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ABSTRACT OF THE DISSERTATION

SHEAR FRICTION CAPACITY OF CORRUGATED PIPE CONNECTION IN

PRECAST FOOTINGS

by
Fatima Vieira
Florida International University, 2022
Miami, Florida
Professor David Garber, Major Professor

Prefabricated Bridge Elements and Systems (PBES) are being more widely used, as they
can significantly reduce on-site construction time impacting traffic. The main concerns
when using PBES are the final assembly of the elements to achieve the monolithic behavior
of the structure. The currently recommend connection detail between the precast pile cap
and precast pile is a pocket connection, which relies on the bearing strength between the
end of the pile and pile cap and the shear friction capacity between the cast in place (CIP)
plug and the precast cap. Current code expressions for shear friction include components
for cohesion or aggregate interlock and a contribution from steel crossing the interface or
a clamping force, but were developed primarily on the basis of shear friction tests with
steel crossing the interface. In pocket connections there is no steel crossing the shear
friction interface meaning that the shear friction failure is controlled by the cohesion and
interlock of the CIP concrete to precast concrete or surrounding material. An experimental
investigation was conducted on thirty-seven small-scale specimens and eight large-scale
specimens to explore experimentally the behavior of this interface and the effect of
different variables like reinforcement configuration around the pocket, type of pipe used to
make the pocket, and surface preparation of the interface. Three principal conclusions were

made (1) all specimens simulating pocket connections had a shear friction failure at the

vi



interface, (2) having a corrugated interface and 1/4-inch roughness in the interface led to
higher capacity and (3) equation found on AASHTO LRFD Guide Specifications for ABC
led to conservative results and it is recommended to estimate the shear friction capacity in
pocket connections. Findings, current code performance, and design recommendations

from the numerical and experimental work are presented in this dissertation.
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Chapter 1: Introduction

1.1. Overview

Prefabricated Bridge Element and Systems (PBES) are being more widely used, as they
can dramatically reduce on-site construction time impacting traffic. The main concerns
when using PBES are the on-site final assembly of the elements and the type of connection
used between elements. One type of connection used between precast piles and precast pile
caps is a pocket connection, which relies largely on the shear friction capacity along the
interface between a cast-in-place plug and the precast pile cap. Current code expressions
for shear friction include components for cohesion or aggregate interlock as well as a
contribution from steel crossing the interface or clamping force. These expressions were
developed primarily based on shear friction tests with steel crossing the interface. The main
objective of this project is to evaluate the shear friction capacity of the precast pile cap to
precast pile connection where there is no steel crossing the interface. This connection relies
on the shear friction capacity of the interface, which is a behavior that has not been

appropriately studied.

1.2. Project Objective

The objective of this research was to evaluate the failure mechanism and shear friction
capacity of the plane between the precast pile cap and CIP plug. The hypothesis was that,
although there is no reinforcement crossing this interface, the confinement provided by the
surrounding concrete and reinforcement will provide the clamping force needed to engage
the cohesion and aggregate interlock components of the shear friction capacity.

The use of PBES in the implementation of the Accelerated Bridge Construction (ABC)
technique is a key factor for reducing the time of construction impacting traffic. Many
connections have been developed to implement this new technique however more details
on the design and construction are required to well understand the behavior of the
connection. The final goal of this study was to provide more details on the construction of
the pile cap-to-pile connection and develop an appropriate design equation to estimate the

capacity of the interface to avoid unexpected shear friction failure.



1.3. Project Scope

The research objective was accomplished through three interdependent research efforts:
(1) review of previous research and current design specifications, (2) numerical
investigation, and (3) experimental investigation of the interface behavior. The first part of
the research involved an extensive literature review to develop the appropriate knowledge
in shear friction and the parameters involved in the capacity on an interface between two
concrete cast at different times. The next step was to develop the appropriate testing
protocol and test matrix to test the cap-to-pile connection in small-scale. This step involved
the develop of construction drawings, fabrication, and testing of the specimens. Based on
the results in the small-scale testing, the large-scale testing was developed. As well as the
previous step, in this step the testing protocol, test matrix, construction documents,
fabrication, and testing of the specimens needed to be done. Then, with the obtained results,
design equations and details were developed as new recommendations for implementation
in the AASHTO LRFD Bridge Design Specification.

1.4. Thesis Organization

This thesis is divided into seven chapters and a series of appendices. Chapter 2 presents a
complete literature review on shear friction, current codes expressions and estimation
procedures, prefabricated substructure connections and the currently recommended
connection between precast pile cap and pile. Chapter 3 introduces finite element details
and modeling of the cap-to-plug connection. The experimental procedure and results to
evaluate the shear friction capacity between precast cap and CIP plug without
reinforcement crossing the interface is presented in Chapter 4. Chapter 5 presents the
estimation performance of the small- and large-scale testing with the evaluation of the
current cohesion and friction components. Chapters 6 includes the design and construction
recommendations based on the findings of this research and Chapter 7 presents a summary

and conclusions of this research.



Chapter 2: Background of Shear Friction and Prefabricated Bridge Elements and

Systems

2.1. Overview of Bridge Components

Bridges are mainly divided in two parts: superstructure components and substructure
components. The elements on each component vary based on the type of bridge and its
materials (concrete, steel, or composite bridge) as shown in Figure 2-1. Some examples of
superstructure elements are deck slab, girders, truss, etc. The bridge superstructure can
transfer axial loads, lateral loads, and moments to the bridge substructure which helps to
distribute the loads to the bridge footings and foundations (piles and pile caps). The
substructure consists of piers, abutments, footings, piles, etc. The connection
experimentally tested and evaluated in this research is part of the substructure of a bridge,
specifically, the connection between a prefabricated pile to pile cap. In most cases, these
elements would resist axial compression loads coming from the superstructure and sub-
structure elements such as self-weight of all elements and the standard HL-93 applied live
load. Pure compression load was experimentally considered to evaluate the precast pile-to-

pile cap connection.
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Figure 2-1: (a) Construction of a bridge (courtesy of Corven Engineering), (b) super-structure
and sub-structure components on a bridge

2.2. Prefabricated Substructure Connection Details

Prefabricated Bridge Elements and System (PBES) are one of the primary techniques used
to accelerate bridge construction. The prefabrication of these elements or systems improves
the quality of the members themselves, as they are generally cast at precast plants with
better quality control than on-site construction. These prefabricated bridge elements
include both superstructure (e.g. beams and decks) and substructure components (e.g. piles,

pile caps, columns, abutments, and bents).

Prefabricated bridge elements require on-site connections between elements, which often
become the critical component of the overall bridge design. Over the years, many types of

connections in precast elements have been evaluated to ensure the monolithic behavior of



the entire structure. The details of these connections vary depending on which elements are
being connected. As mention before, the main objective of this project is to evaluate the
connection between precast pile caps and piles. An overview of the primary connection
details between these elements is presented in this section.

2.2.1. Pile to Pile-Cap Connection

There are two primary types of connections between these elements defined by AASHTO
T-4 (A. Hawash, personal communication, April 19, 2018) and the “Recommended
AASHTO Guide Specification for ABC Design and Construction” (Culmo et al., 2018).

e Pocket Connections: A connection between two prefabricated elements thru the
projection of multiple bars or connectors of one element into a single void that is
cast internal to the receiving element. The void is then filled with either concrete,
grout, or other suitable material.

e Socket Connections: A connection between two prefabricated elements thru the
projection of a single portion of one element into a single void of the receiving
element. The gap between the two elements is then filled with either concrete,

grout, or other suitable material.

These definitions are also similar to those proposed by Marsh et al. . Details for pocket and
socket connections are shown in Figure 2-2 and Figure 2-3, respectively. The defining
characteristics of the pocket connection are highlighted in Figure 2-2 (a). For this
connection, the precast pile does not extend into the pocket in the precast pile cap. The
precast pile cap is erected onto the precast pile using temporary flexible shims (shown in
Figure 2-2 (a)). Then, reinforcement is extended from the precast pile into the pile cap and
cast-in-place (CIP) concrete or grout is placed to fill the pocket, develop the reinforcement,
and connect the two members. Once the pocket material is placed and cured there should
be no load transfer considered through bearing between the precast pile cap and the precast
piles. A corrugated metal pipe or duct is often used to form the void to enhance the bond
between the CIP concrete or grout and the precast pile cap. Two examples of details used

in actual bridges are shown in Figure 2-2 (b) and (c).
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Figure 2-2: Examples of Pocket Connection between pile cap and pile: (a) connection between
two precast elements; (b) connection use in Beaufort and Morehead Railroad Trestle
Bridge(North Carolina Department of Transportation, 1999); (c) connection use in 1-10 Bridge
over Escambia Bay(Rudie et al., 2008).

The defining characteristics of a socket connection are shown in Figure 2-3 (a). For this
connection, the precast pile is extended into a void in the pile cap and CIP grout or concrete
is placed to connect the elements. Reinforcement can be present between the elements, as

shown in the example of a socket connection detail shown in Figure 2-3 (b).
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Figure 2-3: Examples of Socket Connections between Pile cap and pile: (a) connection between
two precast elements; (b) connection used in Parker River Bridge (2007)(Department of
Transportation Federal Highway Administration, 2004).

A list of past projects that have utilized both precast piles and precast pile caps is provided
in Table 2-1. This list was obtained from the ABC Project Database developed by
Garber(Garber, 2016). These projects include the use of both pocket and socket
connections with steel H piles and precast concrete piles.

Table 2-1: ABC Projects Database

Bridge Bridge Type of _
Year State : Description
Number Name Connection
Pelican Socket = H Steel P|_Ies
1 1992 Alaska = Pre-cast Pile Cap
Creek Connection = Pockets filled
with concrete
Beaufort = Pre-cast Pile Cap
and
Morehead North Pocket
2 ] 1999 _ _
Railroad Carolina Connection
Trestle
Bridge




Bridge Bridge Type of -
Year State : Description
Number Name Connection
Kouwegok Socket » Pre-cast Pile Cap
ocke . i
3 | slough 2000 |  Alaska _ Prefabricated
_ Connection Piles
Bridge
= Pre-cast Pile Cap
= Full Depth
Pockets
4 Mackey 2006 lowa Pocket = Corrugated metal
Bridge Connection pipe
= High-early-
strength concrete
mix
Parker Socket = Pre-cast Pile Cap
ocke . i
5 River 2007 | Massachusetts _ P_refabrlcated
_ Connection Piles _
Bridge = 2 ft Depth Voids
I-10 Bridge = Pre-cast Pile Cap
= Prefabricated
over ) Pocket .
6 _ 2007 | Florida _ Piles _
Escambia Connection = Pockets  filled
with concrete
Bay
NC 12 = Pre-cast Pile Cap
Bridge over North Socket . P_refabrlcated
7 2009 Piles
Molasses Carolina Connection = Partial Depth
Creek Voids
us 17 = Pre-cast Pile Cap
] North Socket = Prefabricated
8 Bridge over | 2010 ) ) Piles
Carolina Connection .
Tar River = Pockets  filled
with concrete
. = Pre-cast Pile Cap
Kickapoo Socket .
9 _ P 2010 | Mississippi = Partial  depth
Bridge Connection pockets

= Concrete Piles




Bridge Bridge Type of -
Year State : Description
Number Name Connection
= Pre-cast Pile Cap
TH 61 = Prefabricated
. Piles
Bridge over Pocket .
10 _ J 2011 | Minnesota _ " High-strength
Gilbert Connection flowable grout
Creek = Intentionally
roughened
pocket.
UPRR Socket " H Steel Piles
11 2011 Kansas = Pre-cast Pile Cap
Bridge Connection = Partial  Depth
Pockets
= Pre-cast Pile Cap
= Prefabricated
) Pocket « Hiah h
12 | Keller Lake | 2013 | Minnesota _ High-strengt
_ Connection flowable grout
Bridge = Intentionally
roughened
pocket

Pocket and socket connections are mainly used in the connection between precast pile to

pile cap and pier to pier cap or bent cap as shown in Figure 2-4 and Figure 2-5.
2.2.2. Currently Recommended FDOT Connection

FDOT is continually trying to improve construction methods to reduce the onsite
construction as well as to minimize traffic impact, leading to their use of PBES in
construction. FDOT developed a section in their Structures Detailing Manual (Florida
Department of Transportation, 2017) specific to PBES (Chapter 25) and also a set of PBES
Conceptual Drawings (Florida Department of Transportation, 2015).The primary focus of
research is the connection between precast pile to pile cap. The Florida Department of
Transportation (FDOT) currently recommends a pocket connection between precast piles
and precast pile caps. The precast pile cap is constructed with a void at the location of the
pile that is slightly smaller than the piles and then placed on the driven piles. Reinforcement

is then placed between the elements and the connection is filled with concrete to finish the



connection. This connection detail relies on the shear friction capacity between the CIP
plug and the precast cap. In this recommended connection there is no steel crossing the
interface. This means that the shear friction component in this connection is made up of
only the cohesion and interlock component of the CIP concrete (poured to finish the
connection) to the surrounding material or precast element. The current connection details
are shown in Figure 2-4 and Figure 2-5.

”_J f
i ¥ fedurp Fouw

Figure 2-4: Precast Footing Connection use for FDOT (Florida Department of Transportation,
2017).

Some of the main details for this type of connection presented in the FDOT Structures
Detailing Manual (Florida Department of Transportation, 2017) are shown in Figure 2-6

and listed below:

= Use of corrugated pipe to simulate a shear key system to transfer the shear (in the
absent of reinforcement crossing the interface)

= Use asquare pile into a circular void to provide a larger bearing area

= Use of a shrinkage reduce add mixture and seven-day moist cure of plug concrete

= Sand or water blast the interface surface

10
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Figure 2-5: Pile Cap Erection Process (Florida Department of Transportation, 2017)
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Figure 2-6: Precast Footing Details (Florida Department of Transportation, 2017)
2.3. Shear Friction Overview

This chapter includes an overview of theoretical background of the shear friction
mechanism and prefabricated bridge elements and systems.
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Shear friction is a term used to describe the shear transfer mechanism along the interface
between two concrete members or two adjacent sections of one member that can slip
relative to each other (Rahal, 2010). Shear friction is also known as concrete-to-concrete
friction, interface shear transfer, and aggregate interlock (Ali & White, 1999). Shear
friction is typically critical either at cold joints or geometric discontinuities, where a small
piece of concrete enters a large concrete region. Some examples of shear friction in practice
include (International Federation for Structural Concrete (fib), 2010):
= Repairing or strengthening an existing reinforced concrete member through adding
new concrete layers;
= Supplementing precast elements with concrete cast on the site;
= Casting a new concrete against a concrete that has been completely hardened
because the erection process was interrupted,;
= Post-installations of concrete elements attached to existing members for

introduction of loads; and
= Field connection of precast elements using cast-in-place concrete connections.

Some of these examples found in practice are shown in Figure 2-7.

The shear friction capacity of an interface is dependent on many different factors and has
been studied by numerous researchers (Ali & White, 1999; Bass et al., 1989; Hofbeck et
al., 1969b; Julio et al., 2004; Mattock & Hawkins, 1972; Mohamad et al., 2015; Randl,
2013; Santos et al., 2007; Santos & Julio, 2011). As will be discussed later, the primary
parameters affecting the shear transfer in a concrete interface include (Mattock & Hawkins,
1972):

= Surface roughness and preparation,

= Reinforcement crossing the interface,

= Applied normal force,

= Concrete strength, and
= Concrete curing conditions.

12
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Figure 2-7: Examples of shear friction in (a) composite girder, (b) corbel, and (c) splice region
(or other joint between precast members)
The most common test to evaluate the shear capacity in an interface is known as “push-
off” test, as shown in Figure 2-8, where typically two L-shaped sections are cast against
each other letting one harden before the other one is connected at the interface. Over the
years, more tests have been developed to evaluate the bond strength and the tension

strength in the interface connection, but the push-off test is still the standard.
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Figure 2-8: Typical push-off specimen and state of stress along shear transfer plane (Rahal,
2010)

2.4. History of Shear Friction

Throughout the years many changes and improvements have been made in the way
engineers account for the shear transfer capacity of interfaces between two different
materials: either concrete to steel or concrete to concrete. A selection of the studies
summarized in this paper are described in more detail in this section to give a brief
overview of the history of shear friction research efforts and development of predictive

equations.
2.4.1. Original Shear Friction Theory

Birkeland and Birkeland (Birkeland & Birkeland, 1966) was one of the earliest efforts to
propose a shear friction theory. During their larger project investigating the connection
between precast elements, Birkeland and Birkeland highlighted that many of these
connections show distress around the shear interfaces. For this reason, they attempted to
develop a shear friction hypothesis to represent the observed behavior of this interface.
Their theory revolves around the difference in friction behavior between smoother and

rougher interfaces, as shown in Figure 2-9.

Typically, friction capacity is dependent on the normal force that is present perpendicular
to the friction plane, shown in Figure 2-9 (a). Birkeland and Birkeland (Birkeland &

Birkeland, 1966) proposed that along the rougher shear friction planes present in reinforced

14



concrete structures sliding along the friction plane can cause separation of the planes. This
separation is then resisted by steel crossing the plane, which introduces the “normal force”
required in the typical friction model, as shown in Figure 2-9 (b). This model is referred to

as a “saw tooth model” and has been used to explain the shear friction mechanism ever
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Figure 2-9: Shear friction models for (a) smoother and (b) rougher surfaces (Birkeland &
Birkeland, 1966)

Birkeland and Birkeland (Birkeland & Birkeland, 1966) developed a linear expression to
estimate the shear transfer capacity between two concrete interfaces based on their above

saw-tooth model, shown in Equation 2-1.

vy = pfyu Equation 2-1
Where:
p = reinforcement ratio
fy = reinforcement yield strength
w = friction coefficient, represented by tan¢g in Figure 2-9 (b)
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Birkeland and Birkeland (Birkeland & Birkeland, 1966) determined their friction
coefficients and validated their proposed equation based on previous data from push-off
tests (Anderson, 1960) (Mast, 1962), and girder tests (Mattock & Kaar, 1961). Birkeland
and Birkeland (Birkeland & Birkeland, 1966) decided to provide limits on Equation 2-1
based on results from unpublished work by Mast (Mast, 1962).

o p<15%

e Vv, <800 psi

2.4.2. Dowel Action and Cohesion Components

Mattock and Hawkins (Mattock & Hawkins, 1972) undertook a large experimental

investigation on shear friction behavior looking primarily at the following variables:

Characteristics of the shear plane,

Characteristics of the reinforcement,

Concrete strength, and

Direct stresses acting parallel and transverse to the shear plane.

oo

The specimens were tested using push-off, pull-off, and modified push-off test
configurations, described later in Section 2.4.5.

From their experimental results and further development of the shear friction theory,
Mattock and Hawkins (Mattock & Hawkins, 1972) suggested that in addition to the saw-
tooth effect observed in already cracked concrete, there will also be capacity gained from
the dowel action of the reinforcement and some stress carried through a compression strut
crossing uncracked concrete. They observed that by not considering the dowel action and
other contributions, the model developed by Birkeland and Birkeland (Birkeland &

Birkeland, 1966) yields overly conservative results.

Mattock and Hawkins (Mattock & Hawkins, 1972) proposed an alternative equation for
estimating the shear friction capacity of a joint, as shown in Equation 2-2. The first term
of the equation is related to cohesion and reinforcement dowel action, and the second one

is due to clamping forces.

v, = 200 + 0.8(pfy + gy) (psi) Equation 2-2

Where:
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v, = ultimate shear stress at the interface (should not be more than 0.3f7c)

p = reinforcement ratio

fy = reinforcement yield strength (50.0-66.0 ksi)

o, = normal stress at the interface (positive for compressive stress and negative
for  tensile)

Mattock further developed his shear friction theories in later works (Mattock, 1994)
(Mattock et al., 1976). Equation 2-2 is beginning to take the shape of the current AASHTO
LRFD expression for shear friction capacity.

2.4.3. Consideration of Concrete Strength

While many earlier research efforts considered concrete strength as an experimental
variable, it was not until work by Loov (Loov, 1978) that the concrete strength was
explicitly included into a shear friction capacity equation. He developed the expression
shown in Equation 2-3.

v, =k / fe(pfy + 0n) Equation 2-3

Where:
fc = concrete compressive strength
fy = reinforcement yield strength
o, = normal stress at the interface
p = reinforcement ratio
k = constant (0.5 for initially uncracked interfaces)

Several researchers after Loov (Loov & Patnaik, 1994) continued including the influence

of the concrete compressive strength in their estimation procedures.

Walraven, et al. (Walraven et al., 1987) proposed a non-linear expression to obtain the
shear transfer capacity in the interface including the concrete strength (fc), reinforcement
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ratio (p), and the reinforcement yield strength (fy) between a range of 50.0-79.0 ksi, shown

in Equation 2-4 to Equation 2-6.

v, = €1(0.007pf,)¢2 (psi) Equation 2-4
C, = 15.686f.24% (psi) Equation 2-5
C, = 0.0353£,.23%3 (psi) Equation 2-6

Later, Randl (Randl, 1997) developed an alternate expression to calculate the shear transfer
strength in a concrete to concrete interface taking in consideration the influence of
cohesion, friction, and dowel action, as shown in Equation 2-7.

Uy = Teon + UOp +ap /fcfy Equation 2-7
Where:
Teoon = concrete cohesion due to aggregate interlock
T = friction coefficient
Oy, = normal stress at the interface due to external load and tension in the shear

reinforcement

o = coefficient of flexural resistance of reinforcement (dowel action)
) = reinforcement ratio

fe = concrete compressive strength

fy = reinforcement yield strength

2.4.4. Maximum Valley Depth (Rv)

Recent research conducted by Santos and Julio (Santos & Julio, 2010) looked more closely
at the impact of surface preparation and roughness on the shear friction capacity. The
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researchers constructed specimens with several different surface preparations, as shown in
Figure 2-10. The surface preparations included:

= As-cast against steel formwork,

= Roughened with wire brush,

= Roughened by sand-blasting,

= Roughened by shot-blasting, and
= Hand scrubbing or raking.

The roughness was quantified using the 2D-LRA method (ASTM International, 2015) and
the roughness parameter Maximum Valley Depth (Ry). While previous researchers have
considered surface roughness, Santos and Julio (Santos & Julio, 2010) were one of the first

to quantify it in this way.

B § 4 B N T H W W1 14-8
’ T 4 L .

Figure 2-10: Surface preparations for specimens from Santos and Julio (Santos & Julio, 2010)

Santos and Julio (Santos & Julio, 2010) found in their experimental results that the
differential shrinkage, the differential stiffness, and the surface preparation are very
important factors that could significantly change the behavior of concrete to concrete
interfaces.

When no reinforcement is crossing the shear interface, the ultimate shear is shown in

Equation 2-8:

Uy = Cafeta < 0.25f.4 Equation 2-8

When there are reinforcement crossing the shear interface, the proposed expression is

shown in Equation 2-9.
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Uy = Ug(on +pfy) < 0.25f4 Equation 2-9

In addition to these expressions, they concluded that cohesion and friction coefficients
should be calculated in relation to a texture parameter.

1.062R9:145 .
Cg=——" Equation 2-10
Ycon

_ 1.366R%3"

Uag = T Equation 2-11

Where:

fetd = tensile strength of the weakest concrete

fed = design value of the concrete compressive strength

Oy, = normal stress at the interface due to external load

p = reinforcement ratio

fy = reinforcement yield strength

Cd = design cohesion coefficient

Ua = design friction coefficient

Rvm = Mean Valley Depth of the primary profile of the surface in millimeter

Yeon = partial safety factor for the cohesion coefficient

Yrr = partial safety factor for the friction coefficient

The Mean Valley Depth is taken from Figure 2-11 for five different surface situations: left
as cast (LAC), wire brushing (WB), sand blasting (SAB), shot blasting (SHB), and hand
scrubbing (HS) or raking.
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Figure 2-11: Correlation between the Mean Valley Depth (Rvm) and the cohesion and friction
coefficient (Santos & Julio, 2010)

2.4.5. Conventional Test Methods

Many studies have been carried out to test the shear friction capacity of a variety of
different interface planes. The primary four test methods that have been used are: (1) push-
off, (2) pull-off, (3) modified push-off, and (4) push-through tests. Typical specimens for
these tests are shown in Figure 2-12 and a sample of the previous studies using these tests

are summarized in Table 2-2.

Table 2-2: Primary test types for shear friction and list of studies using each type

Test Type List of Studies
= Bassetal. (Bassetal.,, 1989) = Mattock et al. (Mattock et
= Figueira et al. (Figueira et al., 1976)
al., 2016) = Mayers et al. (Myers et al.,
= Frenay (Frenay, 1985) 2013)
= Hanson (Hanson, 1960) = Mohamad et al. (Mohamad
» Hofbeck et al. (Hofbeck et etal., 2015)
Push-Off al., 1969b) = Pruijssers and Lung
= Kahn (L. Kahn & Mitchell, (Pruijssers & Lung, 1985)
2002) = Walraven and Reinhardt
= Mattock and Hawkins (Walraven & ReinHardt,
(Mattock & Hawkins, 1972) 1981)
= Walraven and Stroband
(Walraven & Stroband,
1994)
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Test Type

List of Studies

= Xuetal. (Xuetal., 2015)

Pull-Off

= Julio et al. (Julio et al., = Santos at al. (Santos et al.,
2004) 2007)
= Mattock and Hawkins
(Mattock & Hawkins, 1972)
* Momayez et al. (Momayez
et al., 2005)
= Long and Murray (Long &
Murray, 1984)

Modified Push-Off

= Mattock and Hawkins
(Mattock & Hawkins, 1972)

Push Through

= Williams et al. (Williams et
al., n.d.)
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Figure 2-12: Typical test specimens used for (a) push-off tests, (b) pull-off tests, and (c) modified
push-off tests (Mattock & Hawkins, 1972) and (d) push-through tests (Williams et al., n.d.)

245.1.

Push-Off Test

The most common test to evaluate the shear friction capacity in an interface between

dissimilar materials is called a “push-off” test. Even though the push-off test is not a

standard test (i.e. it is not standardized by ASTM), it is a well-known test which has been

used by many researchers, as shown in Table 2-2. Examples of push-off tests are illustrated

in Figure 2-9 and Figure 2-12.

22




There have been several different varieties of the push-off test, but most of them have the
same key steps, components and characteristics, as shown in Figure 2-13. Normally, the
push-off test involves first casting an L-shaped specimen and allowing it to harden, as
shown in Figure 2-13 (a). This L-shaped specimen will have reinforcement to strengthen
the L-shaped component itself and reinforcement that will cross the interface plane. After
the first L-shaped component sufficiently hardens, the second L-shaped component is
formed and cast, shown in Figure 2-13 (b). This second L-shaped component typically has
the same geometry and reinforcement as the first L-shaped component. After the second
L-shaped component is allowed to harden, the specimen is tested, as shown in Figure 2-13

(c). A normal force can be applied perpendicular to the shear plane to provide a clamping

-

Reinforcement preventing T T

force if desired.

other failure

Cast #1
/, as

cold _| I—>

Jomt
7 .

/ - Cast #2 /"’ [ [
Reinforcement
crossing interface ?

P

Figure 2-13: Typical casting and testing procedure for push-off tests: (a) casting of first L-
shaped component, (b) casting of second L-shaped component, and (c) testing and loading
(designated by P) of push-off specimen

While this is the standard construction and testing procedure, there have been several
researchers who have modified the procedure to look at specific applications. Hanson
(Hanson, 1960) tested the shear strength of the interface between a precast rectangular

girder and cast-in-place top deck, shown in Figure 2-14.
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Figure 2-14: Push-off specimen in casting position for looking at interface between beam and
composite deck (Hanson, 1960).

Mohamad et al. (Mohamad et al., 2015) constructed specimens with two rectangular
concrete layers casted at different times with different compressive concrete strengths and

surfaces preparations without steel crossing the interface, as shown in Figure 2-15.

_ -
+ mawrmal boad

Figure 2-15: Push-off Test Setup (Mohamad et al., 2015)
Hovel et al. (Hovell et al., 2013) also modified the push-off specimen geometry slightly to
mimic the bottom flange in a U-beam, where the section is not symmetric outside of the
shear plane, shown in Figure 2-16.
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Figure 2-16: Location of shear friction specimen in actual U-beam (Hovell et al., 2013)

The specimen geometry for these tests is shown in Figure 2-17. The reinforcement in these

specimens did not cross at the center of the shear plane, as the web reinforcement in the

actual U-beam extends into the bottom flange toward the outside face.
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Figure 2-17: Geometry of final specimens with asymmetric reinforcement crossing the shear
plane: (a) front view and (b) side view

245.2. Pull-Off Test

There are two different types of “pull-off” tests that have been used to evaluate the strength
of interface planes. The first type was introduced by Mattock and Hawkins (Mattock &
Hawkins, 1972) and is similar to the push-off test, shown in Figure 2-12 (b) and Figure
2-18. For this test, a rectangular component is first cast with reinforcement extending out
to attach to the load apparatus and to cross the interface plane, shown in Figure 2-18 (a).
After the first component hardens, a second rectangular component is formed and cast with
reinforcement extending to attach to the load apparatus, shown in Figure 2-18 (b). After
the second component hardens, the load apparatus is attached to the specimen and a tension

force applied until failure of the shear plane, shown in Figure 2-18 (c).
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Figure 2-18: Typical casting and testing procedure for pull-off tests: () casting of first
component, (b) casting of section component, and (¢) attaching load apparatus and testing of
pull-off specimen.

The second type of “pull-off” test is used to measure the bond strength in tension of
concrete-to-concrete interfaces, shown in Figure 2-19. The cast procedure is similar to
above, requiring two casts. Unlike above, no reinforcement is typically provided across the

interface plane.

Core down
below top layer Attach load plate P
Cast #2 \ with adhesive

Cast #1 Test pl. \\ N
est plane \\‘ @ @ @
® O/ ORI O

(a) (b) (©) (d)

Figure 2-19: Casting and testing procedure for alternate pull-off test: (a) casting of first layer,
(b) casting of second layer, (c) core through top layer into bottom layer, and (d) attach load plate
and apply tensile force to failure (designated by P)

Although this test does not directly measure the interface shear capacity, bond is closely

related to interface shear, so it has been used in the past with other tests to evaluate the

performance of interfaces (Julio et al., 2004) (Santos et al., 2007) (Long & Murray, 1984).
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2.45.3. Modified Push-Off Test

A modified push-off test was also conducted by Mattock and Hawkins (Mattock &
Hawkins, 1972) to study the effect of compressive forces acting perpendicular to the
interface. The difference between the regular push-off test and the modified push-off test
is the angle of inclination (#) of the interface plane and the reinforcement crossing the
interface. The casting and testing procedure for the modified push-off test is similar to

push-off tests and is shown in Figure 2-20.
Reinforcement Cast #2 P
crossing interface /
VAR =T i
/ ]

B Cold
. i Joint
Reinforcement
preventing
other failure
RL
~ Cast #1 b P
P i
(a) (b) (c)

Figure 2-20: Typical casting and testing procedure for modified push-off tests: (a) casting of
first component, (b) casting of second component, and (c) testing of modified push-off specimen

Mattock and Hawkins (Mattock & Hawkins, 1972) tested specimens with different angles
of inclination and observed two different types of failure: shear failure along the shear
plane when the angle was 45 degrees or less and crushing failure for an angles of 60 or 75
degrees.

The modified push-off test is similar to ASTM C882 — Standard Test Method for Bond
Strength of Epoxy-Resin Systems Used with Concrete by Slant Shear (ASTM
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International, 2013) The difference being that the slant shear test does not typically have

reinforcement crossing the shear plane.
2454, Push-Through Test

A “push-through” test was proposed and used by Williams et al. (Williams et al., n.d.) to
evaluate both the shear friction capacity and the bond strength in the interface between two
concrete cast at different times. Williams et al. (Williams et al., n.d.) were specifically
investigating the splice region in spliced, post-tensioned girders. Construction and testing
of the specimens for the push-through tests is similar to push-off tests, requiring the casting
of two outer segments that are cast at the same time and an inner segment cast at later date
directly between the outer segments, as shown in Figure 2-21. The effect of shear keys was

also investigated by Williams et al. (Williams et al., n.d.).

Reinforcement

preventing other failure Remforcement Cold Joints Cast #2

crossing interface )

-
Cast #1 op

(a) i (b)

N 5

(©)

Figure 2-21: Typical casting and testing procedure for push-through tests: (a) casting of first
component, (b) casting of second component, and (c) loading (designated by P) and testing of
push-through specimen
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A mockup of the specimen and test setup for the research is shown in Figure 2-22 Hydraulic
cylinders were used to apply a normal force to the friction plane; this was to simulate post-

tensioning forces present at the splice region.
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North =

Ll Transfer
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Wide Flange Steel
Member
Four 120 Kip
1-in Dia. Capacity
Post-Tensioning Hydraulic
Rods Cylinders
Wooden Pedestal to
Support Specimen
When Not Testing

Hydraulic Cyhinder Strong Floor
Figure 2-22: Test Setup — Elevation View (Williams et al., n.d.)
2.4.6. Primary Factors Affecting Shear Transfer

The primary parameters affecting the shear transfer in a concrete interface include
(Mattock & Hawkins, 1972):

= Surface roughness and preparation,

= Reinforcement crossing the interface,
= Applied normal force,

= Concrete strength, and

= Concrete curing conditions.
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The surface roughness, surface preparation and concrete strength will all impact the
adhesive bonding between materials at the joint. Better adhesive bonding (or cohesion) can
be achieved by having a rougher surface, pre-wetted or pre-treated with an adhesive, and a
higher strength concrete closure pour. Cleaning the first-cast surface will also improve the

adhesion between layers.

The correlation between the surface texture and preparation and the bond strength in a
concrete to concrete surface has been studied for many years by many researchers (Santos
et al., 2007), (Kono et al., 2003), (Julio & Santos, 2008). The higher the degree of
roughness of a surface, the higher the friction and adhesion bonding (Mohamad et al.,
2015). There are several different available techniques to obtain rough surfaces such as
high-pressure water-jetting (HPW), milling, shot-blasting or sand-blasting (Randl, 2013).
A paste retarder can also be painted on formwork to create an exposed aggregate finish

with satisfactory surface roughness.

The curing condition of the joint material has also been suggested to influence the transfer
of stresses between concrete surfaces (Santos & Julio, 2011). Improper curing of the joint
material can lead to excessive shrinkage, which will introduce a tensile stress between
layers and can cause loss of adhesion and cracking at the interface prior to any load being
applied. Cracking at the joint can also be caused by temperature deformations or stresses
induced during construction (e.g. accidental dropping, twisting during placement, etc.)
(Mattock & Hawkins, 1972). Other researchers (Hofbeck et al., 1969b) (Mast, 1962) have

also found that this cracking will significantly decrease the shear capacity.

Achieving good adhesive bonding between interfaces will lead to a good development of
the mechanical interlocking, which is the second mechanism involved in transferring shear
stresses along the friction plane. Mechanical interlocking is illustrated in Figure 2-23.
Adhesive bonding at other locations along the friction plane will allow for mechanical
interlocking to engage at cracked sections. The friction and mechanical interlocking both

depend on the surface roughness and concrete strength.
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Figure 2-23: Transmission of forces between crack faces (mechanical interlocking) (Randl, 2013)
Mechanical interlocking will decrease as the adhesive bonding fails. This is when the
reinforcement crossing the interface will be engaged if present. When there is no
reinforcement crossing the interface the shear friction capacity is thought to only be
achieved when normal forces are applied and the surface texture of the two layers of

concrete are in contact (Randl, 2013). This behavior can be represented in Equation 2-12.

T=C+uo Equation 2-12
Where:
T = interface shear strength
C = cohesion strength
u = friction coefficient
o = normal stress

The presence of reinforcement crossing the interface will play two roles when transmitting
stresses. First, as they slide relative to each other and try to separate, the reinforcement will
be placed in tension and will cause a compression (clamping) force to develop at the
concrete interface. This clamping force will act like an applied normal force and will cause
a friction component to the resistance. Additionally, shifting in the interfaces causes a

bending stress in the reinforcement (dowel action), which will lead to crushing of the
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concrete in the bending angle (Ali & White, 1999). These mechanisms are illustrated in

Figure 2-24.

Fractiom (b2 Dowel Action ic)

Figure 2-24: Shear resistance mechanisms when reinforcement is crossing interface (Randl,

2013)

According to Randl (Randl, 2013) the presence of the reinforcement as a connector

between interfaces will also determine whether a ductile or brittle shear friction failure

occurs. When there is no reinforcement the behavior of the section will be brittle. The

section loses capacity when adhesion is overcome, and a rigid bond-slip failure occurs. In

contrast, when the interface is reinforced the behavior is more ductile, due to the clamping

force and dowel action provided by the reinforcement.

2.5. Shear Friction Estimation Procedures

There are numerous procedures for estimating the shear friction capacity of a concrete

structure or interface. An overview of several of the prominent procedures is introduced in

this section. The procedures discussed include:

ACI 318-19

AASHTO LRFD Bridge Design Specification (2017)

AASHTO LRFD Guide Specification for Accelerated Bridge Construction (2018)
Federal Internationale de la Precontrainte (fip) 1999

federation international du beton (fib) Model Code (2010)

Canadian Standard Association (CSA)
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A summary of these codes gives a reasonable overview of how shear friction capacity is

currently estimated for buildings and bridges in the US and around the world.

As discussed in the previous section, there are several different components to the shear
friction capacity that are common in the design codes, including:

e Cohesion of the concrete-to-concrete interface (CAcy),

e Friction of the interface plane where the normal force is provided by the steel
crossing the plane (xAvs) or an applied clamping force (uPc),

e Limit on capacity based on concrete strength and interface area (< Kf"cAcv)

The components that included in each design code are shown in Table 2-3. Note that each

component has a different form in each of the different design codes.

Table 2-3: Summary of components included in shear friction estimation.

Components

Design Code

CAcv HAt uP: < Kf’:Acv
ACI 318-14 X
AASHTO LRFD X X X X
AASHTO ABC X*
FIP (1999) X X
Fib Model Code X X X X
CSA X X X X

*c on the AASHTO ABC Guide Specification is determine based on square root of
concrete strength.

2.5.1. ACI 318-19
The shear transfer strength in any specific plane should be calculated in the presence of:

= An existing or potential crack,
= |nterface between dissimilar materials, or
= |nterface between two concretes cast at different times.

For each applicable load combination, the design shear strength shall satisfy the
relationship shown in Equation 2-13.
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Equation 2-13
¢V 2V,
ACI 318-19 (22.9.3.1)

The shear friction capacity depends on the inclination angle of the shear friction
reinforcement crossing the interface: Equation 2-14 applies for cases where reinforcement
is perpendicular to the shear plane and Equation 2-15 applied for cases where

reinforcement is inclined to the shear plane.

Equation 2-14

Vo = .UAvffy
ACI 318-19 (22.9.4.2)

area of reinforcement crossing the shear plane

oS
<
<

1

= friction coefficient (Table 2-4: Friction Coefficients (Table - 22.9.4.2 in
ACI 318-19)(American Concrete Institute (ACI) Committee 318, 2019).)

=
|

Table 2-4: Friction Coefficients (Table - 22.9.4.2 in ACI 318-19)(American Concrete Institute
(ACI) Committee 318, 2019).

Contact Surface Condition n
Concrete placed monolithically. 1.4\
Concrete placed against hardened concrete that is clean, free of laitance

and intentionally roughened to a full amplitude of approximately 1/4in. HOx
Concrete placed against hardened concrete that is clean, free of laitance, 0.6

and not intentionally roughened.

Concrete placed against as-rolled structural steel that is clean, free of paint,
and with shear transferred across the contact surface by headed studs or by 0.7

welded deformed bars or wires.

Where:

A = 1.0 for normal weight concrete
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= 0.75 for lightweight concrete

If not, A is calculated based on volumetric proportions of lightweight and normal weight
concrete according to part 19.2.4 in ACI 318-19 (American Concrete Institute (ACI)
Committee 318, 2019), but A shall not exceed 0.85.

For cases where reinforcement is inclined to the shear plane, Equation 2-15 applies.

Equation 2-15
Vo =Aysfy(usina + cos a)
ACI 318-19 (22.9.4.3)

Where:

o angle between shear friction reinforcement and the shear plane

[ friction coefficient (Table 2-4: Friction Coefficients (Table - 22.9.4.2 in
ACI 318-19)(American Concrete Institute (ACI) Committee 318, 2019).

The value of the nominal shear strength (Vn) across the interface shall not exceed the limits
in Table 2-5. In the case of different strength concretes cast against each other, the lesser
of ¢ should be used in Table 2-5.

Table 2-5: Maximum nominal shear strength across the interface (V) (Table-22.9.4.4 in ACI
318-19) (American Concrete Institute (ACI) Committee 318, 2019).

Condition Maximum Vn

Normal weight concrete placed 0.2f" A, (@)

monolithically or placed against ,
Y P _ -g Least of (a),| (480+0.08f' )A. | (b)
hardened  concrete  intentionally

b), and (c).
roughened to a full amplitude of ®) © 1600A4¢ ()
approximately 1/4in.

