any
multipliers to be applied to the existing transfer length equations. When a pile was
confined by a cast in place abutment, the ACI code provisions were adequate. A
suggested rule of thumb was 100 times the diameter of the strand of development length

was necessary to fully develop a strand (9 and 10).

Extensive research was carried out at UTK to determine the pull out strength of
unstressed, prestressing strands. The testing found that the relationship between strand
embedment depth and developed stress in the strand was linear regardless of strand
diameter. The study determined that strand surface condition was very influential in the
strand’s maximum stress as was concrete strength to a lesser degree. The study also
found that sudden release of the prestressing force in a strand might increase the transfer

length (11, pp. 32-33)



CHAPTER 3

THEORY

3.1 Introduction

Piles subjected to both horizontal and vertical loading can develop large moments.
Depending on the magnitude of the loads, the moments might be large enough to cause
cracking or failure in a prestressed concrete pile. Three such piles, Piles 1, 2, and 3,
tested by UTK for TDOT, developed cracks and, in the case of Pile 2, ultimately failed at
a large deflection when subjected to horizontal loads and their associated moments. The
piles developed horizontal cracks and crushing failure immediately below the abutment.
Pile 2 also developed cracking and a failure several feet below the bottom of the
abutment (Appendix 7). In order to understand how prestressed concrete piles resist
moments and what happens as they crack and eventually fail, a theoretical understanding
of pile behavior is required. This thesis explores the pile’s behavior based on a model of
the pile and its associated interaction diagram. The interaction diagram provides a
graphical relationship between the maximum axial load and maximum moment the pile is
capable of sustaining. It requires knowledge of the pile geometry, material
characteristics, and the stresses created in the prestressing strands as a moment is applied.
It is assumed that pile geometry and material characteristics will be known in any
situation. Therefore, a model must deal primarily with the stresses created in the
prestressing strands as a moment is applied. In particular, a model must look at the

manner in which different strand arrangements develop stress. The model then can

10



utilize these stresses and the pile characteristics to generate an interaction diagram which

will allow test results to be compared with theoretical predictions.

3.2 Definitions

Before a theoretical model can be developed, several terms that will be used in the
discussion must be defined. The pile and abutment interface is the horizontal plane
created by the bottom of the abutment, which passes through the pile. The embedded
length of the prestressing strand is the length of strand between the pile top and the
horizontal plane of the pile being analyzed. The exposed length of the prestressing strand
is the length of strand left uncut above the pile. The sum of the embedded and exposed
length is referred to as the total strand length. The differentiation between exposed and
embedded strand is important, because the strand develops stress in two stages that
correspond to the two different lengths. Any steel discussed in this thesis behaves

according to the stress versus strain relationship in Figure 1.

3.3 Embedded Strands

Prestressing strands develop stress in two distinct stages. The first stage is
controlled by the embedded length of strand. The embedded strand develops its
maximum allowable stress regardless of the exposed strand length, because the exposed
strand is not placed under stress until the embedded strand pulls on the exposed strand’s
end. As long as the maximum stress at any point along the embedded strand is equal to

or less than the maximum stress capable of being developed by the embedded strand

11
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alone, the stress and therefore pull at the end of the embedded strand and beginning of the
exposed strand is zero (Figure 2). By modeling the exposed strand stress as zero until the
embedded strand is fully developed, the pile may be idealized as having an exposed
strand length of zero. ACI and PCI both agree on a method for determining embedded
strand stress if the exposed length of strand is zero. The maximum stress developable in
the embedded strand is based on the distance from the free end. The free end is defined
as the top of the pile. Figure 2 is based on both ACI and PCI. It shows that as the
embedded length of strand increases, the strand stress will increase in two stages. The
first stage is a linear increase to the strand stress after losses (fse) over the Transfer Length
(Lr) (6, p. 4-27 and 12, p. 192). f,. is defined for prestressed members as the prestress
induced by jacking less losses. Losses result from creep, relaxation, and shrinkage (13).
Lr is the length of strand. measured from the free end, necessary to develop f,e. ACI and

PCI provide the following equation for Lt (6, p. 4-27 and 12, p. 192).

Ly =(f—;-)*db 4)

f is determined solely by the embedded strands. f. is not reduced or
increased by the presence of exposed strands, because f;. is determined by the ability of
the concrete pile to sustain the prestress in the strand (13). The pile requires Lt of
embedded strand in order for the strand to develop f,.. When the pile is cut or crushed in
order to reveal the exposed strands and create a new pile top, the maximum f,
developable in the pile at any distance from the pile top less than L is redefined (6, p. 4-

27 and 12, p. 192).
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The second stage is a nonlinear increase from fg to the strand’s ultimate stress
(fou) over the flexural length (Lg). Lk is defined as the length of strand beyond Lt
necessary for f,, to be developed. ACI and PCI provide the following equation for L.

L.=(f, -f_)*d, (5)

pu
The sum of Lg and Lt is the Development Length (Lp). Any embedded strand longer
than Lp develops f;, (6, p. 4-27 and 12, p. 192). For the purposes of this model, the
second increase in stress over Lk is idealized as linear, and the strand stress beyond Lp is
considered constant (Figure 2). The tri-linear curve allows the use of a mathematical
model which is capable of defining the stress developed at any point in the embedded
length of strand. The equations are conservative. The assumption of constant stress

beyond Lp assumes that the steel is “flat-top” steel. This means that the steel reaches a

maximum stress at the yield point and maintains that stress as the strain is increased until

failure.
0
L<Ly f=L*—= (6)
f
= *d,
3
P P 3 f=f_ +|(L-L )*(——r—f"“—f“ 1
< > - + —
" ? n ' fpu _fse *db
L>Lp f=if (8)

Equations 6 through 8 define the stress in the embedded length of strand, where L is
measured from the free end of the pile. If L is insufficient to develop the necessary stress

in the prestressing strand to sustain the applied moment, then a failure occurs unless a

15



second means of carrying load is available. If exposed strands are present, the second

stage of strand development will occur and allow the larger loads to be carried.

