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ABSTRACT

Accelerated bridge construction (ABC) has several advantages, such as reducing onsite
construction time, reducing the traffic congestion around construction sites, and improving the
quality of the prefabricated elements for both new bridges or rehabilitation or replacement of old
bridges. ABC is considered a good and efficient candidate to replace the cast-in-place (CIP)
conventional on-site construction techniques. ABC has been widely used in low seismic regions
mostly in the superstructure elements. However, ABC is not widely implemented in the
substructure elements such as column-base connections, especially in moderate and high seismic
regions due to the uncertainty in the seismic performance of the substructure connections. Few
ABC seismic connections were developed and have been demonstrated for potential use in high
seismic regions. Among these is ultra-high performance concrete (UHPC) filled grouted-duct
connection. The use of proprietary UHPC poses another challenge for wider implementation of
this type of connection. The overall goal of this study was to develop non-proprietary, feasible
alternative for the grouted-duct ABC seismic connection for precast bridge columns that can

emulate the seismic performance of conventional CIP connections.

Reducing the costs and using non-proprietary materials was the focus of this study to
establish a less expensive, less restrictive alternative for UHPC-filled grouted-duct connections
and avoid sole-source specification. In the first phase of this project and a companion study (Subedi
et al. 2019), several non-proprietary UHPC mixes were developed and two were selected at the
University of Nevada, Reno. They were used in 22 large scale pullout specimens to determine the
bond behavior of UHPC-filled duct systems. Given their observed satisfactory performance, one
of the non-proprietary UHPC mixes was further used and incorporated into UHPC-filled duct
connections of two 42%-scale column models to connect the precast columns to footings. Both
column models were tested to failure under combined axial and cyclic lateral loading to investigate
their seismic performance and evaluate their ability to emulate the seismic performance of the CIP
system. Moreover, analytical investigation for each column model was conducted to simulate the
global response of the column models. The analytical studies were conducted using finite element
computer program OpenSEES. Specific modeling assumptions for these connections that include
the bond-slip effects in bars and ducts and bar debonding effects were validated for future

implementation and further use in the design of this connection in actual bridges. Overall, non-
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proprietary UHPC-filled duct connections were successfully demonstrated to have acceptable
seismic performance and are, in turn, recommended as suitable precast column-to-footing or
column-to-cap beam connections for moderate and high seismic regions. Using such connection
with the proposed UHPC mix can assure the formation of full plastic moment in columns without

any connection damage.
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CHAPTER 1. INTRODUCTION

1.1. Overview

Accelerated bridge construction (ABC) techniques have advanced notably throughout the United
States over the past few decades. A few departments of transportation across the US have focused
on the seismic evaluation of such techniques and some have implemented these techniques in the
construction of new bridges. ABC relies on the offsite prefabrication of structural components,
shipping to the construction site and finally the assembly of these prefabricated elements on site.
Numerous advantages could be achieved by implementing the ABC techniques in the construction
of new bridges or the rehabilitation and replacement of old deteriorated bridges. Reducing onsite
construction time, reducing the traffic congestion around the construction sites, and improving the
quality of the prefabricated elements are the main advantages of ABC technology. Although ABC
technology has been widely used in the bridge superstructure elements, it is not as widely

implemented in substructure elements such as column-footing base connections.

The main challenge facing the adoption of the ABC technology in moderate and high seismic areas
is the uncertainty in the adequacy of precast member connections to maintain the integrity of the
structure under cyclic loads. It is important to develop ABC systems that can emulate conventional
cast-in-place (CIP) construction systems because, if this can be achieved, typical analysis and
design procedures can be used. The main difficulty with developing emulative systems is the
detailing of connections because of their critical role in transferring forces and maintaining
stability of the structure. Substructure connections, in particular, are critical in high seismic zones
as they have to dissipate energy through significant cyclic nonlinear deformations while

maintaining their load capacity and their integrity within the structural system.

There are several types of ABC substructure connections that have been developed in recent years
such as, grouted-duct connections, pocket-type connections, and column-in-socket connections.
The study presented in this report focuses on grouted-ducts connection, which is one of the most
promising types. This connection can also be sometimes called non-coupled plunged connections
or referred to as precast column with no couplers (PNC) detail for column-to-footing and column-
to-cap connections. A PNC connection comprises a precast column with extended straight
longitudinal reinforcing bars (rebars) that are anchored in grouted corrugated ducts installed in the

connecting members (footing or cap beam). The column rebars are typically debonded at the



connection interface to enhance energy dissipation during seismic events. A schematic
representation of a PNC column-to-footing connection detail is shown in Figure 1.1. Past research
by Tazarv and Saiidi (2015) has demonstrated the seismic performance of the PNC connection and
proven its reliability. However, such development used a proprietary ultra-high performance
concrete (UHPC) mix that is roughly 9 times as expensive as standard grout. The proprietary nature

pose challenges for specification writers while high initial costs present an obstacle for the
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adoption of ABC by the bridge engineers.
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Figure 1.1 Schematic of Grouted Duct Connections: (a) Column to Cap Beam Connection, (b)
Column to Footing Connection (adopted from Shrestha et al. 2018).