Lesser of (d) 0.2f" A (d)
Other cases

and (e). 8004, ©)

252.  AASHTO LRFD (2017)

The interface shear transfer in a given interface shall be considered in four cases:
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= In the presence of an existing or potential crack,

= In the interface between different materials,

= Inthe interface between two concrete cast at different ages, or
= In the interface between different elements of the cross-section.

The factored interface shear capacity, Vi, shall be taken as shown in Equation 2-16:

Equation 2-16

Vi = oV
AASHTO (5.7.4.3-1)

And the design shall satisfy:

Equation 2-17
Vri = Vui
AASHTO (5.7.4.3-2)

Where:

Vi nominal interface shear resistance (kip)

Vui

strength and extreme event load combinations (kip) based on Table 3.4.1-1 in

factored interface shear force due to total load based on the applicable

AASHTO (American Association of State Highway and Transportation Officials
(AASHTO), 2017b).

) = resistance factor for shear specified in Table 2-6. For the extreme limit

state event ¢ may be taken as 1.0

Table 2-6: Shear Resistance Factor ¢ (American Association of State Highway and
Transportation Officials (AASHTO), 2017b).

Condition )

Normal weight
0.90

For shear and torsion in reinforced concrete sections | concrete

Lightweight concrete | 0.90
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Condition )

For shear and torsion in monolithic prestressed | Normal weight 0.90
concrete sections and prestressed concrete sections | concrete '

with cast-in-place closures or with match cast and

epoxied joints having bonded strands or tendons. Lightweight concrete | 0.90

For shear and torsion in monolithic prestressed | Normal weight 0.85
concrete sections and prestressed concrete sections | concrete '

with cast-in-place closures or with match cast and
epoxied joints having unbonded or debonded strands | |_jghtweight concrete | 0.85

or tendons.

The nominal shear capacity in the interface can be found using Equation 2-18. The capacity
differs from the expression found in ACI 318 as it includes a concrete cohesion component

(cAcv) and applied clamping force (Pc).

Equation 2-18

Vi = cAgy + .u(Avffy +F)
AASHTO (5.7.4.3-3)

There are two limits placed on the nominal shear friction capacity based on the concrete
compression strength (f°c) and the area of the concrete interface plane (Ac), as shown in
Equation 2-19 and Equation 2-20.

Equation 2-19
Vi = Klf,cAcv
AASHTO (5.7.4.3-4)

Equation 2-20

AASHTO (5.7.4.3-5)

Equation 2-21

AASHTO (5.7.4.3-6)
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Where:

bvi

Lvi

o
1

u

Pc
= 0.0 (kip)

'

K1
2-7)

K>

cohesion factor (ksi) (Table 2-7)

friction coefficient (Table 2-7)

limiting interface shear resistance (ksi) (Table 2-7)

compressive concrete strength of the weaker concrete (ksi)

All the factors related to the above expressions are shown in Table 2-7:

width of the interface considered to be involved in the shear transfer (in)

length of the interface considered to be involved in the shear transfer (in)

compressive force perpendicular to the shear plane; if force is tensile, Pc

fraction of concrete strength available to resist the interface shear (Table

Table 2-7: Factors to determine the interface shear capacity (American Association of State

Highway and Transportation Officials, 2016)

with surface intentionally roughened to

an amplitude of 0.25 in.

Interface condition c (ksi) M K1 K2 (ksi)
Cast-in-place concrete slab on clean Normal weight L8
concrete girder surfaces, free of concrete
_ ) 0.28 1.0 0.3

laitance with surface roughened to an Lightweight
amplitUde Of 025|n Concrete 13
Normal weight concrete placed

o 0.40 1.4 | 0.25 1.5
monolithically.
Lightweight concrete placed
monolithically, or placed against a
clean concrete surface, free of laitance | 0.24 1.0 0.25 1.0
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Interface condition

c (ksi)

K1

K2 (Ksi)

Normal weight concrete placed against
a clean concrete surface, free of
laitance, with surface intentionally

roughened to an amplitude of 0.25in.

0.24

1.0

0.25

1.5

Concrete placed against a clean
concrete surface, free of laitance, but

not intentionally roughened.

0.075

0.6

0.2

0.8

Concrete  anchored to as-rolled
structural steel by headed studs or by
reinforcing bars where all steel in

contact with concrete is clean and free

of paint.

0.025

0.7

0.2

0.8

2.5.3. AASHTO LRFD Guide Specification for Accelerated Bridge

Construction (2018)

The nominal shear transfer resistance at the pocket to precast interface, Va, shall be

calculated as shown in Equation 2-22.

I, =0.13 /f'CpAC,,

Where:

Vh = nominal shear transfer resistance between aa corrugated metal pipe void

concrete and precast element (kip).

f’cp

ACV

The area of the pocket, Acv, shall be taken as:

40

cylindrical shaft area of the pocket (in?).

ABC Guide (3.6.6.6-1)

nominal compressive stress of the pocket concrete (ksi).

Equation 2-22




Equation 2-23
Ay = mdyhy
ABC Guide (3.6.6.6-2)

Where:

dv inside diameter of the CMP pocket (in.).

hv effective height of the CMP pocket (in.).

The effective height of the pocket should account the pile embedment length and the
distance from the top of the pile to the top of the cap.

254.  FIP (1999)

The recommendations of the International Federation for Prestressing (FIP) points out that
the capacity between two concrete interfaces to transfer stresses across them depends on
the material characteristics of both faces and the interface conditions. The weaker of the

interface materials will control the design.

The FIP equation for shear friction stress capacity is shown in Equation 2-24. There is a
cohesion component (Bfct) and a friction component (uot). The friction component only

considers the normal stress applied on the interface (otq), not steel crossing the interface

plane.
Equation 2-24
Tra = Bfeta + U0fq
FIP 1999 (5.15)
Where:
B = coefficient depending of the interface condition (Table 2-8)
o = normal stress on interface (positive is compression)
u = friction coefficient (Table 2-8)
fetd = design value of concrete tensile strength

The coefficients f and p depends on the interface condition, as shown in Table 2-8.
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Table 2-8: Coefficients for the friction resistance joints (Table — 5.1 in FIP 1999) (Federation
Internationale de la Precontrainte, 1999)

Interface Condition B p
Very smooth

0.1 0.6
(e.g. cast against steel or plywood formwork)
Smooth
(e.g. slip formed or extruded, or left without further 0.2 0.6

treatment after compacting)

Rough or toothed (indented)

(e.g. with expose aggregate, roughened by raking or 0.4 0.9

brushing, or provided with shear keys [indentations])

2.5.5. fib Model Code (2010)

In the International Federation for Structural Concrete there are two ways to calculate the
shear stress in the interface between two concrete cast at different ages: (1) interfaces
intersected by reinforced steel and (2) interfaces connected by dowels. Equation 2-25
should be used for interfaces intersected by reinforced steel. The demand shear (Veqi) must

be kept less than the design shear (Vrai).

Equation 2-25

VEdi = VRai fib (Model Code 2010) (7.3-
31)
Where:
Vveai = design value of the shear stress in the interface.
Vrai = design limit value for the shear in the interface.
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e = PVEd
Edi (Zbi)

VRai = Cfcta + 1on + pfya(usina + cosa)

Equation 2-26
fib (Model Code 2010) (7.3~
32)
Equation 2-27

fib (Model Code 2010) (7.3-

< 0.5vf4
33)
Where:

B = ratio of the longitudinal force in the new concrete and the total
longitudinal force either in the compression or tension zone, both calculated
for the section considered

z = inner lever arm of the composed section

bi = width of the interface

vgq = Shear force on the composed section

c = cohesion factor (Table 2-9)

u = friction coefficient (Table 2-9)

p = reinforcement ratio of the reinforcing steel crossing the interface

Oy = force normal to the interface

o = inclination of the reinforcement crossing the interface

Table 2-9: Coefficients for the determination of the interface shear strength (Table —7.3-1 in fib
Model Code 2010) (International Federation for Structural Concrete (fib), 2010)

Surface characteristics of the interface

c B

Very smooth

(steel, plastic, specially treated timber formwork)

0.025 0.5
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Surface characteristics of the interface c 1)
Smooth

0.35 0.6
(concrete surface without curing)
Rough

0.45 0.7
(strongly roughened surface)
Very rough 0.5 0.9

The values of ¢ found in Table 2-9 must be reduced by 50-percent under fatigue or dynamic

loads.

To achieve appropriate interface properties sometimes structures are retrofitted by
roughening the interface surface and providing dowels. Equation 2-28 should be used for

these cases, interfaces connected by dowels.

5 Equation 2-28
Vpg = 0.09k, f1/3 + y(lcpf +—")+ ar |fyafe
R clei ya Ty ) T TRyl fib (Model Code 2010)

< Befeab 7,330
Where:
ke = roughness coefficient (Table 2-10)
K = coefficient for tensile force activated in the reinforcement or the dowels
(Table 2-10)
arp = flexural resistance coefficient (Table 2-10)
Be = compressive struts coefficient (Table 2-10)
n = friction coefficient (Table 2-10)

Table 2-10: Coefficients for surface roughness in interfaces reinforced with dowels (Table — 7.3-
2 in fib Model Code 2010) (International Federation for Structural Concrete (fib), 2010)

Surface ke K T
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Roughness ar Be | fek =20 | for =35
High pressure water
jetting 2.3 0.5 0.9 0.5 0.8 11
R = 0.5mm
Sand blasting
0 0.5 1.0 0.4 0.7

R = 0.5mm
Smooth 0 0 1.4 0.4 0.5

2.5.6. CSA (2010)

The Canadian Standards Association has similar design equations for calculating the shear

resistance to transfer forces between concrete cast monolithically or concrete placed

against hardened concrete with a clean or rough surface. The shear resistance of the plane

is found using Equation 2-29.

V= Apckyof'c + ¢spvfycosaf

Where:

Apckof'. <0.25¢.f';

0.5 for concrete placed against hardened concrete

0.6 for concrete placed monolithically

Equation 2-29

CSA (11-25)

angle between the shear friction reinforcement and the shear plane

o = pyfysinas + T
g

Equation 2-30

CSA (11-26)



Ay Equation 2-31

Acy CSA (11-27)

N = unfactored permanent load perpendicular to the shear plane, positive for

compression and negative for tension.

Chapter 3: Experimental Procedure and Testing

3.1. Introduction

This chapters summarize the test matrix, specimen details, construction of specimens, test
setup, loading protocol, instrumentation schedule, experimental and analysis of results of
the small and large scale specimens tested to evaluate the shear friction capacity of the
interface on pocket connections.

3.2. Small -Scale Testing

The overall objective of the second task was to experimentally evaluate the behavior of the
interface between pile cap and plug in the pocket connection used between precast piles
and precast pile caps. The primary variables evaluated in this testing were: (1) interface
surface condition, (2) corrugation spacing and depth, (3) reinforcement detail around the

pocket, and (4) edge distance between the edge of the plug and edge of the pile.

Three different series of tests were used to develop an appropriate test setup and protocol

for investigating the behavior of the interface and to evaluate these four variables:

e Series | (4 specimens): used to develop appropriate test setup and protocol

e Series Il (20 specimens): evaluate (1) interface surface condition and (2)
corrugation spacing and depth

e Series Il (13 specimens): primarily evaluate (3) reinforcement detail around

pocket and (4) edge distance between plug and edge of pile

This report will summarize the test matrix, specimen details, construction of specimens,
test setup and load protocol, instrumentation schedule, estimated strengths, and

experimental results.
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3.2.1. Test Matrix and Experimental Variables

The experimental variables that were evaluated in this task are presented in Table 3-1 and

explained in this section.

Table 3-1: Experimental variables for small-scale testing

Experimental Variable Possible Values for Test Matrix

Sandblasted; corrugated pipe left in place;

Interface surface condition .
exposed aggregate finish

Smooth, corrugated plastic duct (hri, = 0.875”,
Lrib =17, Srib = 2”), corrugated metal duct (hrib
=0.5", Lrib = 0.75”) with different spacing
(2.67” and 5.33”)

Different amounts of reinforcement around the

Corrugation spacing and depth

Reinforcement around pocket pocket and in the longitudinal direction
crossing the splitting plane
Edge distance 1dp|ug, 0.75dp|ug, 0.5dp|ug

Definitions for the rib length (L+ib), height (hrib), and spacing (Srin) are provided in Figure
3-1.

:0: hri.b

Lo 3 S
~ 1_5 rib

Ml

dp ile

Figure 3-1: Corrugations spacing and depth definitions
The combinations of these variables that were tested are summarized in the test matrices
shown in Table 3-2 to Table 3-4.

Table 3-2: Experimental matrix for Series | specimens

Corrugation Spacing and Depth
Ncap Interface Surface
# ) - Prib Lrib | Srib -
(in) Description ) ) _ Condition
(in) | (in) | (in)
Corrugated Sandblasted (1/16”
S1-1 | 36 ) 0.875 1 2
plastic roughness)
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Corrugation Spacing and Depth

Ncap Interface Surface
# ) o Prib Lrib | Srib .
(in) Description ) ) _ Condition
(in) | (in) | (in)
Corrugated Sandblasted (1/16”
S1-2 | 18 ) 0.875 1 2
plastic roughness)
Corrugated Sandblasted (1/16”
S1-3 | 18 ) 0.875 1 2
plastic roughness)
Sandblasted (1/16”
S1-4 | 36 Smooth 0 0 0
roughness)
Table 3-3: Experimental matrix for Series Il specimens
Corrugation Spacing and Depth
Ncap Interface Surface
# ) o hrib Lrib | Srib -
(in) Description _ _ _ Condition
(in) @in) | (in)
Smooth Sandblasted (1/16”
S2-1 | 18 0 0 0
roughness)
Paste retarder (1/4”
S2-2 | 18 | Smooth 0 0 0
roughness)
Single rib Sandblasted (1/16”
S2-3 | 18 | (corrugated 0.875 1 15 | roughness)
plastic)
Paste retarder (1/4”
S2-4 | 14 | Smooth 0 0 0
roughness)
Single Rib Sandblasted (1/16”
S2-5 | 14 | (corrugated 0.875 1 11 | roughness)
plastic)
Double Rib Sandblasted (1/16”
S2-6 | 14 | (corrugated 0.875 1 5.5 | roughness)
plastic)
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Corrugated metal Sandblasted (1/16”
S2-7 | 18 05 | 075 | 2.67
roughness)
Corrugated metal Sandblasted (1/16”
S2-8 | 18 _ 05 | 075 | 5.33
(1/2 spacing) roughness)
S2-9 | 18 | Corrugated metal 0.5 | 0.75 | 2.67 | Corrugated pipe
S2- Corrugated metal Sandblasted (1/16”
14 05 | 0.75 | 2.67
10 roughness)
S2- Corrugated metal Sandblasted (1/16”
14 _ 05 | 075 | 5.33
11 (1/2 spacing) roughness)
S2- Corrugated metal Corrugated pipe
14 05 | 075 | 2.67
12
S2- Sandblasted (1/16”
18 | Smooth 0 0 0
13 roughness)
S2- Sandblasted (1/16”
14 | Smooth 0 0 0
14 roughness)
S2- Paste retarder (1/4”
14 | Smooth 0 0 0
15 roughness)
S2- Sandblasted (1/16”
18 | Corrugated metal 05 | 0.75 | 2.67
16 roughness)
S2- )
17 18 | Corrugated metal 0.5 | 0.75 | 2.67 | Corrugated pipe
S2- Sandblasted (1/16”
14 | Corrugated metal 0.5 0.75 | 2.67
18 roughness)
S2- )
19 14 | Corrugated metal 0.5 0.75 | 2.67 | Corrugated pipe
S2- Sandblasted (1/16”
18 | Corrugated metal 05 | 0.75 | 2.67
20 roughness)
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Table 3-4: Experimental matrix for Series Il specimens (hcap = 14-inch)

Reinforcement Interface Edge Distance
Interface
# Around Type Surface
Pocket Longitudinal Condition X y
. Corrugated Sandblasted
S3-1 | Typical None Dipe (1/16” roughness) 1dpiug 1dpiug
. Corrugated Sandblasted
S3-2 None Typical pipe (1/16” roughness) 1dpiug 1dpiug
. 2#4inall Corrugated Sandblasted
$3-3 | Typical faces pipe (1/16” roughness) 1biug 1biug
2 stirrups Corrugated
. . : Sandblasted
S3-4 | 8 vsar';;cal Typical pipe (1/16” roughness) 1dpiug 1dpiug
S3-5 None Typical Corgif:tw Corrugated pipe 1dpiug 1dpiug
2 stirrups Corrugated
S3-6 | 8 vertical Typical pipe Corrugated pipe 1dpiug 1dpiug
bars
3#4intwo | Corrugated
: faces pipe Sandblasted
$3-7 | Typical 1 #7 in two (1/16” roughness) 1biug 1biug
faces
3 #4 inthree | Corrugated
: faces pipe Sandblasted
53-8 | Typical 1 #7 in one (1/16” roughness) 1biug 1biug
face
3#4 inthree | Corrugated
] . faces pipe Sandblasted
$3-9 | Typical 1 #7 in one (1/16” roughness) 0-50pug | 10piug
face
3#4intwo | Corrugated
i . faces pipe Sandblasted
$3-10 | Typical 1 #7 in two (1/16” roughness) 0-50piug | 0-50piug
faces
3#4 inthree | Corrugated
. faces pipe Sandblasted
S3-11 | Typical 1 #7 inone (1/16” roughness) 0-75hiug | 1dpiug
face
3#4intwo | Corrugated
i . faces pipe Sandblasted
S3-12| Typical 1 #7 in two (1/16” roughness) 0.75dpuug | 0.75Gpiug
faces
S3-13 | Typical Typical Mogt;lsltt hic Monolithic Cast 1dpiug 1dpiug
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3.2.2. Specimen Geometry and Construction

Details for construction of the cap and plug and the surface preparation used in this task
are explained in this section. Some specimens were constructed at FDOT’s Structures
Research Center (SRC) and some at a precast plant in Miami, FL. The same construction

procedure was followed at both locations.
3.2.2.1. Cap and Plug Construction
The procedure for constructing the modified push-through test was as follows:

1. A cube was cast with a cylindrical void in the center (referred to as the “cap”). The
size of the cap and the diameter of the void varied. The cylindrical void was
constructed using corrugated metal pipes, corrugated plastic pipes, and Sonotubes
(smooth cylindrical tubes) to vary the corrugation spacing and depth, as shown in

Figure 3-2.

-

Figure 3-2: Construction of cap and installation of blockout for void with (a) corrugated metal
pipe, (b) corrugated plastic pipe, and (c) Sonotube

2. The pipe was removed after the concrete in the cap hardened (typically 1 to 3 days
after casting of the cap), as shown in Figure 3-3. The surface preparation after
removal of the pipe varied based on the desired interface condition.
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Figure 3-3: (a) Removal of corrugated pipe and (b) surface finish after removal of pipe and
sandblasting

3. After the pipe was removed and the interface surface properly prepared, a 3-inch
cylindrical form with the same diameter as the plug was placed on top of the cap
and a 3-inch blockout was installed at the bottom of the plug, as shown in Figure
3-4. The plug was cast between 5 and 163 days after the cap (see §3.2.2.4).

Figure 3-4: Plug construction: (a) typical plug reinforcement, (b) 3-inch cylindrical form on top
of cap, (c) casting of plug concrete, and (d) 3-inch blockout on bottom of plug (after testing)

4. After the concrete had hardened, the formwork and foam blockout were removed.
The precast specimens were then shipped to FDOT’s Structures Research Center
and prepared for testing. The finished specimens were tested between 16 and 178
days after initial casting.

Figure 3-5: Finished specimens for (a) part of Series Il and (b) Series 11
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3.2.2.2. Surface Finishes

Three different surface preparations were used for the specimens: Sandblasted (1/16°” of
roughness), exposed aggregate (1/4°” of roughness), and keeping the metal duct in place,
as shown in Figure 3-6. The sandblasted surface condition was obtained by:

1. Removing the corrugated pipe used to form the pocket in the pile cap,

2. Sand or water blasting the interfacing surface,

3. Prewetting of the surface using wet burlap on the surface for 4 to 5 hours, and
4. Removing the wet burlap prior to pouring concrete.

The prewetting of the surface was done with a yard type sprayer used periodically
throughout the day rather that sealing and filling the void with potable water due to the
logistical challenges of filling the void with water in the laboratory where the about half of
the specimens were constructed. The sandblasted surface condition is shown in Figure 3-6

(a).

Figure 3-6: Surface preparation for second series of specimens: (a) sandblasted, (b) paste
retarder, and (c) corrugated metal duct

A Ys-inch exposed aggregate finish, shown in Figure 3-6 (b), was achieved using the
following procedure:

1. A polyurethane clear coat was applied to the cylindrical void to prevent the set
retarding agent from primarily being absorbed by the form, as shown in Figure 3-7
(@).

2. The set retarding agent was applied to the formwork where the exposed aggregate
finish was desired (i.e. the plug) within 24 hours of the casting time, shown in
Figure 3-7 (b). The specimens were cast either inside the SRC or under cover at the
precast facility, so the specimens were not exposed to any moisture. It is important
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to protect the specimens from moisture as the set retarding agent is moisture
activated.

3. The plug void was then placed in the cap, Figure 3-7 (c), and the cap concrete cast.

4. The plug form was removed within 24 hours of casting and a pressure washer was
used to wash away the unhydrated paste on the surface of the plug. Care was taken
to ensure the paste was washed away without fracturing the aggregate.

5. The surface of the plug interface was prewetted similar to the specimens with
sandblasted finish.

Figure 3-7: Procedure for achieving exposed aggregate finish: (a) application of polyurethane
clear coat, (b) application of set retarding agent, (c) placement of void in cap, and (d) finish after
pressure washing surface

Finally, several of the specimens had the corrugated metal duct left in place, creating a

smooth concrete on steel connection, as shown in Figure 3-6 (c).
3.2.2.3. Observations from Construction

One adjustment was made in the construction of some of the Series Il and all the Series 11|
specimens when the corrugated pipe was left in place. Rotation of the plug was observed
in the first two specimens in Series 11 with the corrugated metal duct left in place (S2-9 and
S2-12), as shown in Figure 3-8 (a). For later specimens, the corrugated metal duct was cut
at mid-height and rotated so that the corrugations did not align at the cut, as shown in Figure
3-8 (b). This was done to try and resist the rotation of the plug during testing. The two
pieces were welded, and tape was used inside the pipe to avoid intrusion of the concrete

when pouring the cap, as shown in Figure 3-8 (c).
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Figure 3-8: (a) Rotation observed in S2-12, (b) detail of the corrugated metal pipe when the pipe
was left in place in later specimens, and (c) installed metal pipe with tape inside blocking voids

3.2.24. Casting Dates for Caps and Plugs

The casting dates for the caps and plugs, the age of the cap at time of plug casting, and the
age of the plug at the time of testing are summarized in Table 3-1. Specimen S2-20 was
cast specifically to investigate the effect of additional time between casting of the cap and
plug.

Table 3-5: Casting dates for caps and plugs and age of cap at time of plug casting

Casting Date Age of Cap Avg. Plug

. Age at
Specimens at Plug Cast .

Cap Plug (days) Testing

(days)
S1-1to S1-4 12/13/18 1/11/19 29 38
S2-1to0 S2-6 6/26/19 7/29/19 33 18
S2-7 to S2-12 7/24/19 7/29/19 5 23
S2-13 to S2-19 3/2/20 3/9/20 7 150
S2-20 3/2/20 8/12/20 163 16
S3-1to S3-13 8/11/20 8/18/20 7 35

3.2.3. Test Setup and Loading Protocol

A schematic and photograph of the test setup are shown Figure 3-9. The load was applied
to the specimens using a 750-kip hydraulic jack and a 600-kip load cell attached to a load
frame with a 1,000-kip capacity. The load cell was calibrated to 150% overload, so 750
kips was still within the calibrated range of the load cell.
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Figure 3-9: (a) Schematic and (b) photograph of test setup for small-scale specimens
The specimens were placed on top of four load blocks for testing. The load blocks were
separated 2 to 3-inch apart, as shown in Figure 3-10, to leave room for a laser displacement
transducer to measure the deflection of the bottom of the plug.

217 W 37K 27 aneal] planes

iwelded to Load blocks) — 17

ia) i

Figure 3-10: Load blocks used in the test setup with 3-inch of separation (a) overview and (b)
lateral view of gap.

All specimens were tested using the same loading procedure. The load was applied at a rate

of 0.2 kips per second until a load of 200 kips for all specimens. A sample load versus

deflection plot for S3-1 with the load of 200 kips highlighted is shown in Figure 3-11 (a).

The 200-kip load was held on the specimens at this point while the specimens were

inspected for cracks; cracks were marked, labeled, and documented, as shown in Figure
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3-11 (b). Load was then applied at the same load rate (0.2 kips per second) until failure of
the interface or test capacity was reached. Cracks were marked on all sides (including the
bottom) of the specimens after they were removed from the test frame. A sample crack

pattern on the bottom of Specimen S3-1 after failure is shown in Figure 3-11 (c).

Lozl o kdjos)
14

Tl tian gin. )

H Pan) s

Figure 3-11: (a) Sample load versus deflection plot, (b) crack pattern at 200 kips, and (c) crack
pattern on bottom after failure for Specimen S3-1

3.2.4. Instrumentation Schedule

In most of the specimens three different types of measurements were used: concrete strain
gage (CSG), rebar strain gages (RSG), and laser transducer displacement (LTD). Concrete
strain gages (CSG) were used to monitor crack development on the surface of the
specimens during testing. Rebar strain gages (RSG) were used to measure the engagement
of the reinforcement while loading. Finally, at least three to five laser displacement
transducers (LDT) were used to monitor the displacement of the top and bottom of the plug

relative to the cap.

The instrumentation scheme used for Series | specimens is shown in Figure 3-12.
Instrumentation was provided on all faces for these specimens to determine the behavior
and failure mechanism for the specimens. Only one LDT was provided on the top of the

plug for these specimens.
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Figure 3-12: Instrumentation plan for Series | specimens: (a) pile cap bottom view (b) cap-
elevation (c) pile cap, and (d) plug elevation.

A symmetrical response to the load was observed in Series | tests. A splitting crack was
observed in either the east-west or north-south direction with similar rebar engagement and
cracking patterns on opposite faces. For this reason, a reduced RSG and CSG schedule was
used for Series Il and 111 tests, as shown in Figure 3-13, with gages only on two adjacent
faces of the specimens. Five LDTs were used in these specimens to measure displacement
on the (1) opposite sides of the top of the plug, (2) opposite sides of the top of the cap, and
(3) bottom of the plug.
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Figure 3-13: Instrumentation plan for Series Il and |11 specimens: (a) pile-cap bottom view (b)
cap-elevation, (c) plan cap, and (d) plug elevation.

There were eight specimens in Series Il that were prefabricated without internal
instrumentation. These were specimens with similar characteristics to other specimens in
Series Il with internal instrumentation. These eight specimens had the instrumentation

schedule shown in Figure 3-14.
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Figure 3-14: Instrumentation plan for Series Il1b specimens.
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3.2.5. Experimental Results of Small-scale Testing

3.25.1. Normalization of Failure Loads

Two different normalizations were used to analyze the data (based on available

specifications):

1. Based on AASHTO LRFD Bridge Design Specification 8" Edition (American
Association of State Highway and Transportation Officials (AASHTO), 2017b):

Equation 3-1

Vni = €Ay + 1(Avrfy + Fe) AASHTO (5.7.4.3-3)
~ Vhiex Normalization based on
Ay cohesion (when Ay = Pc = 0)

2. Based on AASHTO LRFD Guide Specification for ABC 1% Edition (American
Association of State Highway and Transportation Officials (AASHTO), 2018):

' Equation 3-2
V. = 0.13 /f e Acy (q3.6.6.6-1)

k = Vni,ex

, k normalization
f cpAcv

The interface area in both equations is:
Ay = mdyhy, Equation 3-3

Both normalizations were used to analyze, explain, and present the experimental results.
3.2.5.2. Summary of Results

The measured compressive strengths, cracking loads, ultimate loads, and normalized
ultimate loads are summarized in Table 3-6 for all the specimens tested under Task 2. The
specimen names describe the series and number in the series (e.g., S2-5 is the 5™ specimen

tested in Series 2). An analysis of these results is provided in the following subsections.
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Table 3-6: Measured concrete strength and estimated versus measured ultimate strength and
displacement for small-scale specimens

Compressive

_ Strengthon | Cracking | Ultimate Voier | k = Vaiex
Specimen | Test Day (Kksi) Lc_)ad Lc_)ad c=— : \/7 A
Cap | Plug (Kips) (Kips) v ey

S1-1 7.57 8.45 690 > 750.0 - -
S1-2 7.96 8.79 340 > 750.0 - -
S1-3 7.69 8.20 -- 243.8* 0.862 0.301
S1-4 8.05 7.98 300 429.7 0.345 0.122
S2-1 6.26 6.95 180 339.0 0.599 0.227
S2-2 6.33 6.98 250 > 750 - -
S2-3 6.20 6.95 180 320.2 0.566 0.215
S2-4 6.33 6.98 170 615.4 1.484 0.562
S2-5 6.02 6.91 120 356.0 0.858 0.327
S2-6 6.41 6.91 110 418.6 1.009 0.384
S2-7 6.30 6.91 142 719.5 1.272 0.484
S2-8 6.85 7.29 124 553.5 0.979 0.362
S2-9 6.39 7.29 125 662.2 1.171 0.434
S2-10 6.72 7.11 163 575.4 1.388 0.520
S2-11 6.59 7.11 95 399.8 0.964 0.362
S2-12 6.59 7.11 110 521.6 1.258 0.472
S2-13 5.25 7.42 360 605.6 1.071 0.393
S2-14 5.52 7.40 130 441.3 1.064 0.391
S2-15 5.52 7.40 100 631.2 1.522 0.560
S2-16 5.54 7.76 400 > 750.0 - -
S2-17 5.52 7.40 160 533.3 0.943 0.347
S2-18 5.55 7.97 200 569.2 1.373 0.486
S2-19 5.55 7.97 150 482.6 1.164 0.412
S2-20 5.77 7.11 200 666.0 1.178 0.442
S3-1 4.58 4.59 140 364.1 0.878 0.410
S3-2 4.58 4.59 150 444.6 1.072 0.500
S3-3 4.58 4.59 110 440.9 1.063 0.496
S3-4 4.66 4.68 200 493.8 1.191 0.550
S3-5 4.66 4.68 100 340.7 0.822 0.380
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Compressive . .
_ Strengthon | Cracking | Ultimate Vaier | k = Vniex
Specimen | Test Day (Kksi) Lc_Jad L(_)ad c= A_ \/}T 4
cap | Puug | KPS | (kips) v e
S3-6 4.66 4.68 80 283.8 0.684 0.316
S3-7 4.69 4.65 100 413.6 0.997 0.463
S3-8 4.66 4.68 100 379.3 0.915 0.423
S3-9 4.69 4.65 100 364.6 0.879 0.408
S3-10 4.69 4.65 90 330.7 0.797 0.370
S3-11 4.67 4.68 100 3524 0.850 0.393
S3-12 4.69 4.68 130 363.2 0.876 0.406
S3-13 4.67 4.68 125 387.5 0.934 0.432
Average = 1.010 0.407
St. Dev. = 0.257 0.096
Coefficient of Variation = 0.255 0.235

The normalized experimental results for specimen in Series Il and 111 based on both codes

(c and k normalization) are shown in Figure 3-15 and Figure 3-16. The highest cohesion
value found in AASHTO LRFD Bridge Design Specification is 0.4 used for monolithic

placed concrete as indicated with the red line in Figure 3-15. The currently recommended
value for k in the AASHTO LRFD Guide Specification for ABC is 0.13 as shown in Figure

3-16. Both figures show how current specifications are conservative regardless of interface

surface condition, corrugated type, or reinforcement layout.

The k normalization will be used in the comparisons of the analysis of the results as it also

includes concrete strength in its normalization. The comparisons are divided per variable

in the test matrix: interface surface condition, corrugation spacing and depth, edge distance,

and confinement reinforcement around pocket

62




1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20

0.00

v 5 RPN N I BN RN RN BN
'\a o "V 'V o "b' "V ”v' VoA A N AN A N AN A AfY
QY o O S G o G G o é\, cgv c:,"b c:;b .:5\« coq' cgb c:;\« .:;‘y c:?; ca(\a

(a)

1.40

120 r
1.00
0.80 r
0.60
0.40

0.20
0.00

« o =

S3-5 |
$3-6 |
$3-7 |
3-8 [
$3-9 |

S3-1

[3a] [3a] [3a)
72] 72} 72}

$3-10 |
S3-11 |
$3-12 |

S3-13

(b)

Figure 3-15: ¢ normalization for (a) Series Il and (b) Series Il specimens
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Figure 3-16: k normalization for (a) Series Il and (b) Series I11 specimens
3.25.3. Analysis of Results

Failure Mechanism

After evaluating the responses of the specimens, a similar failure mechanism and
progression to failure was seen in most of them. First cracking occurs on one face or
parallel faces between 16% and 70% of the ultimate capacity with an average of 32% of
ultimate capacity. The first cracking load can be clearly determined from rebar strain gage
(RSG) and concrete strain gage (CSG) readings as indicated in Figure 3-17. RSG and CSG

readings would remain linear until first cracking. At first cracking, strain in RSGs would
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greatly increase (as the reinforcement engaged after cracking), as shown in Figure 3-17.
The CSG would abruptly change from tensile strains to compression strains (if the crack
occurred next to the gage) or have a dramatic increase in tensile strain (if the crack extended
through the CSG). The cracking loads obtained from CSG and RSG readings for all the
specimens are summarized in Table 3-6. The same cracking load was typically obtained

from both types of gages; an average between the two gages was used if there was a

difference.
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Figure 3-17: Rebar strain gages in the longitudinal reinforcement on bottom of specimen S2-10
First cracking in the side of the cap did not have a significant impact on the load versus
plug displacement response. The load-deflection curve would typically remain linear
elastic until extensive cracking would develop in the cap (typically accompanied by several
large cracks), which was then typically followed by sliding of the plug, as shown in Figure
3-18. Deflection occurred at both the top and bottom of the plug when the plug began to
slide, as shown in Figure 3-18 (b). The maximum applied failure loads are summarized in

Table 3-6.
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Figure 3-18: Failure mechanism of specimen S2-7: (a) crack pattern and (b) load-deflection
curve

The cracking extended the full depth of the caps, as observed by similar cracks on top and
bottom of the caps. Some sample crack patterns marked on the bottom of three specimens
are shown in Figure 3-19. A large diagonal crack extending from the plug was a common

characteristic of many of the plug specimens at failure.

Figure 3-19: Sample crack patterns on the bottom of specimens (a) S2-7, (b) S2-8, and (c) S2-9
Effect of Interface Surface Condition

The interface surface condition directly influences the cohesion component of the shear
friction capacity. The conditions that were evaluated for this variable were: sandblasted
(1/16>° of roughness), corrugated pipe left in place (metal finish), and exposed aggregate
finish (1/4”* of roughness). The exposed aggregate finish created a 1/4-inch roughened
surface and thus affected the interface condition and may act as a type of corrugation
creating mechanical interlock along the length of the interface. For this reason, it is
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included in both sections. A monolithic specimen (S3-13) was also cast to compare a
specimen with no cold joint to those with the cold joints at the interface. A comparison of
the normalized failure loads between the specimen with different interface surface
conditions is shown in Figure 3-20. Specimens S2-2 and S2-16 did not fail within the
maximum capacity of the test setup (750 Kkips), so an arrow is shown in Figure 3-20
indicating that their failure loads were greater than the value shown. Specimen S2-20 was
like S2-7 and S2-16 except that there was a longer time provided between the time of
casting for the cap and the plug (163 days compared to 7 days).

[] Monolithic

[ Smooth- FDOT recommended finish (1/16” roughness)
[ Smooth- Exposed aggregate finish (1/4” roughness)
] Corrugated - FDOT recommended finish (1/16” roughness)
7] Corrugated - FDOT recommended finish (1/16” roughness, 163 days between casts)
[ Corrugated metal duct left in place
] Corrugated metal duct left in place (corrugation misalignment)
0.6
I:I:I:I Smooth [ Corrugated -
oL % it ]
04 r [ - [ ] ]
= 03
02 []
0.1
0.0
(o] =t — [ag} =t ol =t o ~ = o 2] = N [} I~ (=)}
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Figure 3-20: Comparisons for second series of specimens based on interface surface condition
The following subsections discuss some of the main conclusions on the effect of interface

surface condition on the behavior of these specimens.

Monolithic Concrete Specimen (53-13)

Although there was no cold joint, the monolithic cast specimen (S3-13) also experienced a
sliding failure along the interface between the plug and cap. The concrete strength was
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lower (4.7 ksi for cap and plug) than the specimens in Series | and 11, so the normalized
loads k are used for comparisons. Cracking began in the specimen at a normalized load k
of 0.139 (125 kips), which was close to the average normalized cracking load Kavg of 0.133
for all the specimens tested. The observed crack pattern was like the typical crack pattern
seen in the other specimens, as shown in Figure 3-21 (a) and (b). One difference was that
concrete on the sides of the extended plug progressively spalled off during testing, as
shown in Figure 3-21 (c) and (d).

1ch

Figure 3-21: Failure details on (a) bottom, (b) cap, (c) top of plug and (d) plug detail during
testing of the Specimen S3-13

Sliding was determined based on the LDT readings on the top and bottom of the plug,
shown in Figure 3-22 (a). Displacement in the bottom of the plug began at approximately
the same time first cracking occurred in the sides of the specimen (125 kips). After this
there was similar displacement measured on the top and bottom of the plug until sliding
began at the failure load of 387.5 kips. The reinforcement around the pocket began to
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engage when first cracking occurred and approached the yield strain at time of failure;

strains in the longitudinal reinforcement are shown in Figure 3-22 (b).
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Figure 3-22: (a) Load versus deflection curve and (b) load versus strain in the longitudinal
reinforcement for S3-13

The monolithic specimen will be used as a baseline comparison in the following sections.

1/16-inch versus 1/4-inch Surface Roughness (Smooth)

The normalized load (k) versus deflection plots for the specimens with no corrugation and
1/16-inch and 1/4-inch surface roughness are shown in Figure 3-23. The response of the
specimen with a monolithically cast plug (S3-13) is also shown in Figure 3-23 (a) and (b)
as a comparison. S2-2 did not fail before reaching the 750-kip test capacity; this plot is
shown as a dotted line in Figure 3-23 (b). The cohesion is related to the negative slope

following the maximum load. After cohesion is overcome, it is assumed the load will have
a sharp decrease and then level out at a load related to the kinetic coefficient of friction

between the plug and cap.

The exposed aggregate finish (1/4-inch roughness) increased the strength compared to the
sandblasted finish (1/16-inch roughness) when using a smooth pipe. The increased
roughness likely improved both the cohesion and friction (due to surface roughness)
components of the interface capacity leading to the higher strength and steeper decline
following the maximum failure load.
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The specimens with 1/4-inch surface roughness reached higher normalized failure loads
than the monolithic specimen, but the specimens with a 1/16-inch surface roughness failed
at lower loads. The normalized load versus displacement plot for the monolithic specimen
had a similar shape to the other specimens where there was strong cohesion (52-13, S2-14,
S2-4, and S2-15).

The variation in the behavior of the smooth interface with 1/16-inch surface roughness is
likely due to the sensitivity of these specimens to the casting procedure. Specimens S1-4
and S2-1 were both cast at the FDOT Structures Research Center, while Specimens S2-13
and S2-14 were both precast at Coreslab Structures (Miami), Inc. The casting procedure
did not have as significant an effect on the specimens with the 1/4-inch exposed aggregate
finish, as the S2-4 (cast at SRC) and S2-15 (cast at Coreslab) both had very similar
behavior.

Foags Ive Maectien {in Tavpa Dve Bl tdsm (i)
h

Figure 3-23: Normalized load (k) versus top deflection plots for specimens with no corrugations
with (a) 1/16-inch and (b) 1/4-inch interface surface roughness
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The strain readings in the rebar strain gages (RSGs) on the longitudinal steel in S2-1 and

S2-2 are shown in

"I.:II.!I 1 1"1_'-| - .. j-f--'_l a-a

Laad {kipe)

100 j
i . i

i 1 G 2N JHA i L{HD {1 I
Aicrostrain Ylicrasirain

Figure 3-24. The only difference between specimens S2-1 and S2-2 was the interface
surface condition: S2-1 had a 1/16-inch roughness and S2-2 had a 1/4-inch roughness. The
reinforcement in S2-1 did not begin to engage until a slightly higher load than S2-2, and
the amount that the reinforcement engaged was less in S2-1 than in S2-2. The cracking in
S2-1 also was later (with respect to the failure load) than S2-2. These observations are like
those seen in the other rebar gages and in other similar specimens. The 1/4-inch surface
roughness led to more rebar engagement and more significant cracking than the 1/16-inch
roughness. The rebar engagement in the specimens with 1/4-inch surface roughness was

similar to that observed in the monolithically cast specimen, see Figure 3-22 (b).
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Figure 3-24: Rebar strain in longitudinal bars on bottom of specimen (a) S2-1 and (b) S2-2

1/16-inch Concrete versus Steel (Corrugated)

All the specimens with corrugation and the 1/16-inch surface roughness reached their peak
load and then decreased in load as the plug pushed through, as shown in Figure 3-25 (a).
S2-7, S2-10, and S2-18 all gradually decreased in load as the plug pushed through, while
S2-16 had a sudden failure when the cohesion was overcome. S2-20 had less cohesion (i.e.,
non-linear response prior to reaching the maximum load and a less dramatic drop in
strength following the maximum load) than the other specimens with the 1/16-inch finish;
this was likely due to the longer time between casting of the cap and plug (163 days
compared to 5 to 7 days for the other specimens). The specimens with corrugation and the
1/16-inch surface roughness all reached a higher capacity than the monolithically cast

specimen (S3-13).