3.4 Exposed Strands

The second stage of strand development is applicable when the embedded length
of prestressing strand has developed its maximum stress, but a larger stress is necessary
to resist the applied moment. Figure 3 is an example of a free-body diagram of a pile
with both embedded and exposed strands and an applied moment. The moment is
represented by the tensile force in the strand and the compressive force in the concrete
necessary to create an equilibrium couple. When the tensile stress due to the moment is
greater than the maximum embedded strand stress, the difference is resisted by the
exposed length of strand. The exposed length of strand develops stress differently than
the embedded length. While the embedded length of strand is subjected to a maximum
stress of fse when the applied moment is zero, the exposed length of strand only develops
a stress when necessary to maintain equilibrium in the system. If the moment is small
enough that the embedded length of the strand may hold, the exposed length of strand
will not develop stress. If the embedded length of strand is not strong enough, the
exposed strand will develop the necessary stress up to its maximum capacity. The
capacity of the exposed strand is defined by Griffin and dependent primarily on the
length of strand. The relationship between exposed strand length (L) and maximum
stress before failure (f) is linear (11, p. 27).

L-226
0.198

f

€))
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When the exposed length of strand is under stress, the net stress developed at any
point in a strand is the sum of the embedded strand stress and the stress being developed
in the exposed length. In this situation, Lt and Lr must be used with care. The stress in
the embedded strand is developed as if the exposed length was zero. The exposed strands
then develop stress. In conjunction with the exposed strands, the stress in the embedded
length of strand may reach f;. or f,, before Lt or even Lp is reached. However, the

maximum stress at any point in the prestressing strand is always fp, (Figure 4).

3.5 Interaction Diagram Assumptions

When the maximum developable stress in the strands is known, an interaction
diagram can be created for a pile. The interaction diagram is based on several
assumptions illustrated in Figures 5 and 6. In bending, plane cross-sections of the pile
remain plane. This allows the assumption of a linear strain relationship in the pile cross
section (Figure 5). The stress versus strain relationship for the concrete in an assumed
elastic range may be approximated by a single Modulus of Elasticity (Ec), and all
concrete fibers have the same E.. For the purpose of moment calculations, the
compression zone in the pile is assumed to be a uniform stress (Figure 5) (14 and 15).
These assumptions are necessary regardless of whether or not the pile is prestressed.
Because the model is specific to prestressed piles, the method used to create the
interaction diagram requires further refinement. While nonprestressed reinforcement in a

pile may carry compressive forces, prestressing tendons will never
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carry a compressive force. Instead, as a compressive load is applied, the resulting strain
is removed from the strain in the tendon created by f;.. If the reduction in strain is greater
than the initial strain in the strand, the strand’s strain is reduced to zero and no farther.
All steel is assumed to have a “flat-top” stress versus strain diagram once the elastic limit
is reached (Figure 6) (14 and 15). This assumption does not allow the steel’s maximum
stress to continue to increase after the yield point is reached and is conservative. As
mentioned earlier, it simplifies the mathematical model associated with the interaction
diagram. However, this assumption must be tested against each new type of steel used

because each steel’s stress versus strain diagram is different.

When a strand is unable to develop fp,, the reduced maximum stress capable of
being developed (fys) is considered to represent a new yield point and “flat-top” on the
stress versus strain diagram (Figure 6). The strand’s Modulus of Elasticity (Es) remains
constant, but the maximum stress and hence the “flat-top” is adjusted accordingly. These

assumptions and refinements allow an accurate interaction diagram to be created.

3.6 Interaction Diagram Development

The pile interaction diagram is based on an analysis of the stresses and strains
acting on a single horizontal plane of the pile. The surface is representative of the pile
geometry and not associated with a particular position (14 and 15). However, the
maximum strand stress is associated with a position in the pile. Using the pile geometry,
material properties, and maximum strand stress, an analysis of the pile’s moment and

axial load carrying capabilities is performed. The analysis is based on the strain in the
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concrete and prestressing strands created by a particular moment and axial load. The
concrete compressive strain at the extreme fiber () is set at 0.003, which is the
maximum strain the concrete may experience before flexural failure according to the ACI
code. The ACI code uses 0.003 based on experimental stress versus strain curves and the
fact that 0.003 allows the largest moment in the member (12, p. 108). In order to
determine the axial capacity of the pile at different moments, the tensile strain in the
extreme prestressing strands (&;) is altered (/4). Due to assumptions already made, the
strain in the pile between the extreme concrete fiber in compression and the extreme
prestressed fiber in tension is linear (Figure 5). New compressive or tensile strains in a
prestressing strand are respectively subtracted from or added to the initial prestressing
strain in the strand. The new strains in the strands created by the strain are limited by the
maximum stress developable before failure (fys). The compressive strain in the concrete
is converted to a rectangular block of constant stress according to ACI practice (Figure
5). The moment in the pile due to the forces is the maximum moment at a specific axial
load. The axial load is the sum of the loads (/4). When the data for several steel strains
are plotted, the interaction diagram is developed. In a nonprestressed pile, the interaction
diagram is valid for any section of the pile. However, in this model, the pile is
prestressed, and the maximum developed stress in the strand is dependent on its location
in the pile. Therefore, the interaction diagram is specific to a unique location in the pile.
For instance, the interaction diagram for a position in the pile at which the strands may
only develop half of f,, is significantly different from that of a position where the strands
may develop full f,,. Unless the interaction diagram is based on fully developed strands,

the diagrams are unique to a location in the pile.
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3.7 Strand Slip
The model does not account for strand slippage. The slip when the strands are cut
along the pile top may be approximated by the following equation (8, p. 27).

P |
A — _si b 3
“ =050 3)

Equation 3 defines a maximum possible value for slip during a sudden strand cut. Not all
of the strands will slip equally. The amount of slip is controlled by several factors that
are not considered in this model. They include mechanical and bond strength of the
strands, strand surface conditions, concrete strength, and quantity of concrete slurry
around the strands. The strand that slips the most is expected to be the first to fail (8, p.
27). Chew also discusses strand slip during testing. He defines two types of slip, small
and large slip. A relatively large slip under flexural load cannot be accommodated by the
pile. The slip causes the pile’s compressive zone to shrink, leading to a compressive
failure. The magnitude of slip necessary for this scenario is dependent on the pile and not
defined by Chew. The second type of slip is small or “slight” slip. When the concrete
bonded to the strand maintains a high stress, creep can occur. This allows a small slip.
These slips quickly reach a new equilibrium with only a minor loss in the load-carrying
capability of the pile. As long as the slips are not simultaneous, the load capacity of the
pile is relatively unchanged. However, if the slips do occur simultaneously, the load
capacity of the pile begins to fall until ultimate failure occurs (8, pp. 85-87). A
quantitative method of analyzing the slips and their effects is not provided. Without such

a method, the interaction diagrams will not account for slip.