The goal of this research is to evaluate the seismic performance of grouted-duct
connections using a non-proprietary UHPC mix that could replace proprietary UHPC without
affecting the structural behavior of such connections. The non-proprietary UHPC mix was
developed through the first phase of this project. The mix development and pullout tests conducted
in the first phase of this project are discussed in Subedi et al. (2019). The large-scale column tests
and demonstration for seismic performance of the ABC connections were carried out in the second
phase of the project discussed in this report. It is noted that the non-proprietary UHPC mix

developed in this study is less expensive and has lower compressive strength than the proprietary



mixes. Furthermore, the UHPC mix was developed using locally available materials from
California and Nevada. Details on the mix design can be found in Subedi et al. (2019). However,
a comprehensive summary of the mix and a study on the effect of material variability are included

in chapter 2 of this document for completeness.

1.2. Previous Studies

Many bridge substructure and superstructure members can be built offsite and then assembled on-
site through using different types of precast connections. In high seismic zones, these connections
are very critical and need to be well designed and constructed to be able to emulate the CIP
connections. To produce emulative systems, ABC connections should maintain their load
capacities while undergoing large cyclic deformations of adjoining members. This is even more
challenging for bridge columns since these elements are required by most of the design
specifications to undergo high plastic deformations during large seismic events. This study focuses

on earthquake-resistant ABC connections for bridge columns using grouted ducts.

Marsh et al. (2011) investigated the seismic performance of seven types of precast column
connections in moderate and high seismic regions: (1) bar couplers, (2) grouted ducts, (3) pocket
connections, (4) member socket connections, (5) hybrid connections, (6) integral connections, and
(7) emerging technologies. The authors showed that the precast concrete bridge pier systems have
developed an emulative seismic behavior to the monolithic systems and they undergo similar
damage to the monolithic systems due to the formation of plastic hinges in columns. A
comprehensive literature review on the description of these seven types of connections beside their
available experimental studies was conducted and presented by Tazarv and Saiidi (2014). For the
purpose of the study presented herein, an updated literature search is conducted on the grouted-
duct connections to include recent efforts done towards the implementation of this type of
connection. The previous studies could be categorized into two main groups, the first group include
the studies done to estimate the required development length for the rebars inside the ducts to
ensure the bar fracture outside the duct zone through the pullout tests. The second group includes
the experimental testing of large-scale columns incorporating the grouted-duct connection in their

column-footing connections.



1.2.1. Pullout tests

An extensive literature review on this type of pullout test is conducted and presented in
Tazarv and Saiidi (2014), Shrestha et al. (2018), and Subedi et al. (2019). For completeness, a brief
summary is adopted from the literature review provided in those studies and presented first.
Matsumoto et al. (2001) carried out eight pullout tests. The tested parameters were the embedment
length (8.5db, 12.8db and 17dv, where db is the bar diameter), gout brand and bar anchorage
(straight and headed bars). The authors concluded that the normalized bond strength of grout-filled
duct system is 2.5 times stronger than conventional connections. Raynor et al. (2002) investigated
the bond behavior of reinforcing bars anchored in grouted ducts and subjected to cyclic loading
through 13 pullout tests. The tested parameters were the bar sizes. The test results showed that the
normalized bond strength provided by grouted ducts was higher than that of conventional concrete.
It was found that slippage of the bar from the grout was due to compressive failure of concrete
against the bar ribs, which is in contrast with the radial bond cracks observed in pullout test of bars

in concrete with no ducts.

Brenes et al. (2006) conducted 32 pullout tests to investigate the effect of varying the
embedment length, duct material, number of ducts, bar coating, and bar eccentricity in the ducts.
Test results showed that the galvanized steel ducts showed greater initial stiffness of bond-slip
curves than the plastic ducts and that the embedment length has a minor effect on the initial
stiffness of the system. The multiple duct tests showed less bond strength than that of a single duct
test with minor difference in the initial stiffness. The test results of all the galvanized steel ducts
showed that almost all the pullout tests, the grout fractured because of the lack of sufficient tensile
strength of grout. Steuck et al. (2008) carried out a total of 17 pullout tests of large-diameter bars
embedded in the grout-filled pipes/ducts. The tested parameters were the bar size, embedment
length, grout type, and specimen scaling. The results showed that the bar size, adding fibers to
grout and the specimen scale have minor effect on the bond behavior and the bond strength. It is
also proved that embedment length of 6 bar diameters is sufficient to yield the rebars and 14 bar

diameters is sufficient to fully anchor the bar to fracture.