The metal finish had a lower cohesion and strength than 1/16-inch roughness, as shown in
Figure 3-25 (b). The normalized load versus displacement in the top of the plug began non-
linear behavior between a k of 0.25 and 0.3. After this, the load continued to increase while

the plug was pushing through.
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Figure 3-25: Normalized load (k) versus top deflection plots for specimens with corrugations
with (a) 1/16-inch concrete finish and (b) concrete to metal interface
In general, more symmetrical early engagement of the reinforcement surrounding the
pocket was observed in the specimens with the corrugated metal pipe left in place. The
load versus rebar strain for specimens S2-7 (1/16-inch surface roughness) and S2-9
(corrugated metal) is shown in Figure 3-26. All the rebar in the specimen with the
corrugated metal pipe left in place (S2-9) began to engage at around 150 kips. The rebar in

the specimen with the metal pipe removed and surface roughened to 1/16-inch magnitude

(S2-7) was engaged between 175 and 425 Kips.
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Figure 3-26: Rebar strain in longitudinal bars on bottom of specimen (a) S2-7 and (b) S2-9
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Rotation of Plug

Two of the specimens with the corrugated metal duct left in place (S2-9 and S2-12)
experienced clear rotation of the plug as the plug was pushed through (following the angle

of rotation), as shown in Figure 3-27.

52-12 52-12

y (belore) a sy (alter)

Figure 3-27: Observed rotation in S2-12 (a) before and (b) after testing
The metal duct was cut at mid-depth and rotated to make the corrugations discontinuous at
the cut in S2-17 and S2-19 to try and prevent the rotation of the plug during testing (see
83.2.2.3). Only slight rotation was observed in these specimens, as shown in Figure 3-28,
but they did end up failing at lower normalized loads than the specimens where clear

rotation was observed.
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Figure 3-28: Observed rotation in specimens with the corrugated metal pipe left in place with
continuous corrugations (a) S2-7 and (b) S2-9 and discontinuous corrugations (¢) S2-17 and (d)
S2-19

Corrugation Spacing and Depth

The corrugation spacing and depth influence the interlock and friction components between
the plug and cap after cohesion has been overcome. Several different corrugation
configurations were investigated in Series Il: smooth, single rib at the bottom of the plug,
double rib at the bottom of the plug, half-spacing of the ribs along the plug length, and full
corrugations. All these specimens had the corrugated metal pipe removed and a 1/16-inch
roughness finish on the concrete surface. The normalized failure loads for all specimens in
this comparison are shown in Figure 3-29. All specimens with the interface were cast at
FDOT SRC other than S2-13 and S2-14; these are differentiated in Figure 3-29.
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Figure 3-29: Comparison for Series Il specimens based on corrugation spacing and depth
The specimens with the full corrugation (created using the corrugated metal pipe) had the
highest normalized strength, which was also comparable with the strength of the
monolithically cast specimen. Comparing only the specimens cast at FDOT’s SRC, the
specimens with the other variations of less corrugation (one rib, two ribs, and half-spacing
of the ribs) had normalized strengths greater than the smooth interface but less than the full
corrugations. As mentioned above, the smooth specimens cast at Coreslab Structures
(Miami), Inc. had a higher strength than those cast at FDOT’s SRC due to the sensitivity

of the behavior of these specimens to casting procedure.

More cracking and larger cracks were observed in specimens with corrugation compared
to those with smooth interfaces. The crack pattern at failure for S2-1 (with a smooth

interface) and S2-10 (with full corrugations) are shown in Figure 3-30.
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Figure 3-30: Crack patterns at failure for (a) S2-1 (smooth) and (b) S2-10 (full corrugation)
A comparison of the strain in the longitudinal reinforcement and confinement
reinforcement around the pocked between the different types of corrugation provided is
provided in Figure 3-31 and Figure 3-32. The specimens without corrugation (S1-4 and
S2-1) did not have significant engagement of the longitudinal or confinement
reinforcement until the plug began to slide. All specimens with any type of corrugation saw
engagement of the longitudinal and confinement reinforcement start at the time of first
cracking. Significant cracking and reinforcement engagement only occurred on two faces
for the specimens with a single rib (S2-5). Specimens with two ribs, half-rib spacing, and

full corrugation all had cracking and engagement of reinforcement on all faces.

In all specimens with corrugation, the engagement of the confinement reinforcement
started at the bottom and then to the top. The bottom layers of confinement reinforcement
experienced larger strains than the top layers, which would suggest that failure of the plug
initiated toward the bottom of the plug.
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Figure 3-31: Load versus strain in longitudinal reinforcement for (a) S2-1, (b) S2-5, (c) S2-6, (d)
S2-11, and (e) S2-10
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Figure 3-32: Load versus strain in confinement reinforcement for (a) S2-1, (b) S2-5, (c) S2-6, (d)
S2-11, and (e) S2-10

The load versus strain curves for the vertical reinforcement in the plug and cap for S2-1
and S2-7 are shown in Figure 3-33. The rebar strain gages at the top of the vertical plug
reinforcement (RSG-13 and RSG-15) saw larger strains than those at the bottom of the
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plug, showing how stress was transferring from the plug to the cap in all specimens. Only
the gages at the bottom of the cap (6 and 10) were initially engage in the specimen with
smooth interface (S2-1), while the gages at both the top and bottom of the cap
reinforcement were initially engaged in the specimen with full corrugation (S2-7), which
shows the quicker force transfer from plug to cap for the corrugated interface. The vertical
reinforcement in the cap began to go into tension in some of specimens, suggesting that
vertical tension begins to develop in the cap around the pocket as the interface stress
increases. This is like the stresses observed in the numerical modeling. These results were

similar for other specimens with smooth and various corrugated finishes.
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Figure 3-33: Load versus strain in (a) vertical reinforcement in pile cap for S2-1, (b) vertical
reinforcement in plug for S2-1, (c) vertical reinforcement in plug for S2-7, and (d) vertical
reinforcement in plug for S2-7
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Edge Distance

Three different edge distances (dedge) Were tested with decreasing edge distances in one and
two directions of 1dpiug, 0.75dpiug, and 0.5dpiyg, as shown in Figure 3-34. All specimens
tested in this comparison had a corrugated interface with 1/16-inch surface roughness. The
reinforcement was also kept consistent in specimens in this comparison, with 1 #7
longitudinal bar on the face with the decreasing dimension, 3 #4 longitudinal bars on the
other faces, and the typical #4 confining bars around the pocket. Results from a similar
specimen tested in Series Il with 3 #4 longitudinal bars in all faces (S2-10) are also
provided in this section.
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Figure 3-34: Specimens details for edge distance comparisons

The normalized strength of all specimens in the edge distance comparison are shown in
Figure 3-35 grouped by specimens with decreasing edge distance on one side and two sides.
There was a drop in normalized strength when 1 #7 bar was used in place of the 3 #4 bars
in one or two faces. There was approximately a 7 percent drop in strength when the edge
distance was decreased in one direction (from 1dpiug t0 0.75dpig OF 0.5dp1ug). There was a
12.3 percent drop in strength when the edge distance was reduced in two directions from
1dpg to 0.75dpig and an additional 8.9 percent drop when reduced from 0.75dpg to
0.5dpiug.
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Figure 3-35: Comparison graph for specimen varying the edge distance

Specimen S2-10, with 3 #4 longitudinal bars in all faces had a higher strength than the
other specimens with 1dpug edge distance on all sides and 1 #7 bar on one (S3-8) or two
faces (S3-7). The load versus strain in the longitudinal reinforcement curves for these
specimens are shown in Figure 3-36. The strains in the longitudinal bars increased in all
specimens. The concrete strength was lower in the Series 111 specimens compared to Series
I1 (7.1 ksi versus 4.7 ksi for plug concrete strength). Because of the lower concrete strength,
shearing along the interface in S3-7 and S3-8 occurred at a lower load and with less plug
expansion, which is why there was less engagement of the longitudinal reinforcement.
Larger cracks were observed in specimen S2-10, which corresponds to the larger observed
strains in the reinforcement, as shown in Figure 3-37. There was not a noticeable difference
in cracking between the faces with 1 #7 bar and 3 #4 bars in S3-7 and S3-8.
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Figure 3-36: Load versus strain in longitudinal reinforcement for specimens with 1d,.g edge
distance and different types of longitudinal reinforcement (a) S2-10, (b) S3-8, and (c) S3-7

Figure 3-37: Cracking at failure for (a) S2-10, (b) S3-8, and (c) S3-7
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The normalized load versus top of plug deflection curves for all the edge distance

specimens are shown in Figure 3-38. All specimens saw a relatively linear-elastic response

until cohesion was overcome along the interface and sliding of the plug began.
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Figure 3-38: Normalized load (k) versus top deflection plots for specimens with corrugations,
1/16-inch concrete finish, and varying edge distance in (a) one direction and (b) two directions

The crack patterns for three of the specimens (S3-7, S3-12, and S3-10) with decreasing

edge distances in two directions are shown in Figure 3-39. The cracking became more

extensive and more concentrated toward the corner between the two shorter edges as the

edge distance was decreased. The specimen with only 0.5dpiug edge distance in two

directions had most cracking concentrated at the corner between the short edges.
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Figure 3-39: Crack pattern after failure for specimens with decreasing edge distances in two
directions (a) S3-7, (b) S3-12, and (c) S3-10

The load versus strain in the longitudinal reinforcement for the specimens with decreasing
edge distances in two directions are shown in Figure 3-40. Specimens with the decreased
edge distance saw progressively less engagement of the longitudinal reinforcement.
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Figure 3-40: Load versus strain in longitudinal reinforcement for specimens with decreasing
edge distance in two directions (a) S3-7 (1dpig), (b) S3-12 (0.75du1g), and (c) S3-10 (0.5dpiug)

The load versus strain in the confinement reinforcement for the specimens with decreasing
edge distances in two directions are shown in Figure 3-41. The confinement reinforcement
became more engaged as the edge distance was decreased. These observations suggest that
the confinement reinforcement (reinforcement around the pocket) is more important than

the longitudinal reinforcement for the specimens with smaller edge distances.

86



537 —1 Compated sudes wath
i - .
D.!'i \ | 1i=1nch xI.I!'..I-\,.'k'
T i F poeliness finsh
- | ﬁ \ [ Igl
! | i q F Decreasing edpe
il J
| | !. Jdisiat o O] WG '\1|.|l\;'\-
JERIHN] R[] L Rl
MSicrostrain
(]
| o T S3-10
- 1 -
u. o O]
- ' II" E| —

vl { ligrs )

YWlicrosirain
ih

HITHTL 11140 ) ALK

Al rosErain

Cli

Figure 3-41: Load versus strain in confinement reinforcement for specimens with decreasing
edge distance in two directions (a) S3-7 (1dpig), (b) S3-12 (0.75dpig), @and (c) S3-10 (0.5dpiug)

Longitudinal Reinforcement

Three specimens were tested specifically to determine the effect of the longitudinal

reinforcement, three with and three without the corrugated metal pipe left in place, as

shown in Figure 3-42. Typical confinement reinforcement around the pocket was used in

all these specimens. These specimens were all 14 inches deep, had 1dpiug edge distance on

all sides, and had a corrugated interface with 1/16-inch concrete surface finish.
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Figure 3-42: Reinforcement details for longitudinal reinforcement specimens, (a) full
longitudinal reinforcement, (b) 2/3 longitudinal reinforcement, and (c) no longitudinal
reinforcement

The normalized failure load and normalized load versus deflection of the top of the plug
for specimens with various amounts of longitudinal reinforcement are shown in Figure
3-43. The normalized strength decreased in specimens with less longitudinal
reinforcement. All specimens had a linear response until reaching the maximum load and
then had a drop in strength as the cohesion was overcome. The drop in strength immediately
following the maximum failure load was steeper in specimens with less longitudinal
reinforcement. The specimen with no longitudinal reinforcement around the pocket (S3-1)
experienced a more sudden failure after reaching the ultimate load. The other specimens
(S2-10 and S3-3) held load as the pocket slid along the interface.
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Figure 3-43: (a) Normalized failure loads and (b) normalized load versus top of plug
displacement curves for specimens with varying longitudinal reinforcement

The load versus strain curves for the confinement reinforcement around the pocket for the
specimens with varying amounts of longitudinal reinforcement are shown in Figure 3-44.
The confinement reinforcement in the specimen with full longitudinal reinforcement (S2-
10) had a more gradual engagement after cracking; this is because the longitudinal
reinforcement was also crossing the splitting crack. The confinement reinforcement in the
specimens with less or no longitudinal reinforcement saw a jump in strain without any
increase in load at cracking when the stresses were transferred from the uncracked concrete

to the confinement reinforcement.
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Figure 3-44: Load versus strain in the confinement reinforcement for specimens with varying
amounts of longitudinal reinforcement (a) typical, (b) 2/3, and (c) no longitudinal reinforcement

The observed cracking patterns at failure of the specimens with different amounts of
longitudinal reinforcement are shown in Figure 3-45. Radial cracks extending from the
plug were observed in all specimens with the largest cracks observed in the specimen with
full longitudinal reinforcement and the higher concrete strength (S2-10). Cracking
surrounding the pocket (transverse to the radial direction) was observed in the specimen
without longitudinal reinforcement (S3-1). While some of the other specimens did have
some radial cracking, S3-1 was the only specimen where the radial cracking was so

pronounced and the primary cracking in the specimen.
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Figure 3-45: Crack pattern at failure for specimens with varying amounts of longitudinal
reinforcement (a) typical, (b) 2/3, and (c) no longitudinal reinforcement

Confinement Reinforcement

Six specimens were tested specifically to determine the effect of the confinement
reinforcement around the pockets, three with and three without the corrugated metal pipe
left in place, as shown in Figure 3-46. Typical longitudinal reinforcement around the pocket
was used in all these specimens. These specimens were all 14 inches deep and had 1dpiug
edge distance on all sides. Half of these specimens had a corrugated interface with 1/16-
inch concrete surface finish and half had the corrugated metal pipe left in place to see if
the corrugated metal pipe provided similar restraint as the confinement reinforcement, as

was previously observed by Restrepo et al. (Restrepo et al., 2011).
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Figure 3-46: Reinforcement details for confinement reinforcement specimens, (a) full
longitudinal reinforcement, (b) 2/3 longitudinal reinforcement, and (c) no longitudinal
reinforcement

The normalized failure loads for all specimens with different amounts of confinement
reinforcement for specimens with a 1/16-inch concrete finish and a corrugated metal pipe
finish are shown in Figure 3-47. For the specimens with 1/16-inch concrete finish on the
interface, the specimen with no confinement reinforcement had a 4 percent lower strength
than the full confinement reinforcement and 9 percent lower strength than the half

confinement reinforcement specimen.

The specimens with the corrugated metal pipe finish and less confinement reinforcement
had between 19 percent (no confinement reinforcement) and 33 percent (half confinement
reinforcement) lower strength than the specimens with corrugated metal pipe finish and
full confinement reinforcement. As mentioned above, specimen S2-12 experienced
rotation of the plug as the plug pushed through; compared with S3-6 and S3-7 which only

experienced minor rotation of the plug.
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Figure 3-47: Comparison graph for specimens with varying confinement reinforcement around
the pocket

S2-10

The normalized load versus top plug deflection curves for specimens with varying amounts
of confinement reinforcement with a 1/16-inch concrete finish and corrugated metal pipe
finish are shown in Figure 3-48. The specimens with a 1/16-inch concrete finish, Figure
3-48 (a), all had a relatively linear response until overcoming the cohesion and reaching
the failure load. The specimens with less confinement reinforcement seemed to have a
more dramatic decrease in strength after reaching the ultimate capacity. Specimens with
the corrugated metal pipe finish also had similar responses with a nonlinear response before
reaching the ultimate capacity and then maintaining of load as the plug was pushed through,
Figure 3-48 (b).
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Figure 3-48: Normalized load versus top of plug displacement for specimens with varying
confinement reinforcement around the pocket and (a) 1/16-inch concrete finish and (b)
corrugated metal finish

The load versus strain curves for the confinement reinforcement in specimens with full
reinforcement with 1/16-inch concrete finish and corrugated metal pipe finish are shown
in Figure 3-49. The strain in the confinement reinforcement was higher in the top of the
specimens with the corrugated pipe left in place and higher in the bottom of the
specimens without the corrugated pipe left in place. This would suggest that there is
larger expansion of the plug toward the bottom of specimens with the 1/16-inch finish

and toward the top of the specimens with the pipe left in place.
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The load versus strain in the longitudinal reinforcement curves for specimens with and

without confinement steel and with 1/16-inch concrete finish and corrugated metal pipe

finish are shown in Figure 3-50. The longitudinal reinforcement had similar engagement

for the fully reinforced specimens with 1/16-inch concrete finish and corrugated metal pipe

finish, comparing Figure 3-50 (a) and (b). The specimen without confinement

reinforcement and with the corrugated metal pipe left in place (S3-5) saw a larger increase

in strain in the longitudinal reinforcement immediately following cracking.
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Figure 3-50: Load versus strain in longitudinal reinforcement for (a) full reinforcement with
1/16-inch concrete finish, (b) full reinforcement with corrugated metal pipe, (c) no confinement
reinforcement with 1/16-inch concrete finish and (d) no confinement reinforcement with

corrugated metal pipe

Two main observations can be stated here:

1. Varying the reinforcement around the pocket does not affect the capacity of the
specimen (S2-10, S3-2, S3-4). This means that adding or not confinement to the
pocket does not affect the expansion of the plug that occurs during loading.

2. Leaving the corrugated pipe left in place decreases the strength of the specimens.

3.3. Large — Scale Testing

The overall objective of this task was to experimentally evaluate the behavior of the
interface between pile cap and plug using pocket and socket connections. Three different
series of tests were developed based on the results of the small-scale testing to investigate

and evaluate the shear friction capacity and behavior of the connection. Each series has
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different experimental variables, specimen geometry, and specimen dimensions. The

series were divided as follows:

1. Larger Diameter Plugs: The main objective of the first type of testing was to
evaluate the interface capacity of the cap-to-plug connection with a larger plug
diameter than that tested in Task 2. Four specimens were built in which the primary
variables to evaluate were (1) interface surface condition and (2) corrugation
spacing and depth.

2. Multi-Plug Systems: The objective of this testing was to investigate if there was a
negative effect if there are multiple plugs located on the splitting plane of the cap.
These specimens had two plugs that were loaded simultaneously using two
actuators. Two specimens were built for this series in we evaluated (1) interface
surface condition, (2) corrugation spacing and depth, and (3) interface height.

3. Socket Connection: The objective of this testing was to evaluate the shear friction
failure mechanism for socket type connections where a pile is embedded in the
connection region. Two specimens were built in which the primary variables to

evaluate were (1) interface surface condition and (2) corrugation spacing and depth.

This report will summarize the test matrix, specimen details, construction of specimens,
test setup and load protocol, instrumentation schedule, estimated strengths, and

experimental results of each series.

This report provides a summary of each test and test series. A more in depth comparison

with the test specimens from Task 2 will be provided in the final report for this project.
3.3.1L Series I: Larger Diameter Plug Testing

This section describes the details of the geometry, construction, test setup/protocol,

experimental matrix, and the experimental results for the larger diameter plug specimens.
3.3.1.1. Experimental Variables and Test Matrix

The primary variables to evaluate in this testing were the corrugation spacing and depth

and interface surface condition as shown in Table 3-7.
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Table 3-7: Experimental variables for Large Diameter Plug Specimens

Experimental Variable

Values for Test Matrix

Interface surface condition

Sandblasted (1/16-inch roughness); corrugated
pipe left in place

Corrugation spacing and depth

Smooth, exposed aggregate finish, and metal

corrugated pipe

A summary of the combination of these experimental variables that were tested is provided

in Table 3-8. The specimen naming included in the table is used to identify these specimens

throughout this document.

Table 3-8: Experimental Matrix for Larger Plug Diameter Specimens

Details for construction of the cap and plug and the surface preparation used in the first
series of large-scale specimens are explained in this section. The specimens were

constructed at CDS Manufacturing Inc in Gretna.

Cap and Plug Construction

Corrugation Spacing and Depth Interface Surface
# hcap dplug
(in) [ (in) Description hrib | Lrib | Srib Condition
(in) | (in) [ (in)
Lp-1| 14 | 18 Smooth 0| oo | igﬂ"gg{lﬁﬁsg
LP-2 | 14 | 18 Smooth ol o | o (IF/’Zithf;f:srs)
LP-3| 14 18 | Corrugated metal | 0.5 | 0.75 | 2.67 (1 /152’?(325;}:?1(2%)
LP-4| 14 18 | Corrugated metal | 0.5 | 0.75 | 2.67 Corrugated pipe
3.3.1.2. Specimen Geometry and Construction Procedure

The procedure for constructing the larger plug diameter specimens was as follows:

1. A cube was cast with a cylindrical void in the center (referred to as the “cap”).

The caps were 14 inches tall and 54 inches wide and deep with an 18-inch

diameter cylindrical void. The cylindrical void was constructed using corrugated

metal pipes and Sonotubes (smooth cylindrical tubes) to vary the corrugation

spacing and depth, as shown in Figure 3-51.
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Figure 3-51: Construction and casting of cap: (a) placement of reinforcement and (b) casting of
cap concrete for specimen with Sonotube and (c) placement of reinforcement and (d) casting of
cap concrete for specimen with corrugated metal pipe.

2. The pipe was removed after the concrete in the cap hardened (4 days after casting
of the cap), as shown in Figure 3-52. The surface preparation after removal of the

pipe varied based on the desired interface condition.

il i

Figure 3-52: Surface finish after removal of pipe with (a) sonotube and (b) corrugated pipe.
3. After the pipe was removed and the interface surface prepared, a 3-inch-tall
cylindrical form with the same diameter as the plug was placed on top of the cap

and a 3-inch blockout was installed at the bottom of the plug, as shown in Figure

3-53.

Lil) {0 h el

Figure 3-53: Plug construction: (a) 3-inch cylindrical form on top of cap before casting, (b) after
casting the plug and (c) close up of the 3-inch cylindrical form.
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4. After the concrete had hardened, the formwork and foam blockout were removed.

The specimens were then shipped to FDOT’s Structures Research Center and

prepared for testing.

1] i1

Figure 3-54: Delivered specimens at FDOT'’s Structures Research Center

Surface Finishes

Three different surface preparations were used for these specimens: sand-blasted (1/16-
inch surface roughness), exposed aggregate (1/4-inch surface roughness), and corrugated
metal duct (pipe left in place).

The sand-blasted surface condition (currently recommended by FDOT) which creates a

1/16-inch roughness is obtained by:

1. Removing the Sonotube or corrugated pipe used to form the pocket in the pile cap.
2. Sand or water blasting interfacing surface.

3. Sealing and filling void with potable water for 4 to 5 hours.

4. Removing water to achieve SSD condition prior to cast concrete. Water should be

removed within a few hours of casting the concrete.

This surface finish was achieved in a different manner by the precaster since they did not
have a sandblaster available on site. The sandblasted (1/16-inch roughness) surface
condition was achieved at CDS using a demolition hammer with a chisel attachment. They
chipped away parts of the concrete as shown in Figure 3-55 (a). Additionally, the interface

surfaces were not prewetted before casting of the plugs (as specified in Step 3).
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Figure 3-55: Surface finishes for larger-plug specimens: (a) electrical hammer with chisel
attachment, (b) exposed aggregate finish, and (c) metal pipe left in place.

A 1/4-inch exposed aggregate finish, shown in Figure 3-56 (c) was achieved using the

following procedure:

1. A polyurethane clear coat was applied to the cylindrical void to prevent the set
retarding agent from primarily being absorbed by the form.

2. The set retarding agent was applied to the formwork where the exposed aggregate
finish was desired (i.e., the plug) within 24 hours of the casting time.

3. The plug void was then placed in the cap, Figure 3-56 (a), and the cap concrete
cast.

4. The plug form was removed, and a pressure washer was used to wash away the
unhydrated paste on the surface of the plug, as shown in Figure 3-56 (b). Care

was taken to ensure the paste was washed away without fracturing the aggregate.

() [ 13} (ch

Figure 3-56: Exposed aggregate finish: (a) pipe with the set retarding agent, (b) pressure
washing the surface, and (c) surface finish.
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3.3.1.3. Test Setup and Loading Protocol

A photograph of the test setup is shown Figure 3-57. The load was applied to the specimens
using a 1000-kip hydraulic jack.

Ererpac

RE-3000 5
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— Teat specimen

[ oad blocks

— Grolr pads

Figure 3-57: Photograph of test setup for larger plug specimens.
The specimens were placed on top of 12 load blocks for testing. The load blocks were
slightly separated in the east-west direction to allow for the displacement of the bottom of
the plug to be measured. This detail is shown in Figure 3-58.

AT R AT A 27 aneel plares

/ {welded 1o Lload blockss

27 gap between supports

Figure 3-58: Schematic of supports with 3-inch space between load blocks
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All specimens were tested using the same loading procedure. The load was applied at a rate
of 0.2 kips per second until a load of 200, 300, and 400 kips was reach for all specimens.
In each stop, the respective load was held on the specimens while the specimens were
inspected for cracks; cracks were marked, labeled, and documented, as shown in Figure
3-59. A sample load versus deflection plot for LP-1 with the stops made during testing are
highlighted in Figure 3-59 (b). Load was then applied at the same load rate (0.2 kips per
second) until failure of the interface or test capacity was reached. Cracks were marked on
all sides (including the bottom) of the specimens after they were removed from the test
frame. A sample crack pattern on the bottom of Specimen LP-1 after failure is shown in
Figure 3-59 (c).
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Figure 3-59: (a) Sample load versus deflection plot with stops, (b) crack pattern after failure, and
(c) crack pattern on bottom specimen after failure for Specimen LP-1

3.3.1.4. Instrumentation Schedule

The instrumentation scheme used for larger plug specimens is shown in Figure 3-60. Three
different types of instrumentation were used: concrete strain gauge (CSG), rebar strain
gauges (RSG), and laser displacement transducers (LDT). CSGs were used to monitor
crack development on the surface of the specimens during testing. RSGs were used to
measure the engagement of the reinforcement while loading. Finally, five LDTs were used

to monitor the displacement of the top and bottom of the plug relative to the cap.
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Figure 3-60: Instrumentation scheme for larger plug specimens: (a) pile cap bottom view, (b)
section A-A, (c) cap elevation, (d) specimen elevation through centerline, and (e) plug
reinforcement detail.

3.3.2. Series I11: Multi-Plug Testing

This section describes the details of the geometry, construction, test setup/protocol, the

experimental matrix, and experimental results for the multi-plug testing.
3.3.2.1. Experimental Variables and Test Matrix

The principal variable evaluated in the multi-plug system was the interface surface
condition, as shown in Table 3-9. The same corrugation spacing and depth (created using
the metal corrugated pipe) and same interface height (9 inches) were used for both
specimens.
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Table 3-9: Experimental Variables to Evaluate in the Multi-plug System Testing.

Experimental Variable

Possible Values for Test Matrix

Interface surface condition

Sandblasted (1/16-inch roughness), metal corrugated pipe

Corrugation spacing and depth Metal corrugated pipe

Interface height

9-inch

The experimental matrix based on these variables is shown in Table 3-10.

Table 3-10: Experimental Matrix to test Multi-plug System.

Corrugation Spacing and Depth Interface Surface

i hcap dplug
(In) (In) Description hrib Lrib Srib Condition
(in) (in) [ (in)
MP-1 | 14 12 Corr;lé?;ted 050 | 0.75 | 2.67 Corrugated metal
Corrugated Sandblasted
MP-2 | 14 | 12 metal 050 | 0.75 | 2.67 (1/16” roughness)
3.3.2.2. Specimen Geometry and Construction Procedure

Details for construction of the cap and plugs and the surface preparation used in the second

series of large-scale specimens are explained in this section. The specimens were also

constructed at CDS Manufacturing Inc in Gretna.

Cap and Plugs Construction

The construction procedure for this testing was similar to the larger plug diameter testing

described above. The procedure was as follows:

1. A reinforced concrete prism was cast (referred to as the “cap”) with two 12-inch

diameter cylindrical voids spaced 24 inches apart (edge to edge). The cylindrical

voids were constructed using 12-inch diameter corrugated metal pipe.
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Figure 3-61: Construction and casting of multi-plug specimens: (a) reinforcement layout, (b)
corrugated pipes placed, and (c) after concrete had hardened.

2. After the concrete had hardened, one of the plug forms was removed (4 days after
casting of the cap) and the surface of the plugs were prepared as indicated in the
test matrix. In the other cap, the pipes were left in place.

3. After the pipes were removed and the interface properly prepared, a 3-inch-tall
cylindrical form with the same diameter as the plug was placed on top of the cap
and 5-inch blockout was installed at the bottom of each plug to create the correct

dimensions for the plug. The plug reinforcement was then placed, and concrete cast

as show in Figure 3-62.

Figure 3-62: Casting of the plug: (a) 3-inch form and reinforcement was placed and (b) concrete
was cast.

4. After the concrete had hardened, the formwork and foam blockout were removed.
The precast specimens were then shipped to FDOT’s Structures Research Center
and prepared for testing.

Surface Finish
Only the sandblasted (1/16-inch roughness), surface preparation was used for this testing.

This surface condition creates a 1/16-inch roughness and was obtained by:

1. Removing the corrugated pipe used to form the pocket in the pile cap.
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2. Sand or water blasting interfacing surface.

3. Sealing and filling void with potable water for 4 to 5 hours.

4. Removing water to achieve SSD condition prior to pouring concrete. Water should
be removed within a few hours of casting the concrete.

Like the larger plug specimens, an alternate procedure was used to create this surface finish,
and the plugs were not prewetted for the same reasons explained above. See 80 for more

details.
3.3.2.3. Test Setup and Loading Protocol

A schematic and photograph of the test setup for the multi-plug testing is shown in Figure

3-63. The load was applied to the specimens using two 500-kip hydraulic jacks.
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Figure 3-63: (a) Schematic and (b) photograph of test setup for multi-plug specimens.
The specimens were placed on top of 12 load blocks for testing. The blocks were slightly

separated (3-inch) to allow for measurement of the displacement of the bottom of the plugs

as shown in Figure 3-64.
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Figure 3-64: Schematic of supports with 3-inch space between load blocks
Both specimens were tested using the same loading procedure explained in this section.
This testing was limited to 1000 Kips of total load, which is the capacity of the load frame.
The load was applied at a rate of 0.2 kips per second until a load of 150, 250, and 350 kips
per plug was reached for all specimens. The respective load was held on the specimens
during each stop while the specimens were inspected for cracks; cracks were marked,
labeled, and documented, as shown in Figure 3-65. Load was then applied at the same load

rate (0.2 Kips per second) until the maximum capacity of test frame (500 kips per plug).
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Figure 3-65: (a) Sample load versus deflection plot with stops for west plug and (b) crack pattern
after failure of MP-2
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Neither of the multi-plug specimens failed when there was 500-Kips per plug on the system.
The capacity of the load frame was 1000 kips, so no additional load could be applied to
both plugs at the same time. At this point, the load was decreased on both plugs. The load
on the east plug was held constant at a lesser load while the load on the west plug was
increased until the reaction reached 500 kips on one side of the load frame. For simplicity,
the load frame system was assumed to be simply supported to determine the maximum
load that could be applied on the west plug with different loads being held on the east plug,
as shown in Figure 3-66.

Figure 3-66: (a) Assumed loading and boundary conditions for load frame and (b) side view of
specimen during testing for the multi-plug test specimens

These three different stages of loading are summarized in Table 3-11. After maximum
capacity in MP Load Stage 1, both plugs were unloaded to 300 kips and the west plug was
loaded to 600 kips while keeping the east load constant at approximately 300 kips. If no
failure was seen, the load on the east plug was unloaded to 160 kips and kept constant while

the loading in the west plug was increased to 700 kips or failure of the specimen.

Table 3-11: Maximum loading per plug for MP Load Stages

MP Load Stage Max Ilglczjzd(grzl)West MaXFI;I?JZd(IgT) East
Stage 1 500 Kips 500 Kips
Stage 2 600 Kips 333 kips
Stage 3 700 Kips 167 kips

After failure, cracks were marked on all sides (including the bottom) of the specimens after

they were removed from the test frame.
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3.3.2.4. Instrumentation Schedule

The instrumentation scheme for multi plug specimens is shown in Figure 3-67. Like the
larger plug specimens, three different types of instrumentation were used: concrete strain
gages (CSG), rebar strain gages (RSG), and laser displacement transducers (LDT).

AT_ lﬂl + Iﬂl | _T A Legend

- B Rebar Strain Gauge

Tt T T @ (Concrete Strain Gauge

‘H' + @ Laser Displacement transducer
T

- (;) -
(b) (d)
“ “ “ LBl
- - - |
() (e

Figure 3-67: Instrumentation scheme for multi plug specimens: (a) pile cap bottom view, (b)
section A-A, (c) cap elevation, (d) specimen elevation through centerline, and (e) plug
reinforcement detail.

3.3.3. Series 111: Socket Connection

This section describes the details of the geometry, construction, test setup/protocol, the

experimental matrix, and experimental results for the socket connection specimens.
3.3.3.1L. Experimental Variables and Test Matrix

The primary variable evaluated in this testing was the interface surface condition, as shown
in Table 3-12. Metal corrugated pipe was used to create the void in both specimens in this

series.
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Table 3-12: Experimental variables to Socket Connection Testing

Experimental Variable

Values for Test Matrix

Interface surface condition

Sandblasted (1/16-inch roughness); corrugated

pipe left in place

Corrugation spacing and depth

Metal corrugated pipe

The experimental test matrix is shown in Table 3-13.

Table 3-13: Experimental test matrix for socket connection specimens
Corrugation Spacing and Depth Interface Surface
i hcap dplug
(In) (In) Description Rrib Lrib Srib Condition
(in) | (in) | (in)
Corrugated Sandblasted
SC-1 | 14 | 30 metal 0.50 | 0.75 | 2.67 (1/16” roughness)
sc2 | 14 | 30 |Cormugated |56 | 075 | 267 Corrugated metal
metal
3.3.3.2. Specimen Geometry and Construction Procedure

Details for construction of the socket connection and the surface preparation used for this

series are explained in this section. The specimens were also constructed at CDS

Manufacturing Inc in Gretna.

Socket Connection Construction

The construction procedure for this testing is similar to the larger-plug specimens. The

procedure is as follows:

1. An 18-inch pile with a 20-inch length was cast beforehand. The 20-inch length was

cut from a longer standard 18-inch pile cast for a different job.

2. A reinforced concrete cube (referred as the “cap”) was cast with a 30-inch
cylindrical void in the center. The cylindrical void was constructed using

corrugated metal pipe as shown in Figure 3-68.
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Figure 3-68: (a) construction of the socket connection specimen and (b) casting of the cap.

3. After the concrete had hardened, one of the plug forms was removed (4 days after
casting of the cap) and the surface was prepared as indicated in the test matrix. In
the other cap, the pipe was left at place.

4. After the pipe was removed and the interface surface properly prepared, a 3-inch
foam blockout was placed at bottom to create void.

5. After placing the reinforcement in plug (Figure 3-69 (c)), the 18-inch pile was
suspended above the plug with a 4-inch embedment into the void. The plug concrete

was cast around the sides of the plug.

e men

Figure 3-69: Construction of Socket Connection: (a) and (b) details of 18-inch pile and (c)
reinforcement in the plug.

6. After the concrete had hardened, the formwork and foam blockout were removed.
The precast specimens were then shipped to FDOT’s Structures Research Center

and prepared for testing.

Observation from Construction

The precaster experienced some difficulties when trying to place and hold the embedded

pile in the void while casting the concrete. As a result, the actual pile embedment length

and squareness varied slightly from the construction plans for both specimens (SC-1 and
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SC-2). The specified length of the pile was 20-inch, and the specified embedment length
was 4-inch. The measured length of the four corners of the pile after casting are shown in
Figure 3-70 (a) for SC-1 and Figure 3-71 (a) for SC-2. These measurements were taken at
CDS the same day when the void was cast. The resulting embedment lengths (based on
the specified 20-inch pile length) are shown in Figure 3-70 (b) and (c) for SC-1 and Figure
3-71 (b) and (c) for SC-2. The average embedment length for Specimen SC-1 is 5.38-inch
and for Specimen SC-2 is 4.31-inch. These values were used as the interface length for the

estimation procedures for these specimens.

The pile in Specimen SC-1 was leaning about three degrees to the south-west corner as
shown in Figure 3-70. The pile in this corner was embedded about 6 inches into the socket,

while the pile embedment in the opposite corner was about 5 inches.

15-inch

14-inch

5.5-inch m 6-inch 6-inch r" 5-inch
A A A A

J—

West side South side

(a) (b) (©

Figure 3-70: Pile embedment details in specimen SC-1: (a) measurements taken at site, (b) west
side view and embedment of the pile, and (c) south view and embedment of the pile.

The pile in Specimen SC-2 was leaning two to three degrees to the south-west corner as
shown in Figure 3-71. The pile in this corner was embedded about 5 inches into the socket,

while the pile embedment in the opposite corner was about 4 inches.
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Figure 3-71: Pile embedment details in specimen SC-2: (a) measurements taken at site, (b) west
side view and embedment of the pile, and (c) south view and embedment of the pile.

A level grout pad was poured on top of the pile before testing to make the top of the pile
parallel with the top of the cap. The specimens seemed to fail on the side with the larger

embedment of the pile.

Surface Finish
Only the sandblasted (1/16-inch roughness) surface preparation was used for this testing.

This surface condition was obtained by:

1. Removing the corrugated pipe used to form the pocket in the pile cap.
2. Sand or water blasting interfacing surface.
3. Sealing and filling void with potable water for 4 to 5 hours.

4. Removing water to achieve SSD condition prior to pouring concrete.

Like the larger plug specimens, an alternate procedure was used this surface finish, and the

plugs were not prewetted for the same reasons explained above. See 80 for more details.
3.3.3.3. Test Setup and Loading Protocol

A photograph of the test setup is shown Figure 3-72. The load was applied to the specimens
using a 1000-kip hydraulic jack.
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Figure 3-72:Photograph of test setup for socket connection specimens
As in the larger plug specimens, socket connection specimens were placed on top of six
load blocks for testing. The load blocks were slightly separated in the north-south direction

to allow for the displacement of the bottom of the plug to be measured.

Both specimens were tested using the same loading procedure. The load was applied at a
rate of 0.2 kips per second until a load of 175 and 350 kips was reached. For specimen SC-
1 only one stop at 350 kips was made, and for SC-2 both stops at 175 and 350 kips were
made. In each stop, the respective load was held on the specimens while the specimens
were inspected for cracks; cracks were marked, labeled, and documented, as shown in
Figure 3-73. The load versus deflection plot for SC-1 with the stops made during testing
are highlighted in Figure 3-73 (a). Load was then applied at the same load rate (0.2 Kips
per second) until failure of the specimen. Cracks were marked on all sides of the specimens
after they were removed from the test frame.
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Figure 3-73: (a) Sample load versus deflection plot with stops and (b) crack pattern at 350 Kips
for specimen SC-1

3.3.3.4. Instrumentation Schedule

The same types of instrumentation as the previous specimens were used for these
specimens: concrete strain gage (CSG), rebar strain gages (RSG), and laser displacement
transducers (LDT). The instrumentation scheme for socket connection specimens is shown
in Figure 3-74.
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Figure 3-74: Instrumentation scheme for socket connection: (a) pile cap bottom view, (b) cap
elevation, and (c) specimen elevation through centerline.

3.3.4. Experimental Results of Large-Scale Testing

The results from the large-scale tests are further analyzed in this section. Results are
normalized to facilitate comparisons between specimen types. Normalization of results was
performed like the small-scale test results in Task 2d.

Two different normalizations can be used to analyze the data (based on available
specifications):

3. Based on AASHTO LRFD Bridge Design Specification 8" Edition (American
Association of State Highway and Transportation Officials (AASHTO), 2017b):

Equation 3-4
Vni = CAey + p(Avsfy + Fe) AASHTO (5.7.4.3-3)
~ Vhiex Normalization based on
Ay cohesion (when Ay = P = 0)

4. Based on AASHTO LRFD Guide Specification for ABC 1% Edition (American
Association of State Highway and Transportation Officials (AASHTO), 2018):
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Vni,ex

k =

f,cpAcv

V, =0.13 ’f’cp Ay

The interface area in both equations is:

Agy = mdyh,

Equation 3-5
(3.6.6.6-1)

k normalization

Equation 3-6

The k normalization will be used in the comparisons of the analysis of the results as it also

includes concrete strength in its normalization. The measured compressive strengths,

cracking loads, ultimate loads, and normalized ultimate loads are summarized in Table

3-14 for large scale specimens. The currently recommended value for k in the AASHTO

LRFD Guide Specification for ABC is 0.13; all measured k values were above this

currently recommended k value.