22



CHAPTER 4

TEST SET-UP

The second phase of research undertaken for TDOT was concerned with
prestressed concrete piles. The piles were 14 inches square with six 0.5 inch diameter, 7
strand, grade 270, low relaxation prestressing strands. The strands were grouped by three
in line on opposite sides of the pile such that during tests they lay along the tension and
compression faces. Each strand had a minimum of 2.5 inches of cover to the center of
the strand (Figure 7). The piles were 40 feet long, composed of 6000 psi concrete, and
driven in “virgin” soil approximately 36 feet at the research site. One foot above grade, a
single abutment was poured on each pile (Figure 8). The abutment was 3 feet wide in the
direction of horizontal loading, 10 feet long, and 2 feet tall. The pile was embedded 1
foot into the abutment. In some cases, 3 feet of prestressing strand were ex posed above
the pile cut. Above the abutment, a concrete slab was poured. The slab was 2.5 feet

thick, 10 feet wide, and 14 feet long in the direction of horizontal loading.

North

dr 1
25 [ . >
4.5 .

f ° ° < Prestressing Strands
4.5
2.5% J
2.5 9” 215"

Figure 7: Pile Geometry
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The slab and abutment were cast monolithically using a single pour and shared
reinforcement steel. The concrete used was TDOT Grade A, minimum 28 day strength
3000 psi. A hollow steel pipe running the 14 foot length and centered both vertically and
horizontally was embedded in the slab. A 1 inch diameter Dywidag bar was passed
through the tube and used to apply the horizontal load to the pile. Two W24x117 steel
beams were secured to the east and west sides of the slab. They extended in the opposite
direction of loading, either north or south. These two beams were spanned at their tips by
a third HP12x53 beam. This beam supported a load cell connecting the beam to a
concrete pad. The load cell measured the vertical, axial load used to counter rotation in
the assembly during testing. The eccentricity in dead load created by the steel beams was
offset by seven 4,500 pound concrete ballast blocks appropriately located on top of the
slab. The entire assembly placed zero moment on Piles 2 and 3 until horizontal and
vertical loads were applied during testing (3, pp. 7-19 and 4). The purpose of the beams,
load cell, ballast, and slab was to simulate an actual bridge deck’s stiffness (4). Once a
test was begun, the moment at the pile and abutment interface was calculated based on
the horizontal and vertical loads. The horizontal and vertical deflections were measured
with Linear Variable Displacement Transformers (LVDT’s). Two LVDT’s were used to
measure the horizontal displacement of the pile. One LVDT was placed immediately
below the bottom of the abutment and referred to as the Pile Top LVDT. A second
LVDT was placed 1 foot below the pile and abutment interface and referred to as the
Ground LVDT. Unless otherwise stated, all deflections are based on the Ground LVDT.
Concrete crushing below the pile and abutment interface rendered the Pile Top LVDT

useless during some tests. The strain in the pile tension and compression faces between
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the ground and the pile and abutment interface was measured with foil strain gages and
DEMEC points. This geometry was oriented such that both piles were pulled north and

south (3, pp. 7-19 and 4).
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CHAPTER 5

TEST RESULTS

5.1 Introduction

The research on concrete piles involved the repeated testing of three piles and the
tests to failure of two. All piles conformed to the geometry and material properties
discussed in chapter 4 and illustrated in Figures 7 and 8 with two exceptions. Pile 1 used
two different hold down assemblies. Piles 1 and 2 were constructed with 1 foot of
embedded strand in the pile and 3 feet of exposed strand integrated in the abutment. Pile
3 was constructed with only 1 foot of embedded strand in the pile. Construction of the
piles in two different manners was meant to simulate two design and construction
techniques TDOT has used. Both types of design are in use in Tennessee. Because the
single difference in these two techniques lies in the presence or absence of exposed
strands, the piles provide an excellent opportunity to verify the theoretical model. The
interaction diagrams for each pile configuration should accurately predict the test results.
The maximum loads sustained by the pile before the pile begins to increase in its
deflection without an associated load increase should lie on the interaction curve. All
loads less than these maximum values should lie within the curve or within the failure

envelope.

5.2 Interaction Diagram Calculation
The derivation of the interaction diagrams is provided in detail in chapter 3. In
practice, the diagrams provided in this paper were created with spreadsheet software.
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Each diagram is based on several individual points. The points correspond to the pile
under pure compression, the pile when the compression zone extends the entire height of
the pile, the pile when the compression zone extends to the extreme prestressing strand in
tension, and the series of points calculated as the tensile strain in the prestressing strands
increases from 0.001 to 0.015 in 0.0001 increments. Sample calculations are provided in

Appendix 5 and the “pseudo-code” used in the spreadsheet is provided in Appendix 6.

5.3 Pile 1

Pile 1 was tested several times in both the north and south directions. Testing
began on November 30, 2000 and continued through June 27, 2001. The pile was
initially pulled north eleven times and then south eight times. The maximum deflection
achieved by the pile was approximately 2 inches in a south pull on June 22, 2001. Prior
to this test, the pile was tested to a maximum deflection of 1 inch. The maximum
sustained pull load and moment at the pile and abutment interface of 68 kips and 128 kip-
feet respectively were both reached during the test to 2 inches (Appendix 2). Two
different hold down assemblies were used on Pile 1 over the course of testing. Each
assembly provided a different degree of rotational stiffness (4). A final assembly was

used for both Pile 2 and 3.

The interaction diagram for Pile 1 is based on the maximum developable strand
stress (fps) and f,. at a particular location, the pile geometry, and material properties.

Figure 9 consists of a series of curves relating embedded and exposed strand lengths
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to the maximum developable stress in the strands. Based on these curves, 12 inches of
embedded strand and 36 inches of exposed strand correspond to 240 ksi of developable
strand stress and an fg, of 72 ksi. Figure 9 is specific to 0.5 inch diameter, grade 270,
seven wire, low relaxation prestressing strand. Based on Figure 9, the strands in Pile 2
developed an f,s of 270 ksi 4 inches below the pile and abutment interface and an f; of
165 ksi 15.5 inches below the pile and abutment interface. Based on the maximum strand
stress and fg, pile geometry, and material properties, the interaction diagrams in Figure
10 were created. The three curves are based on a maximum strand stress of 240 ksi and
an f;. of 72 ksi, a maximum strand stress of 270 ksi and an f,. of 96 ksi, and a fully
developed strand with 270 ksi of stress and an fse of 165 ksi. Therefore, one curve
corresponds to the pile capacity at the pile and abutment interface, one curve corresponds
to the pile 4+ inches below the pile and abutment interface, and one curve corresponds to

pile 15.5+ inches below the pile and abutment interface.