Tazarv and Saiidi (2014) conducted 14 pullout tests to determine the bond strength of
proprietary UHPC filled duct connections. the tested variables were the embedment length, bar
size, duct diameter, number of ducts and bar bundling. The bar bundling, bar size and the presence

of multiple ducts were proved to have insignificant effects on the bond strength unlike the duct



size. The pullout tests showed that the bond strength of UHPC was eight times stronger than that
in conventional grout and the required development length of the bars in the UHPC filled ducts
can be reduced by 50% of the grouted-ducts. Based on the test data, equations for estimating the
development length of bars in UHPC-filled ducts are proposed. Galvis et al. (2015) tested 18
pullout specimens of two or three bundled #8 bars and inserted in a 4 in. diameter galvanized steel
ducts filled with grout. The test variable was the embedment length. It was shown that an
anchorage length of 16.8dv is enough for bundled bars to develop bars fracture without any bar or
duct pullout, where db is the sum of the bars diameter in the same bundle. Shrestha et al. (2018)
tested 12 pullout specimens of #10 bars inserted in grout filled steel ducts. The tested parameters
were embedment length, duct size, duct thickness, bar-eccentricity, and bar bundling. The
measured response was found to be sensitive to the embedment length, bar bundling and
eccentricity. The authors developed equations for the anchorage length based on their test results

and another data from 31 other previous pullout tests.

Through the first phase of this research project, Subedi et al. (2019) provided the
development of two non-proprietary UHPC mixes using local California and Nevada materials
among other domestically produced ingredients such as steel fibers. The developed mixes were
first used to carry out an extensive experimental study on the pullout behavior of bars inserted in
non-proprietary UHPC filled ducts. The experimental study consisted of 22 pullout tests of #10
bars inserted in the UHPC filled ducts. The test variables were the embedment depth, single versus
bundled bars, duct sizes, the non-proprietary UHPC mix and the material of the ducts. Moreover,
the tests also compared the anchorage behavior of the developed mixes with the commercially
available UHPC and standard grouts; the other alternatives in such connections. All rebars were
eccentrically placed into the ducts to emulate more practical field and worst-case conditions. Based
on the tests results, development length equations of rebars eccentrically placed in galvanized steel
corrugated ducts filled with UHPC have been revised and presented for the developed non-
proprietary UHPC. It is noted that the non-proprietary UHPC mix developed at the University of
Nevada, Reno is approximately one-half the price of the proprietary UHPC, and the mix was
demonstrated to provide the same anchorage behavior as the proprietary one, even though its

compressive strength was approximately 30% lower than that of proprietary UHPC.



1.2.2. Columns with grouted-duct connection tests

Matsumoto et al. (2001) tested a full-scale precast cap beam connected to a column using
the grouted-duct system. The column was reinforced longitudinally with 4 epoxy-coated bars of
#9 diameter and transversely with #3 spirals spaced at 4 in. resulting in reinforcement ratios of
0.57% for the former and 0.46% for the latter. The column clear height was 24 in while the
diameter was 30 in. The embedment length of the bars in the ducts was 15 in. The specimen was
tested using two vertical and one horizontal loading rams to obtain the load-deflection of the
connection at the service and failure levels under different moment demands. The test results
showed that the grouted-duct connection exhibited the same load-deflection response as the cast-

in-place column model with the same expected strength, ductility, and bar anchorage.

Pang et al. (2008) did a comparative experimental study between 40% scale models of CIP
and grouted-duct connection with the same scale and reinforcement ratios. The column diameter
and height were 20 in and 60 in, respectively. The columns were tested under 8% axial load ratio
and cyclic lateral loading till failure. The test results showed that the behavior of the grouted-duct
connection was the same as the CIP connection. Both columns exhibited the same failure mode of
bars buckling then bars rupture. The only observed difference between both columns is that the
CIP column model had better crack distribution along the column than the precast connection
which was observed to have a concentrated one large crack at the column-beam interface. Restrepo
etal. (2011) tested a series of 42% scale column-cap beam connection incorporating different ABC
techniques suitable for seismic zones. One of these connections was utilizing the grouted-ducts
(GD). The column height was 45 in. while the column diameter was 20 in. The specimen was
tested under cyclic lateral loading. Test results showed that the GD column model exhibited an
emulative behavior to the CIP column model with stable hysteretic behavior. the GD column
model showed an acceptable ductile behavior with a displacement ductility of 8 which was

approximately 80% of that of the CIP column model.

Belleri and Riva (2012) tested a column model utilizing the grouted-duct connection but
the ducts were buried in the column and the rebars were protruding out of the footing. The column
height was 126 in. and the column diameter was 15.75 in. The embedment length into the footing
was 45.25 in. The test results showed that the grouted steel ducts are suitable to be used in seismic
regions and can develop high ductile behavior. The authors also claimed that the post-seismic

repair of these connection may be simpler than CIP or pocket foundation connections. The authors



suggested to use an unbonded length of projecting bars at the column-footing interface to increase
ductility and reduce damage. Popa et al. (2015) tested two sets of columns under two different
axial load level under cyclic lateral loading till 5% drift ratio. Each set consisted of two precast
columns utilizing the grouted-duct connection and one CIP column. The grouted ducts were buried
into the precast columns while the bars were protruding out of the footing. The test results showed
that a similar hysteretic response was for both, the precast and the CIP, specimens for each level
of applied axial force. Furthermore, all the precast columns were observed to show less severe

final damage state than that obtained for the CIP specimens

Tazarv and Saiidi (2015) investigated the seismic performance of a precast column
utilizing the grouted-duct connection using UHPC instead of high strength grout as a filler. A half
scale bridge column was tested under axial load and cyclic lateral loading and then its seismic
behavior is compared to a similar CIP column. The authors concluded that the UHPC-filled duct
connections are emulative of the conventional CIP column-footing connection as the plastic
moment capacity of the column is developed and a high drift capacity is achieved without
connection failures such as bar pullout, duct pullout or concrete breakout failure. The test results
also showed that the mode of failure, base-shear capacity, and strength and stiffness degradation

of this connection were nearly the same as those of CIP.