Table 3-14: Measured concrete strength and estimated versus measured ultimate strength and
displacement for large-scale specimens

Compressive Strength | Cracking | Ultimat Viion
Spec. on Test Day (ksi) Load elLoad | c= VZZ':" k= m
Cap Plug (Kips) (Kips)

LP-1 8.56 7.27 77 545.6 0.877 0.325
LP-2 8.58 7.41 70 > 1000 >1.61 >0.59
LP-3 8.58 7.41 83 > 1000 >1.61 >0.59
LP-4 8.58 741 82 > 1000 >1.61 >0.59
MP-1* 8.37 7.49 150 600.8 1.771 0.647
MP-2* 8.37 7.49 130 626.4 1.846 0.675
SC-1 8.56 7.27 79 511.0 0.739 0.274
SC-2 8.56 7.27 74 601.4 0.870 0.323
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3.34.1. Analysis of Results

This section compares similar variables between series of large-scale specimens. More

details on the behavior of each specimen are found on previous sections.

Effect of Interface Roughness (1/4-inch versus 1/16-inch)

Like the small-scale specimens the interface surface condition was also evaluated in large
scale specimens. The interface surface condition directly influences the cohesion
component of the shear friction capacity. The conditions that were evaluated for this
variable were: sandblasted (1/16-inch roughness), corrugated pipe left in place (metal
finish), and exposed aggregate finish (1/4-inch roughness). The 1/4-inch and 1/16-inch

roughness interfaces without corrugations are compared in this section.

The exposed aggregate finish (1/4-inch roughness) led to higher measured strength than
the sandblasted finish (1/16-inch roughness), as shown in Figure 3-75. The normalized load
versus deflection response for both specimens without corrugation was linear up to the
failure load or maximum load of the test setup. The specimen with the exposed aggregate
finish had a slightly softer response than the specimen with sandblasted finish with

approximate slope of 10.1/in. for LP-1 and 5.7/in. for LP-2.

——LP-1 (Top) ----- LP-1 (Bottom) LP-2 (Top) LP-2 (Bottom)

0.70
0.60 T
0.50 T
0.40 T
0.30
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0.10
0.00 -
-0.05 0 0.05 0.1 0.15 0.2

Deflection (in)

Figure 3-75: Normalized load (k) versus top and bottom deflection for (a) LP-1 (1/16-inch
roughness) and (b) LP-2 (1/4-inch roughness) without corrugations

Additional cracking was observed in the specimen with exposed aggregate finish (LP-2)
compared to the specimen with the sandblasted 1/16-inch roughness finish (LP-1), as

shown in Figure 3-76.
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Figure 3-76: Crack patterns at failure for (a) LP-1 (1/16-inch roughness) and (b) LP-2 (1/4-inch
roughness) without corrugations

The increased roughness also led to increased engagement of the confinement
reinforcement around the pocket, see Figure 3-77. The confinement reinforcement in LP-
2 (exposed aggregate finish) reached a yield strain at approximately 230 kips, see RSG-
PCNG in Figure 3-77 (b), while the confinement reinforcement LP-1 remained less that

yield even when the plug suddenly slid through the cap.
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Figure 3-77: Rebar strain in confinement reinforcement around the pocket of (a) LP-1 (1/16-inch
roughness) and (b) LP-2 (1/4-inch roughness) without corrugations

LP-1 and LP-2 cracked at similar loads, 77 and 70 Kips, respectively. There was generally
similar engagement of the longitudinal reinforcement between the LP-1 and LP-2 with the

reinforcement reaching higher strains at higher loads, see Figure 3-78.
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Figure 3-78: Rebar strain in longitudinal bars on bottom of (a) LP-1 (1/16-inch roughness) and
(b) LP-2 (1/4-inch roughness) without corrugations

In general, the exposed aggregate finish with 1/4-inch surface roughness increased capacity
and led to expansion and radial stresses around the plug when compared to the 1/16-inch

average surface roughness from the sandblasted finish.

Effect of Presence of Metal Duct

There were three different sets of specimens in the large-scale test program that compared
the behavior of corrugated interfaces with 1/16-inch surface roughness finish to the metal
finish (duct left in place) and confinement benefits of leaving the metal duct in place. These

include:

e LP-3 (sandblasted, 1/16-inch roughness) and LP-4 (metal)
e MP-2 (sandblasted, 1/16-inch roughness) and MP-1 (metal)
e SC-1 (sandblasted, 1/16-inch roughness) and SC-2 (metal)

There was generally a similar crack pattern at failure for the specimens with corrugation
and sandblasted (1/16-inch roughness) finish and the metal pipe left in place. Crack
patterns after failure for SC-1 (sandblasted finish) and SC-2 (metal pipe left in place) are

shown in Figure 3-79 as an example. Crack patterns were similar for LP and MP specimens.
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Figure 3-79: Cracking at failure for (a) SC-1 (sandblasted, 1/16-inch finish) and (b) SC-2 (metal
pipe left in place

The normalized load versus top deflection plots for the large-plug, multi-plug and socket
connection specimens are shown in Figure 3-80. The plots compare the response of the
1/16-inch concrete finish (duct removed) with the metal finish (duct left in place). The
metal finish with the duct left in place generally had a softer response than the specimens
with the duct removed the 1/16-inch roughness concrete finish, which would be consistent
with a lower cohesion value. The ultimate capacity of the metal finish corrugated interface
was slightly lower for the multi-plug specimens and slightly higher for the socket
connection specimens. The large-plug specimens (LP-3 and LP-4) were both loaded to the

1000-kip capacity of the test frame.
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Figure 3-80: Normalized load versus top deflection plots for specimens with corrugation, (a)
large-plug specimens, (b) multi-plug specimens, and (c) socket connection specimens

The cracking load was not affected by the type of finish between the concrete (1/16-inch

roughness) and metal corrugated interfaces and whether the duct was left in place; for 1/16-
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inch roughness concrete versus steel: 83 kips versus 82 kips, 130 kips versus 150 kips, and
79 Kkips versus 74 kips for LP, MP, and SC specimens, respectively. A sample comparison
for the load versus strain in the longitudinal reinforcement is shown in Figure 3-81 for SC-
1 and SC-2. Both specimens had longitudinal reinforcement yielding at the time of failure.

The maximum measured strains were higher for SC-2 (with the metal finish).
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Figure 3-81: Load versus strain in longitudinal reinforcement for (a) SC-1 and (b) SC-2
Confinement reinforcement was provided in the cap around the plug for LP specimens, but
not for MP and SC specimens. The load versus measured strain responses in the
confinement reinforcement in the cap around the plug are shown in Figure 3-82. The
presence of the metal duct did not have a clear benefit in terms of confinement of the plug

concrete. Both specimens had similar engagement of the confinement reinforcement

around the plug at the maximum applied load of 1,000 kips.
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Figure 3-82: Load versus strain in confinement reinforcement around plug for (a) LP-3 and (b)

Reinforcement was provided in the socket beneath the embedded pile in the SC specimens.
The load versus measured strain responses in the socket reinforcement running in the east-
west direction below the tip of the embedded pile are shown in Figure 3-83. The socket

reinforcement in the specimens without the metal duct generally engaged at a higher load
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and had smaller maximum strains at failure.
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Figure 3-83: Load versus strain in socket reinforcement below pile in E-W direction for (a) SC-1
and (b) SC-2 and (c) location of RSGs

Overall, the presence of the metal duct did not impact the strength of the specimens, led to
softer response (likely a result of less cohesion between the plug concrete and metal pipe),
and did not noticeably help to confine the plug concrete.

Effect of Corrugation Spacing and Depth

The effect of the presence of the corrugation can be seen by comparing the response of LP-
1 (smooth with 1/16-inch surface roughness) and LP-3 (corrugated with 1/16-inch
roughness). The presence of corrugation led to a higher measured strength compared to the
smooth interface specimen, as shown in Figure 3-84. The normalized load versus deflection

response for LP-1 was linear up to failure. The response was linear up to approximately k
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of 0.55 for LP-3; the two different slopes are present because of different load rates used
for tests 1 and 2 for LP-3. Comparing the bottom deflections, the initial slopes were similar

between LP-1 and LP-3 (initial loading rate for LP-3 was same as LP-1).
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Figure 3-84: Normalized load (k) versus top and bottom deflection for (a) LP-1 (smooth with
1/16-inch roughness) and (b) LP-3 (corrugated with 1/16-inch roughness)

Similar crack patterns were observed between LP-1 and LP-3, see Figure 3-85.
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Figure 3-85: Crack patterns at failure for (a) LP-1 (smooth with 1/16-inch roughness) and (b)
LP-3 (corrugated with 1/16-inch roughness)

The load versus measured strain responses for the confinement reinforcement in the cap
around the pocket for LP-1 and LP-3 are shown in Figure 3-86. The maximum measured

strains were similar between LP-1 and LP-3 at the maximum applied loads.
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Figure 3-86: Rebar strain in confinement reinforcement around the pocket of (a) LP-1 (smooth
with 1/16-inch roughness) and (b) LP-3 (corrugated with 1/16-inch roughness)

The load versus measured strain responses for the longitudinal bars on the bottom of the
specimens for LP-1 and LP-3 are shown in Figure 3-87. Like the confinement

reinforcement, the maximum measured strains were similar between LP-1 and LP-3 at the

maximum applied loads.
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Figure 3-87: Rebar strain in longitudinal bars on bottom of (a) LP-1 (smooth with 1/16-inch
roughness) and (b) LP-3 (corrugated with 1/16-inch roughness)

In general, the presence of corrugations led to much higher capacity and less engagement
of the reinforcement at lower loads. The presence of the corrugations also seemingly added

some ductility to the system. LP-1 (without corrugations) saw a sudden failure and sliding
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of the plug, while LP-3 was beginning to show a non-linear response when the maximum

load was applied.

Comparison between Pocket and Socket Behavior

There were six large-scale specimens with corrugated interfaces and 1/16-inch roughness
concrete finish or metal duct finish. Four of these specimens had a pocket connection and
two had a socket connection. The normalized load versus deflection curves for these
specimens organized to better compare the behavior of the pocket and socket connections
are shown in Figure 3-88. All specimens had a similar response to a normalized failure
load of about 0.2. At this point, the response of the socket connections softened until a
normalized failure load between 0.274 and 0.323. The pocket connections continued to

gain strength until the failure of the specimen or the capacity of the load frame was reached.
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Figure 3-88: Normalized load (k) versus top and bottom deflection for LP, MP, and SC
specimens with corrugated interface with (a) 1/16-inch concrete and (b) corrugated metal finish

The load on the pocket connection specimens is applied directly to the plug, as shown in
Figure 3-89 (a), compared to the socket specimen where the load is applied to the pile,
which has a much smaller area than the socket, as shown in Figure 3-89 (b). The interface
length is clear for the pocket specimens, being the entire height of the pocket, and the
pocket concrete would be passively confined along its entire length. The interface length
for the socket specimen is not as clear. The interface length can be assumed to be the
distance from the bottom of the embedded pile to the bottom of the socket, but the concrete

may not be as effectively confined. The load is normalized using the distance from the
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bottom of the pile to the bottom of the socket for SC-1 and SC-2 in Figure 3-88. This will
be investigated further in Task 4.
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Figure 3-89: Cross section A-A of (a) LP and (b) SC specimens with sketch of confining stresses
in pocket and socket from applied loads

The crack patterns between the socket and pocket type connections were generally similar

to one another, as shown in Figure 3-90 as an example.

Figure 3-90: Crack patterns at failure for LP and SC specimens with corrugated interface (a)
LP-3 and (b) SC-1

The longitudinal reinforcement strains were generally similar between the pocket and

socket specimens, see results in previous sections. Other types of reinforcement were

different between the two types of specimens.
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Chapter 4: Finite Element Modeling (ATENA)

4.1. Introduction

This investigation was supported with numerical analyses using a finite element analysis
(FEA) software called ATENA specifically designed for analyzing reinforced concrete
structures. This chapter presents the validation models, material and modeling assumptions
used for evaluating the shear friction capacity in pocket connections.

The main challenge to model the pocket connection was developing and calibrating the
interface between the pile cap and pile. Along the research, many calibrations had been
done to better estimate the capacity of the specimens and understating how each variable
playing a role in the interface influences the response. In the following sub-sections, there

is a summary of the assumptions made to estimate the specimens’ capacity.

4.2. Material Modeling

Four main materials were defined and used when modeling any of the specimens: concrete,

reinforcement, interface material, and steel plates.

The concrete material was defined wusing a prototype material called
CC3DNonLinCementitious2. This material is a fracture-plastic model that combines
tensile and compressive behaviors; fracture and plastic respectively (Cervenkaetal., 2016).
Thus, this model combination can be used to represent concrete cracking, crushing under
high confinement, and crack closure due to crushing in other material directions. The

stress-strain curve assumed for concrete compression is shown in Figure 4-1 (a).
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Figure 4-1: Stress-strain relationship: (a) concrete curve, (b) steel curve.
There are three different types of reinforcement that need to be considered when looking
at shear friction and specimens used to test shear friction capacity: longitudinal steel,
confining steel, and interface steel (just used for the validation models). A line element and
steel material Reinforcement EC2 can be used for all three types of reinforcement; note
though that this element and material only consider axial stresses and strains. The

parameters that can be defined for Reinforcement EC2 are shown in Figure 4-1 (b).

Concrete strength was equally assigned to the cap and plug as 6.5 ksi for estimation
purposes. Then, after the experimental testing, calibration was done with the measured

concrete strengths. The reinforcement was assigned as Grade 60.

Steel plates are used for the loading point and supports. These plates were defined as a
SOLID Elastic material, which is a material able to deform but not to crack. The load level
will not be high enough to cause any plastic deformation in the plates (Prochazkova et al.,
2016). Steel plates were used for loading purposes in all specimens on top of the plug as
shown in Figure 4-2. A 2-inch circular steel plate was used in pocket connection specimen
(diameter of the plate varied accordingly for each specimen) and for the socket connection
a 2-inch square plate was used to equally distribute the load in the surface of the plug.
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Figure 4-2: Steel plate used for load application.

4.2.1. Interface Material

Shear friction behavior is dependent on the assumptions made for the shearing plane. No
interface material was defined for specimens where there was no cold joint, as shown in
Figure 4-3 (a). The behavior of the shearing plane in this model was dependent on the
concrete model used (CC3DNonLinCementitious2). An interface plane was defined for
surfaces where a cold joint was present, as shown in Figure 4-3. The interface is modeled
as another volume element and connected to the other volumes through a contact volume
function in the finite element program. The properties of the interface material can be

modified to impact the behavior of the shearing plane.
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Figure 4-3: Modeling of specimens tested by Hofbeck et al. (Hofbeck et al., 1969a): (a) without
reinforcement crossing the interface, (b) with reinforcement and cold joint
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The behavior of the interface material is based on the Mohr-Coulomb criterion with failure
occurring when the shear stresses violate this condition (Cervenka et al., 2016). The graph

representing the interface failure condition is presented on Figure 4-4.

lT|<c—0¢p, <0 Equation 4-1
Where:
c = cohesion coefficient
¢ = angle of internal friction or slope of the failure envelope (negative)
o = normal stress on interface plane (compression is negative as shown)
— 2
T=1y [1— (G—UC)Z Equation 4-2
(ft - Gc)
C
TO =
1— 0.2 Equation 4-3
(ft - O-c)z
2
o, = __Jfed Equation 4-4
c—2fi¢
ft = tensile strength of the interface material
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Figure 4-4: Failure surface for interface elements (modified from (Cervenka et al., 2016))
Typical interface material models for shear and tension are shown in Figure 4-5. The shear
stress (z) versus sliding displacement (4v) is plotted in Figure 4-5 (a) with the initial elastic
shear stiffness (K). The tensile stress (o) versus opening displacement (4u) is plotted in
Figure 4-5 (b) with the initial elastic normal stiffness (Knn). These stiffnesses are
recommended to be found using Equation 4-5 and Equation 4-6, where t is the width of the
interface zone. It is also recommended that the stiffness of the interface material be

approximately 10 times the stiffness of adjacent finite elements.

E .
7 Equation 4-5

Kppn =

G
Ky =— Equation 4-6
t

After shear or tension failure occurs additional stiffness values (K¢™" and Kn™") are
specified in order for the analysis to continue. These values are recommended to be around
0.001 times the initial stiffness values (Cervenka et al., 2016), which represents open

contact after the failure of the interface (Cervenka et al., 2017).
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Figure 4-5: Typical interface model behavior in (a) shear and (b) tension (modified from
(Cervenka et al., 2016))
As seen through the above discussion on the theory of the interface material, the main
parameters involved in the definition of the interface material are: cohesion (c), friction (x,
which impacts ¢), and tensile strength (f)). The interface tension strength (f;) depends on
the tension strength of the weaker concrete next to the interface; if there is no information
about the interface material it is recommended to use ¥ - ¥ of the tensile strength of the
weaker concrete. It is recommended to use a cohesion (c) 1-2 times the tensile strength of
the interface material. Finally, it is recommended to use a coefficient of friction of 0.3 to
0.5 if no other information is given for the interface (Pryl & Cervenka, 2017). These values

are all summarized in Table 4-1.

Table 4-1: Variables defining interface material

cactor Recommendedn | TP Range ram
ATENA
Coefficient of Friction u 0.3-05 06-14
;Fnetzzi:i . Strength of | fi Vi 151, n/a
Cohesion C 1-2 fii 0.025-0.40

Typical ranges for the coefficient of friction and cohesion factors for shear friction
estimation provided by AASHTO LRFD (American Association of State Highway and
Transportation Officials (AASHTO), 2017a) are also provided in Table 4-1.
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4.3. Validation of Numerical Models

4.3.1. Monolithic Shear Friction (based on Hofbeck et al. (Hofbeck et al.,
1969a))

The first model used to validate the interface capacity of our finite element program
(ATENA) was a push-off specimen tested by Hofbeck et al. (Hofbeck et al., 1969a). In
their study, they evaluated the shear transfer capacity of concrete with and without cracks
in the interface plane. Hofbeck et al. (Hofbeck et al., 1969a) cast around 38 specimens, all
with different properties related to number of stirrups crossing the interface, stirrup bar
sizes, and concrete strength. All the evaluated specimens in the study were monolithically
cast and had the same geometry. One of the specimens in their experimental program did
not have any reinforcement crossing the interface plane. This specimen was modeled in

ATENA for comparison to the experimental results. The details for this specimen are

4

shown in Figure 4-6.
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Figure 4-6: Push-off specimen created by Hofbeck et al. (Hofbeck et al., 1969a) (a) Geometry
details, and (b) interface elevation and reinforcement details with no reinforcement crossing the
interface
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The materials used for this specimen were concrete and longitudinal steel reinforcement.
There was no steel crossing the interface plane. Also, there was no cold joint, so no
interface material was defined for this specimen; the connection between the two L-shaped
sides was a fixed connection in the model. The main characteristics of all the materials

defined in the software are shown in Table 4-2.

Table 4-2: Material Characteristics used in ATENA

Variable Input
Concrete
Young’s Modulus (ksi) 3622.98
Poisson’s Ratio 0.2
Tension Strength (ksi) 0.290
Compression Strength (ksi) 4.04

Reinforcement

Young’s Modulus (ksi) 29000

Yield Strength (ksi) 60

The results obtained from the numerical analysis are shown in Table 4-3 and Figure 4-7.
The crack pattern obtained from ATENA shows a shear friction failure. The results from

the numerical analysis were reasonably close to the experimental results.

Table 4-3: Results of specimen created by Hofbeck et al.(Hofbeck et al., 1969a)

Experimental Result ATENA Result
Vu (kips) Vu (kips)
24 31.60
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Figure 4-7: Summary of results for Hofbeck et al. (Hofbeck et al., 1969a) model (a) crack pattern
at failure and (b) reaction-displacement curve.

1.1.1. Shear Friction of Cold Joint with Reinforcement (based on Kahn and
Mitchell (L. F. Kahn & Mitchell, 2002))

The second model used to validate the interface capacity was one push-off specimen
develop by Kahn and Mitchell (L. F. Kahn & Mitchell, 2002). The purpose of their study
was to continue the evaluation of the shear friction capacity using concrete strength greater
than 7,000 psi, and to check if the current ACI provisions were applicable to high strength
concrete. Kahn and Mitchell (L. F. Kahn & Mitchell, 2002) cast 50 push-off specimens, all
with different properties related to concrete strength, stirrups crossing the interface, and
casting procedure. Kahn and Mitchell (L. F. Kahn & Mitchell, 2002) used the same test
configuration and similar specimen sizes to Hofbeck et al. (Hofbeck et al., 1969a), so the
results are comparable. One of the specimens with a cold joint between the sections (Figure
4-8) was selected to be modeled using ATENA.
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Figure 4-8: Push-off specimen created by Kahn and Mitchell. (a) Geometry details, and (b)
Interface elevation and reinforcement details.

The specimen used for this validation had a cold joint in the shear plane, and three #3
stirrups crossing the interface. Because the specimen had a cold joint and steel crossing the
interface, an interface volume element with interface material properties and diagonal line
elements were used to better represent the interface condition. The characteristics of all the

materials used are define in Table 4-4.

Table 4-4: Material Characteristics used in ATENA

Variable Input
Concrete
Young’s Modulus (ksi) 6365.40
Poisson’s Ratio 0.2
Tension Strength (ksi) 0.8376

Compression Strength (ksi) 12.47

Reinforcement

Young’s Modulus (ksi) 29000
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Variable Input

Yield Strength (ksi) 60
Interface Material

Coefficient of Friction 1.4
Tensile Strength (ksi) 0.6282
Cohesion (ksi) 1.2563
Min. Stiffness (Kip/in®) 63.6540
Max. Stiffness (kip/in®) 63653.97

The coefficient of friction was selected based on values recommended by the researchers
(L. F. Kahn & Mitchell, 2002). Note that these values are higher than those recommended
by ACI 318 and AASHTO LRFD, which both recommend a coefficient of friction of 1.0
for concrete placed against a surface with a %-inch surface roughness. The minimum and

maximum stiffness, tensile strength, and cohesion were selected inside the range of

ATENA’s recommendations.

Reinforcement crossing the friction plane was modeled with three-line elements, as shown
in Figure 4-9. Diagonal line elements were used to model the dowel action that resists shear
friction. Line elements perpendicular to the friction plane were used to model the clamping

force that occurring during shear friction failure. These elements were only used for

reinforcement crossing the friction plane.
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Figure 4-9: Dowell action of reinforcement crossing friction plane modeled as diagonal line
elements

The results from this analysis are presented in Table 4-5 and Figure 4-10. A shear friction
failure was observed in the specimen with a failure load similar to that obtained by the

experimental results.

Table 4-5: Results of specimen created by Kahn and Mitchell (L. F. Kahn & Mitchell, 2002)

Experimental Result ATENA Result
Vu (Kips) Vu (kips)
110.30 93.50
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Figure 4-10: Summary of results for Kahn and Mitchell model (a) crack pattern at failure and (b)
reaction-displacement curve.

4.4. Assumptions for Final Model
4.4.1. General Modeling Assumptions

For the volume elements (concrete, interface material, and steel plates) an unstructured
automatically generated mesh with 1.2-inch elements size was used. For the line element
(reinforcement) a structured mesh with 1-inch element size was used because the program
automatically divides the bars into elements with the surrounding volume elements. Other
structured and semi-structured meshes were explored for all specimens but were found to

not satisfactorily model the behavior of the cylindrical interface surface.

The same boundary conditions were applied to all small- and large-scale models, shown in
Figure 4-11:

e Z displacement was restrained across the surface of the bottom surface of the

specimen (other than the location of the plug).

e XandY displacement were restrained in three corner points.

e An incremental Z compression displacement of 0.01 inches was applied in the
midpoint of the midline in the top plate.
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Figure 4-11: Assumed boundary conditions for ATENA modeling of second series of precast
specimens along (a) z axis and (b) x and y axis.

The displacement was applied gradually in 70 steps until reaching the failure displacement

of the interface.
4.4.2. Material Modeling Assumptions

A summary of the material properties used in the estimated modeling before each testing
is shown in Table 4-6. The same material properties were used for all the small- and large-
scale specimens. The specimens were later reanalyzed using the actual concrete strengths

observed during experimental testing.

Table 4-6: Material Characteristics used in ATENA for preliminary results in precast series.

Variable Input
Concrete
Young’s Modulus (ksi) 4596
Poisson’s Ratio 0.2
Tension Strength (ksi) 0.392
Compression Strength (ksi) 6.5
Reinforcement

143



Young’s Modulus (ksi) 29000

Yield Strength (ksi) 60

4.4.2.1. Interface Material Modeling

Iterations were done with the lower and upper bound values recommended by ATENA
(Table 4-1) however, none of them were found to best estimate the experimental results. In
addition, other iterations were done changing just one variable in the interface material to
evaluate how each of them influenced the results or how much the capacity of the specimen
varied based on them. It was found that varying the friction coefficient at a lower range
had more impact on the interface capacity than the cohesion coefficient. Since the tensile
strength and maximum and minimum stiffness depend on the weaker concrete next to the
interface, no iterations were done with these variables and were based on ATENA’s
recommendations. Based on this, three assumptions were made when defining the interface

material;

1. For the specimens with 1/16-inch surface roughness, the interface condition was
defined using the cohesion and friction values found on AASHTO LRFD for
“concrete placed against a clean concrete surface, free of laitance, but not
intentionally roughened” (¢ = 0.075, p = 0.6)

2. For the specimens with 1/4-inch surface roughness, full corrugated surface (both
with pipe left in place and without it), and half corrugation, the interface condition
was defined using the cohesion and friction values found on AASHTO LRFD for
“normal weight concrete placed monolithically” (¢ = 0.40, p = 1.4)

3. For the monolithic cast specimen, a master-slave connection was assigned to ensure
the monolithic behavior of the specimen. No interface material was used in this

case.

The properties used for the upper and lower bound in the interface material are presented
in Table 4-7.
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Table 4-7: Interface Material Characteristics used in ATENA for precast specimens.

Interface Material — Lower Bound

Coefficient of Friction 0.6

Tensile Strength (ksi) 0.1958
Cohesion (ksi) 0.075
Min. Stiffness (kip/in®) 38.30
Max. Stiffness (kip/in®) 38296

Interface Material — Upper Bound

Coefficient of Friction 1.4
Tensile Strength (ksi) 0.1958
Cohesion (ksi) 0.4
Min. Stiffness (kip/in®) 38.30
Max. Stiffness (kip/in®) 38296
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Chapter 5: Estimation Performance

5.1. Introduction

This chapter presents a modification of AASHTO LRFD BDS for corrugated interfaces,
performance of current code expressions, comparison of the experimental results with the
current code expressions for small and large scale specimens, and an evaluation of the

current friction and cohesion coefficients when having corrugated interface.

5.2. AASHTO LRFD BDS Modified for Corrugated Interfaces

The shear friction mechanism for interfaces with corrugation and normal force caused by
Poisson’s effect and confinement, like those tested in this research, was refined based on

the test results. These modifications are discussed in this section.
5.2.1. Failure of Ribs of Corrugation

The shear friction resistance provided by these specimens depends on the failure
mechanism. Two different possible shear friction mechanisms were envisioned, one where
the failure occurs from sliding between in-tact ribs as the cap expands, shown in Figure 5-1
(a), and the other where failure occurs with shearing off the corrugation ribs, shown in
Figure 5-1 (b). All the specimens in this project had sufficient corrugation and confinement

reinforcement to prevent the separation and sliding mechanism.

‘ | Sepitation of sap '- | *~. -:'.I.'.':..-I'

Figure 5-1: Possible failure mechanisms (a) sliding of plug with separation of cap and (b) sliding
of plug with shearing off corrugations.

Failure of the specimens with corrugation in this project all occurred without significant

expansion in the cap around the pocket, which shows that failure occurred due to shearing
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off the corrugations. This observed failure mechanism was considered when developing

the cohesion component.

5.2.2. Cohesion Component

The cohesion component of the shear friction capacity is likely dependent on whether the
shear plane is through the corrugation (monolithic) or along the interface between cap and
plug (non-monolithic). A sketch of two different shear friction failure cracks with these
two different corrugation spacings is shown in Figure 5-2. The failure crack extends
through the corrugation in the left portion for the closer spaced corrugation, Figure 5-2 (a),
and through the right portion for further spaced corrugation, Figure 5-2 (b). The exact
location of the failure crack would depend on the concrete strength of each portion in

addition to the characteristics of the corrugation (spacing and depth).
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Figure 5-2: Area to consider for cohesion component of shear friction capacity for (a) closer and
(b) wider spaced corrugations

The cohesion term of the shear friction capacity can then be found based on the area of the
interface that is monolithic and non-monolithic along the predicted failure plane, shown in

Equation 5-1.

Vni,c = CmAcv,m + CrAcv,r Equation 5-1

where:

Lmi = length of monolithic component of the interface
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5.2.3.

= length of non-monolithic component of the interface

= cohesion coefficient for monolithic concrete (0.4 in AASHTO LRFD 8™
Edition)

= cohesion coefficient for non-monolithic concrete (0.28 for roughened
surfaces in AASHTO LRFD 8" Edition)

concrete interface area for monolithic component

Acym = Tdpyg Z L, Equation 5-2

= diameter of plug (to location of shear friction plane)

= concrete interface area for non-monolithic component

Acyr = Tdppg Z Ly; Equation 5-3

ACU,T‘ = Acv - Acv,m Equation 5-4

Friction Component

The capacity of the initial tested components would suggest that there is a substantial

friction component to the actual capacity. The friction component of the current AASHTO

LRFD Bridge Design Specification is shown in Equation 5-5. The equation is made up of

the coefficient of friction () and the normal force (Acfy + Pc).

Equation 5-5

nip = #lAorly +Fo) friction component from

AASHTO (5.7.4.3-3)

When the vertical stress is applied on a plug with a corrugated interface, the corrugation

will help to resist vertical stresses in the concrete, which will cause a horizontal

displacement and horizontal stresses, shown in Figure 5-3.
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Figure 5-3: Ribs restrain vertical movement resulting in expansion of the plug
The vertical stress can be related to the horizontal stress through Poisson’s ratio. This
relationship can be used to relate vertical stress to horizontal stress, shown in Equation 5-6

and Equation 5-7.

P. = (v.&,)E A, Equation 5-6
P -
e =ve (g E.A, = v fo(mdpg)Lri Equation 5-7

The actual behavior will be more complicated for several reasons. First, the above
relationship assumes that all the vertical displacement is restrained at the location of the
bottom rib. The vertical restraint of the plug is likely spread across multiple ribs. A possible
solution to this would be to determine an effective or average depth over which to find the
average strain to use in Equation 5-6. The effective or average depth could be used as the
L component of Equation 5-7. This value can be assumed as the distance from the top of

the interface to the mid-height of the corrugated interface.

Another complication to the equation is that the Poisson’s ratio for concrete does not
remain constant and is dependent on the material properties. The Poisson’s ratio for
concrete generally remains close to 0.20 but will dramatically increase as the concrete

approaches its ultimate strength, shown in Figure 5-4.
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Figure 5-4: Relationship between concrete stress, concrete strain, and Poisson’s ratio, similar to
(Harries & Kharel, 2003)

Additionally, the applied stress will increase during the test, which means that the normal
force component will increase during the test. The maximum stress that the plug will see
is the compressive strength (f°c). The compressive strength of the concrete can be assumed
initially but note that the Poisson’s ratio will increase as the compressive stress approaches

the ultimate strength.

The additional friction component could be found as shown in Equation 5-8 and Equation
5-9.

Vhig = :u(Avffy + F) Equation 5-8
P(; = vcf;;(n-dplug)ltrl’ Equatlon 5'9

Combining the cohesion component and the friction component would give an estimate

capacity as shown in Equation 5-10.
Vii = Vaie + Vg Equation 5-10

5.3. Performance and comparison between codes

As described above, seven different methods were used to estimate the ultimate loads for

the specimens described in this report:
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1. AASHTO LRFD Bridge Design Specification 8" Edition (American Association
of State Highway and Transportation Officials (AASHTO), 2017b)

2. AASHTO LRFD Guide Specifications for Accelerated Bridge Construction 1%
Edition (Culmo et al., 2018)

3. ACI 318-19 (American Concrete Institute (ACI) Committee 318, 2019)

4. FIP (1999) (Federation Internationale de la Precontrainte, 1999)

5. fib Model Code (2010) (International Federation for Structural Concrete (fib),
2010)

6. CSA (2010) (Canadian Standards Association, 2010)

7. Proposed modified theory based on AASHTO LRFD BDS

Two of the design procedures, ACI 318-19 and CSA (2010), only consider shear friction
capacity when there is reinforcement crossing the interface or an applied normal force
across the interface. The estimated capacity for the specimens tested during this project
would be zero, so these procedures are not included in the comparisons of Table 5-4 and
Table 5-6.

5.4. Cohesion and Friction Factors used in Estimations

Different cohesion and friction factors were used based on the interface condition and
corrugation spacing and depth of the specimen. The different codes and specifications have
recommended values for cohesion and friction factors based on the interface conditions
and roughness. The interface surfaces were classified by smooth with sandblasted surface
preparation (1/16-inch roughness), smooth with exposed aggregate finish (1/4-inch
roughness), corrugated with sandblasted surface preparation (1/16-inch roughness),
corrugated with pipe left in place (metal finish), and monolithically cast specimen, as

shown in Table 5-1.

The values used to calculate the shear friction capacity of each specimen are shown in
Table 5-1. For AASHTO, FIP, and fib the same coefficients were used when having a 1/16-
inch surface roughness even if the void was created using a corrugated pipe. The values
were based on a smooth (sandblasted) interface when one or two corrugations were at the

base of the interface. The values were based on corrugated (sandblasted) when half
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corrugation was used. The coefficient values for these specifications were taken as the

lower bound possible result.

Table 5-1: Friction and cohesion factors used to calculate the shear friction capacity per
interface surface configuration

AASHTO | Modified AASHTO

LRFD* BDS FIP fib
c Hu Cm Cr U S U c U
Smooth
Sancblasteq) | 0075 | 06 | 04 |0.1575 | 08 | 02 | 060 | 035 |06

Smooth (Exposed

024 | 10 | 04 | 024 | 10 | 0.4 [0.90| 0.45 | 0.7
aggregate)

Corrugated

(Sandblasted) 0075 | 06 | 04 [0.1575| 11 | 0.2 |0.60 | 0.35 | 0.6

Corrugated (Metal) | 0.025 | 0.7 | 0.4 | 0.025 | 1.05| 0.1 | 0.60 | 0.025 | 0.5

Monolithic 040 | 14 | 04 0.40 14 | 04 [090| 0.50 | 0.9

*These values are considered lower bound approach

For the modified AASHTO LRFD BDS approach, an average value was used for c¢- and u
when having 1/16-inch surface roughness (smooth sandblasted). The average was between
values found for “normal weight concrete placed against a clean, concrete surface, free of
laitance, with surface intentionally roughened to an amplitude of 0.25 in.” (¢ = 0.24, u =
1.0) and “concrete placed against a clean concrete surface, free of laitance, but not
intentionally roughened” (c = 0.075, u = 0.6). Test results showed that even after the
cohesion is broken, the corrugations engage the interface acting as a surface roughness.
Thus, an average between the lower-bound value for smooth interface and the monolithic
finish was used for the coefficient of friction. For example, the corrugated (sandblasted)
has a 1.1 friction coefficient because of the average between smooth (sandblasted) and

monolithic specimen.
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5.5. Sample Calculations for Specimen S2-1

A sample calculation for each of the procedures for Specimen S2-1 is provided in the
following sections. The shear friction capacity estimated using ACI 318-19 and CSA
(2010) were zero, so they are not included in this section. A summary of the results for all

the specimens is provided in Table 5-4 and Table 5-6.

Specimen S2-1 was 18 inches deep with the void created using a 12-inch Sonotube. There
was a smooth surface between the cap and plug with sandblasted surface preparation (1/16-
inch roughness).

55.1. AASHTO LRFD Bridge Design Specification

There was no reinforcement crossing the interface and no applied clamping force for

Specimen S2-1, so:
Known: Ayr = 0in? P, = 0 kips

The finish of this surface was sandblasted finish (1/16-inch of roughness). As discussed
above, the interface condition was assumed to be “For concrete placed against a clean
concrete surface, free of laitance, but not intentionally roughened”. This finish has the

following interface shear factors:

For intentionally
¢ = 0.075 ksi u=20.6
roughened interface:

K, = 0.20 K, = 0.8 ksi

The total area of the interface is the circumference of the plug times the height of the

interface. For Specimen S2-1:

12 in

Aoy = 27‘[( )(15 in) = 565 in?

This area can be used with all the above factors to calculate the estimated shear friction

capacity. For Specimen S2-1.:
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Equation 2-18 Voi = cAcy + u(Aysfy + P:) = (0.075 ksi) (565 in?)

AASHTO (5.7.4.3- _
3): = 42.4 Kkips

Equation 2-19 , . -, .
AASHTO (5743_ Vni = Klf CACV = (020)(626 kSl)(565 1n ) = 708 klpS
4):

Equation 2-20 _ - _
AASHTO (5.7.4.3- Vi = KA., = (0.8 ksi)(565 in“) = 452 Kips

5):
The smallest of these controls, so the predicted capacity is:

Estimated capacity: Vni = 42.4 Kkips

The estimated capacity for all specimens were calculated following a similar procedure.

5.5.2. AASHTO LRFD Guide Specification for Accelerated Bridge

Construction

The AASHTO LRFD Guide Specification for ABC differentiates between pocket and
socket connections. An example is provided for Specimen S2-1 for the pocket connection

and for Specimen SC-1 for the socket connection.
55.2.1. Pocket Connection Example

For Specimen S2-1 the total area of the interface is shown below:

Known: d,=121in h, =15in
Aq, = m(12in)(15 in) = 565 in?
The estimated shear transfer resistance for specimen S2-1 is:
V,, = 0.13V6.9 ksi(565 in?) = 193.7 kips

The estimated capacity for all specimens with pocket connections were calculated

following a similar procedure.
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The equation specifies using the compressive strength of the pocket concrete. This is likely
because the connection specified in the AASHTO LRFD Guide Specifications for
Accelerated Bridge Construction (American Association of State Highway and
Transportation Officials (AASHTO), 2018) is for leaving the corrugated metal pipe in
place. The assumption is that the shear friction failure will occur in the plug concrete
adjacent to the steel pipe. This may not be a valid assumption in cases when the corrugated
steel pipe is removed. It is recommended that the concrete strength used in Equation 2-22
be defined like the AASHTO LRFD BDS (American Association of State Highway and
Transportation Officials (AASHTO), 2017b) Equation 2-19, where /¢ is defined as the
“design concrete compressive strength of the weaker concrete on either side of the

interface.”
55.2.2. Socket Connection Example

As mentioned before, the AASHTO LRFD Guide Specification for ABC specifies that
socket connections should be designed per shear friction requirements found in AASHTO
LRFD BDS. Specimen SC-1 was used for this example; a similar procedure was used for
Specimen SC-2.

Specimen SC-1 had a 14-inch high, 30-inch diameter socket which was created using a
corrugated metal pipe. The interface was sandblasted (1/16-inch roughness). There was no

reinforcement crossing the interface and no applied clamping force, so:
Known: Ay = 0in? P. = 0 kips

The finish of this surface was sandblasted (1/16-inch roughness) however, the AASHTO
LRFD Guide Specification for ABC specifies that for socket connections the cohesion
factor (c), the friction factor (x), and the K1 and K factors shall be taken as for “normal
weight concrete placed against a clean concrete surface, free of laitance, with surface
intentionally roughened to an amplitude of 0.25-in.” This finish has the following interface

shear factors:
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For intentionally
c = 0.24 ksi u=1.0
roughened interface:

The total area of the interface is the circumference of the plug times the height of the
interface. The interface height used in these calculations was from the bottom of the pile
to the bottom of the socket. For SC-1 the interface height was 5.38-inch. The interface

between the embedded pile and the plug concrete was ignored. For Specimen SC-1:

30in

Ay = 27‘[( )(5.62 in) = 530 in?