The test results for Pile 1 should conform to the interaction curves in Figure 10.
The pile did not fail during testing. A final 1 inch test was run after the 2 inch test
without incident (Appendix 2). Therefore, all of the test results should lie within the
failure envelope created by the 240 ksi interaction diagram. This is the case. All of the

test results for Pile 1 do lie within the predicted failure envelope.
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5.4 Pile 2

Pile 2 was tested several times before failure. Testing began on July 30, 2001 and
continued through October 23, 2001. The pile was initially pulled south eight times and
then north six times before the test to failure on October 23, 2001. Failure was defined as
a complete structural failure of the pile or abutment. When tested to the south as well as
the north, Pile 2 was pulled to 0.5 inches repeatedly before being pulled to 1 inch several
times. After five 1 inch tests to the north, the pile was pulled to approximately 10 inches
before failure. The pull load and moment at the pile and abutment interface necessary to
deflect the pile increased each time the deflection increased (Appendix 2). The
maximum pull load and moment sustained by the pile, 105 kips and 146 kip-feet

respectively, were achieved during the test to failure.

The interaction diagram for Pile 2 is based on the maximum developable strand
stress and f;. at a particular location, the pile geometry, and material properties. Figure 9
consists of a series of curves relating embedded and exposed strand lengths to the
maximum developable stress in the strands. Based on these curves, 12 inches of
embedded strand and 36 inches of exposed strand correspond to 240 ksi of developable
strand stress and an f,. of 72 ksi. Figure 9 is specific to 0.5 inch diameter, grade 270,
seven wire, low relaxation prestressing strand. Based on Figure 9, the strands in Pile 2
develop an fys of 270 ksi 4 inches below the pile and abutment interface and an fs. of 165
ksi 15 inches below the pile and abutment interface. Based on the maximum strand
stress, fs., pile geometry, and material properties, the interaction diagrams in Figure 11

were
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created. The three curves are based on a maximum strand stress of 240 ksi and an f,. of
72 ksi, a maximum strand stress of 270 ksi and an fg, of 96 ksi, and a fully developed
strand with 270 ksi of stress and an f;. of 165 ksi. Therefore, one curve corresponds to
the pile capacity at the pile and abutment interface, one curve corresponds to the pile 4+
inches below the pile and abutment interface, and one curve corresponds to pile 15+

inches below the pile and abutment interface.

The test results for Pile 2 should conform to the interaction curves in Figure 11.
Because the maximum sustained pull load and moment at the pile and abutment interface
were achieved during the test to failure, this point should lie on the 240 ksi interaction
curve. All loads and moments from previous tests should lie within the failure envelope.
With the exception of the test to failure, this is the case. The test to failure achieved a
pull load and moment that exceeded the predicted results. The maximum moment of 146
kip-feet with an axial load of 125 kips exceeds the predicted value of 136 kip-feet by 7%.
This error may be due to incorrect concrete or steel strengths, increases in steel stress

beyond the yield point, or inaccuracies in the geometric assumptions used in the model.

5.5 Pile 3

Pile 3 was tested several times before it failed. Testing began on December 11,
2001 and continued through April 11, 2002. The pile was initially pulled north six times
and then south nine times before the two tests to failure on April 4 and 11, 2002. Failure
was defined as either 4 inches of deflection or a 10% loss in pull load during testing. The

pile was pulled to 4 inches during both tests to failure. During both tests to failure, the
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pile reached a maximum load and continued to deflect without an associated increase in
load or even with a decrease in pull load (Appendix 3). Unlike Pile 2, Pile 3 reached
approximately 50 kips of pull load and 90 kip-feet of moment at the pile and abutment
interface during almost every test through the first test to failure regardless of deflection.
The exceptions were the three cyclic 1 inch tests on March 7, 2002 and the final test to

failure (Table 2).

The interaction diagram for Pile 3 is based on the maximum developable strand
stress and f, at a particular location, the pile geometry, and material properties.
According to the curves in Figure 9, 12 inches of embedded strand and no exposed strand
corresponds to 72 ksi of developable strand stress. Based on the maximum strand stress
the interaction diagrams in Figure 12 were created. The two curves are based on a
maximum strand stress and fs. of 72 ksi and a fully developed strand capable of
developing 270 ksi of stress and an f,. of 165 ksi. Based on Figure 9, the strands in Pile 2
are fully developed 68 inches below the pile and abutment interface. Therefore, one
curve corresponds to the pile capacity at the pile and abutment interface, and one curve

corresponds to the pile 68+ inches below the pile and abutment interface.

The test results for Pile 3 should conform to the interaction curves in Figure 12.
Because each test with the exception of those on March 7, 2002 and April 11, 2002
reached the same maximum pull load and moment at the pile and abutment interface,
these points should lie on the interaction curve. The tests on March 7, 2002 and April 11,

2002 do lie within the failure envelope (Figure 12). However, the remaining tests exceed
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Table 2: Pile 3 maximum pull loads and moments

Pile 3

Date |Pull Load| Moment
(kips) | (kip-ft)
12/11/01| 53.7 94.3
12/18/01| 49.1 90.3
12/18/01| 51.0 93.7
12/19/01| 58.8 95.0
12/20/01| 54.6 91.6
12/21/01| 54.6 96.9
2/26/02 50.0 89.7
2/28/02 54.0 91.3
3/1/02 51.0 86.7
3/7/02 44.9 79.5
3/7/02 43.9 78.4
3/7/02 43.7 77.8
3/8/02 61.7 92.0
3/28/02 54.8 89.1
3/29/02 51.9 86.5
4/4/02 52.6 92.4
4/11/02 49.9 82.7

North

South
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Interaction Diagram
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the predicted value by a range of values from 0.3% to 10.9% with an average of 5.6%
(Table 3). The discrepancy between the maximum moments achieved during the two
tests to failure suggests the strands began to slip during the test on April 4, 2002. A
simultaneous slip of the strands could account for the decrease in moment capacity (9).
Upon visual inspection, the pile did not appear to be significantly more damaged during

the second test.