1.3. Objectives

The overall goal of the present study, as part of the larger project presented in Subedi et al. (2019)
and this report, was to develop an alternative non-proprietary UHPC, evaluate its pull-out
performance, and evaluate columns that utilize it in grouted-duct connection. This was done with
the understanding that the compressive strength of the new UHPC could be about 30% lower than
that of standard UHPC. Reducing the costs and using non-proprietary materials was the focus of
the study to establish a less expensive, less restrictive alternative for ABC column connections. To
achieve this goal, research was conducted to develop the mix and demonstrate its validity for
anchorage behavior using pullout tests (phase one), then conduct large-scale column tests for

ultimate validation of the material and connection (phase two).

The objective of phase two of the study was to conduct two half-scale column tests at UNR
Earthquake Engineering Laboratory under axial and cyclic lateral loading to investigate the

seismic performance of the columns. The column models implemented the grouted-duct



connection detail and incorporated the non-proprietary UHPC developed at UNR. Thus, the
objective of the tests was to evaluate the ability of the ABC columns to emulate the seismic
performance of the CIP system. The two column models used the same detail and non-proprietary
UHPC mix but varied in the longitudinal reinforcement debonding in the vicinity of the column-
footing interface. Another objective was to conduct analytical investigation for the two column
models using finite element computer program OpenSEES to assess modeling assumptions for the
connections including both bond-slip and bar debonding effects and to determine the ability of the

analytical to reproduce the measured results.

1.4. Report Outline

This report consists of six chapters. The report starts with an introduction to ABC techniques and
the grouted-duct connection. Furthermore, an overview of relevant literature is presented in
Chapter 1. The non-proprietary UHPC material properties with regards to the mix design,
compressive, tensile, and flexural behaviors are shown in Chapter 2. The Design procedure,
structural detailing, and testing loading protocol for the two bridge column model tests are
provided in Chapter 3. Column test results for each individual model are presented in Chapter 4.
The evaluation of column models performance by comparing their seismic behavior with a
reference CIP column model and a PNC with proprietary UHPC column model is also presented
in Chapter 4. The analytical investigation for each column model using OpenSEES with focus on
the modeling assumptions for the connections that include the bond-slip and bar debonding effects

are shown in Chapter5. A summary of findings and conclusions is presented in Chapter 6.



CHAPTER 2. NON-PROPRIETARY UHPC MATERIAL PROPERTIES

2.1. Introduction

In a companion report summarizing the efforts conducted in phase one of this project (Subedi et
al. 2019), the authors developed a non-proprietary UHPC mix using locally available material in
the West of the United States, mainly from California and Nevada, that reduced the UHPC cost
and sole-source problem without compromising the essential properties required for the grouted-
duct ABC seismic connections. The authors presented two different non-proprietary UHPC mixes
with two different sources of aggregates. The first type of aggregate is a river sand that is uncrushed
while the second aggregate type is a blended concrete sand that is 100% crushed. The mix
developed using the uncrushed aggregates (sourced from California) was designated as UNR-
UHPC-A while the mix developed using the crushed aggregates (sourced from Nevada) was
designated as UNR-UHPC-B. Subedi et al. (2019) evaluated the behavior of 22 full-scale UHPC-
filled ducts with embedded #10 rebars under pull out forces using the developed UHPC A and B
mixes. The authors evaluated the effect of embedment depth, single versus bundled rebars, duct
sizes, and duct material. Moreover, the tests also compared the anchorage behavior of the

developed mixes with the commercially available UHPC and standard grouts.

The non-proprietary UHPC mix chosen to be used and applied to the UHPC-filled duct
connections of the precast columns presented herein in the second phase of the study was UNR-
UHPC-B mix. The second mix type was selected because crushed aggregates are easier to source
and use, especially since the two mixes proposed in Subedi et al. (2019) did not show any
significant difference in the pull-out strength or behavior of the UHPC. In this study, two batches
of the referenced UHPC mix were sampled to characterize the material properties. The two batches
were used to construct two precast columns with sleeve ducts connection as presented and
discussed in Chapter 4. In this chapter, the material characteristics of the non-proprietary UHPC
used in the experimental program is presented and discussed with regards to the material
preparation and mix ratios, sampling, compressive behavior, tensile behavior and flexural
behavior. A variability study is presented and discussed in this chapter to show the effect of mixing

errors of the different mix constituents on the overall compressive strength of the mix.