This area can be used with all the above factors to calculate the estimated shear friction

capacity. For Specimen SC-1:

Equation 2-18 Voi = cAcy + u(Aysfy + P.) = (0.24 ksi) (530 in?)
AASHTO (5.7.4.3- _
3): = 127.1 kips

Equation 2-19 , _ - _
AASHTO (5743_ Vni = Klf CAcv = (025)(727 kSl)(53O n ) = 963.28 klpS

4):
Equation 2-20 _ - _
AASHTO (5.7.4.3- Vi = KA, = (1.5 ksi)(530in“) = 795 kips

5):
The smallest of these controls, so the predicted capacity is:

Estimated capacity: Vi = 127.1 kips

553.  FIP (1999)

According to the interface condition for Specimen S2-1, the 8 and u were found from Table

2-8 and are shown below.
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Known: B =02 feta = 3.7 MPa
u=0.6 Orq =0
As mentioned before, the interface area for Specimen S2-1 is 565 in? and can be used with
all the above factors to calculate the estimated shear friction capacity.
Trq = (0.2)(3.7 MPa) + (0.6)(0) = 0.74 MPa = 0.11 ksi
Trq = (0.11 ksi)(565 in*) = 60.6 kips
5.5.4. Fib Model Code (2010)

According to the interface condition for Specimen S2-1, the ¢ and u were found on Table
2-9 and are shown below. Since there was no steel crossing the interface and no normal

force applied the values of o, p, and a are zero.

Known: c=0.35 feta = 3.7 MPa

p=06 fya =0

For Specimen S2-1:
Vrai = (0.35)(3.7 MPa) = 1.3 MPa = 0.19 ksi
Trq = (0.19 ksi) (565 in*) = 106.0 kips
5.5.5. AASHTO LRFD BDS Modified for Corrugated Interfaces

For Specimen S2-1, the cohesion component would be found as shown below. The
interface for Specimen S2-1 is smooth, so the entire interface area is assumed to have a

cohesion factor associated with the sandblasted (1/16-inch roughness) finish).
Vaie = CmAcv,m + CrAcv,r

15in

Aepr = (12 in)( ) = 565 in?

Vnie = (0.4 ksi)(0.0 in*) + (0.1575 ksi)(565 in?) = 89.1 kips
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The monolithic area (Acv,m) and non-monolithic area (Acv,r) were based on the approximate
areas of the ribs in the corrugations. The typical areas used for the specimens with

corrugated interfaces are shown in Table 5-2.

Table 5-2: Typical interface areas for specimens with corrugated interfaces when using AASHTO
LRFD BDS modified for corrugated interfaces

Cap Depth (in) Acvm (in?) Acvr (in?) Specimen Example
14 126 288 S2-7
18 172 393 S2-10

For Specimen SC-1, the additional friction component could be found as shown below.
Vaig = .u(Avffy +F.)
P = Ucfc(n'dplug)l‘ri
15in
P, = (0.22)(6.95 ksi)m (12 in) (T) — 432.0 kips

Assume u = 0.8

Vniy = (0.8)(432.0 kips) = 345.6 kips
(referred to Table 5-1)

Combining the cohesion component and the friction component would give an estimate
capacity as shown below.

an' = Vni,c + Vni,f = 89.1 klpS + 345.6 klpS = 434.7 klpS
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5.6. Small-Scale Testing (Task 2)

The measured ultimate loads, estimated failure loads, and ultimate loads normalized by the
estimated loads using the five different estimation procedures for the small-scale specimens
are shown in Table 5-4 for all the specimens tested in Task 2. A normalized ultimate load
greater than or equal to 1.0 is conservative and less than 1.0 is unconservative. The values
presented in Table 5-4 for AASHTO LRFD BDS are using the lower bound cohesion and
friction coefficients.

The average, standard deviation, and coefficient of variation (CoV) for the ultimate load

normalized by the estimated failure load are shown in Table 5-3.

Table 5-3: Statistics for estimated failure loads in small-scale testing

Method | AASHTO ABC FIP fib Mod.
n= 37 37 37 37 37
Average = 16.56 3.11 11.14 17.82 1.22
St. Dev = 11.60 0.76 4.86 28.10 0.28
CoV = 0.700 0.244 0.436 1.577 0.231
< 1.0 (total) = 0 1 0 0 8
09to1.0= 0 1 0 2
0.8t00.9= 0 0 0 0 1
0.7t00.8 = 0 0 0 0 4
0.6t00.7 = 0 0 0 0 0
<0.6= 0 0 0 0 1

All four available estimation procedures provided conservative estimates of the 37
specimens tested in Task 2, with averages above 1.0. The equation provided in the
AASHTO LRFD Guide Specification for ABC was the most accurate and precise of the
four available estimation procedures, with average closest to 1.0 and smallest coefficient

of variation.

The modified AASHTO LRFD BDS approach provided improved accuracy and precision,
with an average of 1.22 and coefficient of variation of 0.231. However, there were eight
specimens (21.6%) that had the failure load unconservatively estimated using the modified

approach.
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Table 5-4: Measured and estimated failure loads and ultimate loads normalized by estimated loads for small-scale testing.

Spec. Ultimate Load (kips) Normalized Ultimate Load

Measured' | AASHTO | ABC FIP fib Mod. | AASHTO | ABC FIP fib Mod.
S1-1 >750.0 93.3 471.5 151.2 | 2613 1532.0 8.04 1.59 4.96 2.87 0.49
S1-2 >750.0 42.4 218.1 69.9 121.1 715.0 17.68 3.44 10.72 6.19 1.05
S1-32 243.8 21.2 105.3 34.5 59.7 343.8 11.50 2.32 7.06 4.09 0.71
S1-4 429.7 93.3 457.4 153.9 | 266.4 557.9 4.61 0.94 2.79 1.61 0.77
S2-1 339.0 42.4 193.7 60.6 106.0 434.7 7.99 1.75 5.60 3.20 0.78
S2-2 >750.0 135.7 194.2 122.0 137.3 530.4 5.53 3.86 6.15 5.46 1.41
S2-3 320.2 42.4 193.7 60.2 105.3 413.7 7.55 1.65 5.32 3.04 0.77
S2-4 615.4 99.5 142.4 89.5 100.7 389.0 6.18 4.32 6.88 6.11 1.58
S2-5 356.0 31.1 141.7 43.3 75.7 305.0 11.45 2.51 8.23 4.70 1.17
S2-6 418.6 31.1 141.7 45.1 78.9 327.0 13.46 2.95 9.28 5.30 1.28
S2-7 719.5 42.4 193.2 60.8 106.4 560.6 16.96 3.72 11.83 6.76 1.28
S2-8 553.5 42.4 198.5 64.3 112.5 586.1 13.05 2.79 8.61 4.92 0.94
S2-9 662.2 14.1 198.5 30.7 7.7 489.9 46.84 3.34 21.57 | 86.29 1.35
S2-10 575.4 31.1 143.7 46.6 81.5 420.2 18.50 4.00 12.36 7.06 1.37
S2-11 399.8 31.1 143.7 46.0 80.4 405.0 12.86 2.78 8.70 4.97 0.99
S2-12 521.6 10.4 143.7 23.0 5.7 367.3 50.31 3.63 22.70 | 90.81 1.42
S2-13 605.6 42.4 200.2 53.8 94.2 335.2 14.28 3.02 11.25 6.43 1.81
S2-14 441.3 31.1 146.7 40.8 71.5 310.8 14.19 3.01 10.81 6.18 1.42
S2-15 631.2 99.5 146.7 81.7 91.9 406.4 6.34 4.30 7.73 6.87 1.55
S2-16 750.0 42.4 204.8 55.8 97.7 484.8 17.68 3.66 13.44 7.68 1.55
S2-17 533.3 14.1 200.0 27.8 7.0 400.9 37.72 2.67 19.16 | 76.62 1.33
S2-18 569.2 31.1 152.2 41.0 71.7 459.5 18.30 3.74 13.89 7.94 1.24
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Spec.

Ultimate Load (kips)

Normalized Ultimate Load

Measured! | AASHTO | ABC FIP fib Mod. | AASHTO | ABC FIP fib Mod.
S2-19 482.6 10.4 152.2 20.5 5.1 404.7 46.55 3.17 2355 | 94.21 1.19
S2-20 666.0 42.4 196.0 57.3 100.4 455.1 15.70 3.40 11.61 6.64 1.46
S3-1 364.1 311 1155 36.1 63.1 305.3 11.71 3.15 10.10 5.77 1.19
S3-2 444.6 311 115.5 36.1 63.1 305.3 14.30 3.85 12.33 7.05 1.46
S3-3 440.9 311 115.5 36.1 63.1 305.3 14.18 3.82 12.23 6.99 1.44
S3-4 493.8 31.1 116.6 36.5 63.8 309.4 15.88 4.23 13.54 7.74 1.60
S3-5 340.7 10.4 116.6 18.2 4.6 261.5 32.86 2.92 18.68 | 74.73 1.30
S3-6 283.8 10.4 116.6 18.2 4.6 261.5 27.37 2.43 1556 | 62.25 1.09
S3-7 413.6 31.1 116.3 36.6 64.1 308.0 13.30 3.56 11.29 6.45 1.34
S3-8 379.3 31.1 116.6 36.5 63.8 309.4 12.20 3.25 10.40 5.94 1.23
S3-9 364.6 31.1 116.3 36.6 64.1 308.0 11.72 3.14 9.95 5.69 1.18
S3-10 330.7 311 116.3 36.6 64.1 308.0 10.63 2.84 9.03 5.16 1.07
S3-11 352.4 311 116.6 36.5 63.9 309.4 11.33 3.02 9.65 5.51 1.14
S3-12 363.2 311 116.3 36.6 64.1 308.0 11.68 3.12 9.92 5.67 1.18
S3-13 387.5 165.9 116.6 73.0 91.3 437.6 2.34 3.32 5.30 4.24 0.89

1a measured load of 750 kips signifies that the capacity of the load cell was reached before failure of the specimen occurred

2 51-3 failed due to crushing of concrete on top of plug
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5.7. Large-Scale Testing (Task 3)

The measured ultimate loads, estimated failure loads, and ultimate loads normalized by the
estimated loads using the five different estimation procedures for the large-scale specimens are
shown in Table 5-6. A normalized ultimate load greater than or equal to 1.0 is conservative and
less than 1.0 is unconservative. The values presented in Table 5-6 for AASHTO LRFD BDS are
using the lower bound cohesion and friction coefficients.

The average, standard deviation, and coefficient of variation (CoV) for the ultimate load

normalized by the estimated failure load are shown in Table 5-5.

Table 5-5: Statistics for estimated failure loads in large-scale testing

Method | AASHTO ABC FIP fib Mod.
n= 8 8 8 8 8
Average = 34.03 4.58 15.71 42 .57 1.55
St. Dev = 24.55 0.97 8.25 47.46 0.29
CoV = 0.721 0.212 0.525 1.115 0.189
< 1.0 (total) = 0 0 0 0
09t01.0= 0 0 0 1
0.8t00.9 = 0 0 0 0 0
0.7t00.8= 0 0 0 0 0
0.6t00.7 = 0 0 0 0 0
<0.6= 0 0 0 0 0

Like the small-scale testing, the four available estimation procedures provided conservative
estimates for the eight specimens testing in Task 3. Again, the equation provided in the AASHTO
LRFD Guide Specification for ABC was the most accurate and precise of the four available

estimation procedures, with average closest to 1.0 and smallest coefficient of variation.

The modified AASHTO LRFD BDS approach again provided improved accuracy and precision,
with an average of 1.55 and coefficient of variation of 0.189. One of the eight specimens (12.5%)

had the failure load unconservatively estimated using the modified approach.
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Table 5-6: Measured and estimated failure loads and ultimate loads normalized by estimated loads for large-scale testing.

o Ultimate Load (kips) Normalized Ultimate Load

Measured! | AASHTO | ABC FIP fib Mod. AASHTO ABC FIP fib Mod.
LP-1 545.6 46.7 218.0 78.7 136.7 459.7 11.7 2.5 6.9 4.0 1.2
LP-2 >1000.0 149.3 220.1 157.5 175.9 610.2 6.7 4.5 6.3 5.7 1.6
LP-3 >1000.0 46.7 220.1 78.7 136.8 649.7 21.4 4.5 12.7 7.3 15
LP-4 >1000.0 15.6 220.1 394 9.8 568.7 64.3 4.5 254 102.4 1.8
MP-1 600.8 8.5 120.7 21.3 5.3 314.0 70.8 5.0 28.2 113.8 1.9
MP-2 626.4 25.4 120.7 42.6 73.9 358.0 24.6 5.2 14.7 8.5 1.7
SC-1 511.0 38.0 121.7 64.1 111.4 521.0 13.4 4.2 8.0 4.6 1.0
SC-2 601.4 10.2 97.5 25.7 6.4 364.4 59.2 6.2 23.4 94.3 1.7

1 'a measured load of 1000 kips signifies that the capacity of the load frame was reached before failure of the specimen occurred
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5.8. Evaluation of AASHTO LRFD BDS

Lower-bound assumptions were used in the previous section to determine the estimated
shear friction capacity using the AASHTO LRFD Bridge Design Specifications (BDS).
These lower-bound assumptions included using the smaller cohesion factor and coefficient
of friction if an interface condition fell between two options and ignoring any normal force
developed from Poisson’s effect as the plug was being loaded. The effect of using different
cohesion factors and coefficients of friction and including a normal force from the plug

expansion will be investigated further in this section.
5.8.1. Effect of Cohesion and Friction Factors

There were a few lower-bound assumptions made when determining the cohesion and
friction factors to be used in the AASHTO LRFD BDS shear friction equations,
summarized in Table 5-7. The upper-bound and average values are also included in Table
5-7.

The smooth interface with exposed aggregate finish (1/4-inch roughness) is clearly

specified in AASHTO LRFD BDS (¢ = 0.24, u = 1.0), so lower and upper bounds are the

same. Additionally, the monolithic cast specimen is explicitly specified (c = 0.4, u = 1.4).

The interface constructed with Sonotube (smooth, no corrugations) with sandblasted (1/16-
inch roughness) finish falls between the lower bound when the interface is not intentionally
roughened (c = 0.075, u = 0.6) and upper bound when having an intentionally roughened

interface to an amplitude of 1/4 inch (¢ = 0.24, u = 1.0).

The corrugated interfaces increase the roughness and the coefficient of friction. The upper
bound for the coefficient of friction for the corrugated interfaces is the monolithic case (u
=1.4). However, the corrugations do not influence the cohesion, so these upper bounds are
the 1/4-inch roughened case (c = 0.24) for the sandblasted finish and the concrete placed

against clean steel case (¢ = 0.025) for when the metal duct was left in place.
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Table 5-7: Range of cohesion factors and coefficients of friction for AASHTO LRFD BDS

Lower- Upper-
. Average
Interface Condition Mapadtae Bound Bound
C M C M C M
Smooth (sandblasted) 8 0.075 | 0.6 |0.1575| 0.8 0.24 1.0

Smooth (Exposed

4 0.24 1.0 0.24 1.0 0.24 1.0
aggregate)

Corrugated (sandblasted) 23 0075 | 0.6 |0.1575| 1.0 0.24 1.4

Corrugated (Metal) 9 0025 | 0.7 | 0025 | 11 |0.025 | 14

Monolithic 1 0.40 1.4 0.40 1.4 0.40 14

The range of Ky and K> factors for AASHTO LRFD BDS are summarized in Table 5-8
with similar reasoning as the cohesion factor and coefficient of friction ranges.

Table 5-8: Range of K; and K factors for AASHTO LRFD BDS

Lower- Upper-
- Bound Average Bound
Interface Condition Nspecimens
K Kz K Kz K Kz
Yol (ksi) Yl (ksi) Yo (ksi)
Smooth (sandblasted) 8 0.2 08 | 0225 | 1.15 | 0.25 1.5

Smooth (Exposed 4 1025 | 15 | 025 | 15 | 025 | 15

aggregate)

Corrugated (sandblasted) 23 0.2 0.8 | 0.225 | 1.15 | 0.25 1.5
Corrugated (Metal) 9 0.2 0.8 0.2 1.15 0.2 1.5
Monolithic 1 0.25 1.5 0.25 1.5 0.25 1.5

The effect of modifying the cohesion factor and coefficient of friction on the overall
statistics is shown in Table 5-9. Moving to the upper-bound values decreases the average
but increases the variation. One reason for this is that the modification of the coefficient of
friction does not have any effect on the estimated capacity if there is no normal force

reinforcement crossing the shear friction plane.
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Table 5-9:

Statistics for estimated failure loads using AASHTO LRFD BDS with different values

for cohesion factor and coefficient of friction (without normal force)

Assumptions = | Lower-Bound Average Upper-Bound

n= 45 45 45

Average = 19.19 14.28 12.75

St. Dev = 15.33 17.09 17.77

CoV = 0.799 1.197 1.394
< 1.0 (total) = 0 0 0
09t01.0= 0 0 0
0.8t009= 0 0 0
0.7t00.8 = 0 0 0
0.6t00.7= 0 0 0
<0.6= 0 0 0

The effect of the normal force component will be investigated in the next section.

5.8.2. Effect of Normal Force Component

From the experimental results, expansion of the plug was observed while loading the
specimens. This behavior was experimentally observed with the confinement
reinforcement placed around the pocket which was engaged during testing. This measured
engagement of the confinement reinforcement was different between specimens, with the
difference related to the interface condition including the corrugation spacing and depth
and the surface preparation. For simplicity, it will be assumed that all plugs had equal

expansion.

The expansion of concrete in general is dependent on Poisson’s ratio. The Poisson’s ratio
for concrete generally remains close to 0.20 but will increase as the concrete approaches
its ultimate strength. The Poisson’s ratio was measured using ASTM C469 for twelve
specimens in Series 2 with measured values between 0.19 and 0.22. The Poisson’s ratio
can be used to determine the normal force applied to the interface using Equation 5-11,

which was discussed in §5.2.3.

P, = v f.(ndppg)Lyi Equation 5-11
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See the discussion in 85.2.3. For simplicity, L is taken as half the interface height
(0.5Linterface), the concrete stress (fc) is taken as the compressive strength, and the Poisson’s

ratio (v¢) is equal to 0.20.

The effect of including a normal force on the statistics for the test specimens can be seen
in Table 5-10. Adding the normal force improved the accuracy and precision of the
estimates, with averages closer to 1.0 and smaller coefficients of variation when compared
with the values in Table 5-9. Using the upper bound assumptions for the cohesion and
coefficient of friction led to 19 of 45 specimens (42.4%) having unconservative estimates

for shear friction capacity.

Table 5-10: Statistics for estimated failure loads using AASHTO LRFD BDS with different values
for cohesion factor and coefficient of friction (with normal force)

Assumptions = | Lower-Bound Average Upper-Bound

n= 45 45 45

Average = 2.22 141 1.07

St. Dev = 0.66 0.34 0.29

CoV = 0.299 0.244 0.270
< 1.0 (total) = 1 6 19
09to1.0= 0 0 9
0.8t00.9= 1 2 2
0.7t00.8 = 0 3 3
0.6t00.7= 0 0 2
<06= 0 1 3

5.8.3. Comparison of Estimation Procedures

A comparison of three of the best performing estimation procedures is shown in Table
5-11. Using the estimated failure load from AASHTO LRFD BDS with the average values
for the cohesion and coefficient of friction and normal force from Equation 5-11 will result
in similar precision and slightly more conservative estimates as compared to the AASHTO
LRFD BDS procedure modified for corrugated interfaces. Using the AASHTO LRFD
Guide Specification for ABC will lead to more conservative results and increased precision

compared to the other two procedures.
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Table 5-11: Statistics for estimated failure loads using AASHTO LRFD BDS with average values
for cohesion factor and coefficient of friction (with normal force) compared to modified

procedure for corrugated interfaces and AASHTO LRFD Guide Spec. for ABC

Method = | BDS Avg. w/P BDS Mod. Guide for ABC

n= 45 45 45

Average = 141 1.26 3.32

St. Dev = 0.34 0.31 0.89

CoV = 0.244 0.244 0.267
< 1.0 (total) = 6 9 1
09t010= 3 1
0.8t009= 2 1 0
0.7t00.8 = 3 4 0
0.6t00.7 = 0 0 0
<0.6= 1 1 0

The procedures for estimating the shear friction capacity of pocket and socket connections
in the AASHTO LRFD Guide Specification for ABC perform well compared to other
currently available procedures. Modifications can be made to the current AASHTO LRFD
BDS estimation procedures to improve the accuracy and precision of the estimations, but

with an increased number of unconservative estimates.

In general, it is recommended to use the AASHTO LRFD Guide Specification for ABC
equations for estimation of the shear friction capacity of the interface in pocket and socket

connections.
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Chapter 6: Design Recommendations

6.1. Introduction

This section summarizes the design details and recommendations for this connection based
on the shear friction testing. The complete design of this connection can be performed
using the appropriate specifications and manuals, e.g., AASHTO LRFD Guide
Specification for ABC (American Association of State Highway and Transportation
Officials (AASHTO), 2018), AASHTO LRFD BDS (American Association of State
Highway and Transportation Officials (AASHTO), 2017b), FDOT SDG (Florida
Department of Transportation (FDOT), 2021), and FDOT Structures Detailing Manual
(Florida Department of Transportation (FDOT), 2020)

6.2. Construction Recommendations

The Florida Department of Transportation has different construction recommendations
when using prefabricated bridge elements and systems. Some of the recommendations for

precast footings and pile caps found in the Structures Design Manual are listed below:

e Use aremovable corrugated pipe to transfer shear without need of reinforcement in
the plug-cap interface.

e The surface shall be presoaking and prepared to obtain ‘“‘saturated surface dry”
(SSD) condition. The void needs to be filled with water for 4 to 5 hours and
removed prior pouring the concrete.

e In addition to the SSD condition, an exposed aggregate finish surface should be
provided for all interfacing surfaces. This finish is specified as a 1/16-inch
roughness finish that can be obtained by sandblasting.

e Specify in-fill concrete to include shrinkage reducing admixture and provide a

seven-day moist cure.

These recommendations were generally confirmed from the test results in this project.
Some of the relevant observations and conclusions from the testing program are listed

below.
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e Removing of the steel corrugated duct and intentionally roughening through
sandblasting or chiseling led to strength equal or greater than those when the duct
was left in place, which is the current recommendation for the AASHTO LRFD
Guide Specification for ABC.

e Using an exposed aggregate finish (1/4-inch roughness) without corrugations led
to equal or greater strength than specimens with corrugations and 1/16-inch
roughness.

e Minimal cohesion was observed when the corrugated metal pipe was left in place.

Some of these surface preparations were new to the precasters in this project. Mockups and
clear specifications should be used to ensure that the precaster is able to properly construct

the pockets and achieve the desired interface conditions.

6.3. Pocket Connection Design and Construction Details

The minimum edge distance between the edge of the pile and edge of the pile cap is
specified as 9 inches in AASHTO LRFD BDS §10.7.1.2, independent of the pile size. In
common practice, the edge distance varies with pile size; it is typical practice to use a
minimum edge distance of 0.5dpile, Which is equal to 9 inches for 18-inch piles. FDOT
Structures Design Guidelines (83.5.4) specifies that center-to-center pile spacing should

not be less than 3.0dpite.
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Figure 6-1: Current edge distance and spacing requirements for piles and pile caps in AASHTO
LRFD BDS and FDOT SDG
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These requirements translate to the distance between the edge of the pocket or plug to the
edge of the cap as shown in Figure 6-2. The distance between edge of pocket and edge of
cap will be greater than the pocket or plug diameter as long as the typical practice of a
0.5dpile edge distance between edge of pile and edge of cap be provided, as shown in Figure
6-2 (a). If only the minimum AASHTO LRFD BDS allowed edge distance of 9 inches is
provided for 30-inch piles with 18-inch pockets, then the edge distance would be less than
the diameter of the plug, as shown in Figure 6-2 (b).

For 30-inch piles with 18-inch pocket
if 9in. edge distance used

For 18-inch piles 9in_ 'y
%n. or_ with 12-mch pocket ) v | 0.83d1g
0.5d,,3, 0.5ye= ez == mbo o
i _I I Idpiﬂg 15m. &
P B B B dpfr!g
‘ - : I dp‘F”g T _ A __1¥_
(a) (b)

Figure 6-2: Distance between the edge of the pocket or plug and the edge of the cap for (a) 18-
inch piles with 12-inch pockets and (b) 30-inch piles with 18-inch pockets when only 9-inch edge
distance is provided

Several specimens were tested with decreasing edge distances in Series 1, see Task 2d.

Some of the conclusions from these tests are summarized below:

1. Edge had a noticeable effect on the normalized strength only when the edge
distance was decreased in two directions. Large failure cracks typically extended
diagonally out of the plug toward the corner of the cap. Decreasing the edge
distance in one direction did not have as significant an effect on this diagonal
distance as decreasing the edge distance in two directions.

2. The normalized strength for specimens with 0.5dpi1ug Were still above the estimated

strength using all estimation procedures.

The minimum spacing between piles, as specified in FDOT SDG, is three times the pile
size, as shown in Figure 6-3 (a). A narrower spacing was tested for the multi-plug
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specimens, as shown in Figure 6-3 (b). The specimens with multiple plugs had similar or
better performance to the similar specimens with a single plug, so there was no negative

multi-plug effect observed.

With current 3d,,;;, spacing requirement, Distance tested i the multi-
18-m. piles, and 12-mn. plug plug test specimens
\ SOdpre . . 20dp1'7€ .
< > ——»
I 1 1 1
I 1 1 1
| 1 1 1
1 1 1 1
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1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
——————————», ——>,
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(a) (b)

Figure 6-3: Spacing between piles and plugs (a) as specified in FDOT SDG and (b) minimum
tested

A cap reinforcement detail like that provided in the FDOT Structure Detailing Manual,
shown in Figure 6-4, was used in the test specimens. Confinement reinforcement around

the pocket was provided in most specimens but was also omitted in several specimens.
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Figure 6-4: Sample detail for precast footings provided in FDOT Structures Detailing Manual

There were several conclusions related to the reinforcement in the cap:

1. The confinement reinforcement saw higher strains in specimens with smaller edge
distances in two directions. This shows that as there is less concrete area to resist
the splitting cracks, the confinement reinforcement becomes more important.

2. Decreasing the longitudinal reinforcement in the cap decreased the normalized
strength of the specimens. Changing the confinement reinforcement did not have a
significant effect on the strength of the specimens with 1dpug edge distance.
However, it is assumed that the confinement reinforcement would influence the
strength for smaller edge distances.

3. The normalized strength for specimens with all variety of reinforcement (even those
without any confinement reinforcement and those without any longitudinal
reinforcement) were still above the estimated strength using all estimation

procedures.
To summarize:
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1. Itis suggested to use a minimum edge distance of 0.5dpile between the edge of the
pile and edge of the cap. This will provide sufficient distance between the edge of
the plug and edge of the cap.

2. The currently required center-to-center pile spacing of 3dpie does not negatively
affect the shear friction capacity of the cap-to-plug interface.

3. No confinement reinforcement is required around the pocket for shear friction
purposes if the minimum edge distance of 0.5dpile is provided between the edge of
the pile and edge of the cap. Using a reinforcement detail like that proposed in the
FDOT Structures Detailing Manual is sufficient for providing confinement around

the pocket for shear friction capacity.

6.4. Socket Connection Design and Construction Details

The socket connection specimens in this project were designed primarily based on the
capacity of the load frame, standard pile size, and the available corrugated metal pipe sizes
by local vendors. Socket design should generally follow the specifications provided by the
AASHTO LRFD Guide Specification for ABC (American Association of State Highway
and Transportation Officials (AASHTO), 2017b). Several different observations from the
design, detailing, construction and testing of the socket connection specimens are

summarized in this section.
6.4.1. Tolerances for Socket Connection

The tolerances for socket connections are specified in the Proposed Guidelines for
Prefabricated Bridge Elements and Systems Tolerances (NCHRP Project 12-98) (Culmo,
n.d.). The specified diameter of the void for the socket connection (Sw) can be found using
Equation 6-1. The void is sized based on the minimum tolerable clearance between the
edge of the void and edge of embedded element (tmin_e1), Outer diameter of the embedded

element (O.D.), and pile width tolerance (Tw).

Equation 6-1
Sw = 2tmin e+ 0.D. 42T, (in.) NCHRP (Culmo, n.d.)
(4.6.4.2)
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For the socket connection investigated in this project, the specified void diameter in the
cap needed to be greater than or equal to the value found in Equation 6-2. The values
assumed for this project were as follows:

e tmin_el = 0in. (no clear distance between edge of pile and edge of void)

e 0O.D. found based on the diagonal distance between opposite corners of the 18-in.
square pile, as shown in Equation 6-2.

0.D.=/(18in)? + (181in)? = 25.5in Equation 6-2
e Tw=23.25in. (based on a maximum pile lateral installation tolerance of 3 in., from
Table 4.6.4.1-1 in NCHRP Project 12-98 (Culmo, n.d.))

Substituting these values into Equation 6-1 gave the following specified void diameter:
Sy =2(0in) + 25.5in + 2(3.25in) = 32 in

A plug diameter of 30 in. was still used to ensure the specimen capacity remained under
the 1,000-kip capacity of the available test frame. In a field application, the next size up
corrugated metal pipe should be used. The plug diameter in a field application would need
to be much larger if the maximum pile lateral installation tolerance was 6 in., which would

require using Tw of 6.125 in.
6.4.2. Punching Shear Capacity of Plug and Socket Reinforcement

A combined punching shear and shear friction failure may occur in the plug or socket under
the pile. A punching shear failure will prevent the entire plug from pushing through
together. Additional reinforcement was provided in the test specimens to help resist the
punching shear failure. This recommendation was made by a design engineer who helped
to create the current specifications for socket connection. Two layers of #4 bars with five
bars in each direction in each layer are proposed to help resist the punching shear failure

in the plug, as shown in Figure 6-5.
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Figure 6-5: Reinforcement layout in the pocket of the specimen

6.4.2.1. Estimated Punching Shear Capacity

The punching shear capacity was found below based on ACI 318-19 (American Concrete
Institute (ACI) Committee 318, 2019) including the additional bars in the plug. The

nominal shear strength for two-way members with shear reinforcement is calculated by:

Equation 6-3

Vn = Vet Us ACI 318-19 (22.6.1.3)

The stress corresponding to the nominal two-way shear strength provided by concrete is as

follows:
ve = 2441 ACI gggaig?zggm)
where:
Ag = size effect factor
A = modification factor
e = concrete strength (psi)

The size effect factor is determined by:

A = <1 Equation 6-5
ACI 318-19 (22.5.5.1.3)

The d in this equation is the depth of the steel. This was assumed to be the distance from

the top of the plug to the bottom layer of steel shown in Figure 6-5.
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2
As = 225m =1

A =095<1

Assuming a concrete strength of 6.5 ksi for the plug, the shear strength provided by

concrete was:
v, = 2x%(0.95)(1.0),/6,500 psi
V. = 153.2 psi

The stress corresponding to the nominal two-way shear strength provided by the

reinforcement is shown in Equation 6-6.

- Apfye Equation 6-6
S b,s ACI 318-19 (22.6.7.2)

where:

Ay = area of shear reinforcement contained by a peripheral line around pile
(in%)

fyt = yield strength of transverse reinforcement (psi)

bo = perimeter of critical section for two-way shear (in)

S = center-to-center spacing of shear reinforcement (in)

The area of shear reinforcement was assumed to include all 10 bars in a layer and 2 legs

per bar, so the total area can be found as shown below:

A, = 2(10)(0.2 in?) = 4 in?
The spacing between shear reinforcement (s) was assumed to be equal to the spacing
between the vertical legs of the reinforcement in each of the layers (1.5 in.). The perimeter
of the critical section was assumed to be the perimeter of the void region (dpiug)

_ (4in*)(60 ksi)
Vs = (30 in.) (1.5 in.)

= 1697.7 psi
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Thus, the nominal shear strength is:
Vv = 153.2 psi + 1697.65 psi = 1,851 psi = 1.8 ksi

This nominal shear strength corresponds to an applied load as shown below in Equation
6-7.

Equation 6-7
V, =v,db, Based on ACI 318-
19822.6.1.4
NG Ve V, = (0.153 ksi)(12.25 in. )(7r) (30 in.)
> = 176 kips
. _ V, = (1.8 ksi)(12.25 in.)(m7) (30 in.)
With vs: = 2,078 kips

The addition of the reinforcement increased the punching shear capacity to attempt to
engage more of the plug in the shear friction failure.

6.4.2.2. Observed Response of Socket Reinforcement

The reinforcement provided beneath the embedded pile was engaged during testing in both
the horizontal portion beneath the pile and the vertical leg extending beside the pile; an
example of this engagement is shown in Figure 6-6 for SC-1.
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Figure 6-6: Sample load versus microstrain plots for socket reinforcement in SC-1
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While the reinforcement was engaged, the cracking after failure on top and bottom of the

plug, shown in Figure 6-7, still suggested that the entire plug-to-cap interface was not

engaged.

Cracking next

iy |I:Iq 0L 1o

i P

Cracking next o /

Cap an hotton
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Figure 6-7: Location of cracking in socket specimens, SC-1 shown, (a) on top next to the pile, (b)
on bottom next to the cap, and (c) schematic highlighting location of cracking

The reinforcement beneath the pocket was engaged during testing, so it does appear to help

distribute stresses in the plug concrete, but it does now allow the entire plug-to-cap

interface to engage during the testing.
6.4.3. Assumed Interface Area for Socket Connections

As mentioned before, the AASHTO LRFD Guide Specification for ABC (American
Association of State Highway and Transportation Officials (AASHTQO), 2018) specifies
that socket connections should be designed per shear friction requirements found in
AASHTO LRFD BDS (American Association of State Highway and Transportation
Officials (AASHTO), 2017b). The guide does not clarify what interface should be checked
and what interface area should be used in the calculations. There are two different
interfaces, between the plug and cap and between the pile and plug, which may control,
and several different possible interface heights, shown in Figure 6-8 (a). As discussed
above and shown in Figure 6-7, a crack after failure was observed next to the pile on top
of the specimens and next to the cap on the bottom of the specimen, suggesting a combined
failure along the pile-to-plug and plug-to-cap interfaces, as shown in Figure 6-8 (b).
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Figure 6-8: Socket Specimen: (a) interface detail and (b) failure characteristics
The embedded pile was not intentionally roughened, so there would be only minor
cohesion and friction as compared to the corrugated interface between the plug and cap.
For this reason, only the interface between the plug and cap is suggested to be used when
calculating the shear friction capacity. The height that is recommended to be used to
calculate the capacity of the interface is the distance between the bottom of the pile and
bottom of the plug, hv2 as shown in Figure 6-8 (a).

For the specimens in this project, the precaster experienced some difficulties trying to place
and hold the embedded pile in the void while casting the concrete. The actual pile
embedment length and squareness varied slightly from the construction plans for both
specimens (SC-1 and SC-2). According to measurements taken after casting of the
specimens, the average embedment length for Specimen SC-1 was 5.38 inches and for
Specimen SC-2 was 4.31 inches. The details of the measurements were discussed on Task
3d. The interface length for these specimens was assumed to be equal to the height of the
socket (11 inches) minus the average measured embedment lengths, which led to 5.62
inches for SC-1 and 6.69 inches for SC-2. These assumptions led to ultimate loads
normalized by the estimated load using the AASHTO LRFD Guide Specification for ABC
of 4.2 for SC-1 and 6.2 for SC-2.
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Chapter 7: Summary, Conclusions, and Recommendations

The shear friction capacity between precast pile caps and precast piles was investigated
using pocket and socket connections. A modified push-trough specimen was envisioned
for this project; thus, a preliminary experimental testing was done to four small-scale
specimens to evaluate the proposed test setup and test protocol. Based on this, thirty-three
small-scale specimens were design, constructed and experimentally tested to evaluate all
possible combination in the test matrix. Later eight large-scale specimens with different
experimental variables, specimen geometry, and specimen dimensions were
experimentally tested to further investigate the connection. Some of the principal variables
tested in the small-scale and large-scale specimens were corrugation spacing and depth,
surface preparation, interface height, edge distance, and reinforcement layout. The
performance of current code expressions for shear friction, behavior of the overall
connection using corrugated pipes and surface preparation, the currently used cohesion and
friction values, and the design and construction details were evaluated to better understand

current recommendations and behavior of the connection.

This section summarizes the conclusions from the small-scale testing, large-scale testing,

and the construction and design details of the investigated connection.

7.1. Small-scale Testing

1. All specimens with the 12-inch diameter plug failed due to a shear friction failure
at the interface between the plug and cap. Even the monolithically cast specimen
failed due to a shear friction failure at the interface. Most of the shear friction
failures were preceded by radial cracking extending out of the plug toward the
exterior surfaces of the cap.

2. Normalizing by interface area and the square root of concrete strength was found
to be a reasonable approach for normalizing the results (i.e., similar results were
observed between specimens where only interface area and concrete strength
varied).

3. Specimens with an exposed aggregate finish with 1/4-inch surface roughness had

the highest normalized strength among all specimens tested (higher than corrugated

181



10.

interface with 1/16-inch surface roughness). This is based on testing of 12-inch
diameter plugs and should be verified with larger diameter plugs.

Specimens with a smooth interface and 1/16-inch surface roughness are sensitive
to the casting procedure (e.g., time between casts, surface preparation, specific
concrete properties). Normalized strengths varied from k of 0.122 (for a specimen
cast at FDOT SRC) to 0.393 (for a specimen cast at Coreslab Structures (Miami),
Inc.). Specimens with a corrugated interface had less variability in normalized
strength between those cast at FDOT SRC and Coreslab Structures (Miami), Inc.
Specimens with a rougher interface (e.g., exposed aggregate, corrugated)
experience more expansion than specimens with smooth interface, demonstrated by
more cracking and rebar engagement.

The corrugated metal pipe provides only minor cohesion between the plug concrete
and metal pipe and failed at lower loads than specimens with the corrugated
interface with 1/16-inch surface roughness concrete finish. The plug rotated during
testing when a continuous pipe was provided. Cutting the pipe at mid-height helped
to restrict the rotation but led to lower capacities.

The corrugation size and spacing affects the strength of the interface. Providing
single or double ribs at the base of the pocket increased the normalized strength of
specimens compared to those with a smooth interface (comparing only specimens
cast at FDOT SRC). Half spacing of the corrugations still had a lower normalized
strength than the full corrugations.

Edge had a noticeable effect on the normalized strength only when the edge
distance was decreased in two directions. Large failure cracks typically extended
diagonally out of the plug toward the corner of the cap. Decreasing the edge
distance in one direction did not have as significant an effect on this diagonal
distance as decreasing the edge distance in two directions.

The confinement reinforcement saw higher strains in specimens with smaller edge
distances in two directions. This shows that as there is less concrete area to resist
the splitting cracks, the confinement reinforcement becomes more important.
Decreasing the longitudinal reinforcement in the cap decreased the normalized

strength of the specimens. Changing the confinement reinforcement did not have a
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significant effect on the strength of the specimens with 1dyug edge distance.
However, it is assumed that the confinement reinforcement would influence the
strength for smaller edge distances.

11. The currently procedures available to estimate the strength of this interface
(AASHTO LRFD Bridge Design Specification and AASHTO LRFD Guide
Specification for ABC) were found to conservative estimate the ultimate capacity
of the interface for the specimens tested. Finite element modeling or the proposed
revised theory can be used to estimate the strength of the specimens more

accurately.

7.2. Large-scale Testing

1. All large-scale specimens (other than LP-2, LP-3, and LP-4) failed due to a shear
friction failure at the interface between the plug and cap. The socket connection
specimens failed due to a combined shear friction failure at the interface between
the pile and plug and plug and cap. Most of the shear friction failures were preceded
by radial cracking extending out of the plug toward the exterior surfaces of the cap.

2. The current procedures available to estimate the strength of this interface
(AASHTO LRFD Bridge Design Specification and AASHTO LRFD Guide
Specification for ABC) were found to conservative estimate the ultimate capacity
of the interface for the specimens tested. Finite element modeling or the proposed
revised theory can be used to estimate the strength of the specimens more
accurately. This will be discussed in more detail in Task 4.

3. Specimens with a rougher interface (e.g., exposed aggregate, corrugated) had
higher capacity and experience more expansion than specimens with smooth
interface, demonstrated by rebar engagement.

4. The presence of the metal duct did not impact the strength of the specimens, led to
softer response (likely a result of less cohesion between the plug concrete and metal
pipe), and did not noticeably help to confine the plug concrete. Specimens where
the corrugated metal pipe was left in place experienced a more sudden failure (when
cohesion was overcome at higher load).
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5. Socket connections specimens had lower normalized shear friction capacity than

larger plug specimens simulating pocket connections.

7.3. Design and Construction Recommendations
Based on the small and large scale specimens and their experimental evaluation:

1. It is recommended to use the AASHTO LRFD Guide Specification for ABC
equations for estimation of the shear friction capacity of the interface in pocket and
socket connections. These equations may be used for interfaces where the
corrugated metal pipe is removed in pocket and socket connections.

2. The AASHTO LRFD BDS shear friction procedure can be used with a normal force
to account for plug expansion and the proposed average cohesion factors and

coefficients of friction for more accurate and precise estimates when needed.

Design details for pocket and socket connections were also evaluated based on the results
of the shear friction testing. These recommendations were not evaluated based on flexural

performance of pocket and socket connections.
Related to the interface condition:

1. Removing of the corrugated steel pipe and intentionally roughening through
sandblasting or chiseling led to strength equal or greater than those when the duct
was left in place, which is the current recommendation for the AASHTO LRFD
Guide Specification for ABC. If the corrugated steel pipe is removed, then the
minimum of the cap and plug concrete should be used to find the shear friction
capacity.