5.6 Model Sensitivity

The theoretical model concerning the maximum developable strand stress may be
affected by several factors. Figure 9 is dependent on accurate measurements of the
embedded and exposed strand lengths. Because the exposed strands develop stress
according to a linear relationship, the developable stress in the exposed strands is
changed by the same value per inch regardless of the strand length (Table 4). Changes in
embedded strand length affect the developable stress by two separate values depending
on the initial strand length and the value of the increase or decrease in length. Because
the maximum embedded strand stress increases at two different rates depending on
whether the strand length exceeds Lt or not, the rate of change as the strand length
increases is also dependent on whether or not the strand length exceeds Lt or the change

in length crosses the transition from Lt to Lg (Figure 2 and Table 4).
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Table 3: Pile 3 error in moment predictions

Pile 3
Axial | Actual | Predicted | Difference
Load | Moment | Moment
(kips) | (kip-ft) | (kip-ft) (%)
114.1 94.3 86.1 8.7%
113.0/ 90.3 85.7 5.1%
113.5| 937 85.9 8.3%
115.1 95.0 86.5 8.9%
114.1 91.6 86.1 6.0%
114.4| 96.9 86.3 10.9%
114.1 89.7 86.1 4.0%
115.0] 91.3 86.5 5.3%
1141 86.7 86.1 0.7%
112.4| 79.5 85.5 -7.5%
112.2| 78.4 85.4 -8.9%
1121 77.8 85.4 -9.8%
116.6 | 92.0 87.1 5.3%
115.1| 89.1 86.5 2.9%
114.3| 86.5 86.2 0.3%
114.8| 924 86.4 6.5%
113.7| 827 86.0 -4.0%
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Table 4: Theoretical model sensitivity

Strand Stress Model Sensitivity

Additional Additional
Strand Developed
Length Stress
Embedded Length <Lt 6" 35.8 ksi
>Lr 6" 12.0 ksi
Exposed Length 6" 31.8 ksi
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The derivation of the interaction diagrams is also sensitive to changes in the
material properties and strand stress. In particular, the model is sensitive to changes in
fse, fpu, f'c, and fps. Each change in the initial pile conditions affects the final interaction
diagram in a different way. For instance, f;e is responsible for a compressive force in the
pile. When the pile is subjected to a pure axial load, this compressive force is considered
uniform. However, as a moment is applied to the pile, the effects of f;. are overcome by
the effects of the moment induced couple. If f; remains unchanged, but fy, or fp, is
changed, the interaction diagram is affected when the moment in the pile is large enough
to overcome fi.. Therefore, the point on the interaction diagram where changes in f. stop
having an effect is nearly the point where changes in fys or f,, begin having an effect.
Changes in the length of exposed and embedded strands and their ratio to one another can
affect both f;. and f;. Changes in f’. affect the entire interaction diagram as long as the
axial load is compressive. Once the axial load transitions to tension, the effects of
changing f’. become less noticeable. The manner in which the pile’s initial conditions

are changed controls the effect on the final interaction diagram.

The effects of an increase or decrease in f;. are most noticeable as the pile
approaches pure compression. The effects converge to zero as the pile approaches pure
bending and tension loads (Figures 13 and 14). As f;. is increased, the ratio of axial load
to moment is decreased, and as f,. is decreased, the ratio of axial load to moment is

increased. The reason is that as f. is increased or decreased, the initial compression in
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Interaction Diagram
Effects of f,, Increase
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Interaction Diagram
Effects of f,, Decrease
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the pile due to the prestress is increased or decreased. Therefore, either more or less of
the pile’s compressive capacity is used to support the prestressing strands. As the pile
approaches pure bending, the effects of the moment outweigh the effects of the prestress

in the strands.

When f,. remains constant but f, is either increased or decreased, the effect on
the interaction diagram is similar. However, the effects are in the region of pure bending
and tension loads. As f;, is increased, the ratio of axial load to moment decreases, and as
fou is decreased, the ratio of axial load to moment is increased (Figures 15 and 16). An
increase in fp, allows the prestressing strands to carry a greater force. This allows a
larger moment to be sustained, but the axial capacity is reduced. For an example, refer to
the sample calculations in Appendix 5. If fj,; is increased to 280 ksi, the axial capacity is
reduced from 45.68 kips to 41.09 kips, and the moment is increased from 127.09 kip-feet

to 128.8 kip-feet.

The lengths of the embedded and exposed strands and their ratio to one another
provide the ability to manipulate both f, and f,s (Figures 17 and 18). Only the length of
the embedded strand can control f,.. However, f is affected by the lengths of both the
exposed and embedded strands. If the desire is to reduce f;. at the pile and abutment
interface without reducing fys, the length of the embedded strand may be reduced and the
length of the exposed strand increased. Similarly, if the desire is to decrease f,s without

reducing f;., the embedded strand length must remain constant, but the



Interaction Diagram
Effects of an Increase in f,
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Interaction Diagram
Effects of a Decrease in f,,
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Interaction Diagram
Developable Strand Stress Reduced to f,,

7 strand, grade 270, low relaxation prestressing
strand with a concrete strength of 6000 psi
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Interaction Diagram
Developable Strand Stress Reduced beyond f,,
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exposed length of strand may be reduced. The limit is that f,, cannot be increased

without changing the type of prestressing strand used.

An increase or decrease in the concrete strength also affects the interaction
diagram. As the concrete strength is increased, the ratio of axial load to moment is
increased. The opposite is also true. As the pile approaches pure bending, the effects of
a change in the concrete strength approach zero, because in this region the tensile

strength of the strands controls the pile’s capacity (Figures 19 and 20).
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Interaction Diagram
Effects of Concrete Strength Reduction
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CHAPTER 6

CONCLUSION

6.1 Introduction

Piles 1, 2, and 3 were tested with the same procedure. The only differences in the
piles were the use of or absence of exposed strands and the use of three different hold
down assemblies over the course of testing. Therefore, the tests for the piles provide an
opportunity to verify the theoretical model, and the theoretical model provides an

explanation of why each pile was able to sustain the loads it did.

6.2 Theoretical Model

The assumptions and processes used to derive the interaction diagram and the
prestressing strand stress are appiicable to prestressed concrete piles. In particular, the
process of independently determining the maximum prestressing strand stress for exposed
and embedded strands and summing the values in order to determine the total maximum

strand stress is valid. However, f,. is dependent solely on the embedded length.