2.2, Mix Design and Preparation

The materials used in the developed non-proprietary mix are cement, crushed aggregates, silica
fumes, high range water reducer agents (HRWRA), steel fibers, and water. The mixing proportions
used for the UHPC mix are shown in Table 2.1. Detailed information on the mix ingredients and

mixing procedure is presented and discussed in Subedi et al. (2019).

Table 2.1 Non-Proprietary UHPC Mixing Proportions

. . specific | batchmass |Batchmass| Batch
Material | Manufacturer Description gravity (Ib/fi3) (%) volume (%)
Cement |Nevada cement Portland /11 3.15 58.18 37.8 29.6
. Martin Mariata .
. i“ea s | (Spanish C%“gff;;ﬁiflpgz‘gf 2.634 59.44 386 36.5
gereg springs, NV)
Steel fibers Nycon 0.2mm D & 13mm L 7.8 10.07 6.6 2.1
Silica fume BASF MasterLife SF 100 2.2 11.26 73 8.2
HRWRA BASF MasterGlenium 7920 1.076 1.63 0.9 2.1
Water UNR Potable water 1 13.44 8.7 21.5

2.3. Compressive Behavior

For compressive strength and behavior evaluation, two different sizes of compression test
specimens were considered in this study: 3%6 in and 4x8 in cylinders. The material specimens
were taken from each of the two batches and were tested according to ASTM C39 at the age of 14
days, 28 days, and at the columns’ test days. The 28-day test cylinders were instrumented during
the compression test to obtain the full stress-strain relationship according to ASTM C469:
“Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of Concrete in
Compression”. The surface of the UHPC cylinders was prepared by making a rough cut by a saw
machine to remove the weak surface crust formed on the top of the cylinder then grinding the
surface to get smooth flat surfaces at the two ends for accurate strength evaluation as illustrated in
Figure 2.1. For compression testing, a force-controlled universal testing machine with capacity of

500 kips was used and the applied loading rate was adjusted to be in the range of 15 kip/min (35
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psi/sec). The test setup for compression tests is shown in Figure 2.2(a) and a sample of the tested
cylinders, where the damage can be illustrated, is shown in Figure 2.2(b). The stress strain curves
for the six 3x6 in and three 4x8 in cylinders of the two batches are shown in Figure 2.3. It can be
observed from the Figure 2.3 that UHPC exhibited reasonable strain capacity and ductility after
reaching the ultimate strength. It is also noted that the progression of damage and crushing did not
exhibit a sudden explosive mode as conventional concrete, but rather more controlled damage as
reflected by the post-peak behavior shown in Figure 2.3. A summary of the cylinders strength

values along with their corresponding strains is provided in Table 2.2.

Figure 2.2 UHPC Cylinders Compressive Testing; (a) Test Setup and (b) Cylinders Compression
Damage.
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Figure 2.3 Compressive Stress-Strain Relationship; (Left) 3X6 in. cylinders and (Right) 4X8 in.
cylinders.

Table 2.2 UHPC Cylinders Compressive Strength at 28 days

Batch | Sample | Sample | Max Strength | Max Strain Sgelglgl:ﬁtg , g tigiln:?;e Average | Average
. 4 . 0 cu cu > - 4 .
# Size # feo (ksi) 0o (%0) (ksi) %) feo (ksi) | fou (ksi)
S1 15.71 0.46 7.26 0.85
3X6in. | S2 15.71 0.44 4.85 1.11
B1 15.84 6.63
S3 15.15 0.39 10.77 0.67
4X8in.| S4 16.8 0.47 3.66 1.05
S5 14.03 0.39 8.45 0.66
3X6in.| S6 14.72 0.46 10.23 0.84
B2 S7 15.29 0.45 9.95 0.96 14.51 8
S8 13.77 0.36 54 0.74
4X8 in.
S9 14.73 0.43 5.98 0.73
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2.4. Flexural Behavior

The flexural strength test or also referred to as modulus of rupture test is considered an indirect
way to express tensile strength. Thus, flexural tests were conducted here for the two UHPC batches
and modulus of rupture was calculated in accordance with ASTM C78 “Standard Method of Test
for Flexural Strength of Concrete (Using Simple Beam with Third-Point Loading)”. For each
UHPC batch, four beams of 3x3x12 in beams were tested after 28 days with a bending span length
of 9 in. A constant loading rate of 450 1b/min was applied until the rupture occurred. The typical
flexural test setup and the UHPC flexural beams failure are shown in Figure 2.4. The modulus of

rupture is the stress calculated in the tensile face of the beam specimen at maximum bending

moment assuming linear-elastic behavior. The results of these tests are provided in Table 2.3.