2. Using an exposed aggregate finish (1/4-inch roughness) without corrugations led
to equal or greater strength than specimens with corrugations and 1/16-inch
roughness.

3. Minimal cohesion was observed when the corrugated metal pipe was left in place.

Related to cap sizing and reinforcement for pocket connections:
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1.

It is suggested to use a minimum edge distance of 0.5dpie between the edge of the
pile and edge of the cap. This will provide sufficient distance between the edge of
the plug and edge of the cap.

The currently required center-to-center pile spacing of 3dpie does not negatively
affect the shear friction capacity of the cap-to-plug interface.

No confinement reinforcement is required around the pocket for shear friction
purposes if the minimum edge distance of 0.5dpile is provided between the edge of
the pile and edge of the cap. Using a reinforcement detail like that proposed in the
FDOT Structures Detailing Manual is sufficient for providing confinement around

the pocket for shear friction capacity.

Related to socket connections:

1.

The size of the socket should be sufficient to account for tolerances, including pile
lateral installation tolerances.

Two layers of reinforcement should be placed beyond the tip of the embedded pile
with legs extending beside the embedded pile, as used in this project. This
reinforcement helps to engage more of the socket concrete in the shear friction
resistance and prevents a punching shear failure from occurring in the socket.

The shear friction capacity of the socket connection can be found using AASHTO
LRFD Guide Specification for ABC recommendations. The interface area to be
considered should be the interface between the socket and cap with a height equal

to the vertical distance between the end of the pile and end of the socket.

7.4. Recommended Future Research

The following future research needs were identified during this research project:

Connection performance under flexure: The focus of this project was on the shear
friction capacity of the pocket and socket connection between precast piles and
precast pile caps. These connections were only tested under pure compression in
this research project. Additional research is needed to evaluate the performance of

the connection under flexural loads and a combination of flexure and axial load.
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This work would expand on the work in this project and that done by other
researchers [55].

Additional interface conditions: Changes were made to the FDOT Structures
Design Guidelines [54] after the experimental portion of the project was completed.
The revised SDG requires a 1/4-inch roughness surface for interface surfaces. The
1/4-inch roughness was tested in this research for smooth interfaces, but not for
corrugated interfaces. The 1/4-inch roughness may not be needed for interfaces
with corrugations, but further research is needed.

Additional depths and details for socket connections: Only two socket connection
specimens were tested in this research. The socket connection interface only
partially engaged. Additional research is needed to investigate the effect of different

embedment lengths and different depth sockets on the interface strength.
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APPENDIX A. SMALL-SCALE RESULTS

Series | Results

The results from the initial experimental testing of the first four specimens are summarized
in this section. These specimens were constructed and tested to evaluate the proposed test
procedure used to test the shear friction interface of these specimens. Some of the details
for specimens in Series | are shown in Figure A - 1. A corrugated plastic pipe was used to
construct the pockets in three of the specimens (S1-1, S1-2, and S1-3) and a sonovoid was
used to create a smooth interface finish in one specimen (S1-4). The pipe or form was
removed in all specimens and the interface surface was intentionally roughened to a 1/16-

inch surface roughness. Three different sizes were investigated.
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Figure A - 1: Select details on Series | specimens

The estimated and measured ultimate strengths of these specimens are summarized in
Table A - 1. The concrete compressive strengths measured on the day of testing for the cap
and plug are also shown in Table A - 1. The measured compressive strengths were

significantly higher than the specified strengths.
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Table A - 1: Measured concrete strength and estimated versus measured ultimate strength and

displacement for preliminary test specimens

Compressive
. Strength on Ultimate Strength (kips)

SPecimen | Test Day (ksi)

Cap Plug | AASHTO | ABC | ATENA | Proposed | Measured
S1-1 7.57 8.45 27143 | 412.3 | 388.03 1893.1 | > 750 kips
S1-2 7.96 8.79 108.57 187.4 | 182.34 884.2 > 750 kips
S1-3 7.69 8.20 54.29 93.7 | 175.37 421.7 243.8*
S1-4 8.05 7.98 271.43 | 412.3 | 388.03 557.9 429.7

*failed due to crushing of concrete on top of plug
Specimen S1-1 Results

Specimen 1 had a corrugated interface between the plug and cap. The specimen was loaded
to the capacity of the test setup (750 kips) but did not fail. Only minor displacement (0.06
inches at 750 kips) was observed. The strain in the longitudinal reinforcement on the
bottom of the specimen had only minor strains, shown in Figure A - 2, suggesting there

was no significant expansion of the plug or splitting stresses at the bottom of the specimen.

bt I

RSG-POR

RS- RT

-
s
= TN i
=
= RS-
=
L= RS- RS
(SR T A ]
RS-
| —— RSP HE

Abcrosirain

Figure A - 2: Rebar strain in longitudinal bars on bottom of Specimen S1-1
Only minor stresses were measured in the confinement reinforcement in the cap around the

plug, shown in Figure A - 3 for the confinement reinforcement located at mid-height of the
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plug. There were slightly larger stresses in the confinement reinforcement at the top and

mid-height than at the bottom of the cap.
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Figure A - 3: Rebar strain gauges on confining reinforcement at mid-height of the plug of
Specimen S1-1
The measured strains in the vertical reinforcement in the cap and plug are shown in Figure
A - 4. The vertical strains in the plug decrease toward the bottom of the plug, showing the
transfer of stress from plug to cap. The vertical strains in the cap are similar at the three
different heights, and the top two levels had similar vertical strains between the cap and
plug. These results suggest the ribs in the corrugation are effective in transferring stresses

between cap and plug.

Concrete strain gauge readings are shown in Figure A - 5. Strains were relatively similar
along the height of the specimen. Strain gauge CSG-PCW?2 appears to start to behave non-
linearly suggesting that cracking may have been starting in this location. CSG-PCE2 and
CSG-PCE3 both began to show decreasing tensile stress, suggesting a crack developing

next to these gauges.
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Figure A - 4: Rebar strain gauges in vertical reinforcement in plug and cap of Specimen S1-1
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Figure A - 5: Concrete surface gauges on the sides of cap at (a) top, (b) mid-height and (c)
bottom of Specimen S1-1
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Specimen S1-2 Results

Specimen 2 had the same corrugation between the plug and cap as Specimen 1 but had half
the overall height. This specimen was loaded to the capacity of the test setup (750 kips) but
did not fail.

Cracking was detected between 350 and 400 Kips through the instrumentation. The rebar
strain gauges in the longitudinal steel on the bottom of the section on the north and south
sides of the specimens began to be engaged at a load of around 390 kips, shown in Figure
A - 6. The gauges on the east and west faces were not engaged, so it appears that a crack
developed across the section in the north-south direction.
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Figure A - 6: Rebar strain in longitudinal bars on bottom of Specimen S1-2
The longitudinal reinforcement reached between 1,100 and 1,600 microstrain. Using the
slope of the high strain, it would have likely taken approximately an additional 118 Kips to

reach yield in the longitudinal reinforcement.

Estimated slope of SL0Perse—peps = 1,547 k — 1,326 k
RSG-PCB4: 739 pe — 684 ue

= 4.0 K/¢
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yield:

The concrete surface gauges toward the bottom of the north and south faces of the
specimens also indicated cracking at around 340 kips on the north face and 390 kips on the
south face, shown in Figure A - 7. This would suggest that the crack first started on the
north side of the specimen at the bottom and then extended across the full width of the

specimen in the north-south direction.
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Figure A - 7: Concrete surface gauges on the sides of cap closest to bottom of Specimen S1-2

The confining reinforcement around the pocket engaged more at the bottom of the section
compared to the top of the section, shown in Figure A - 8. This reinforcement seems to also
be resisting the opening of the crack that appears to be running across the entire cap in the
north-south direction. The confinement reinforcement toward the bottom of the specimen
began to be more engaged at around 390 kips, see Figure A - 8(b), while the confinement
reinforcement higher in the section did not engage until between 450 and 500 Kips, see
Figure A - 8(a). These measurements from the confinement reinforcement also show that

the crack started at the bottom of the section and was progressing up the cap.
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Figure A - 8: Rebar strain gauges on confining reinforcement at (a) top and (b) bottom of the
plug of Specimen S1-2

The strains in the bottom confinement reinforcement reached around 900 microstrain on
the north and around 1,300 microstrain on the south side of the cap. Using the slope of the
high strain, it would have likely taken approximately an additional 220 kips to reach yield

in the confinement reinforcement.

1,258 k — 1,107 k k
slopersg—pcsa = 737 ue — 694 pe =35 /,ue

Estimated slope of
RSG-PCS4:

Additional force

yield:
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The yielding of the longitudinal reinforcement would have likely impacted the slope
though as the confinement reinforcement would have picked up more of the load after

yielding of the longitudinal bars.

The strains in the vertical reinforcement in the cap and plug are shown in Figure A - 9.
Strains in the plug are higher than the cap at the top of the specimen and then higher in the
cap than the plug in the bottom of the specimen. This shows how the stresses are

transferring from the plug to the cap through the specimen.
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Figure A - 9: Rebar strain gauges in vertical reinforcement in plug and cap (a) top of cap, (b) top
of plug, (c) bottom of cap, and (d) bottom of plug of Specimen S1-2
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Specimen S1-3 Results

Specimen 3 was half the scale of Specimen 1 with a similar corrugated interface between
the cap and plug. The observed failure of this specimen was crushing of the concrete in the
top of the plug at a load of 243.8 kips. The stress in the plug at time of failure is

approximately equal to the compressive strength of the concrete.

. 243.8 k
Stress in plug = ——— = 8.6 ksi
concrete at efat (& 2
failure: 2

Only minor strains were measured in the longitudinal reinforcement on the bottom of the

specimens, shown in Figure A - 10.
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Figure A - 10: Rebar strain in longitudinal bars on bottom of Specimen S1-3
Measured strain in the vertical reinforcement in the cap and plug are shown in Figure A -
11. Similar strains were observed in the top and bottom of the cap and bottom of the plug.
Larger strains were measured in the top of the plug. These results suggest a relatively short

distance was required for the stress to be transferred from plug to cap.
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Figure A - 11: Rebar strain gauges in vertical reinforcement in plug and cap (a) top of cap, (b)
top of plug, (c) bottom of cap, and (d) bottom of plug of Specimen S1-3

The measured strain in the confinement reinforcement in the cap around the plug are shown
in Figure A - 12. Only minor strains were observed with slightly higher strains in the

confinement reinforcement toward the top of the specimen.
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Figure A - 12: Rebar strain gauges on confining reinforcement at (a) top and (b) bottom of the
plug of Specimen S1-3

The measured strain in the concrete strain gauges on the four outside faces of the cap are
shown in Figure A - 13. Only minor strains were observed with minimal difference between

the gauges toward the top and bottom of the specimen.
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Figure A - 13: Concrete surface gauges on the sides of cap closest to (a) top and (b) bottom of
Specimen S1-3
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Specimen S1-4 Results

Specimen S1-4 had a smooth interface between the plug and cap and was the same size as
Specimen S1-1. The observed failure for this specimen was a shear friction failure along
the interface between the cap and plug. A fairly linear response was observed until sliding
of the plug began at a load of 429.7 Kkips, as shown in the load versus deflection response
in Figure A - 14. After sliding began, the plug still held a load of around 370 Kips. Load
was applied until the plug had slid 0.5 inch.
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Figure A - 14: Load versus deflection curve for Specimen S1-4
A crack opened on the bottom of the specimen at a load of around 300 kips; signaled by a
sharp increase in strain gauges RSG-PCB5, RSG-PCB6, and RSG-PCB7 as shown in
Figure A - 15. Note that strain gauges RSG-PCB2 and RSG-PCB8 were not working during
the testing.

205



SN g

150

LN

- 100 REG-IMBI

-_.E:ﬂ__” RSG-POB3

= RSG-PCBA

= a0 - RS{-MBS
Kl - RS- 6
1011 — RS- HT
&

il | S—
- i) Ll Gy [ RRHE
Slicrosirain

Figure A - 15: Rebar strain in longitudinal bars on bottom of Specimen S1-4
The cracking was also observed in the concrete surface gauges, signaled by a reversal from
tension to compressive stresses in CSG-PCE3 and CSG-PCW3 in Figure A - 16.
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Figure A - 16: Concrete surface gauges on the sides of cap closest to bottom of Specimen S1-4
Cracking was also observed visually after the test was complete, as shown in Figure A -
17. Cracking was observed to extend onto the top of the cap toward the plug on the west

side.
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Figure A - 17: Cracking on the (a) east, (b) top, and (c) west faces of Specimen S1-4 after failure
This cracking in the specimen occurred before the plug began to slide but suggests that the
plug caused expansion of the cap prior to it pushing through. The confining steel in the cap
also appears to have engaged during the sliding of the plug, shown in Figure A - 18. The
confining reinforcement was engaged along the same plane as the cracking, shown by
RSB-PCES5 and RSB-PCWS5 both showing large increases in strain.
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Figure A - 18: Rebar strain gauges on confining reinforcement at mid-depth of the plug of
Specimen S1-4

Specimen S1-4 had a smooth interface between the plug and cap, so it was initially assumed
that only the cohesion component of the shear friction capacity should be considered. It
appears that there were some stresses perpendicular to the friction plane though, evident
from the cracking stresses, so there would have also likely also been a friction component
to the shear friction resistance.
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The measured strains in the vertical reinforcement in the cap and plug are shown in Figure
A - 19. The vertical strain remains about the same in the top, mid-height, and bottom of the
cap, while it is highest at the top of the plug. The vertical strain at the bottom of the plug
is about equal to the vertical strain at all levels of the cap. The results in Figure A - 19 can
be compared to the results from the specimen with the same dimensions with a corrugated
interface shown in Figure A - 4. The strains in the cap with corrugated interface are
comparable to the mid-height vertical strain gauges, showing there is a decrease in the
length required to transfer stresses from plug to cap.

208



—RSG-PCNI1 RSG-PCS1 —RSG-PNI RSG-PS1
RSG-PCWI RSG-PE1 RSG-PW1
500 500
400 - 400 +
= =9
£ 300 1 Z300 | e 1
= 200 - = 200 +
=] =]
= 100 L - 100 +
0 : 0 - ]
-600 -400 -200 0 -600 -400 -200 0
Microstrain Microstrain
(a) (b)
—RSG-PCN2 RSG-PCS2 —RSG-PN2 RSG-PS2
RSG-PCE2 RSG-PCW2 RSG-PE2 RSG-PW2
500 500
~ 400 -t —~ 400 +
=9 =9
é 300 \ + é 300 | T
E 200 \-- E 200 +
= 100 1 2100 \
O 1 0 1 _
-600 -400 -200 0 -600 -400 -200 0
Microstrain Microstrain
(©) (d)
—RSG-PCN3 RSG-PCS3 RSG-PW3 RSG-PN3
RSG-PCE3 RSG-PCW3 RSG-PS3 RSG-PE3
500 | 500
~ 400 400 L\
=9 2
g 300 5 300 n_n \
= = 200
g 200 3 \
- 100 = 100 i
0 1 1 0 1 '_
-600 -400 -200 0 -600 -400 -200 0
Microstrain Microstrain
(e) ®

Figure A - 19: Rebar strain gauges in vertical reinforcement in plug and cap of Specimen S1-4
Series 11 Results

The goal of Series Il was to investigate the effect of (1) interface surface condition and (2)

corrugation spacing and depth. Two different specimen heights were tested (14 and 18
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inches) with variations of interface surface conditions and corrugation spacings and depths.

All specimens had a 12-inch plug with 12-inch edge distance (distance from edge of plug

to edge of cap) on all faces.

The results and observations for specimens in Series Il are summarized in this section. The

experimental results, and the concrete strengths of the day of testing for both the cap and

the plug are summarized on Table A - 2. The concrete strengths measured were higher than

the specified.

Table A - 2: Measured concrete strength and estimated versus measured ultimate strength for
second set of specimens

Compressive
. Strength on Ultimate Strength (kips)
Specimen | Test Day (ksi)
Cap Plug | AASHTO | ABC | ATENA | Proposed | Measured
S2-1 6.26 6.95 135.7 187.4 153.0 403.2 339.0
S2-2 6.33 6.98 135.7 187.4 265.1 688.3 >750
S2-3 6.20 6.95 135.7 187.4 238.4 413.7 320.2
S2-4 6.33 6.98 99.5 137.4 253.8 504.8 615.4
S2-5 6.02 6.91 99.5 137.4 222.7 305.0 356.0
S2-6 6.41 6.91 99.5 137.4 337.2 3155 418.6
S2-7 6.30 6.91 135.7 187.4 972.6 677.8 719.5
S2-8 6.85 7.29 135.7 187.4 972.6 522.2 553.5
S2-9 6.39 7.29 135.7 187.4 972.6 655.8 662.2
S2-10 6.72 7.11 99.5 137.4 808.8 508.7 575.4
S2-11 6.59 7.11 99.5 137.4 808.8 375.5 399.8
S2-12 6.59 7.11 99.5 137.4 808.8 470.5 521.6
S2-13 5.25 7.42 135.7 187.4 292.5 335.2 605.6
S2-14 5.52 7.40 99.5 137.4 229.2 310.8 441.3
S2-15 5.52 7.40 99.5 137.4 508.2 529.1 631.2
S2-16 5.54 7.76 135.7 187.4 630.1 581.3 >750
S2-17 5.52 7.40 135.7 187.4 630.1 508.3 533.3
S2-18 5.55 7.97 99.5 137.4 508.2 558.6 569.2
S2-19 5.55 7.97 99.5 137.4 508.2 520.4 482.6
S2-20 5.77 7.11 135.7 187.4 630.1 543.6 666.0
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Specimen S2-1 Results
Specimen S2-1 was 18-inch deep, had a smooth surface between the cap and plug with

sandblasted (1/16”” of roughness) surface preparation.
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The load versus deflection plot for S2-1 is shown in Figure A - 20. The specimen held a
load of 270 kips when the plug started to move, and then the specimen continued to take
additional load until its maximum load of 337.4 kips. The specimen was loaded until 0.45
inches of plug movement. A slight difference was noticed between the displacement of the

top and bottom of the plug.
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Figure A - 20: Load-Displacement curve for Specimen S2-1

The strain on the bottom in the longitudinal reinforcement were more engaged in the east
side of the specimen than in the north side, shown in Figure A - 21, suggesting that there
was expansion of the plug or splitting stresses at the bottom of the specimen. A crack
opened on the bottom of the specimen at a load of around 260 kips as can be observed in
the gauges RSG-PB3 and RSG-PCB4 (Figure A - 21).
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Figure A - 21: Rebar strain in the longitudinal bars on bottom of the Specimen S2-1
Cracking was also observed in the concrete strain gauges and visually after the test was
completed as shown in Figure A - 22 and Figure A - 23. Cracks were observed to extend

from the bottom of the cap onto the top toward the plug in the east and west side.
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Figure A - 22: Concrete strain gauge on the concrete surface of Specimen S2-1
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Figure A - 23: Cracking on the (a) east side and (b) bottom of specimen S2-1
In the same way as the longitudinal reinforcement, the confining reinforcement around the

pocket were more engaged in the east side of the plug. The gauge that was placed in the
bottom (RSG-PCE12) experienced larger stresses than the one above (RSG-PCEL11) as
shown in Figure A - 24, meaning that there was more expansion in the plug at the bottom

than the top.
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Figure A - 24: Confining reinforcement around the pocket of the Specimen S2-1.
The measured strains in the vertical reinforcement in the plug and cap are shown in Figure
A - 25. The vertical strains in the cap were similar in the north and east side. In addition,
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the stresses in the plug decrease toward the bottom of the plug (From RSG-PE15 to RSG-

PE16), showing the transfer of stress from plug to cap.
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Figure A - 25: Rebar strain gauges in vertical reinforcement in plug and cap for Specimen S2-1
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Specimen S2-2 Results

Specimen S2-2 was 18-inch deep, had a smooth surface between the cap and plug with

exposed aggregate surface finish.
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The actuator got until its maximum load of 750 kips and the specimen did not fail,
suggesting that having an exposed aggregate finish provide a good adhesive bonding
between the two concrete elements. The load-deflection graph is shown Figure A - 26. A
noticeable difference was observed between the displacement of the top and bottom of the
plug. This suggests that there was some sliding of the plug followed by reengagement of
the aggregate interlock.
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Figure A - 26: Load versus deflection curve for Specimen S2-2

The strain on the bottom in the longitudinal reinforcement were more engaged in the east
side of the specimen than in the north side as well as Specimen S2-1, shown in Figure A -

27, suggesting that were splitting stresses at the bottom of the specimen. Cracking was
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observed in three different ways, meaning that the specimen was near to failure. A crack
opened on the bottom of the specimen at a load of around 250 Kips as can be observed in
the gauges RSG-PB3 and RSG-PCB4 (Figure A - 27).

E00

700

A0
=5
5,
:E_ - RSiG-PCTNL
-"=_- BSG-PCHZ
=
= 300 RSG-1CBA

200 RSG-1MCB4

100 + |

gL -
0 S00 1000 1500 2000 2S00 3000
Microsicain

Figure A - 27: Rebar strain in longitudinal bars on bottom of Specimen S2-2

Cracking was also observed in the concrete strain gauges at a load of approximately 250
kips specifically on the bottom gauge on the east side of the specimen (CSG-PCE4) as
shown in Figure A - 28.
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Figure A - 28: Concrete surface gauges on the cap of Specimen S2-2
Cracking was visually observed after the test was completed as shown in Figure A - 29.
The cracking was observed to extend from the bottom of the cap onto the top toward the

plug in the east and west side as the Specimen S2-1.

Figure A - 29: Cracking on the (a) surface of the cap and (b) bottom of the specimen S2-2
In the same way as the longitudinal reinforcement, the confining reinforcement around the

pocket were more engaged in the east side of the plug than the north side. The gauge that
was placed in the bottom (RSG-PCE12) was slightly more engaged than the gauge placed
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above (RSG-PCE11) as shown in Figure A - 30, meaning that there the plug expansion was

not symmetric through the height of the interface.
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Figure A - 30: Rebar strain gauges on confining reinforcement around the pocket of Specimen
S2-2

The strains in the vertical reinforcement in the plug and cap are shown in Figure A - 31.
The vertical strains in the cap were slightly higher than the vertical strains in the plug.

These results suggest that a relatively short distance was required for the stress to be

transferred from plug to cap.
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Figure A - 31: Rebar Strain gauges in vertical reinforcement in (a) cap and (b) plug of Specimen
S2-2.
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Specimen S2-3 Results

Specimen S2-3 was 18-inch deep, had a smooth surface between the cap and plug with
sandblasted (1/16”’ of roughness) surface preparation. In addition, the void was created
using a sonotube with one single rib in the bottom of the interface.
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The plug started to slide around 250 kips. The maximum load was 320.1 kips, and after

failure the specimen still held a load of 240 kips. The specimen was loaded until 0.5-inch
displacement of the plug. The load displacement curve is shown in Figure A - 32, the results
of the LDT placed in the bottom was not included because the LDT was not reading

correctly since the bottom of the plug was not smooth as observed in Figure A - 35 (b).
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Figure A - 32: Load versus deflection curve for Specimen S2-3.
As well as the first two specimens, the strain on the bottom in the longitudinal
reinforcement were more engaged in the east and west side of the specimen, shown in

Figure A - 33. A crack opened on the bottom of the specimen at a load of around 175 kips
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as can be observed in the gauges RSG-PB3 and RSG-PCB4 (Figure A - 33). Comparing
this response with the other two specimens, plug expansion and splitting stresses at the

bottom of the specimens was observed in all three specimens.
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Figure A - 33: Rebar strain gauges in the longitudinal reinforcement on the bottom of Specimen
S2-3

Cracking was also observed in the surface concrete at a load of around 150 kips specifically
on the bottom gauge on the east side of the specimen (CSG-PCE4) as shown in Figure A -
34. The cracks appeared before the plug started to move, meaning that the plug might cause

expansion of the cap before movement.
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Figure A - 34: Concrete strain gauges in the surface of the cap of Specimen S2-3
Cracking was visually observed as shown in Figure A - 35. The cracking was observed to
extend from the bottom of the cap onto the top toward the plug in the east and west side.
More splitting stresses were observed on the bottom cap when having a single rib on the

interface.

Figure A - 35: Cracking on (a) cap and (b) bottom of the Specimen S2-3
The confining reinforcement around the pocket were more engaged in the east side of the
plug than the north side. However, engagement was observed in the bottom gauge (RSG-
PCNB) on the north side as shown in Figure A - 36. As mentioned before, this distribution
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of the stresses show that more expansion was transfer to the cap before pushing through of

the plug.
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Figure A - 36: Confining reinforcement around the pocket of Specimen S2-3.
The measured strains in the vertical reinforcement in the plug and cap are shown in Figure

A-37.
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Figure A - 37: Rebar strain gauges in vertical reinforcement on (a) the cap and (b) plug of
Specimen S2-3.

Specimen S2-4 Results
Specimen S2-4 was 14-inch deep, had a smooth surface between the cap and plug with

exposed aggregate surface finish.
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The maximum load was 615.40 kips where the plug started to move. After failure, the
specimen still held a load of around 400 kips. The specimen was loaded until 0.5-inch
displacement of the plug. The load displacement curve is shown in Figure A - 38. A slightly
difference was noticed between the displacement of the top and bottom of the plug.
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Figure A - 38: Load versus deflection curve for Specimen S2-4
The strain on the bottom in the longitudinal reinforcement were more engaged in the east
side of the specimen, shown in Figure A - 39. A crack started on the bottom of the specimen
at a load of around 170 kips as can be observed in the gauges RSG-PB3 and RSG-PCB4

(Figure A - 39).
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Figure A - 39: Rebar strain gauges in longitudinal reinforcement in the bottom of Specimen S2-4
Cracking was also observed in the surface concrete at a load of around 170 kips on the
bottom gauges in the east side of the specimen (CSG-PCE4 and CSG-PCE3) as shown in
Figure A - 40. In this specimen, cracking was later observed in the north side on a load of

around 500 kips. Crack propagation was initiated from the bottom to the top of the cap

before plug movement.
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Figure A - 40: Concrete strain gauges in the surface of the cap of Specimen S2-4.
Cracking was visually observed when the testing was finished as shown in Figure A - 41.

The cracks were observed to extend in the east and west side.

Figure A - 41: Specimen S2-4 (a) elevation before testing and (b) bottom cracking after testing

The confining reinforcement around the pocket were more engaged in the east side of the
specimen than the north side. The east-bottom gauge was engaged on a load of 170 Kips as
shown in Figure A - 42. As mentioned before, the distribution of the stresses suggests that
expansion of the plug starts at the bottom and it is not evenly distributed throughout the
height.
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Figure A - 42: Confining reinforcement around the pocket of Specimen S2-4
The stresses in the vertical reinforcement were also measured. As well as the confining
reinforcement, the east side was more engaged than the north side of the specimen as shown
in Figure A - 43. Tension developed in the vertical reinforcement in the cap, suggesting

that an internal horizontal crack around the plug may have developed toward failure.
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Figure A - 43: Rebar strain gauges in vertical reinforcement on (a) the cap and (b) plug of
Specimen S2-4
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Specimen S2-5 Results

Specimen S2-5 was 14-inch deep, had a smooth surface between the cap and plug with

sandblasted (1/16°’ roughness) surface preparation. As well as specimen S2-3, the void

was created using a sonotube with one single rib in the bottom of the interface.
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The plug started to move with a load of around 300 kips, and the failure load was 356 Kips.

After failure, the specimen still held a load of 270 kips. The specimen was loaded until 0.5-

inch displacement of the plug. The load displacement curve is shown in Figure A - 44,
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Figure A - 44: Load versus deflection curve
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for Specimen S2-5

The stresses in the longitudinal rebar on the bottom of the specimen are shown in Figure A

- 45. A crack opened on the bottom of the cap on the east side with a load of around 120

Kips as measured in gauges RSG-PCB3 and RSG-PCB4. Later when the load was around

350 Kips, another crack opened in the north side of the specimen as can be observed in the
gauges RSG-PCB1 and RSG-PCB?2.
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Figure A - 45: Rebar strain gauges in the longitudinal reinforcement on bottom of Specimen S2-5
Cracking was observed on the east face at around 132 kips, as shown in Figure A - 46.
Cracking extended through the gauges on the north side and opened up at the ultimate

capacity.
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Figure A - 46: Concrete strain gauges in the surface of Specimen S2-5
Cracking was visually observed as shown in Figure A - 47. The cracks extended from the

bottom of the cap to the top toward the plug in the north and south sides. More splitting

stresses were observed on the bottom cap when having a single rib on the interface.

Figure A - 47: Cracking on a (a) cap and (b) bottom of the Specimen S2-5
The confining reinforcement around the pocket started to engage in the east side of the plug
of a load around 130 kips according to gauges RSG-PCE11 and RSG-PCE12. In the same
way, engagement was observed in the north side of the specimen at a load of 250 kips as
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shown in Figure A - 48. The distribution of the stresses shows that there was expansion of

the plug before sliding.
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Figure A - 48: Confining reinforcement around the pocket of Specimen S2-5.
More stresses were observed in the vertical reinforcement of the plug than the vertical
reinforcement of the cap as shown in Figure A - 49. Suggesting that a largest distance was

required to transfer the stresses from the plug to cap.
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Figure A - 49: Rebar strain gauges in vertical reinforcement on (a) cap and (b) plug of Specimen
S2-5
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Specimen S2-6 Results
Specimen S2-6 was 14-inch deep, had a smooth surface between the cap and plug with

sandblasted (1/16°” roughness) surface preparation. In this case, the void was created using

a sonotube with two ribs in the bottom of the interface.
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The failure load was 418.6 kips, and after failure the specimen still held a load of 200 Kips.
The plug started to slide around 200 kips and the total displacement of it was 0.5-inch as

shown in Figure A - 50. A slight difference was noticed between the displacement of the

top and bottom of the plug.
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Figure A - 50: Load versus deflection curve for Specimen S2-6
The stresses in the longitudinal rebar on the bottom of the specimen were measured.
According to RSG-PCB3 and RSG-PCB4 the reinforcement on the east side started to
engage at a load around 110 kips. In the same way, the gauges RSG-PCB1 and RSG-PCB?2
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placed on the north side of the specimen showed engagement around 200 Kkips (Figure A -
51).
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Figure A - 51: Rebar strain gauges in the longitudinal reinforcement on bottom of Specimen S2-6
Concrete strain gauges were place on the surface of the cap to measure cracks as shown in
Figure A - 52. Cracking was determined using the CSGs on the east face at approximately

110 kips and on the north face of the specimen at approximately 230 Kips.
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Figure A - 52: Concrete strain gauges in the surface of Specimen S2-6
Cracking was visually observed when the testing was finished as shown in Figure A - 53.
As mentioned before, the crack extended from the bottom of the specimen towards the top.
This specimen had small cracks before testing in the north side as shown in Figure A -
53(a).

i1} i

Figure A - 53: Cracking on (a) cap and (b) bottom of the Specimen S2-6
The stresses in the confining reinforcement around the pocket were measured as shown in

Figure A - 54. The engagement of the reinforcement was almost simultaneously starting
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with RSG-PCE12 with a load of around 100 kips to RSG-PCN7 with a load of around 240

Kips.
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Figure A - 54: Confining reinforcement around the pocket of Specimen S2-6
The stresses in the vertical reinforcement were also measured as shown in Figure A - 55.
On the east side of the specimen, higher stresses were found in the cap than in the plug.
However, on the north side the stresses were higher in the cap than in the plug. This shows

how the stresses are transferring from the plug to the cap through the specimen.
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Figure A - 55: Rebar strain gauges in vertical reinforcement on (a) cap and (b) plug of Specimen

S2-6
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Specimen S2-7 Results

Specimen S2-7 was 18-inch deep, had a corrugated surface between the cap and plug with
sandblasted (1/16° of roughness) surface preparation. The void was created using a
corrugated metal pipe.
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The failure load for this specimen was 719.5 kips. After failure, the specimen still held a
load of around 400 kips. The specimen was loaded until 0.5-inch displacement of the plug.

The load displacement curve is shown in Figure A - 56.
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Figure A - 56: Load versus deflection curve for Specimen S2-7
The bottom reinforcement placed on the east side of the specimen started to engage
between 200 kips and 300 Kips according to the RSG-PCB3 and RSG-PCB4 gauges. Later
when the load was around 400 kips the longitudinal reinforcement on the north side of the

specimen was also engaged. Potentially, cracks were forming on the bottom of the

240



specimen on both directions. The reading of the longitudinal reinforcement in the bottom

is shown in Figure A - 57.
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Figure A - 57: Rebar strain gauges in the longitudinal reinforcement on bottom of Specimen S2-7
In the same way a crack was measured around 300 Kips on the east side with the concrete

surface gauges. The reading of the concrete surface gauges is shown in Figure A - 58.
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Figure A - 58: Concrete strain gauges in the surface of Specimen S2-7
When the testing was finished, cracks were also observed as shown in Figure A - 59. Cracks
extended from the bottom, going up to the cap toward the plug as the reading of the gauges
suggested. Bigger cracks were observed on the east-west side than the north-south side of

the specimen.

iy

Figure A - 59: Cracking on (a) cap and (b) bottom of Specimen S2-7
The confining reinforcement around the pocket started to engage in the east side of the plug
of a load around 230 kips according to gauge RSG-PCE12. The other three gauges started
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to engage around 300 Kips. The distribution of the stresses shows that there was expansion

of the plug before it started to slide.
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Figure A - 60: Confining reinforcement around the pocket of Specimen S2-7
The measured strains in the vertical reinforcement in the cap and plug are shown in Figure
A - 61. The vertical strains in the plug decrease toward the bottom of the plug, showing
transfer of stress from plug to cap. The stresses in the cap were similar in each side of the
specimen, and through the height of the specimen. These results suggest the ribs in the

corrugation are effective in transferring stresses between the elements.
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Figure A - 61: Rebar strain gauges in vertical reinforcement on (a) cap and (b) plug of Specimen
S2-7.
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Specimen S2-8 Results

Specimen S2-8 was 18-inch deep and had a corrugated surface between the cap and plug

with sandblasted (1/16°” of roughness) surface preparation. The corrugated interface was
created with half spacing for the corrugations (compared to S2-7) by filling in every other

corrugation in the interface.
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The plug started to slide around 300 kips. The maximum load was 553.5 kips, and after
failure the specimen still held a load of 370 kips. The specimen was loaded until 0.45-inch

displacement of the plug. The load displacement curve is shown in Figure A - 62.
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Figure A - 62: Load versus deflection curve for Specimen S2-8
The readings of the stain gauges in the longitudinal reinforcement in the bottom of the
specimen are shown in Figure A - 63. The bottom reinforcement started to engage in a load
of around 200 kips. A crack opened on the bottom of the specimen at a load 180 Kips in the
east side of the specimen as can be observed in the gauges RSG-PB3 and RSG-PCB.
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Figure A - 63: Rebar strain gauges in the longitudinal reinforcement on the bottom of Specimen
S2-8

Cracking was also observed in the surface concrete at a load of around 130 Kips on the
bottom gauge on the east side of the specimen (CSG-PCE4). Another crack was read on
the north side of the specimen of a load around 160 kips according to CGS-PCN2. As
shown in Figure A - 64, the propagation of the cracks started in the bottom of the specimen

going towards the top of the cap.
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Figure A - 64: Concrete strain gauges in the surface of the cap of Specimen S2-8
Cracking was visually observed as shown in Figure A - 65. As shown in all the results, the
plug started to move after formation of the cracks.

Figure A - 65: Cracking on (a) cap and (b) bottom of Specimen S2-8

The confining reinforcement around the pocket were more engaged in the north side of the
plug than the east side. However, engagement was observed in the top gauge (RSG-PCE11)
on the east side as shown in Figure A - 66. As mentioned before, this distribution of the

stresses show that more expansion was transfer to the cap before pushing through of the
plug.
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Figure A - 66: Confining reinforcement around the pocket of Specimen S2-8
The measured strains in the vertical reinforcement in the plug and cap are shown in Figure
A - 67. As Specimen S2-7 (full corrugated), the stresses in the vertical reinforcement on
top of the plug were higher than in the bottom, suggesting transfer of stresses from plug to

cap. The measured strains in the cap were similar in all sides and through the height of the
interface.
As expected, specimen S2-8 (1/2 corrugated) had less capacity than the specimen S2-7 (full

corrugated). Also, similar stresses distributions and cracks propagation was seen during the

testing. These results suggest the ribs in the corrugation are effective in transferring

stresses between the interfaces.
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Figure A - 67: Rebar strain gauges in vertical reinforcement on (a) the cap and (b) plug of
Specimen S2-8
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Specimen S2-9 Results
Specimen S2-9 was 18-inch deep, had a corrugated surface between the cap and plug. The

void was created using a corrugated metal pipe, and the pipe was left in place.
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The failure load for this specimen was 662.2 kips. An issue happened with the hydraulic
ram at approximately 600 Kips, the testing was stopped. The specimen was unloaded and
then loaded to failure. The specimen was loaded until 0.6-inch displacement of the plug.

The load displacement curve is shown in Figure A - 68.
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Figure A - 68: Load versus deflection curve for Specimen S2-9
The strain gauges placed in the longitudinal reinforcement in the bottom of the specimen
are shown in Figure A - 69. All gauges read engagement of the rebars between 110 kips
and 190 kips. Potentially, cracks were forming on the bottom of the specimen on both

directions in around the same load.
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Figure A - 69: Rebar strain gauges in the longitudinal reinforcement on bottom of Specimen S2-9

Cracks were measured in the bottom of the surface concrete in both sides of the specimen
around 130 kips. Later, cracks were opened on top of the specimen in both sides too in a

load of 420 kips. The reading of the concrete surface gauges is shown in Figure A - 70.
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Figure A - 70: Concrete strain gauges in the surface of Specimen S2-9
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When the testing was finished, cracks were also observed as shown in Figure A - 71. Cracks
extended from the bottom, going up to the cap toward the plug as the reading of the gauges.

Bigger cracks were observed on the east-west side than the north-south side of the

specimen.

Figure A - 71: Cracking on (a) cap and (b) bottom of Specimen S2-9
The confining reinforcement around the pocket started to engage in both sides of the plug
between a load of 150 kips — 200 kips according to the reading of gauges shown in Figure
A - 72. Since movement of the plug started of around 400 kips, it seems than there was

some expansion of the plug before sliding began.
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Figure A - 72: Confining reinforcement around the pocket of Specimen S2-9
In this specimen rotation was noticed in the interface. It seems that after the bonding was

broken, the plug started to rotate following the corrugation path. This rotation can be
observed in Figure A - 73. In Figure A - 73 (b), we can see how the reference lines that

were drawn in the plug and cap before the testing does not match after testing.

1T

Figure A - 73: Details of plug rotation in (a) separation of the interface is observed and in (b)
reference lines does not mach.

The measured strains in the vertical reinforcement in the cap and plug are shown in Figure
A - 74. The vertical strains in the plug decrease toward the bottom of the plug, showing
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transfer of stress from plug to cap. The stresses in the cap were similar in each side of the

specimen.
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Figure A - 74: Rebar strain gauges in vertical reinforcement on (a) cap and (b) plug of Specimen
S2-9
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Specimen S2-10 Results

Specimen S2-10 was 14-inch deep, had a corrugated surface between the cap and plug with
sandblasted (1/16°” of roughness) surface preparation. The void was created using a
corrugated metal pipe.
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The failure load for this specimen was 575.4 kips. After failure, the specimen still held a

load of around 330 kips. The specimen was loaded until 0.5-inch displacement of the plug.

The load displacement curve is shown in Figure A - 75.
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Figure A - 75: Load versus deflection curve for Specimen S2-10
The bottom reinforcement placed on the north side of the specimen started to engage on a
load around 150 kips according to the RSG-PCB1 and RSG-PCB2 gauges. Later when the
load was around 300 kips the longitudinal reinforcement on the east side of the specimen

was also engaged. Potentially, cracks were forming on the bottom of the specimen on both
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directions. The reading of the longitudinal reinforcement in the bottom is shown in Figure
A-T76.
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Figure A - 76: Rebar strain gauges in the longitudinal reinforcement on bottom of Specimen S2-
10

A crack was measured around 170 kips on the north side of the specimen in the bottom
part with the concrete surface gauges. Later, when the load was around 230 kips another
crack was measured in the east side of the specimen according to CSG-PCEA4. Crack
propagation seemed to start at the bottom part of the specimen towards the top. The reading
of the concrete surface gauges is shown in Figure A - 77.
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Figure A - 77: Concrete strain gauges in the surface of Specimen S2-10
When the testing was finished, cracks were also observed as shown in Figure A - 78. Even
though cracking started on the north side of the specimen, bigger cracks were observed on

the east-west side than the north-south side of the specimen.