In the case of Piles 1 and 2, the maximum strand stress at the pile and abutment
interface was determined to be 240 ksi with an f,. of 72 ksi. All test data agreed with the
predicted interaction diagrams with one exception. The final axial load and moment for
Pile 2 exceeded the predicted values by 7%. In the case of Pile 3, the maximum strand
stress at the pile and abutment interface was determined to be 72 ksi. Thirteen tests
reached axial loads and moments that exceeded the predicted values by an average of
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5.6%. Three cyclic tests were an average of 8.7% below the predicted value, and the

final test to failure was 4% below the predicted value.

The model determining the maximum strand stress at a given location in the pile
is subject to error based on inaccurate measurements of the embedded and exposed

lengths. The interaction diagram is sensitive to changes in fse, fu, f'c, and fps.

6.3 Use of Exposed Strands

The use of exposed strands is a viable alternative to the use of larger sections of
pile embedded in the abutment. The exposed strands may help develop fps but have no
effect on f,. The maximum developable stress in the exposed strands is based solely on

their “pull out” strength.

In the case of Pile 3, the interaction diagram is based on the same f;. as Pile 1 and
2. However, the maximum developable stress in the strand at the pile and abutment

interface is nearly a third of Piles 1 and 2 due to the lack of exposed strands.
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Appendix 1
Prestressed/Exposed Strand Length
Vs.

Developed Stress
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Appendix 2
Test Schedule
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Table A2.1: Pile 1 Pulling North

Pile 1
Pull North
Maximum
Date Pile Ground Hold-Down Notes
Displacement| Pull Load Load Moment
(in) (Kips) (kips) (kip-ft)
11/30/00 0.16 3.1 0.9 555
12/1/00 0.24 31.8 6.0 71.1
12/8/00 0.31 55.4 10.6 92.7
1/23/01 0.54 40.0 5.7 46.6
1/25/01 0.54 43.0 8.5 87.1
2/8/01 0.56 47.9 9.6 95.5
2/9/01 0.52 43.8 8.6 87.1
3/1/01 0.81 55.3 11.0 101.1
3/8/01 1.04 60.3 11.8 102.9
3/16/01 1.02 57.7 11.0 93.2
3/27/01 1.02 53.1 10.0 102.0

Table A2.2: Pile 1 Pulling South

Pile 1
Pull South
Maximum
Date Pile Ground Hold-Down Notes
Displacement| Pull Load Load Moment
(in) (kips) (kips) (kip-ft)
5/21/01 0.52 27.4 8.1 34.7
5/23/01 0.58 29.7 10.5 21.8
6/1/01 0.64 33.5 14.9 12.6
6/13/01 0.39 33.8 9.3 58.4
6/18/01 1.13 60.5 16.5 109.1
6/20/01 1.03 60.9 16.8 111.3
6/22/01 2.04 68.0 19.1 128.0
6/27/01 1.02 35.5 10.6 78.2
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Table A2.3: Pile 2 Pulling South

Pile 2
Pull South
Maximum
Date Pile Ground Hold-Down Notes
Displacement| Pull Load Load Moment
(in) (kips) (kips) (kip-ft)
7/30/01 0.54 44.2 11.09 73.3
7/31/01 0.52 50.5 13.3 96.1
8/3/01 0.51 50.1 13.5 100.4
8/6/01 1.03 68.8 17.6 120.0
8/12/01 1.02 63.6 16.5 116.9
8/15/01 1.05 67.7 17.2 117.6

Table A2.4: Pile 2 PuIling North

Pile 2
Pull North
Maximum
Date Pile Ground Hold-Down Notes
Displacement| Pull Load Load Moment
(in) (kips) (kips) (kip-ft)
9/26/01 0.52 41.3 10.0 61.5
9/28/01 0.55 52.4 12.8 79.4
10/1/01 0.52 56.0 13.7 84.9
10/3/01 1.03 77.9 18.7 112.8
10/5/01 1.04 80.6 19.3 113.5
10/8/01 1.01 72.9 17.8 110.4
10/10/01 1.02 71.1 17.4 108.9
load in 30 min
10/18/01 1.33 86.6 20.7 122.0 hotd:down tailed
10/23/01 10.14 104.6 26.9 146.3 |Testto Failure
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Table A2.5: Pile 3 Pulling North

Pile 3
Pull North
Maximum
Date Pile Ground Hold-Down Notes
Displacement| Pull Load Load Moment
(in) (kips) (kips) (kip-ft)
12/11/01 0.54 53.7 15.9 94.3
12/18/01 0.54 49.1 14.8 90.3 |electronic data lost
12/18/01 0.55 51.0 15.3 93.7 [2"in aday
12/19/01 1.05 58.8 16.9 95.0
12/20/01 1.03 54.6 15.9 91.6
12/21/01 1.03 54.6 16.2 96.9
Table A2.6: Pile 3 Pulling South
Piled
Pull South
Maximum
Date Pile Ground Hold-Down Notes
Displacement | Pull Load Load Moment
(in) (kips) (kips) (kip-ft)

2/26/02 1.16 50.0 15.9 89.7
2/28/02 1.16 54.0 16.8 91.3

3/1/02 1.13 51.0 15.9 86.7

3/7/02 0.99 44.9 14.2 79.5

3/7/02 1.00 43.9 14.0 78.4 |three cyclic 1" tests

3/7/02 1.01 43.7 13.9 77.8

3/8/02 2.05 61.7 18.4 92.0
3/28/02 2.03 54.8 16.9 89.1
3/29/02 2.02 51.9 16.1 86.5

4/4/02 4.07 52.6 16.6 92.4 |Test to Failure
4/11/02 4.31 49.9 15.5 82.7 |Testto Failure
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Appendix 3
P-A Curves
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Appendix 5
Sample Calculations
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AS.1 Given Values (14)

0.5 inch diameter, seven wire, Grade 270, low relaxation prestressing strand

Liotal 48 inches
Lcmbedded 12 inches
Lexposed 36 inches
165 ksi

fps 270 ksi

E; 28500 ksi

dy 0.5 inches
Aps 0.153 sq. in.
e 6000 psi

B 0.75

B, 0.85

b 14 inches
h 14 inches
d 11.5 inches
d 2.5 inches

Note: Please refer to Figure AS5.1 or Nomenclature for term definitions

AS.2 Maximum Developable Strand Stress (14)

fexposf:d
. _L- 2.26
wposed 0,198
_ 36inches—2.26
~0.198
=170.4 ksi
Lr

1
LT =(§J*fse *Dps

= (%)* 165 ksi *0.5 inches

=27.5inches
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ft:mbedded

L<L,

£

se

fembedded = L e f
_se x dh

3

=12 inches* foaks

165 ksi

*0.51inches

=72 ksi

ftoml

flolul = fexposed + fembedded

=170.4 ksi +72 ksi
=242.4 ksi

AS5.3 Pile Zero Time Conditions (14)