Yy

— o

Figure 2.4 Flexural Strength Test Setup (Left) and Typical UHPC beam Failure (Right).
Table 2.3 UHPC Cylinders Modulus of Rupture at 28 days

Batch # B1 B2
Specimen # S1 S2 S3 S4 S1 S2 S3 S4
Flexural Strength (ksi) 1.86 | 1.66 | 1.69 | 1.79 | 237 | 285 | 1.79 | 1.84
Average Strength (ksi) 1.75 2.21
Coefficient of Variation 5.26% 22.6%
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From the table above, it is shown that the average flexural strength of both batches was
almost 2 ksi after 28 days. The conducted flexural tests used built-in instrumentation in the testing
machine to obtain the full flexural stress-strain relationships for all beams from the two batches at
28 days, which are shown in Figure 2.5. Note that the displacements used to calculate the strain
were measured at the testing machine head and thus, the initial slope was not straight until all the

test machine parts and fixtures get in full contact.

3 T T T

Stress [Ksi]
o

0 = | | |
0 0.5 1 1.5 2

Strain [%]
Figure 2.5 Flexural Stress-Strain Relationship for UHPC beams.

2.5. Tensile Behavior

To study the tensile behavior and obtain the direct tensile strength of the two UHPC batches, 12
dog bone specimens were tested under direct axial tensile stress until failure as shown in Figure
2.6. The dimensions of the 12 specimens and their distribution among the batches were as follows:
four specimens of 1x1 in cross-section for the first batch; four specimens of /2 X1 cross-section in
for the first batch; and four specimens of 1x1 in for the second batch. Two cross-section sizes are
used for the first batch in order to compare damage propagation in the two sizes and to measure

the consistency of tensile strength results.
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The specimens were anchored at two ends and were pulled under a constant displacement
rate of 0.006 in/min until failure. To obtain the axial strain of the dog bone specimens, laser
extensometer with a precision of 0.0001 in was used to measure the distance between two silver
shiny stickers mounted on the middle quarter of the specimen height as shown in Figure 2.7. The
dog bone specimens after the tensile failure are also shown in Figure 2.7. Almost all of the 1x1 in
cross-section specimens showed multiple cracks before failure which stretched the portion of strain
hardening further. However, the %2 X1 in cross-section specimens had localized failure at only one
section. This can be attributed to the fact the 1x1 in cross-section has more fibers engaged at the

failure section than the 2 %1 in, which helped transferring the crack localization from one section

to another at different levels and improved the tensile ductility.

Figure 2.7 The dog bone specimens after tensile failure.
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The full stress-strain relationship for the UHPC dog bone specimens from the direct tension
tests were obtained and plotted in Figure 2.8 for the 1x1 in cross-section specimens and 72 x1 in
cross-section specimens. The calculated 28-day direct tension strength values for both batches are
tabulated in Table 2.4. Comparing the results of the /2 X1 in specimens to the 1x1 in specimens of
batch 1, it can be observed that although both cross-sections showed almost the same average

strength, the 1x1 in. test specimens showed better consistency in the measured strength.

Table 2.4 UHPC Dog-bone Direct Tensile Strength at 28 days

Batch # Bl B2
Specimen # S1 | S2 | S3 | S4|S5|S6 | S7| S8 | S1 | S2]| S3 | S4

Cross-section
72 x 1 1n. I x1in. I x1in.
Dimensions (in.)
Tensile Strength (ksi) | 0.46 | 0.62 | 0.79 | 0.92 | 0.70 | 0.66 | 0.83 | 0.74 | 0.82 | 0.65| 0.82 | 0.68
Average Strength (ksi) 0.697 0.732 0.742

COovV 49.8% 17.2% 21.1%
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Figure 2.8 Direct Tension Stress-Strain Relationship of the 1x1 in Cross-section Specimens.
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Figure 2.9 Direct Tension Stress-Strain Relationship of the /2 x1 in Cross-section Specimens of
Batch 1.

2.6.  Variability Study

A variability study was conducted to show the effect of mixing errors of the different mix
constituents on the overall compressive strength of the mix at the early strength (7-days) and
standard 28-days strength. The mis-mixing or mixing errors are assumed to be resulted from
unintentional errors or intentional mix modifications during mixing of the constituents. The errors
percent was conservatively chosen to be 20% off the correct constituent portion based on a worst-
case scenario. The assumed unintentional errors are decreasing the cement content by 20% or
decreasing the fiber content by 20%, while the intentional mix modification is increasing the water
content by 20% to increase the mix flowability as an option to increase the mix flowability in
highly reinforced structural members. To avoid increasing the water content, which usually
decreases the compressive strength, an increase in the HRWRA content was also considered where
it was observed that 30% increase in HRWRA is equivalent to 20% increase in the water content

for having the same flow as determined by the static flow test according to ASTM C 230.

The variability study was conducted by pouring five batches (see Figure 2.10 for typical
batch illustration). The first batch was the original mix without any errors while the other 4 batches

represented the different errors mentioned earlier and shown in Table 2.5 below. It is worth noting
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that all of the batches were mixed by using a high-shear hand mixer and sampled in 3x6 in
cylinders where all the cylinders were subjected to the same environmental conditions until their
test dates. The mixing proportions of the five batches are shown in Table 2.5 along with their
corresponding static and dynamic flow test results according to ASTM C 230. Table 2.6 shows the

results of the compressive strength of the 3%6 in cylinders at 7 days and 28 days. The compressive

strength values represents the average of three cylinders tested at the same age.