Figure A - 78: Cracking on (a) cap and (b) bottom of Specimen S2-10
The confining reinforcement around the pocket started to engage in the north side of the

plug of a load around 180 kips according to gauge RSG-PCNS8. The other side of the
specimen started to engage around 300 Kkips according to RSG-PCE11 and RSG-PCE12.
The measured strains in the confining reinforcement are shown in Figure A - 79.
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Figure A - 79: Confining reinforcement around the pocket of Specimen S2-10
The measured strains in the vertical reinforcement in the cap and plug are shown in Figure
A - 80. The vertical strains in the plug decrease toward the bottom of the plug, showing
transfer of stress from plug to cap. The stresses in the cap were similar in each side of the
specimen, and through the height of the specimen. The use of corrugations to create an

interface showed a good transfer of stresses in the interface.
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Figure A - 80: Rebar strain gauges in vertical reinforcement on (a) cap and (b) plug of Specimen
$2-10
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Specimen S2-11 Results

Specimen S2-11 was 14-inch deep, had a corrugated surface between the cap and plug with
sandblasted (1/16°” of roughness) surface preparation. Like S2-8, every other corrugation
in the plug was filled in during cap construction to create a half-spacing corrugation.
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The plug started to slide around 300 kips; more sliding was observed after failure of the
specimen. The maximum load was 399.8 kips, and after failure the specimen still held a
load of 270 kips. The specimen was loaded until almost 0.50-inch displacement of the plug.

The load displacement curve is shown in Figure A - 81.
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Figure A - 81: Load versus deflection curve for Specimen S2-11
The readings of the stain gauges in the longitudinal reinforcement in the bottom of the
specimen are shown in Figure A - 82. The bottom reinforcement started to engage in the

east side at a load of around 100 kips. Later, when the load was 150 kips the reinforcement
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placed on the north side started to get engaged too. Potentially, cracks started to form in
the bottom of the specimen.
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Figure A - 82: Rebar strain gauges in the longitudinal reinforcement on the bottom of Specimen
S2-11

Cracking was also observed in the surface concrete at a load of around 100 kips on the east
side of the specimen according to CSG-PCE3 and CSG-PCE4. As shown in Figure A - 83,

the propagation of the cracks started in the bottom of the specimen going towards the top
of the cap.

261



450
400 +
350 +

5]
]
=]
]
T

n
<

2 el

CSG-PCN1
L ——CSG-PCN2
iL ——CSG-PCE3
CSG-PCE4

Load (kips)
] o]

o
O
o O

100
50

0 s I T 1 1
-150 -100 -50 0 50 100 150

Microstrain

O
(=]
HEL

Figure A - 83: Concrete strain gauges in the surface of the cap of Specimen S2-11
Cracking was visually observed as shown in Figure A - 84. As shown in all the results, the
plug started to move after propagation of the cracks. Meaning that expansion of the plug

happened before sliding.

Figure A - 84: Cracking on (a) cap and (b) bottom of Specimen S2-11
The confining reinforcement around the pocket were first engaged in the east side of the
plug on a load of around 100 kips. When the load was around 250 kips, the reinforcement
in the north side of the specimen started to engage too. The reading of the gauges placed
in the confining reinforcement are shown in Figure A - 85.
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Figure A - 85: Confining reinforcement around the pocket of Specimen S2-11
The measured strains in the vertical reinforcement in the plug and cap are shown in Figure
A - 86. The stresses in the vertical reinforcement in the top of the plug were higher than in
the bottom, suggesting transfer of stresses from plug to cap. The measured strains in the

cap were similar in all sides and through the height of the interface.
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Figure A - 86: Rebar strain gauges in vertical reinforcement on (a) the cap and (b) plug of

Specimen S2-11
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Specimen S2-12 Results

Specimen S2-12 was 14-inch deep, had a corrugated surface between the cap and plug. The

void was created using a corrugated metal pipe, and the pipe was left in place.
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The plug started to slide at a load of around 300 kips. The failure load for this specimen

was 521.6 kips. The specimen was loaded until 0.6-inch displacement of the plug. The load

displacement curve is shown in Figure A - 87.
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Figure A - 87: Load versus deflection curve for Specimen S2-12
The strain gauges placed in the longitudinal reinforcement in the bottom of the specimen
are shown in Figure A - 88. All gauges read engagement of the rebars between 100 kips
and 200 kips. Potentially, cracks were forming on the bottom of the specimen on both

directions around the same load.
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Figure A - 88: Rebar strain gauges in the longitudinal reinforcement on bottom of Specimen S2-
12

Cracks were also measured in the surface concrete in both sides of the specimen around

100 kips. The reading of the concrete surface gauges is shown in Figure A - 89.
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Figure A - 89: Concrete strain gauges in the surface of Specimen S2-9
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When the testing was finished, cracks were also observed as shown in Figure A - 90. Cracks
extended from the bottom, going up to the cap toward the plug as the reading of the gauges.

Bigger cracks were observed on the north-south side than the east-west side of the

specimen.

1ill 1|

Figure A - 90: Cracking on (a) cap and (b) bottom of Specimen S2-12
The confining reinforcement around the pocket started to engage in both sides of the plug

after 200 kips of loading according to the reading of gauges shown in Figure A - 91. Since
movement of the plug started of around 300 kips, it seems than there was some expansion
of the plug before sliding began.
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Figure A - 91: Confining reinforcement around the pocket of Specimen S2-12
As well as specimen S2-9, in this specimen rotation was noticed in the interface. This time,
the rotation was measure using a string potentiometer as shown in Figure A - 93(a). The
load versus rotation of the plug was plotted as shown in Figure A - 92. Besides this graph,
the rotation was observed after testing was finished (Figure A - 93). In Figure A - 93(b),
we can see how the reference lines that were drawn in the plug and cap before the testing
does not match after testing.
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Figure A - 92: Load versus rotation (degrees) of the plug of Specimen S2-12

Figure A - 93: Details of plug rotation (a) before testing (b) after testing of specimen S2-12
The measured strains in the vertical reinforcement in the cap and plug are shown in Figure

A - 94, The vertical strains in the cap decrease toward the bottom of the specimen, showing
transfer of stress from cap to plug. The stresses in the plug were higher in the bottom and
then decreased towards the top of the plug.
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Figure A - 94: Rebar strain gauges in vertical reinforcement on (a) cap and (b) plug of Specimen
S2-12
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Specimen S2-13 Results
Specimen S2-13 was 18-inch deep, had a smooth surface between the cap and plug with

sandblasted (1/16”’ of roughness) surface preparation. The equivalent specimen is S2-1.
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The load versus deflection plot for S2-13 is shown in Figure A - 95. The specimen held a
load of around 420 kips when the plug started to move, and then the specimen continued
to take additional load until its maximum load of 605.60 kips. The specimen was loaded
until 0.45 inches of plug movement. The difference in the capacity between S2-1 and S2-

13 is thought to be related to the sensitivity of the smooth interface to surface finish and

casting procedure for the plug.
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Figure A - 95: Load-Displacement curve for Specimen S2-13.
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Cracking

was observed in the concrete strain gauges and visually after the test was

completed as shown in Figure A - 96 and Figure A - 97. Cracks were observed to extend

from the bottom of the cap onto the top toward the plug in the north and south side around

360 Kips.
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Figure A - 96: Concrete strain gauge on the concrete surface of Specimen S2-13
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Figure A - 97: Cracking on the (a) east side and (b) bottom of specimen S2-13
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Specimen S2-14 Results

Specimen S2-14 was 14-inch deep, had a smooth surface between the cap and plug with

sandblasted surface finish.
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The maximum capacity was 441.3 kips. The laser displacement placed on top of the plug

indicated sliding around 250 kips however faster movement was observed in the bottom

part of the plug as shown in Figure A - 98.
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Figure A - 98: Load displacement curve for Specimen S2-14
Cracking was observed in the surface concrete at a load of around 130 kips in the north
side of the specimen as shown in Figure A - 99. In this specimen, cracking was later
observed in the east side on a load of around 250 Kkips. Crack propagation was initiated
from the bottom to the top of the cap. The crack pattern after testing is shown in Figure A
- 100.
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Figure A - 99: Concrete strain gauge on the concrete surface of Specimen S2-14

1Al

i k¥

Figure A - 100: Cracking on the (a) south side and (b) east side on specimen S2-14
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Specimen S2-15 Results

Specimen S2-15 was 14-inch deep, had a smooth surface between the cap and plug with a

paste retarder finish.
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The plug started to move with a load of around 300 kips, and the failure load was 631.2
kips. After failure, the specimen still held a load of 400 kips and the specimen was loaded
until 0.45-inch displacement of the plug. The load displacement curve is shown in Figure
A -101.
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Figure A - 101: Load displacement curve for specimen S2-15
Cracking was also measured with the surface concrete gauges at a load of around 100 Kips
in the east side of the specimen as shown in Figure A - 102. Cracks were also observed
later in the north side in a load around 300 Kkips. Cracking was visually observed as shown
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in Figure A - 103. The cracks extended from the bottom of the cap to the top toward the
plug.
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Figure A - 102: Concrete surface gauges on the cap on specimen S2-15
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Figure A - 103: Cracking on the (a) north side and (b) top of the cap
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Specimen S2-16 Results

Specimen S2-16 was 18-inch deep, had a corrugated surface between the cap and plug with
sandblasted (1/16*” of roughness) surface preparation. The void was created using a
corrugated metal pipe.
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The load was applied to this specimen in two different cycles. The load was initially
increased to 300 kips during the first cycle. There was an issue with the hydraulic ram at
300 Kips that required the specimen to be unloaded and reloaded. The load was increased
to 750 kips (the maximum capacity of the test setup) during the second cycle, but the
specimen did not reach its ultimate capacity. The load displacement curve for the second

load cycle for this specimen is shown in Figure A - 104,
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Figure A - 104: Load displacement curve for specimen S2-16
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Cracks were measured with the surface concrete gages around 400 Kips and 450 kips on
the east and north side, respectively. However visual cracks were observed around 200
kips. The reading of the concrete surface gauges is shown in Figure A - 105. When the
testing was finished, cracks were also observed as shown in Figure A - 106.
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Figure A - 105: concrete strain gauges on the surface of specimen S2-16
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Figure A - 106: cracking on the (a) east side and (b) bottom of specimen S2-16
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Specimen S2-17 Results

Specimen S2-17 was 18-inch deep, had a corrugated surface between the cap and plug. The
void was created using a corrugated metal pipe, and the pipe was left in place. The
equivalent specimen was S2-9.
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The difference between these specimens is that in S2-17 to create the void the corrugated
pipe was first cut in half and put it back together without the corrugations lining up. The
idea was trying to avoid the rotation seen in S2-9. The failure load for this specimen was
533.3 kips. The specimen was loaded until 0.45-inch displacement of the plug. The load
displacement curve is shown in Figure A - 107.
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Figure A - 107: Load displacement curve for specimen S2-17
Cracks were measured in the surface concrete in both sides of the specimen around 160

kips as shown in Figure A - 108. When the testing was finished, cracks were also observed
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as shown in Figure A - 109. Cracks extended from the bottom, going up to the cap toward

the plug.
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Figure A - 108: Concrete strain gauges on the concrete surface of Specimen S2-17
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Figure A - 109: Cracking on the (a) east side and (b) top of the specimen S2-17

280



Specimen S2-18 Results
Specimen S2-18 was 14-inch deep, had a corrugated surface between the cap and plug with

sandblasted (1/16*” of roughness) surface preparation. The void was created using a

corrugated metal pipe.
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The failure load for this specimen was 569.20 kips. After failure, the specimen still held a

load of around 330 kips. The specimen was loaded until 0.45-inch displacement of the plug.

The load displacement curve is shown in Figure A - 110.
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Figure A - 110: Load displacement curve for Specimen S2-18
A crack was measured around 180 kips on the east side of the specimen in the bottom part
with the concrete surface gauges. This crack was also visually observed in a stop made at
200 kips of loading. Later, when the load was around 450 kips cracks were measured in
the north side of the specimen. Crack propagation seemed to start at the bottom part of the
specimen towards the top. The reading of the concrete surface gauges is shown in Figure
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A - 111. When the testing was finished, cracks were also observed as shown in Figure A -

112.
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Figure A - 111: Concrete strain gauges on the concrete surface of Specimen S2-18
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Figure A - 112: Cracking on the (a) east side and (b) top of the specimen S2-18
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Specimen S2-19 Results

Specimen S2-19 was 14-inch deep, had a corrugated surface between the cap and plug. The
void was created using a corrugated metal pipe, and the pipe was left in place as well as
specimen S2-17.
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The plug started to slide at a load of around 300 kips. The failure load for this specimen

like 52-1

was 482.6 kips. The specimen was loaded until around 0.5-inch displacement of the plug.

The load displacement curve is shown in Figure A - 113.
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Figure A - 113: Load deflection curve for specimen S2-19
Cracks were measured in the surface concrete in the east side of the specimen around 150
kips. Later, around 250 kips cracks were measured in the north side. The reading of the
concrete surface gauges is shown in Figure A - 114. When the testing was finished, cracks

were also observed as shown in Figure A - 115.
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Figure A - 114: Concrete strain gauges on the concrete surface of Specimen S2-19
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Figure A - 115: Cracking on the (@) east side and (b) north side of specimen S2-19

284



Specimen S2-20 Results

Specimen S2-20 was 18-inch deep, had a corrugated surface between the cap and plug. The
void was created using a corrugated metal pipe, the pipe was removed, and the plug was
poured 156 days after the cap. This specimen is like S2-9 and S2-17.
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The failure load for this specimen was 666.0 Kips. The specimen was loaded until 0.45-

inch displacement of the plug. The load displacement curve is shown in Figure A - 116.
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Figure A - 116: Load displacement curve for specimen S2-20
Cracks started to develop on both sides of the specimen around 200 kips. The reading of
the concrete surface gauges is shown in Figure A - 117. When the testing was finished,
cracks were also observed as shown in Figure A - 118. Cracks extended from the bottom,

going up to the cap toward the plug.
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Figure A - 117: Concrete strain gauges on the concrete surface of specimen S2-20

Figure A - 118: Cracking on the (a) south side and (b) bottom of the specimen
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Series 111 Results

The results and observations for the third set of specimens are summarized in this section.

The goal of Series Il was to investigate the effect of (1) edge distance and (2) longitudinal

and confinement reinforcement in the cap. All specimens were 14-inch deep and had a

corrugated interface with either sandblasted finish (1/16-inch surface roughness) or

corrugated metal pipe left in place.
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The experimental results and the concrete strengths on the day of testing for both the cap

and the plug are summarized in Table A - 3. The concrete strengths measured were lower

than the specified.

Table A - 3: Measured concrete strength and ultimate strength for third series of specimens

Specimen

Compressive
Strength on

Ultimate Strength (kips)

Test Day (ksi)

Cap Plug | AASHTO | ABC | ATENA | Proposed | Measured
S3-1 4.58 4.59 99.5 137.4 | 486.9 365.5 364.1
S3-2 4.58 4.59 99.5 137.4 501.6 365.5 444.6
S3-3 4.58 4.59 99.5 137.4 500.8 365.5 440.9
S3-4 4.66 4.68 99.5 137.4 507.7 365.5 493.8
S3-5 4.66 4.68 99.5 137.4 501.6 327.2 340.7
S3-6 4.66 4.68 99.5 137.4 507.7 327.2 283.8
S3-7 4.69 4.65 99.5 137.4 509.1 365.5 377.9
S3-8 4.66 4.68 99.5 137.4 508.1 365.5 379.3
S3-9 4.69 4.65 99.5 137.4 366.7 365.5 364.6
S3-10 4.69 4.65 99.5 137.4 290.4 365.5 330.7
S3-11 4.67 4.68 99.5 137.4 | 4455 365.5 352.4
S3-12 4.69 4.68 99.5 137.4 339.6 365.5 363.2
S3-13 4.67 4.68 165.9 137.4 800.3 543.2 387.5
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Specimen S3-1 Results
Specimen S3-1 had no longitudinal reinforcement and typical reinforcement around

pocket. The interface finish was sandblasted (1/16-inch roughness).
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The maximum load was 364.1 Kips when a sudden failure occurred and the plug suddenly

slid %2 inch. The load displacement curve is shown in Figure A - 119. The top and bottom

of the plug moved almost simultaneously.
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Figure A - 119: Load-deflection curve for specimen S3-1
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The confining reinforcement around the pocket started to engage on the north side at
around 140 kips and on the west side at around 180 kips. Even though the top and bottom
gauges in the west side were engaged almost simultaneously, the bottom gauge (RSG-
PCWS8) experienced a larger strain at the end of testing, as shown in Figure A - 120. The
bottom of the plug started to move (i.e. the plug started to slide) at the same time the

confinement reinforcement on the west side of the plug was engaged (200 kips).
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Figure A - 120: Confinement reinforcement around pocket for Specimen S3-1
Cracking was observed in the surface concrete at a load of around 130 kips in both north
and east sides of the specimen, as shown in Figure A - 121. Crack propagation was initiated

before plug movement.
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Figure A - 121: Concrete strain gauges in the surface of the cap of Specimen S3-1
Cracking was visually observed when the testing was finished, as shown in Figure A - 122.
A circular-shaped crack developed around the plug at failure in addition to the several

radial cracks extending from the plug to the sides of the specimen.

LEL i

Figure A - 122: Specimen S3-1 (a) elevation during testing and (b) bottom cracking after testing.
The stresses in the vertical reinforcement were also measured. As well as the confining
reinforcement, the west side was more engaged than the north side of the specimen as

shown in Figure A - 123. In addition, similar stresses were found in the cap and the plug
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and the stresses in the plug decrease toward the bottom of the plug (From RSG-PW10 to
RSG-PW12), showing the transfer of stress from plug to cap.
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Figure A - 123: Rebar strain gauges in vertical reinforcement on (a) cap and (b) plug of Specimen
S3-1.
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Specimen S3-2 Results

Specimen S3-2 had no reinforcement around pocket and typical longitudinal

reinforcement. The interface finish was sandblasted (1/16-inch roughness concrete).
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The failure load for this specimen was 444.6 kips. After failure, the specimen still held a
load of around 270 kips. The specimen was loaded until 0.5-inch displacement of the plug.
Comparing this result with S3-1 shows that having longitudinal reinforcement increases
the interface capacity and provide a ductile behavior because cracking is controlled in the
cracking plane of the specimen. The load displacement curve is shown in Figure A - 124,
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Figure A - 124: Load versus deflection curve for Specimen S3-2
The bottom reinforcement started to engage almost simultaneously in both faces (north and
west) of the specimen according to readings. Potentially, cracks were forming on the
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bottom of the specimen in both directions. The strain in the longitudinal reinforcement in

the bottom is shown in Figure A - 125.
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Figure A - 125: Rebar strain gauges in the longitudinal reinforcement on bottom of Specimen S3-
2

A crack was measured around 150 kips on the north and east side of the specimen indicated
by the bottom gauges placed on both sides (CSG-PCN2 and CSG-PCN4), shown in Figure
A - 126. Crack propagation seemed to start at the bottom part of the specimen towards the

top.
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Figure A - 126: Concrete strain gauges in the surface of Specimen S3-2

When the testing was finished, cracks were also observed as shown in Figure A - 127. The

cracks were observed to extend radially from the plug to all sides of the specimen.

oy

Figure A - 127: Cracking after testing on (a) east side of cap and (b) bottom of Specimen S3-2.
The measured strains in the vertical reinforcement in the plug are shown in Figure A - 128.

The stresses in the vertical reinforcement on top of the plug in the north side were higher
than in the bottom, suggesting transfer of stresses from plug to cap. No vertical
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reinforcement was provided in the cap around the pocket because there was no confinement

reinforcement present.
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Figure A - 128: Rebar strain gauges in vertical reinforcement on plug of Specimen S3-2
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Specimen S3-3 Results

Specimen S3-3 had typical reinforcement around pocket and 2 #4 bars in all faces as

longitudinal reinforcement. The interface finished was sandblasted (1/16”* of roughness).
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The failure load for this specimen was 440.9 kips. The specimen was loaded until 0.5-inch

displacement of the plug. Adding 2 #4 bars in all faces as longitudinal reinforcement
increased the capacity 80 kips more than specimen S3-1, which had no longitudinal
reinforcement. More importantly, after failure of the interface there was ductile behavior
with the specimen holding approximately 300 kips during the sliding of the plug. The load
displacement curve is shown in Figure A - 129.
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Figure A - 129: Load versus deflection curve for Specimen S3-3

The bottom reinforcement placed on the north side of the specimen started to engage at a
load around 100 kips according to the RSG-PCB1 and RSG-PCB2 gauges, as shown in
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Figure A - 130. Later when the load was around 250 kips the longitudinal reinforcement
on the west side of the specimen was also engaged. At this point, the plug started to move.

Potentially, cracks were forming on the bottom of the specimen in both directions.
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Figure A - 130: Rebar strain gauges in the longitudinal reinforcement on bottom of Specimen S3-
3

Cracking was measured around 100 kips on the north side of the specimen with the concrete
surface gauges, as shown in Figure A - 131. There may have also been minor cracking
adjacent to gauge CSG-PCE3 at around 100 kips, as the strain stopped increasing at this
point. A clear crack was observed on the bottom of the east side of the specimen going
through gauge CSG-PCE4 at a load of approximately 250 Kips.
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Figure A - 131: Concrete strain gauges in the surface of Specimen S3-3
The crack pattern at failure for S3-3 is shown in Figure A - 132. Larger cracks were
observed on the north-south side than the east-west side of the specimen. Some of the

largest cracks extended radially out of the plug to the corners of the specimen.

{ak il

Figure A - 132: Cracking after testing on (a) bottom of the cap and (b) top of the cap of Specimen
S3-3

The confining reinforcement around the pocket started to engage in the north side of the
plug of a load around 110 kips according to gauge RSG-PCNS8, as shown in Figure A - 133.

298



The west side of the specimen started to engage around 250 kips according to RSG-PCE12.

More engagement was observed in the bottom stirrups around the plug.
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Figure A - 133: Confining reinforcement around pocket of Specimen S3-3
The measured strains in the vertical reinforcement in the cap and plug are shown in Figure
A -134. The vertical strains in the plug decrease toward the bottom of the plug and increase

in the bottom of the cap, showing transfer of stress from plug to cap.
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Figure A - 134: Rebar strain gauges in vertical reinforcement on (a) cap and (b) plug of
Specimen S3-3
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Specimen S3-4 Results

Specimen S3-4 had typical longitudinal reinforcement and 2#3 stirrups and 8#8 vertical

bars around pocket. The interface finished was sandblasted (1/16°” of roughness).

BT

Edge Distance — 1« onall faces
Keinforcement
tvprical longemidinal;

= . TSP LIN] .
12 conliement

surfuce Fipish — FDOT Beconmended

L 1s-mich ronzlness concrete

The interface capacity was 493.8 kips, and after failure the specimen still held a load of
300 kips. The specimen was loaded until 0.5-inch of displacement of the plug and the top
and bottom moved simultaneously. Adding two stirrups to the confinement reinforcement
around the pocket did not affect the overall response/behavior of the specimen when
compare to specimen S3-2 which failed at 444.6 kips. The load displacement curve is

shown in Figure A - 135.
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Figure A - 135: Load versus deflection curve for Specimen S3-4
The readings of the stain gauges in the longitudinal reinforcement in the bottom of the

specimen are shown in Figure A - 136. The bottom reinforcement started to engage in the
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north side at a load of around 200 kips. Later, when the load was around 275 Kips the
reinforcement placed on the west side started to get engaged. The cracking of the cap and
engagement of the longitudinal reinforcement at 200 kips occurred at the same time as the
first slip of the bottom of the plug (see Figure A - 135). This was also when the load on the

plug was held constant for 5 to 10 minutes as cracks were being marked on the specimen.
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Figure A - 136: Rebar strain gauges in the longitudinal reinforcement on the bottom of Specimen
S3-4

Cracking was also observed in the surface concrete at a load of around 200 kips on the
north and east side of the specimen according to CSG-PCN2 and CSG-PCE4, as shown in
Figure A - 137.
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Figure A - 137: Concrete strain gauges in the surface of the cap of Specimen S3-4
The crack pattern at failure for S3-4 is shown in Figure A - 138. The cracks were observed
to extend in all sides of the specimen in the top and bottom. A large radial crack extended

from the side of the plug to the south-west corner of the specimen.

il

Figure A - 138: Cracking on (a) cap and (b) bottom of Specimen S3-4
The confining reinforcement around the pocket were first engaged in the north side of the
plug at a load of around 200 kips, as shown in Figure A - 139. When the load was around
290 kips, the reinforcement in the west side of the specimen started to engage. More

engagement was observed in the bottom reinforcement around pocket.
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Figure A - 139: Confining reinforcement around pocket of Specimen S3-4
The measured strains in the vertical reinforcement in the plug and cap are shown in Figure
A - 140. The stresses in the vertical reinforcement in the top of the plug were higher than
in the bottom, suggesting transfer of stresses from plug to cap. The measured strains in the
cap were similar in all sides and through the height of the interface.
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Figure A - 140: Rebar strain gauges in vertical reinforcement on (a) cap and (b) plug of
specimen S3-4
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Specimen S3-5 Results

Specimen S3-5 had no reinforcement around pocket and typical longitudinal reinforcement

as specimen S3-2. The difference is that the corrugated pipe was left in place.
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The failure load for this specimen was 340.7 kips. The specimen was loaded until 0.5-inch

displacement of the plug. Having a metal finish decreased the capacity 100 kips, compared
to the similar specimen with a 1/16-inch surface finish. In addition, little rotation of the

plug was seen. The load displacement curve is shown in Figure A - 141.
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Figure A - 141: Load versus deflection curve for Specimen S3-5
The strain gauges placed in the longitudinal reinforcement in the bottom of the specimen

are shown in Figure A - 142. The bottom reinforcement placed on the north side of the
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specimen started to engage at a load around 100 kips according to the RSG-PCB1 and
RSG-PCB2 gauges. Later when the load was around 250 kips the longitudinal
reinforcement on the west side of the specimen was also engaged.
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Figure A - 142: Rebar strain gauges in the longitudinal reinforcement on bottom of Specimen S3-
5

Cracks were also observed using the surface concrete gauges in both sides of the specimen

around 100 and 220 kips, as shown in Figure A - 143.
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Figure A - 143: Concrete strain gauges in the surface of Specimen S3-5
The crack pattern at failure for S3-5 is shown in Figure A - 144. The cracks were observed

to extend radially from the plug toward all the corners of the specimen.

Figure A - 144: Cracking on (a) cap and (b) bottom of Specimen S3-5
The measured strains in the vertical reinforcement in the plug are shown in Figure A - 145.

The stresses in the vertical reinforcement on top of the plug in both sides were higher than
in the bottom, suggesting transfer of stresses from plug to cap.
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Figure A - 145: Rebar strain gauges in vertical reinforcement on plug of Specimen S3-5
Specimen S3-6 Results

Specimen S3-6 had typical longitudinal reinforcement and 2#3 stirrups and 8#8 vertical

bars around pocket as well as S3-4. The interface finished was with the corrugated pipe left
in place.
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The maximum load was 283.8 kips. The specimen was loaded until 0.5 inch of

displacement. Having a metal finish in this specimen decreased the capacity 200 kips when

compared with specimen S3-4 which failed at 493.8 kips. The load versus displacement
curve is shown in Figure A - 146.
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Figure A - 146: Load versus deflection curve for Specimen S3-6
The readings of the stain gauges in the longitudinal reinforcement in the bottom of the
specimen are shown in Figure D.29. The bottom reinforcement started to engage in the
north side (RSG-PCB1 and RSG-PCB?2) at a load of around 80 Kips. Later, when the load
was around 140 Kips the reinforcement placed on the west side started to get engaged. The
reinforcement in this specimen started to engage earlier than the longitudinal reinforcement
placed in specimen S3-4.
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Figure A - 147: Rebar strain gauges in the longitudinal reinforcement on the bottom of Specimen
S3-6
Cracking was also observed in the surface concrete at a load of around 80 kips on the north

side of the specimen according to CSG-PCN1 and CSG-PCNZ2, as shown in Figure A - 148.
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Figure A - 148: Concrete strain gauges in the surface of the cap of Specimen S3-6
The crack pattern at failure for S3-6 is shown in Figure A - 149. The cracks were observed

to extend radially from the plug to all sides of the specimen in the top and bottom. The
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largest cracks were observed extending radially from the plug to the corners of the

specimen.

ih)

Figure A - 149: Cracking after testing on (a) bottom and (b) top of Specimen S3-6
The confining reinforcement around the pocket were first engaged in the north side of the
plug on a load of around 80 kips, as shown in Figure A - 150. When the load was around
140 Kips, the reinforcement in the west side of the specimen started to engage. More

engagement was observed in the bottom reinforcement around pocket.
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Figure A - 150: Confining reinforcement around pocket of Specimen S3-6
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The measured strains in the vertical reinforcement in the plug and cap are shown in Figure
A - 151. The stresses in the vertical reinforcement in the top of the plug were higher than

in the bottom, suggesting transfer of stresses from plug to cap.
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Figure A - 151: Rebar strain gauges in vertical reinforcement on (a) cap and (b) plug of
Specimen S3-6
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Specimen S3-7 Results

Specimen S3-7 had 3 #4 bars in two faces and 1 #7 bar in the other two faces as longitudinal
reinforcement and typical reinforcement around pocket. The interface finish was
sandblasted (1/16-inch roughness concrete finish).
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The capacity of the interface was 377.9 kips and after failure the specimen held a load of

around 280 kips. The load displacement curve is shown in Figure A - 152.
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Figure A - 152: Load versus deflection curve for Specimen S3-7

This specimen can be compared with two specimens: Specimen S3-1 (no longitudinal
reinforcement) and specimen S3-3 (2 #4 bars in each face). According to the results, having
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this reinforcement layout does not increase the capacity of the specimen when compared
to specimen S3-1, which had no confinement or longitudinal reinforcement. Specimen S3-
3 had a higher failure load than Specimen S3-7 although it had less area of reinforcement

crossing the failure plane.

The readings of the stain gauges in the longitudinal reinforcement in the bottom of the
specimen are shown in Figure A - 153. The bottom reinforcement started to engage in the
north side at a load of around 110 kips. Later, when the load was 250 kips the reinforcement

placed on the west side started to engage.
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Figure A - 153: Rebar strain gauges in the longitudinal reinforcement on the bottom of Specimen
S3-7

Cracking was also observed in the surface concrete at a load of around 100 kips on the
north side of the specimen according to CSG-PCN1 and CSG-PCNZ2, as shown in Figure

A - 154, Then when the load was around 170 Kips cracks started to form on the east side.
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Figure A - 154: Concrete strain gauges in the surface of the cap of Specimen S3-7
The crack pattern at failure for S3-7 is shown in Figure A - 155. The cracks were observed
to extend radially from the edge of the plug toward all sides of the specimen in the top and

bottom.

Figure A - 155: Cracking on(a) cap and (b) bottom of Specimen S3-7
The confining reinforcement around the pocket were first engaged in the north side of the
plug on a load of around 100 kips, as shown in Figure A - 156. When the load was around

250 kips, the reinforcement in the west side of the specimen started to engage.
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Figure A - 156: Confining reinforcement around the pocket of Specimen S3-7
The measured strains in the vertical reinforcement in the plug and cap are shown in Figure
A - 157. Slightly more stresses were observed in the vertical reinforcement of the plug than
the vertical reinforcement of the cap. Suggesting that a larger distance was required to
transfer the stresses from the plug to cap.
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Figure A - 157: Rebar strain gauge in vertical reinforcement on (a) the cap and (b) plug of

Specimen S3-7
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Specimen S3-8 Results

Specimen S3-8 had 3 #4 bars and 1 #7 bar as longitudinal reinforcement and typical

reinforcement around pocket. The interface finished was sandblasted (1/16”’ of roughness).
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The interface capacity was 379.3 kips, and after failure the specimen still held a load of

around 300 Kips. This specimen had a similar behavior of the previous specimen. The load

displacement curve is shown in Figure A - 158.
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Figure A - 158: Load versus deflection curve for Specimen S3-8

The readings of the stain gauges in the longitudinal reinforcement in the bottom of the

specimen are shown in Figure A - 159. The bottom reinforcement started to engage in the

319



north side at a load of around 100 Kips. Then, when the load was around 120 Kips the

reinforcement placed on the west side started to get engaged.
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Figure A - 159: Rebar strain gauges in the longitudinal reinforcement on the bottom of Specimen
S3-8

Cracking was also observed in the surface concrete at a load of around 100 kips in both
faces, as shown in Figure A - 160.
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Figure A - 160: Concrete strain gauges in the surface of Specimen S3-8
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The crack pattern at failure for S3-8 is shown in Figure A - 161. The cracks were observed
to extend radially from the side of the plug toward all sides of the specimen in the top and

bottom.

i1}

Figure A - 161: Cracking on (a) bottom and (b) cap of Specimen S3-8
The confining reinforcement around the pocket were engaged on both sides (north and
west) around 110 kips, as shown in Figure A - 162. More engagement was observed in the

bottom reinforcement around pocket than in the top reinforcement.
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Figure A - 162: Confining reinforcement around pocket of Specimen S3-8
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The measured strains in the vertical reinforcement in the plug and cap are shown in Figure
A - 163. Higher stress was observed in the vertical reinforcement of the plug than the
vertical reinforcement of the cap. Suggesting that a larger distance was required to transfer
the stresses from the plug to cap.
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Figure A - 163: Rebar strain gauges in vertical reinforcement on (a) cap and (b) plug of
Specimen S3-8
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Specimen S3-9 Results

Specimen S3-9 had typical reinforcement around pocket and 3 #4 bars and 1 #7 bar as
longitudinal reinforcement. The west face of the specimen had 0.5dpiug as edge distance.
The interface finished was sandblasted (1/16°” of roughness)
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The maximum load was 364.6 Kkips, and after failure the specimen still held a load of 230
Kips. The specimen was loaded until 0.5-inch displacement of plug. The load displacement

curve is shown in Figure A - 164.
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Figure A - 164: Load versus deflection curve for Specimen S3-9
This specimen had the same reinforcement scheme as S3-8. Although, as mention before,

one face of the specimen had less area of concrete, the capacity of both specimens was
similar.

323



The readings of the stain gauges in the longitudinal reinforcement in the bottom of the
specimen are shown in Figure A - 165. Gauges RSG-PCB1 and RSG-PCB2 were damaged.
The bottom reinforcement started to engage in the west side at a load of around 100 kips.
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Figure A - 165: Rebar strain gauges in the longitudinal reinforcement on the bottom of Specimen
S3-9

Cracking was also observed in the surface concrete at a load between 100 and 150 kips on
the north and east side of the specimen according to CSG-PCN2 and CSG-PCE4, as shown
in Figure A - 166. The propagation of the cracks started in the bottom of the specimen

going towards the top of the cap.
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Figure A - 166: Concrete strain gauges in the surface of the cap of Specimen S3-9
The crack pattern at failure for S3-9 is shown in Figure A - 167. The cracks were observed
to extend radially from the pocket with more cracking concentrated on the side with the
shorter edge distance. Some cracking parallel to the edge was also observed on the side
with the shorter edge distance, shown in Figure A - 167(b).

(1]

Figure A - 167: Cracking on (a) cap and (b) bottom of Specimen S3-9
The confining reinforcement around the pocket were engaged in all sides of the plug on a
load between 120 and 150 Kips, as shown in Figure A - 168.
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Figure A - 168: Confining reinforcement around pocket of Specimen S3-9
The measured strains in the vertical reinforcement in the plug and cap are shown in Figure
A - 169. The stresses in the vertical reinforcement in the top of the plug were higher than
in the bottom, suggesting transfer of stresses from plug to cap. Slightly more stresses were
observed in the vertical reinforcement of the plug suggesting that a largest distance was

required to transfer the stresses from the plug to cap.
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Figure A - 169: Rebar strain gauges in vertical reinforcement (a) cap and (b) plug of Specimen

S3-9
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Specimen S3-10 Results

Specimen S3-10 had typical reinforcement around pocket and 3 #4 bars and 1 #7 bar as
longitudinal reinforcement. The north and west faces of the specimen had 0.5dpiug as edge
distance. The #7 bars were located on those faces.
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The interface finish was sandblasted (1/16-inch roughness concrete finish). The interface
capacity was 330.7 Kips. This specimen had 50 kips less capacity than specimen S3-7,

which had the same reinforcement layout. The load displacement curve is shown in Figure
A -170.
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Figure A - 170: Load versus deflection curve for Specimen S3-10
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The readings of the stain gauges in the longitudinal reinforcement in the bottom of the
specimen are shown in Figure A - 171. The bottom reinforcement started to engage in the
west side before 100 kips. Then, when the load was around 120 kips the reinforcement

placed on the north side started to engage.
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Figure A - 171: Rebar strain gauges in the longitudinal reinforcement on the bottom of Specimen
$3-10

Cracking was also observed in the surface concrete at a load of around 90 Kips in the east
side of the specimen, as shown in Figure A - 172. A crack opened on the north side of the

specimen at a load around 125 Kips.
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Figure A - 172: Concrete strain gauges in the surface of Specimen S3-10
The crack pattern at failure for S3-10 is shown in Figure A - 173. The cracks were observed
to extend radially from the plug toward all sides, but there was a concentration of cracking

and larger cracks observed toward the corner between the two short edges.

i) i)

Figure A - 173: Cracking after testing on (a) bottom and (b) cap of Specimen S3-10
The confining reinforcement around the pocket were engaged on both sides (north and
west) between 80 and 120 kips, as shown in Figure A - 174. More engagement was
observed in the bottom reinforcement around pocket located in the north side than in the
west side.
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Figure A - 174: Confining reinforcement around pocket of Specimen S3-10
The measured strains in the vertical reinforcement in the plug and cap are shown in Figure
A - 175. More stresses were observed in the vertical reinforcement of the cap than the
vertical reinforcement of the plug. Suggesting that a short distance was required to transfer
the stresses from the plug to cap. The measured strains in the plug were similar in all sides

and through the height of the interface.
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Figure A - 175: Rebar strain gauges in vertical reinforcement on (a) cap and (b) plug of

Specimen S3-11 Results

Specimen S-10

Specimen S3-11 had typical reinforcement around pocket and 3 #4 bars and 1 #7 bar as

longitudinal reinforcement. The west face of the specimen had 0.75d1ug as edge distance.

The interface finished was sandblasted (1/16-inch roughness concrete finish).
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The interface capacity was 352.4 kips, and after failure the specimen still held a load of
220 kips. Similar behavior was seen between this specimen and S3-9. The load
displacement curve is shown in Figure A - 176.
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Figure A - 176: Load versus deflection curve for Specimen S3-11
The readings of the stain gauges in the longitudinal reinforcement in the bottom of the

specimen are shown in Figure A - 177. The bottom reinforcement started to engage in both
sides around 100 kips.
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Figure A - 177: Rebar strain gauges in the longitudinal reinforcement on the bottom of Specimen
S$3-11

Cracking was also observed in the surface concrete at a load of 100 kips on the north and
east side of the specimen according to CSG-PCN2 and CSG-PCE4, as shown in Figure A
- 178.
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Figure A - 178: Concrete strain gauges in the surface of the cap of Specimen S3-11
The crack pattern at failure for S3-11 is shown in Figure A - 179. The cracks were observed
to extend radially from the plug in all directions with most cracking going to the corners

of the face with the reduced edge distance.

{2 i1+

Figure A - 179: Cracking on (a) bottom after testing and (b) cap during testing of Specimen S3-
11
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The confining reinforcement around the pocket were engaged in all sides of the plug at a
load of 100 kips as shown in Figure A - 180. Higher strains were observed in the
confinement reinforcement toward the bottom of the plug.
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Figure A - 180: Confining reinforcement around pocket of Specimen S3-11
The measured strains in the vertical reinforcement in the plug and cap are shown in Figure
A - 181. Slightly higher stresses were observed in the vertical reinforcement of the plug
compared to the cap suggesting that a larger distance was required to transfer the stresses
from the plug to cap. The stresses in the plug were higher in the bottom and then decreased

towards the top of the plug.
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Figure A - 181: Rebar strain gauges in vertical reinforcement (a) cap and (b) plug of Specimen
S$3-11

Specimen S3-12 Results

Specimen S3-12 had typical reinforcement around pocket and 3 #4 bars and 1 #7 bar as
longitudinal reinforcement. The north and west faces of the specimen had 0.75dpiyg as edge
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distance; the #7 bars were located on those faces. The interface finish was sandblasted

(1/16-inch roughness concrete finish).

=311
Keinforcement Edpe Distance = 1 o bwo Laces
-1 7 Dar in mwa faces 073 L on hwo faces
tvprical otherwise for
lenzindinal
tvpacal confimenmen

surface Finlsh - FDOT Recommended

L 1 -innch roneliness oo nerete

The interface capacity was 363.2 kips. After failure, the specimen still held a load of 200
to 250 kips and was loaded until 0.5-inch of displacement of the plug. This specimen was
like S3-10 and had 30 kips more capacity. The load displacement curve is shown in Figure
A -182.
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Figure A - 182: Load versus deflection curve for Specimen S3-12
The readings of the stain gauges in the longitudinal reinforcement in the bottom of the
specimen are shown in Figure A - 183. The bottom reinforcement started to engage in both

sides at a load around 120 Kips. Similar engagement was seen after testing in both faces.