Ese
fSE
g, ===
ES
_ 165 ksi
28500 ksi
=0.005789
Aps=6*0.153 sq. in.
=0918 sq. in.
FPS

1::ps = Aps*fse
=0.918 sq. in. * 165 ksi
= 151.47 kips
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F
° A

pile
151.47 kips
(14 inches *14 inches)
=0.7728 ksi

€

L
ce Ec
f

<

1t

_ 0.7728ksi

~ 57*./6000 psi

=0.000175

AS5.4 Pile Interaction Diagram Calculation (14)

(5 0.003
€ 0.005

€ andc  Solved for using similar triangles

d
‘g te,
11.5 inches

0.003+0.005
=4.31inches

c=g_ *

=0.003*

sl

€, = (c —d’)*£°-
c

0.003

=(4.31inches-2.5 inches)* _—
4.31inches

=0.0013
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F

F;

a=pB,*c
=0.75*4.31inches
3.23 inches

8;] =&, (as] ~ € )
=0.005789 -(0.0013-0.000175)
=0.004664

g, =€, +&, +E,
=0.005789 +0.000175+0.005
=0.01096

fsl = S;I *Es
=0.004664 * 28500 ksi
=132.92 ksi

3= 8;2 *E,
=0.01096* 28500 ksi
= 312474 ksi 2,

= 270 ksi

I:l =fsl

s Apsl
= fsl *(3*Aps)

=132.92 ksi *(3 strands *0.153 sq. in.)

= 61.01 kips
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Fz = st * ApsZ
=f,*(3*A,,)
= 270 ksi*(3 strands *0.153 sq. in.)
=123.93 kips

C=(p,*f)*a*b
= (0.85*6 ksi)*3.23 inches * 14 inches
= 230.62 kips

P=C-E - F
= 230.62 kips —61.01 kips —123.93 kips
= 45.68 kips

M = (F,—F,)* d-d’ +C* 2_3 1 foot
} 2 2 2| 12inches

(123.93-61.01) kips *(%) inches

_ *[ 1 foot ]
. 12 inch
+230.62 kips *(% - %) inches .

= (283.14 kip—in.+1241.889 kip - in.)* —l—foi
12miches

=127.09 kip - ft.
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Appendix 6
Pseudo-Code
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Initial Parameters

Prestress Tendon Inputs: “Type of Strand” (text)
“Grade” (ksi)
“Diameter” (in)
Cross Sectional “Area” (sq in)
“fse” (ksi)
“Es” (ksi)
Area of Prestressing tendon in group 1 “(Ap),” (sq in)
Area of Prestressing tendon in group 2 “(Aps)2” (sq in)
fps “limit” (ksi)
Pile Inputs: Pile width “b” (in)
Pile height “h” (in)

Distance from pile top to first group of tendons “d’” (in)
Distance from pile top to second group of tendons “d” (in)

“f,c” (pSl)
“B]”

E. (ksi) = (57000*(square root of f’¢))/1000

Pure Compression

Input: Compressive strain “g;”
(Aps)T (8q i) = (Aps)1 + (Aps)2

F (kips)= (Aps)T * fse

€ = fse / Es

fc (ksi)=F /(b * h)

€ce =fc / E¢

A€ = € - €

IF (& - A€ > 0)

€5 = Ese - AEC
IF (& - Agc <=0)
&=0

f (ksi) = & * E;
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T (klpS) = fs x (Aps)T

fc(ksi)=T/ (b *h)

P (kips) = (b * h) * ((0.85 * (f’c / 1000)) — f;)

M (kip-ft) = 0

RECORD (P,M)

c=h

c(in)=h

IF (€ — (((0.003/h) * (h—-d’)) - &) >0
€2 = (Ese — (((0.003 / h) * (h- d,)) - €ce)

IF (& — (((0.003/h) * (h—-d’)) - €ce) <=0
€:;=0

IF (& — (((0.003/h) * (h—d)) - &) >0
&1 = (Ese — (((0.003 /h)* (h-d))- Ece)

IF (€ — (((0.003 / h) * (h —d)) - €) <=0
& =0

IF (&3 * Es) < limit
fs2 (ksi) = (€52 * Es)

IF (& * Es) >= limit
fs (ksi) = limit

IF (g5 * Es) < limit
fs1 (ksi) = (&1 * Es)

IF (g5, * Es) >= limit
fs; (ksi) = limit

T, (klps) =fo* (Aps)Z

T, (kips) =f5; * (Aps)l

a(in) =c* B

C (kips) = ((0.85 * f°c) / 1000) *a * b

P (klpS) =C -Tz—T|
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M (kip-ft) = (1/12) * ((T) = T2) * ((d-d’) / 2)) + (C * ((h / 2) - (a/ 2))))

RECORD (P,M)

c=d

c(in)=d

IF (€ — (((0003/d) *(d—-d’)) - €¢) >0
€s2 = (€se — (((0.003/d) * (d - d")) - &)

IF (€ — (((0.003/d) * (d - d’)) - &) <=0
€ = 0

€1 = & — (0 - 8t:e)

fs2 (ksi) = (&2 * Es)

IF (& * Es) < limit
fs1 (ksi) = (€ * Es)

IF (& * E5) >= limit
fs1 (ksi) = limit

T2 (kips) = fo * (Aps):2

T, (kips) = fs1 * (Apsh

a(in)=c*f,

C (kips) = ((0.85 *f°.) / 1000) *a * b

P (kips)=C - T>—T,

M (kip-ft) = (1/12) * (((T) = T2) * (d -d’) / 2)) + (C * ((h / 2) - (a/ 2))))

RECORD (P.M)

€es1 =

Input: Starting strain “€¢”
Final Strain “g.”
Strain Increase interval “Ag€”