Figure 2.10 Variability Study Mixing, Flow Testing and Sampling.

Table 2.5 UHPC Mixing Proportions for the Variability Study.

Batch # 1 2 3 4 5
. Cement Fibers Water HRWRA
I Original . .
Description mix decrease by | decrease by | increase by | increase by
20% 20% 20% 30%
Cement 58.18 46.54 58.18 58.18 58.18
Fine Agg. 59.44 59.44 59.44 59.44 59.44
Constituents | Steel fibers 10.07 10.07 8.056 10.07 10.07
mass* (Ib) | Silica fumes | 11.26 11.26 11.26 11.26 11.26
HRWRA 1.63 1.63 1.63 1.63 2.12
Water 13.44 13.44 13.44 16.13 13.44
_ Static 7.75 8.25 7.75 9.75 9.50
Flow test (in)
Dynamic 8.5 9.25 8.75 N/A N/A

* The constituents’ mass is based on a 1 ft° batch size.
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Table 2.6 Compressive Strength Results of the Variability Study.

Batch # Description 7-day ‘ % difference 28-day ' % difference
strength (ksi) | from Batch 1 | strength (ksi) | from Batch 1
1 Original mix 13.12 0 16.29 0
2 Cement decrease by 20% 9.90 -24.58 11.62 -28.66
3 Fibers decrease by 20% 14.79 +12.70 16.37 +0.45
4 Water increase by 20% 11.65 -11.20 13.94 -14.41
5 HRWRA increase by 30% 13.24 +0.86 15.32 -5.98

From the compressive strength results shown in Table 2.6, the following can be observed:
(1) decreasing the cement content by 20% has resulted in strength loss by approximately 25% and
29% for the 7-day and 28-days strength, respectively; (2) decreasing the fibers content by 20% has
resulted in a strength gain of approximately 13% at 7 days and almost the same strength as the
control batch at 28 days, but it is important to mention that decreasing the fibers content commonly
result in decreasing of the tensile strength and tensile ductility; (3) increasing the water content by
20% has resulted in a strength loss of approximately 11% and 14% for the 7-days and 28-days
strength, respectively; (4) increasing the HRWRA content by 30% has resulted in almost the same
flow as increasing the water content by 20% with almost no strength loss at 7-days and only 6%
strength loss at 28-days. Thus, from the variability study conducted in this section, it is concluded
that: (1) decreasing the cement content is the most influential parameter with most adverse effect
on the compressive strength; (2) decreasing the fibers content will not affect the compressive
strength significantly but it will decrease the tensile strength and tensile ductility of the mix; (3)
increasing the HRWRA content could be a better way to increase the mix flowability without
affecting the compressive strength in highly reinforced members instead of increasing the water

content.
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CHAPTER 3. EXPERIMENTAL PROGRAM DEVELOPMENT

3.1. Introduction

In the current seismic design philosophy, bridge columns are allowed to undergo inelastic
deformations under earthquake loads while maintaining the integrity of the full bridge. In other
words, the columns are the key elements of the bridge in terms of dictating the structural
performance during extreme events, such as earthquakes, and the safety and serviceability after
the event. When adopting ABC techniques, connections of the columns to adjacent members are
challenging since connections should be able to transfer forces while undergoing large inelastic

cyclic deformations.

Two almost half-scale bridge column models with UHPC filled duct connection to the
footing, as shown in Figure 3.1, were designed and tested under axial and cyclic lateral loading at
the University of Nevada, Reno (UNR). The objective of the tests was to investigate the seismic
performance of duct filled ABC column-to-footing connections using no-proprietary UHPC. The
varied parameter in the experimental program was investigating the effect of debonding the
longitudinal rebars at the column-footing interface which is commonly known to have a better
strain distribution at the plastic hinge region and improved ductile behavior than the fully bonded
reinforcement. The two column models are labeled “S1-Bond” and “S2-Debond” for the fully

bonded and debonded columns reinforcement, respectively.

Two more column models from the literature that were also tested at UNR were considered
to serve as benchmark models as adopted from Haber et al. (2014) and Tazarv and Saiidi (2015).
Since these models were half scale column models, they were slightly larger than the models in
the study. All test models, previous and current, have the same longitudinal and transverse
reinforcement ratios. The first column model presented by Haber et al. (2014) was a standard CIP
column, while the second column presented by Tazarv and Saiidi (2015) and labeled as “PNC”
was a precast column with a proprietary UHPC filled duct connection to the footing. The design
of the column models of the present experimental study and the previous two benchmark columns
are shown in Table 3.1. The design, construction, Instrumentation, test setup, loading protocol and
the material properties of the two column models, i.e. S1-Bond and S2-Debond, are presented in

this chapter. A short review of the benchmark CIP and PNC column models is also presented.
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(2) Precast Column

(4) Installing Column

(1) Precast Footing_ ; (3) Filling Ducts w/ UHPC

A

Figure 3.1 PNC Column w/ UHPC-Filled Duct Connection at Base (Adopted from Tazarv and