338



ST

w1

Loosued (Kips)

A1

RSG-PCRI

— R5G-PCR2

Microstrain

Figure A - 183: Rebar strain gauges in the longitudinal reinforcement on the bottom of Specimen

S3-12

Cracking was also observed in the surface concrete at a load of around 120 Kips in the north

side of the specimen, as shown in Figure A - 184.
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Figure A - 184: Concrete strain gauges in the surface of Specimen S3-12
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The crack pattern at failure for S3-12 is shown in Figure A - 185. The cracks were observed
to extend radially from the plug toward all faces with more cracking extending toward the
faces with shorter edge distances. Some cracking parallel to the exterior faces was also

observed on the bottom of the specimen on the shorter edges.

i1

Figure A - 185: Cracking after testing on (a) bottom and (b) cap of Specimen S3-12
The confining reinforcement around the pocket were engaged on both sides (north and
west) between 120 and 150 Kips, as shown in Figure A - 186. More engagement was

observed in the bottom reinforcement around pocket than the one in the top
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Figure A - 186: Confining reinforcement around pocket of Specimen S3-12
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The measured strains in the vertical reinforcement in the plug and cap are shown in Figure
A - 187. Slightly higher stresses were observed in the vertical reinforcement of the plug

suggesting that a larger distance was required to transfer the stresses from the plug to cap.
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Figure A - 187: Rebar strain gauges in vertical reinforcement on (a) cap and (b) plug of
Specimen S-12
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Specimen S3-13 Results

Specimen S2-13 was 14-inch height and had a plug that was monolithically cast with the
cap. The maximum load was 387.5 kips, and after failure the specimen still held a load of
245 Kkips. The specimen was loaded until 0.5-inch displacement of the plug. The load

displacement curve is shown in Figure A - 188.
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Figure A - 188: Load versus deflection curve for Specimen S3-13
The readings of the stain gauges in the longitudinal reinforcement in the bottom of the
specimen are shown in Figure A - 189. The bottom reinforcement started to engage in the
west side at a load of around 130 Kkips. Then, when the load was around 250 kips the

reinforcement placed on the north side started get engage.
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Figure A - 189: Rebar strain gauges in the longitudinal reinforcement on the bottom of Specimen
$3-13

Cracking was also observed in the surface concrete at a load of around 130 kips on the east
side of the specimen (CSG-PCE3 and CSG-PCE4), as shown in Figure A - 190. Cracking

was seen in the north side of the specimen at a load around 250 Kips.
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Figure A - 190: Concrete strain gauges in the surface of the cap of Specimen S3-13
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The crack pattern at failure for S3-12 is shown in Figure A - 191. Small cracks were seen
on all faces of the specimen. Splitting of cover of the plug was progressively seen during
testing as shown in Figure A - 191 (c) and (d).

(<) i)

Figure A - 191: Failure details on (a) bottom, (b) cap, (c) top of plug and (d) plug detail during
testing of the Specimen S3-13

As in the longitudinal reinforcement, the confining reinforcement around the pocket were
first engaged specifically in the bottom gauge on the west side at 125 Kips, as shown in
Figure A - 192. The north side of the confinement reinforcement began to be more heavily
engaged at a load of around 250 Kips.
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Figure A - 192: Confining reinforcement around the pocket of Specimen S3-13
The measured strains in the vertical reinforcement in the plug and cap are shown in Figure

A - 193. Slightly higher stresses were observed in the vertical reinforcement of the plug

suggesting that a largest distance was required to transfer the stresses from the plug to cap.
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Figure A - 193: Rebar strain gauges in vertical reinforcement on (a) the cap and (b) plug of

Specimen S3-13
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APPENDIX B. LARGER-SCALE RESULTS

Larger Plug Specimens

The results and observations for the larger plug specimens are summarized in this section.
The measured compressive strengths (higher than specified), cracking loads, and ultimate

loads are summarized in Table B - 1 for larger plug specimens.

Cracking was for all specimens occurred between 75 and 130 kips based on CSG and RSG
measurements. Failure of LP-1 occurred at 545.6 kips. The other three specimens reached
1000 kips without failing immediately. LP-2 appeared to still have more strength. LP-3 and

LP-4 appeared to be close to or at their failure loads.

Table B - 1: Measured concrete strength, cracking load, and estimated versus ultimate strength
for larger plug testing

Compressive .

Strength on | Cracking Ultimate Load (kips)
SPec. | Test Day (ksi) | Load

Cap | Plug | (P9  MNVicasured | AASHTO | ABC | ATENA | Theory
LP-1 | 8.56 1.27 77 545.6 149.3 218.0 366.2 459.7
LP-2 | 8.58 7.41 70 > 1000 149.3 220.1 704.5 794.6
LP-3 | 8.58 7.41 83 > 1000* 149.3 220.1 704.5 788.0
LP-4 | 8.58 7.41 82 > 1000** 149.3 220.1 704.5 730.0

*sliding of the plug occurred as the load was maintained at 1000 kips for LP-3
** load versus deflection plot appeared to be leveling out at 1000 kips for LP-4

More details on each test are provided in the following sections.

Specimen LP-1 Results

Specimen LP-1 had a smooth interface surface between the cap and plug (i.e., no

corrugation) with sandblasted (1/16”* of roughness) surface preparation.

The load versus deflection plot for LP-1 is shown in Figure B - 1. The maximum capacity
was 545.6 kips. The specimen experienced a sudden failure at this load; the top and bottom
of the plug both slid instantly as the load dropped to around 400 Kips. This result would
suggest that the specimen failed as soon as the cohesion between the pile cap and plug
concrete failed. The friction between the pile cap and plug concrete still allowed for the
load to remain at 400 Kips at the plug deflection of around 0.17 inches.
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Figure B - 1: Load displacement curve for Specimen LP-1
The load versus measured rebar strain in the longitudinal bars for LP-1 is shown in Figure
B - 1. The response in all RSGs was linear up to 77 kips, when RSG-PCB3 and RSG-PCB4
both increased in strain without increase in load, highlighted with a red circle in Figure B
- 2. This would indicate first cracking at the bottom of the west face at 77 kips. Cracking
was observed visually during the first stop of testing at 100 kips on the east and west sides
of the specimen, as shown in Figure B - 3 (a). The response in RSG-PCB1 and RSG-PCB2
continued to be linear elastic to 411 kips when the strain began to increase without
increasing load, highlighted with a green circle in Figure B - 2. First cracking was observed
visually on the north and south side of LP-1 at 200 kips, but cracking was not in the middle
of the specimen, which is why it was not captured by RSG-PCB1 and RSG-PCB2, as

shown in Figure B - 3(b). The maximum observed strains in the rebar were around 2,000

e at failure (close to the yield strain).
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Figure B - 2:Rebar strain in the longitudinal bars on bottom of the Specimen LP-1
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Figure B - 3: Crack progression during testing at (a) 100 kips and (b) 200 kips

The load versus measured strains using the horizontal CSGs on the outside of LP-1 are
shown in Figure B - 4. Cracking was observed between 71 and 78 kips on the west side of
the specimen based on the CSG readings. As stated above, this coincided with the first
visually observed crack on the east and west side at 100 kips. The visually observed
cracking on the north and south side was not through or immediately adjacent to the CSG,
which is why it was not clearly detectable in Figure B - 4. The measured tensile strain in
CSG-PSN2 had an increase slope around 72 kips and began to have decreasing tension at
approximately 100 kips, highlighted in Figure B - 4, which can both indicate cracking.
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Figure B - 4: Concrete strain on the concrete surface of Specimen LP-1
The load versus strains in the confining reinforcement around the pocket in LP-1 were
measured as shown in Figure B - 5. The engagement of the reinforcement began at a load
of 86 kips on the west side and 116 kips on the north side, which roughly coincides with
the observed cracking loads. The strains in the confining reinforcement reach around 2,000
pe at failure, which is close to the yield strain and similar to the maximum strain in the

bottom longitudinal reinforcement.
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Figure B - 5: Confining reinforcement around the pocket of Specimen LP-1
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Measured strain in the vertical reinforcement in the cap and plug for LP-1 are shown in
Figure B - 6. Strain in the vertical reinforcement in the cap around the pocket began in
compression, see Figure B - 6(a). Strain in RSG-PCW11 and RSG-PCW12 had an abrupt
slope change at 86 kips, which is approximately the time of first cracking noted above.
Strain in RSG-PCN7 on the north face continued approximately linear in compression 410

kips, which was the cracking load noted in Figure B - 2.

The vertical compression strain in the plug began in compression with slightly higher
strains than the adjacent RSGs in the pile cap, see Figure B - 6(b). These compression
strains began to decrease after 189 kips with tension beginning to develop between 350

and 450 Kips. Tension was measured strains in RSG-PCW11 throughout testing.
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Figure B - 6: Rebar strain gages in vertical reinforcement in (a) cap and (b) plug of Specimen
LP-1

Photographs of the specimen after failure are shown in Figure B - 7. Spalling around the
sides of the extended plug occurred at the failure load when the plug suddenly slid 0.1
inches down, shown in Figure B - 7(a). The cracking extended radially from the bottom of
the plug and up the sides of the specimen, as shown in Figure B - 7(b) and (c).
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Figure B - 7: Failure and cracking pattern of Specimen LP-1 (a) plug detail, (b) south-east view
and (c) bottom view.

Specimen LP-2 Results

Specimen LP-2 had a smooth surface between the cap and plug (i.e., no corrugation) with

exposed aggregate surface finish.

The load versus deflection plot for LP-2 is shown Figure B - 8. The applied load reached
the capacity of the test setup (1000 kips) before the failure of the specimen occurred. Like
the small-scale specimens, this result suggests that having an exposed aggregate finish

provide a good adhesive bonding between the plug and pile cap.
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Figure B - 8: Load versus deflection curve for Specimen LP-2

The load versus measured rebar strain in the longitudinal bars for LP-2 is shown in Figure
B - 9. The response in all RSGs was linear up to 79 kips, when RSG-PCB4 increased in
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strain without increase in load, highlighted in Figure B - 9. RSG-PCB2 began to engage at
122 kips and RSG-PCBL1 at 220 Kkips. The strains continued to increase after first cracking

to maximum strains between 2,000 and 2,600 pe at failure.
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Figure B - 9: Rebar strain in longitudinal bars on bottom of Specimen LP-2
Cracking was visually observed during testing on all four faces of LP-2 at 200 Kips, as
shown in Figure B - 10, which corresponds to the cracking loads determined from the RSGs
in the longitudinal reinforcement.

H} (ki

Figure B - 10: Crack progression during testing at (a) 200 kips and (b) 300 kips.
The load versus measured strains using the horizontal CSGs on the outside of LP-2 are

shown in Figure B - 11. Cracking was observed between 62 and 82 kips on the west side
and 62 and 122 kips on the north side of the specimen based on the CSG readings. These
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cracking loads are similar to those determined from longitudinal RSGs and visual

inspection as described above.
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Figure B - 11: Concrete surface gages on the cap of Specimen LP-2.
The load versus strains in the confining reinforcement around the pocket in LP-2 were
measured as shown in Figure B - 12. The engagement of the reinforcement began at a load
of 75 kips on the west side and 120 kips on the north side, which in the range of the
observed cracking loads. The strains in the confining reinforcement reach around 6,500 pe
at failure, which is much larger than the measured strains in the longitudinal reinforcement

and shows there is more expansion around the pocket for LP-2 than LP-1.

355



RSG-PCNO06 RSG-PCW10

1200

1000 r

o0

[

[=J
T

East Load (kips)
(=
[
=

120

200 _} 75
0 1 1 1 1 1
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000

Microstrain

Figure B - 12: Confining reinforcement around the pocket of Specimen LP-2
Measured strain in the vertical reinforcement in the cap and plug for LP-2 are shown in
Figure B - 13. Strain in the vertical reinforcement in the cap around the pocket began in
compression and all had a sudden drop in compression strains starting at around 79 Kips,
see Figure B - 13(a). Strains continued in compression with maximum strains between -
200 and -300 pe at failure.

The vertical compression strain in the plug (other than RSG-PCN13), began in compression
with similar strains to the adjacent RSGs in the pile cap, see Figure B - 13(b). These
compression strains began to decrease after around 80 kips with tension beginning to
develop around 200 kips in RSG-PCN15 and RSG-PCN16.
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Figure B - 13: Rebar strain gage in vertical reinforcement on (a) cap and (b) plug of Specimen
LP-2

Photographs of LP-2 after testing are shown in Figure B - 14. The cracking was observed
to extend from the bottom of the cap onto the top toward the plug in all sides of the
specimen as LP-2.
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Figure B - 14: Cracking after testing on (a) south-west side and (b) bottom of the Specimen LP-2.

Specimen LP-3 Results

Specimen LP-3 had a corrugated surface between the cap and plug with sandblasted (1/16”’

of roughness) surface preparation. The void was created using a corrugated metal pipe.

The load versus displacement curve for LP-3 is shown in Figure B - 15. This specimen had
two parts of testing. In the first part, the specimen was loaded until 860 kips at a load rate
0f 0.02 kips/sec when the actuator stopped receiving load; this is labeled “Test 1" in Figure
B - 15. The specimen was then unloaded and reloaded using a different hydraulic pump,
labeled “Test 2” in Figure B - 15. The second pump had a different set of controls, which
only allowed for a load rate of 2 kips/sec.

The load versus deflection curves for top and bottom were beginning to flatten at 1000
kips, but load was still increasing slightly. There were some problems removing load from
the specimen. The plug continued to push through as the load was maintained between 900
and 1000 kips. The failure load for this specimen was greater than 1000-kip load.
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Figure B - 15: Load versus deflection curve for Specimen LP-3
The bottom reinforcement placed on the west side of the specimen started to engage at a
load around 84 kips according to RSG-PCB3 and RSG-PCB4, as shown in Figure B - 16.
The longitudinal reinforcement on the north side of the specimen began to engage at a load
around 212 kips. The strains continued to increase after first cracking to maximum strains

between approximately 1,700 and 2,100 pe at failure during Test 2.
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Figure B - 16: Rebar strain gages in the longitudinal reinforcement on bottom of the Specimen
LP-3
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Cracking was first visually observed on LP-3 at the first stop at 200 Kips on the east and
west sides of the specimen, as shown in Figure B - 17(a). Cracking was first observed on
the north and south sides of the specimen at the second stop of 300 kips, as shown in Figure

B - 17(b).

LE i(lah

Figure B - 17: Crack progression for LP-3 during testing at (a) 200 kips and (b) 300 kips
Cracking was also observed with the surface concrete strain gages at a load around 84 kips
on the west face and around 184 kips on the north face, as shown in Figure B - 18.
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Figure B - 18: Concrete strain gages in the surface of Specimen LP-3
The confining reinforcement around the pocket started to engage in the west side of the
plug of a load around 96 kips according to gages RSG-PCW9 and RSG-PCW10, as shown
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in Figure B - 19. The other side of the specimen started to engage around 451 Kips
according to RSG-PCWO06.
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Figure B - 19: Confining reinforcement around pocket of Specimen LP-3.

Measured strain in the vertical reinforcement in the cap and plug for LP-3 are shown in
Figure B - 20. Strain in the vertical reinforcement in the cap around the pocket began in
compression and all had a sudden drop in compression strains starting at around 101 kips
for RSG-PCN7 and around 451 kips for RSG-PCN8 and RSG-PCN12, see Figure B - 20(a).
Strains generally remained between -70 and 50 pe after this for RSG-PCN7 and RSG-
PCN12. Tensile strains developed in RSG-PCNB8 with a strain at 1000 kips of around 250
LLE.

The vertical compression strain in the plug, began in compression with similar strains to
the adjacent RSGs in the pile cap, see Figure B - 20 (b). These compression strains began
to decrease after between 99 and 121 kips with tension beginning to develop around 121
kips in RSG-PCN13 and RSG-PCN14. Tensile strains up to 400 ue developed at the 1000

kips maximum applied load.
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Figure B - 20: Rebar strain gages in vertical reinforcement on (a) cap and (b) plug of Specimen
LP-3
The crack pattern after the conclusion of testing on the sides and bottom of the specimen
is shown in Figure B - 21. Cracks extended radially from the bottom of the plug, Figure B
- 21(b), and continued vertically up the sides of the specimen, Figure B - 21(a).
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Figure B - 21: Cracking after testing on (a) south-west view and (b) bottom of specimen LP-3

Specimen LP-4 Results
Specimen LP-4 had a corrugated surface between the cap and plug. The void was created

using a corrugated metal pipe, and the pipe was left in place.

The load versus displacement plot for LP-4 is shown in Figure B - 22. The actuator reached
the maximum load of 1000 Kkips. The load displacement curve was starting to level out at

this point, so the failure load will be assumed to be approximately 1000 kips.
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Figure B - 22: Load versus deflection curve for Specimen LP-4
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The load versus measured strain responses for the longitudinal reinforcement in the bottom
of the specimen are shown in Figure B - 23. All gauges showed engagement of the rebars
between about 91 kips and 142 kips. RSGs on reinforcement toward the north face showed
engagement slightly before gauges on reinforcement toward the west face of the
specimens; this would suggest that cracking occurred first on the north and south faces and

then on the east and west faces of the specimen.
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Figure B - 23: Rebar strain gages in the longitudinal reinforcement on bottom Specimen LP-4
As suggested by the longitudinal gage readings, cracks were visually seen at the first stop
at 200 Kips in both directions as shown in Figure B - 24(a). Existing cracks continued to
grow and new cracks developed on all sides of the specimen as the load was increased, as
shown in Figure B - 24(b).
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Figure B - 24: Crack propagation during testing at (a) 200 kips and (b) 300 kips.
The readings of the concrete surface gauges are shown in Figure B - 25. Cracks were

observed in the surface concrete in the north side of the specimen between 74 and 135 Kips

and at around 152 kips on the west side.
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Figure B - 25: Concrete strain gages on the concrete surface of Specimen LP-4
The confining reinforcement around the pocket started to engage on both sides of the plug
between 75 and 145 kips of loading according to the reading of RSGs shown in Figure B -

26.
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Figure B - 26: Confining reinforcement around the pocket of specimen LP-4
Measured strain in the vertical reinforcement in the cap and plug for LP-4 are shown in
Figure B - 27. Strain in the vertical reinforcement in the cap around the pocket began in
compression with approximately a linear slope until 80 kips for RSG-PCN8 toward the
north face and 151 kips for RSG-PCN11 toward the west face, see Figure B - 27(a). Strains
continued in compression for RSG-PCN8 with maximum strains between -75 pe at 1000
kips. Strain was around 0 pe at 1000 kips for RSG-PCN11.

The vertical compression strain in the plug for RSG-PCN13 and RSG-PCN14, began in
compression with similar strains to the adjacent RSGs in the pile cap, see Figure B - 27(b).
These compression strains began to decrease after around 88 kips with tension beginning
to develop around 230 kips in RSG-PCN13. RSG-PCN15 experienced tensile strains

through all of testing with maximum tensile strains at around 410 pe.
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Figure B - 27: Rebar strain gages in vertical reinforcement on (a) the cap and (b) plug of
Specimen LP-4

The crack pattern after the conclusion of testing is shown in Figure B - 28. Cracking again
extended radially from the bottom of the plug and continued up the sides of the specimen.

Spalling around the top of the plug was observed after the conclusion of testing.
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Figure B - 28: Failure and cracking pattern of Specimen LP-4 (a) south-east view, (b) plug
detail, and (c) bottom view.
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Multi-plug Specimens

The results and observations for the multi plug specimens are summarized in this section.
The measured compressive strengths (higher than specified), cracking loads, and ultimate
loads are summarized in Table B - 2 for the multi plug specimens. The measured cracking
load was 33 percent higher and measured failure load 4 percent higher for the specimen
with sandblasted surface preparation (MP-2) than the specimen with the corrugated metal

duct left in place (MP-1).

Table B - 2: Measured concrete strength, cracking load, and estimated versus ultimate strength
for multi-plug specimens

Compressive .
Strength on | Cracking Ultimate Load (kips)
SPec. | Test Day (ksi) | L0ad

Cap | Plug | (P9 MNieasured | AASHTO | ABC | ATENA | Theory

MP-1 | 8.37 7.49 150 600.8* 81.4 120.7 | 642.4 | 482.0

MP-2 | 8.37 7.49 130 626.4* 81.4 120.7 | 6424 | 513.3

*failure load on west plug

The west plug load versus deflection plots for MP-1 and MP-2 are shown in Figure B - 29.
Both specimens experienced a shear friction failure along the plug-to-cap interface. MP-2
(with sandblasted surface preparation) had a stiffer response and more rapid drop in load

once the maximum load was reached compared to MP-1.
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Figure B - 29: Load versus deflection plots for MP-1 and MP-2

More details on each test are provided in the following sections.

Specimen MP-1 Results
Specimen MP-1 had a corrugated surface between the cap and plug. The void was created

using a corrugated metal pipe, and the pipe was left in place. The load versus deflection
plot for both plugs in MP-1 is shown in Figure B - 30. The maximum capacity was 600.8
kips on the west plug while a load of 163.4 kips was being maintained on the east plug. A
6 percent difference was noticed between the displacement of the top (0.56 in.) and bottom

(0.53in.) of the west plug right before the load was removed.
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Figure B - 30: Load versus deflection curve for Specimen MP-1
The strains measured by the rebar strain gauges placed on the longitudinal reinforcement
in the bottom of MP-1 are shown in Figure B - 31. Strains are plotted versus the east plug
load for Figure B - 31(a) and versus the west plug load for Figure B - 31(b). The
longitudinal RSGs were linear elastic until between 120 and 443 kips (on an individual
plug). The longitudinal RSGs on near the plug toward the east and west faces of the
specimen (RSG-PCB8 and RSG-PCB12) were the first to show signs of engagement at
between 120 and 130 kips. The reinforcement between the plugs (RSG-PCB9 and RSG-
PCB11) engaged later at 180 kips. The highest strains at failure were measured around the
west plug, which was loaded to failure. Strains in the longitudinal reinforcement around
the plug reached up to 11,500 pe at failure, well above estimated yield strains of around
2,100 pe. Several other RSGs in the longitudinal reinforcement around the pockets showed

clear signs of yielding at failure: RSG-PCB3, RSG-PCB8, RSG-PCB11 and RSG-PCB12.
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Figure B - 31: Rebar strain gages in the longitudinal reinforcement on bottom of Specimen MP-1
Cracking was first visually observed on MP-1 at the first stop at 150 kips on the west face
and north and south faces toward the west plug, shown in Figure B - 32(a). These cracks
continued to grow, and additional cracks began to develop around the east side of the
specimen at the next stop at 250 kips, shown in Figure B - 32(b). The visually observed
cracking generally corresponded to cracking noticed by RSG and CSG readings.
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Figure B - 32: Crack propagation during testing at (a) 150 kips and (b) 250 kips on MP-1
Total load on the system (i.e., both plugs) plotted versus concrete strain for MP-1 are shown
in Figure B - 33. Cracking was first observed with the CSGs around 180 kips to the north
of the west plug, see CSG-PCN5 and CSG-PCNG6. Generally, compression strains were

measured on the north face between the plugs and toward the east side of the specimen.

U500 M L ==L 02
U500 M —— {5 P S

RPN A
CR-PONG

_ 1200

il | 1411 oy

[
% | O .
-‘.-ll'.l: i --\.___ ﬁ'-\- :

\ T o
= w00 | 1 B
Z ' " | A ~arth
= A00 \ Faco
o i
=
= 400

=50 =4y eI 01] i

Micrastrain

Figure B - 33: Concrete strain gages on the concrete surface of Specimen MP-1
The load in the closest plug plotted versus strain in the vertical rebar is shown in Figure B
- 34. Measured vertical strains were generally in compression and similar between the cap

and plug RSGs, which would suggest good stress transfer between the plug and cap.
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Compression strains began to drop and tensile strains develop in some of the reinforcement

as the load was increased, which would suggest horizontal cracking in the plug and cap.
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Figure B - 34: Rebar strain gages in vertical reinforcement on (a) cap around east plug, (b) cap
around west plug, (c) east plug, and (d) west plug.

The crack pattern after failure of MP-1 is shown in Figure B - 35. Cracks extended radially

from the bottom and top of the plugs and continued on the sides of the specimens. The
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cracking was concentrated around the west plug, since this was the plug that was loaded
until failure. Only minor cracking was observed between the plugs, which would be

consistent with compression stresses generally developing between the plugs.

Figure B - 35: Cracking after testing on (a) south-west view and (b) bottom of specimen MP-1.

Specimen MP-2 Results

Specimen MP-2 had a corrugated surface between the cap and plug with sandblasted
surface preparation. The void was created using a corrugated metal pipe. The load versus
deflection plot for east and west plugs in MP-2 is shown in Figure B - 36. The maximum
capacity was 626.4 kips on the west plug and the load at failure was 198.3 kips for the east
plug. A sudden failure was observed after reaching the maximum load in the west plug of
626.4 kips; the displacement in the plug jumped from 0.17 inches to 0.27 inches suddenly.

The load was then removed from the specimen.

375



| o=t Hattor- YW esl Fop-Easl Hattone-Fast

=

Looviued prer Flug {Kips)

e = 1983 kips

[RRI[A] IR [ A] ih]s (] {7 [T

ellection (in.}

Figure B - 36: Load versus deflection curve for Specimen MP-2
Cracking was first visually observed on MP-1 at the first stop at 150 kips on the north and
south faces toward the west plug, shown in Figure B - 37(a). These cracks continued to
grow, and additional cracks began to develop on the west face and around the east side of
the specimen at the next stop at 250 kips, shown in Figure B - 37(b). The visually observed
cracking generally corresponded to cracking noticed by RSG and CSG readings.

il

Figure B - 37: Crack progression during testing at (a) 150 kips and (b) 250 kips
The strains measured by the rebar strain gauges placed on the longitudinal reinforcement
in the bottom of MP-2 are shown in Figure B - 38. Strains are plotted versus the east plug
load for Figure B - 38(a) and versus the west plug load for Figure B - 38(b) and (c). The
longitudinal RSGs were linear elastic until between 105 and 243 kips (on an individual
plug). The signs of first cracking were observed in RSG-PCB3 at 105 kips, on the north
face near the west plug; this corresponded to the first cracks visually observed at 150 kips.
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The reinforcement around the plugs toward the outside faces engaged before the
reinforcement between the plugs. The reinforcement between the plugs (RSG-PCB10 and
RSG-PCB11) engaged later at around 230 kips. The highest strains at failure were
measured between the two plugs, around 11,150 pe in RSG-PCB10, well above estimated
yield strains of around 2,100 pe. Several other RSGs in the longitudinal reinforcement
around the pockets showed clear signs of yielding at failure: RSG-PCB10, RSG-PCB11,
RSG-PCB12 and RSG-PCB13.
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Figure B - 38: Rebar strain gages in the longitudinal reinforcement on bottom of Specimen MP-2
Total load on the system (i.e., both plugs) plotted versus concrete strain for MP-2 are shown
in Figure B - 39. Cracking was first observed with the CSGs around 158 Kips to the north
of the west plug, see CSG-PCN5 and CSG-PCN6. Cracking was observed to the north of
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the east plug between around 300 and 350 Kips, see CSG-PCN1 and CSG-PCN2.
Compression was measured between the plugs with maximum compression strains of
around -430 pe in CSG-PCN4 as the plug was sliding.
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Figure B - 39: Concrete strain gages on the concrete surface of Specimen MP-2

The load in the closest plug plotted versus the strain in the vertical rebar is shown in Figure
B - 40. Measured vertical strains were generally in compression at the start of testing and
similar between the cap and plug RSGs, which would suggest good stress transfer between
the plug and cap. Compression strains began to drop and tensile strains develop in some of
the reinforcement as the load was increased, which would suggest horizontal cracking in
the plug and cap. Tensile strains up to 1,000 ue were measured in RSG-PCV 18 after sliding
of the plug at failure.
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Figure B - 40: Rebar strain gages in vertical reinforcement on (a) cap around east plug, (b) cap
around west plug, (c) east plug, and (d) west plug for Specimen MP-2

The crack pattern after failure of MP-2 is shown in Figure B - 41. Cracks extended radially

from the bottom and top of the plugs and continued on the sides of the specimens. The

cracking was concentrated around the west plug, since this was the plug that was loaded
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until failure. Only minor cracking was observed between the plugs, which would be

consistent with compression stresses generally developing between the plugs.

Figure B - 41: Failure and cracking pattern of Specimen MP-2 on (a) south-west view, (b) south
view, and (c) bottom view

Socket Connection Specimens

The results and observations for socket connection specimens are summarized in this
section. The measured compressive strengths (higher than specified), cracking loads, and

ultimate loads are summarized in Table B - 3 for socket connection specimens.

Table B - 3: Measured concrete strength, cracking load, and estimated versus ultimate strength
for socket connection specimens

Compressive .
Strength on | Cracking Ultimate Load (kips)
SPeC. | Test Day (ksi) | Load

Cap | Plug | P9 "Measured | AASHTO | ABC* | ATENA | Theory

SC-1 | 8.56 1.27 79 511.0 121.7 17771 609.4 | 631.6

SC-2 | 856 | 7.27 74 601.4 97.5 1424 | 609.4 | 467.8

*found using AASHTO LRFD Guide Specification for ABC Equation (3.6.6.6-1)

AASHTO LRFD Guide Specifications for Accelerated Bridge Construction specifies
socket connections should be designed based on the shear friction specifications found on
AASHTO LRFD Bridge Design Specifications for normal-weight concrete placed against
a clean concrete surface. The value in Table B - 3 is still provided using Equation (3.6.6.6-
1).

The load versus displacement plots for SC-1 and SC-2 are shown in Figure B - 42. Both
specimens had similar initial stiffnesses up to approximately 340 kips, at which point the
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SC-2 response began to soften. SC-2 had a larger deflection at its ultimate load than SC-1,

0.32 inches versus 0.14 inches.
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Figure B - 42: Load versus displacement curve for Specimens SC-1 and SC-2
More details on each test are provided in the following sections.

Specimen SC-1

Specimen SC-1 had a corrugated surface between the cap and plug with sandblasted surface
preparation. The void was created using a corrugated metal pipe, but the metal pipe was

removed before casting of the plug.

The load versus displacement plots for the top and bottom of the plug for SC-1 is shown in
Figure B - 43. The top and bottom of the plug measured the same displacement with a
linear elastic slope to 135 kips. The bottom of the plug then began to experience slightly
larger deflection (about 2 percent) throughout testing. The plug began to push through at
approximately 450 kips with a peak load of 511.3 kips at approximately 0.15 inches
displacement. The specimen held approximately 250 kips at 0.5 inches deflection, when

the load was completely removed.
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Figure B - 43: Load versus deflection curve for Specimen SC-1
The strain gauges placed on the longitudinal reinforcement in the bottom of SC-1 are
shown in Figure B - 44. First cracking occurred on the north face of the specimens, with
engagement of RSG-PCB1 and RSG-PCB2 occurring at 79 and 110 kips, respectively.
Engagement of the reinforcement toward the west face occurred at higher loads (143 and
325 kips). The largest strain measured during the failure of SC-1 was about 2,780 pe (RSG-
PCB1), which is slightly higher than the estimated yield strain of approximately 2,100 pe
(assuming 60 ksi yield strength). The other reinforcement was near or slightly below the

estimated yield strain for the rebar.
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Figure B - 44: Rebar strain gages in the longitudinal reinforcement on bottom of Specimen SC-1

Cracking was first visually observed on all faces of SC-1 at the first stop at 350 kips, as
shown in Figure B - 45. More cracking was observed on the north and south faces of the
specimen, which corresponds to the additional engagement of the reinforcement toward

the north face of the specimen.

Figure B - 45: Crack pattern at 350 kips for SC-1
Load versus concrete strain measured by the CSGs on the north and west face of SC-1 are

shown in Figure B - 46. Cracking was first indicated by the CSGs at around 80 kips with
first cracking occurring on the north face; the top CSGs were the first to indicate cracking.
Cracking was observed by the bottom CSGs between 124 and 140 kips for the north and
west faces, respectfully. The top gauges showing first sign of cracking is opposite what

was observed visually.
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Figure B - 46: Concrete strain gages in the surface of Specimen SC-1
Measured strain for the horizontal rebar placed in the void is shown in Figure B - 47 and

Figure B - 48. Two layers of reinforcement in each direction (east-west and north-south)
were placed beneath the tip of the embedded pile. The east-west rebar was on top of the

north-south rebar in each layer.

RSGs were placed horizontally at the middle of the plug rebar and vertically toward the
ends of the vertical leg of the plug rebar. Generally, the horizontal RSG at the middle of
the plug rebar below the tip of the embedded pile was the first to show signs of engagement,
at loads around 100 kips. The vertical leg of the plug rebar would generally engage later,
above 170 kips, and then increase in strains larger than those in the horizontal RSGs. The
vertical leg of the plug rebar on the west side of the plug engaged at a lower load than the
east side, see RSG-PCV7, RSG-PCV10, RSG-PCV13, and RSG-PCV16 in Figure B - 47,
this behavior was likely a result of the pile leaning slightly toward the west. Maximum
measured strains were around 1500 pe at failure (RSG-PCV26); strains in all other RSGs

remained under 800 pe.
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Figure B - 47: Load versus strain measured using RSG for (a) bottom layer and (b) top layer of
void reinforcement in Specimen SC-1 in the east-west direction.
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Figure B - 48: Load versus strain measured using RSG for (a) bottom layer and (b) top layer of
void reinforcement in Specimen SC-1 in the north-south direction.

The crack pattern after failure for SC-1 is shown in Figure B - 49. Cracks extended radially
from the bottom of the plug and continued up the sides of the cap. Some of these cracks
continued onto the top of the cap and into the plug toward the embedded pile.
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Figure B - 49: Cracking on (a) cap and (b) bottom of specimen SC-1
An interface crack was noticed between the pile and plug concrete on the top of the system
and between the plug and cap on the bottom of the system, as shown in Figure B - 50. The
end of the embedded pile was smooth, so little cohesion or friction would have been present

between the pile and plug concrete.
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Figure B - 50: Observed interface cracks in SC-1

The depth of the interface crack between the pile and plug (on top) and plug and cap (on
bottom) was measured using a 0.075-inch-thick metal crack gauge. Depths were measured
at eight locations around the bottom of the plug, see Figure B - 51 (a), and at eight locations
along the east and south faces of the pile, see Figure B - 51(b). The crack gauge would not
fit in the interfaces on the north and west faces of the pile.
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Figure B - 51:Location of cracking separation measurements on (&) bottom of the specimen and
(b) top of the specimen SC-1

The depths of the interface cracks are summarized in Table B - 4 for the bottom of
Specimen SC-1. The distance between the bottom of the cap and the bottom of the plug is
also included in Table B - 4. The maximum measured depth was 2 ¥4 inches on the west
side of the plug, as shown in Table B - 4 indicated by the number three. The plug moved a
Ya-inch more on the west side as indicated on the measurements of the bottom of plug to
bottom of the cap (#1, #2, #3, and #4) (Table B - 4).

Table B - 4: Crack separation measurements for bottom of Specimen SC-1

!_ocation Co;?)ﬁl:gd:ﬂz tzrr?‘g::ebagcr)\r; Distance from bottom
(F'guzz);s o1 0.075-inch-thich crack o Cag?lfg gﬂttﬁ)m 2
gauge (inch)
1 1% 2%
2 1% 2%
3 2 Y 2%
4 1 2%
5 1Y 2%
6 1 2%
7 1% 2%
8 15/ 2%

The depth of interface cracks was also measured at the top of the cap around the embedded
pile using a 0.006-inch-thick metal crack gauge. Measurements were taken every 2 inches

along the edge of the pile on the east and south sides of the pile, indicated by a red line on
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Figure B - 51 (b) and listed in Table B - 5. The maximum depth of the interface crack was

greater than 4 % -inch on the east side of the pile near the south-east corner.

Table B - 5: Crack separation measurements for top of Specimen SC-1

Crack depth from top of cap at
x (inch) Figure | interface using 0.006-inch-thich
B-51 (b) crack gauge (inch)
East Face South Face
2 1/ 0
4 2 1%
6 0 1%
8 1 1%
10 2% 1%
12 0 1%
14 1 Ya
16 >4 1 %

Specimen SC-2

Specimen SC-2 had a corrugated surface between the cap and plug. The void was created

using a corrugated metal pipe, and the pipe was left in place.

The load versus displacement plots for the top and bottom of the plug for SC-2 is shown in
Figure B - 52. The top and bottom of the plug measured similar displacements throughout
testing, with less than a 2 percent different. The curves were linear to about 100 Kips; at
this point there was a decreased stiffness with another linear range to around 344 kips. The
load then continued to increase with a decreasing slope until its peak load of 601.4 Kips at
about 0.32 inches displacement. The specimen continued to hold load as the plug pushed

through, with a load of 480 kips when the load was removed at 0.55 inches displacement.
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Figure B - 52: Load versus deflection curve for Specimen SC-2

The strain gauges placed in the longitudinal reinforcement in the bottom of SC-2 are shown
in Figure B - 53. First cracking occurred on the west face of the specimens, with
engagement of RSG-PCB3 and RSG-PCB3 occurring at 78 and 81 Kips, respectively.
Engagement of the reinforcement toward the north face occurred at higher loads (about
208 kips). The largest strain measured during the failure of SC-2 was more than 9,000 pe
(RSG-PCB2), which is much higher than the estimated yield strain of approximately 2,100
ue (assuming 60 ksi yield strength). RSG-PCB4 read strains up to 3,500 pe at failure and
RSG-PCB1 and RSG-PCB3 around 2,200 pe.
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Figure B - 53: Rebar strain gages in the longitudinal reinforcement on bottom of Specimen SC-2
Cracking was first visually observed on all faces of SC-2 at the first stop at 175 kips, as
shown in Figure B - 54 (a). A large crack formed from the bottom of the north face to the
top face next to the plug. Existing cracks grew in size and length and additional cracks

formed as the load was increased, see Figure B - 54 (b).

Figure B - 54: Crack pattern at (a) 175 kips and (b) 350 kips for SC-2
Load versus concrete strain measured by the CSGs on the north and west face of SC-2 are
shown in Figure B - 55. Cracking was first indicated by the CSGs at around 76 kips with
first cracking occurring on both faces; the bottom CSGs were the first to indicate cracking.
Cracking was observed by the top CSGs between 191 and 208 kips for the west and north

faces, respectfully.
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Figure B - 55: Concrete strain gages in the concrete surface of Specimen SC-2
Measured strain for the horizontal rebar placed in the void is shown in Figure B - 56 and
Figure B - 57. Two layers of reinforcement in each direction (east-west and north-south)
were placed beneath the tip of the embedded pile. The east-west rebar was on top of the

north-south rebar in each layer.

RSGs were placed horizontally at the middle of the plug rebar and vertically toward the
ends of the vertical leg of the plug rebar. The vertical leg of the north-south plug rebar
toward the south side of SC-2 was the first to engage at loads between 140 and 150 Kips,
see RSG-PCV19, RSG-PCV22, RSG-PCV25, and RSG-PCV28 in Figure B - 57; this
behavior might indicate that the pile was leaning towards the south during testing. The
horizontal portion of the north-south plug rebar was next to become non-linear at loads
between 190 and 250 kips. The east-west oriented plug rebar engaged at higher loads
between 363 and 405 kips. Maximum measured strains in the vertical leg portion of the
plug reinforcement were around 2,400 pe (RSG-PCV17) with most strains less than 750
pe. The maximum strains in the horizontal portion of the plug reinforcement were about

800 pe in RSG-PCV24.
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Figure B - 56: Load versus strain measured using RSG for (a) bottom layer and (b) top layer of
void reinforcement in Specimen SC-2 in the east-west direction.
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Figure B - 57: Load versus strain measured using RSG for (a) bottom layer and (b) top layer of
void reinforcement in Specimen SC-2 in the north-south direction.

The crack pattern after failure for SC-2 is shown in Figure B - 58. Cracks extended radially
from the bottom of the plug and continued up the sides of the cap. Some of these cracks
continued onto the top of the cap and into the plug toward the embedded pile.
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Figure B - 58: Cracking on (a) cap and (b) bottom of Specimen SC-2
Like SC-1, an interface crack was noticed between the pile and plug concrete on the top of
the system and between the metal pipe and cap on the bottom of the system, as shown in
Figure B - 59. The end of the embedded pile was smooth, so little cohesion or friction

would have been present between the pile and plug concrete.
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Figure B - 59: Observed interface cracks in SC-2
The depth of the interface crack between the pile and plug on top of Specimen SC-2 was
measured using a 0.006-inch-thick metal crack gauge. Depths were measured at eight
locations two inches apart along the north face of the pile, as shown in Figure B - 51. The
crack gauge would not fit in the interface along any other face of the pile on top of the
specimen. The crack gauge would also not fit in the interface between the plug and cap on
either side of the metal pipe on the bottom of the specimen. The maximum interface crack

depth was found to be greater than 4 inches on the north side of the pile near the west face.
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Figure B - 60: Location of cracking separation measurements of specimen SC-2

Table B - 6: Crack separation measurements for specimen SC-2

Crack depth from top of
cap at interface using
x from Figure 0.006-inch-thich crack
B - 60 (inch) gauge (inch)
North Face
2 2Ys
4 2%
6 2%
8 2%
10 2
12 2Ys
14 2
16 >4
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