WHEN (8c52 > 8csl)
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c (in) = (d / (0.003 + &c;)) * 0.003
IF (€sc — (((0.003 /¢c) * (c—=d’)) - €) >0
€2 = (& — (((0.003 /¢c) * (c = d’)) - €ce)
IF (€5 — (((0.003 / ¢) * (c — d”)) - €ce) <=0
€2=0
€1 = Ese + Ece + Ecs)
IF (gs; * Es) < limit
fs2 (ksi) = (&2 * Es)
IF (&; * E) >= limit
fs; (ksi) = limit
IF (€5 * Es) < limit
fs1 (ksi) = (€ * Es)
IF (& * E) >= limit
fs; (ksi) = limit
Tz (kips) = fsz i (Aps)Z
T| (k]pS) =fs ¥ (Aps)l
a (m) =c* B]
C (kips) = ((0.85 * f’¢) / 1000) * a * b
P (kips)=C-T,-T,
M (kip-ft) = (1/12) * ((T1 = T2) * ((d=d’)/ 2)) + (C * ((h / 2) — (a/ 2))))
RECORD (P.M)
€cs1 = Ect + Ae

GRAPH (P.M)

END
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Appendix 7
Pile Removal Report
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A7.1 Introduction

All testing on Pile 1 was completed by June 27, 2001. At the completion of
testing, cracks were clearly visible in the pile below the abutment interface. The
abutment/slab assembly was still fully supported by the pile with no noticeable
displacement in the assembly other than vertical settlement that occurred over the course
of testing. Testing on Pile 2 was completed by October 23, 2001 with a test to ultimate
failure (Figure A7.1). The pile showed extensive damage. The abutment/slab assembly
was displaced 10 inches to the north and rested on the ground with no support from the
pile. A complete concrete compressive failure was visible at the abutment interface.
Large pieces of the southern side of the pile also broke off in the failure (Figures A7.2

and A7.3).

A7.2 Slab and Abutment Removal

In preparation for the removal of the concrete slabs and abutments, wood
falsework was constructed to support the slabs and abutments as they were cut free of the
pile. In the case of Pile 1, the abutment was also shored for cutting. Tru-Line bored
eight 4 inch diameter holes completely through each wing of the slabs to aid in their
future removal before beginning to cut. In order to remove the slabs, three cuts were
made in each assembly (Figure A7.4). One continuous cut was made through the entire
depth of the slab running in a north to south direction. Two cuts were then made through
the slab depth running in the east to west direction 1 foot 6 inches to the north and south

of the pile center. This offset corresponded to the edge of the abutment. The four blocks
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Figure A7.1: Pile 1 Interface
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from each pile, A, B, C, and D, were then removed by a crane and stacked on site for

future disposal.

With blocks A, B, C, and D removed, the false work was disassembled and
removed. Tru-Line made three more cuts in order to remove the remaining abutment/slab
assembly, blocks E, F, G, H, I, and J, from the pile tops. The first cut was a horizontal
cut 12 inches above the bottom of the abutment. Two vertical cuts were then made 18
inches to the east and west of the pile center (Figure A7.5). Two 12 inch long, 1 inch
diameter anchor bolts were then driven into each of the 5 blocks on each pile in order to
be used as lift points. However, when the blocks were removed, it was discovered that
several of the Tru-Line cuts were incomplete. In the case of Pile 1, blocks E, F, and G
were lifted as a single block (Figure A7.6). Blocks H and J were removed without
incident or apparent damage to the pile abutment interface. Blocks E, F, and G on Pile 2
were removed without incident. The vertical cuts below the horizontal cut were
incomplete, and a reinforcing bar running east to west was left uncut as well as a portion
of the concrete (Figure A7.7). This situation was discovered when the western block, J
was removed. The southern anchor bolt sheared off before the reinforcing bar failed
during the lift. A chain was used as an cinch around the block and pulled taut until the
bar failed along the plane of the cut. When the eastern block, H, was removed, the
anchor bolts did not fail, but the reinforcing bar was pulled out of the abutment pile

interface. Extensive damage was done to the concrete (Figures A7.8 and A7.9).
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A7.3 Pile Excavation

Both Piles 1 and 2 were excavated with the use of a track hoe operated by Britton
Bridge. In the case of Pile 1, the pile was excavated on all four sides to a depth of 14 feet
to 15 feet (Figure A7.10). The pile was scraped during excavation, but care was taken to
prevent any structural damage. Once the pile was excavated, a chain was secured to the
pile and held taut by the crane. The pile was cut 12 feet 3 inches below the bottom of the
abutment beginning on the south side and working around the pile west, north, and east.
The south and north cuts were 2 ¥2 inches to 2 % inches deep in order to cut all 6
prestressing tendons. The east and west cuts were made to unspecified depths in order to
attempt to reduce moment capacity. Once the cuts were complete, the base of the pile
was knocked free using the track hoe, while the top was still held in place by the crane.

The entire assembly was then placed on blocks for future transportation.

Pile 2 was heavily damaged during the test to failure, and the pile abutment
interface was further damaged during the removal of blocks H and J (Figure A7.7). The
pile was completely crushed just below the abutment. For safety reasons, the tendons
holding block I were cut and the piece removed (Figures A7.11 and A7.12). A second
failure in the pile was visible after testing that varied in depth from 1 foot 11 inches
below the abutment on the southern side to 2 feet 2 inches on the northern side. The

region above this failure was heavily damaged.

During excavation a third failure was discovered in the pile at 5 feet 4 inches

below the abutment. This region was previously hidden from sight, but concrete paste
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Figure A7.10: Pile 1 Excavation
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from the Tru-Line cutting was visible in the crack (Figure A7.13). It was also apparent
that the 3 southern tendons had failed in tension during the test to failure. The section
above the third failure was unable to support its own weight once the soil around it was
removed (Figure A7.14). Consequently, the 3 northern tendons were cut using a hand-
held electric grinder, and the pile was removed. The remaining pile was then excavated
to the maximum depth allowed by the track hoe and cut 7 feet 8 inches below the third
failure (Figure A7.15). The section of remaining pile was held taut by the crane, and the
southern, western, and northern sides were cut in that order. The southern and northemn
sides were cut 2 ¥2 inches to 2 % inches deep and the western side to an unspecified
depth. When the track hoe was used to knock the base free, it was discovered that the
southwest and south central tendons were uncut. In order to cut the tendons, the pile was
laid down to the south and the tendons exposed with a sledgehammer. The tendons were

then cut and the pile removed.

Both excavations were filled immediately upon removal of the piles. The piles

were moved to the Structural Laboratory in Perkins Hall on The University of Tennessee

Campus on January 26 and 29, 2002, with the help of a Britton Bridge truck.
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