Saiidi 2014).
Table 3.1 Summary of Column Models Design.
Test Previous Research at UNR Present study
Column model CIP PNC S1-bond |S2-debond
Stud Haber et al. | Tazarv and Saiidi .
g (2014) (2015) This study
Column-footing connection Monolithic |Proprietary UHPC| Non-Proprietary UHPC
connection filled ducts filled ducts
Debonding Do not exist Exist Do not exist|  Exist
Diameter [in] 24 24 20 20
Height [in] 108 108 87 87
Di(rjr(l)elﬁgil(l)lns Aspect ratio 4.5 4.5 435 4.35
Clear Cover [in] 1.75 1.5 1 1
Anchorage [in] N/A 28 28 28
Longitudinal 11-#8 11-#8 8-#8 8-#8
. Ratio p1(%) 1.92 1.92 2.01 2.01
Reinforcement Transverse #3 @2in. #3 @2in. #3 @?2.51n. |#3 @2.51n.
Ratio pv (%) 1.03 1.03 0.998 0.998
Design Axial Load (kips) 226 200 157 157
Load Ratio 10 10 10 10
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3.2. Specimens Design and Construction

The cross section of the CIP and PNC column models was circular with a diameter of 24 in and
their height were 108 in, while the cross section of the S1-Bond and S2-Debond column models
was 20 in and their height were 87 in. It is noted that the height of the column is measured from
the column-footing interface to the axis of the hydraulic actuator used to apply lateral loads. More

details about each column is presented next.
3.2.1. CIP Column Model

The CIP column presented by Haber et al. (2014) was a half-scale conventional cast-in-place
column model and was designed based on Caltrans Seismic Design Criteria (SDC) version 1.4
(2006) with an aspect ratio of 4.5. The CIP column was constructed to represent a standard bridge
column but with a thicker clear cover of 1.75 in. to account for the size of couplers to be used in
other columns of the same study, as this column served as the reference column against which the
precast columns were compared. The column was reinforced longitudinally with 11-#8 bars and
transversely with #3 spirals at a 2 in pitch resulting in longitudinal and transverse steel ratios of
1.92% and 1.03%, respectively. The axial load index, which is the ratio of axial load to the product
of column gross section area and the compressive strength of column concrete, was 10%. The
specified compressive strength of concrete and yield strength of reinforcements were 5 ksi and 68
ksi, respectively. The column was initially designed for a minimum displacement ductility capacity
of 5 but with the final detailing shown in Figure 3.2, the calculated displacement ductility capacity

of the column was 7.
3.2.2. PNC Column Model

A half-scale precast column model labeled “PNC” was constructed incorporating the UHPC-filled
duct connection. The precast model had a similar geometry, bar size, and bar arrangement to CIP
thus its performance was assumed to be emulative of the conventional construction. There was no
additional design limitation for PNC with respect to CIP. The PNC column model is shown in
Figure 3.3 and the base connection in detail is shown in Figure 3.4. The clear cover in the column
was 1.5 in. Corrugated galvanized steel ducts with a nominal 3-inch diameter were used in the
footing to be filled with UHPC. The confinement of the duct cage was similar to the column and
was provided by #3 spiral spaced at a 2-inch pitch. The column longitudinal bars were extended

28 in at the base for insertion into the ducts. However, the required embedment length was only
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19 in based on the design equations recommended for the proprietary UHPC bond length,
assuming the concrete compressive strength is 5 ksi, the UHPC compressive strength is 20 ksi, and
#8 bars had an ultimate strength of 110 ksi. The duct length was 1 in longer than the extended bar
as a construction tolerance. To help spread bar yielding, 4 in of the column longitudinal bars were
debonded above and below the column-footing interface as shown in Figure 3.4. Therefore, the
effective bar embedment length in the UHPC-filled duct connection of PNC was 24 in, only 5 in.
longer than the required development length. To minimize the precast column weight for
transportation, hollow core circular section with a 6-inch wall thickness was used at initial stage
of construction. After installing the column, the column core was filled with self-consolidating

concrete (SCC).
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Figure 3.2 CIP Column Model by Haber et al. (2014) [Units: in (mm)] as presented in the study
by Tazarv and Saiidi (2014).
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Figure 3.4 PNC Column Base Connection Detail (Adopted from Tazarv and Saiidi 2014).
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3.2.3. S1-Bond and S2-Debond Column Models

Two precast column models of exactly 5/12 scale (almost half scale) were constructed
incorporating the UHPC-filled duct connection. The column dimensions shown in Figure 3.5
which are used for both test models, were chosen to have an aspect ratio almost equal to the CIP
and PNC column models. The columns height was 87 in, measured from the column footing
interface to the to the axis of the hydraulic actuator used to apply lateral loads, while the columns
diameter was 20 in and the columns clear cover was 1 in. The precast columns were reinforced
longitudinally with 8-#8 bars and transversely with #3 spiral at a 2.5-inch pitch resulting in
longitudinal and transverse steel ratios of 2.01% and 0.99%, respectively, to represent similar
ratios to the reference column models (CIP and PNC). The variation within the two columns was
the debonding made to the longitudinal bars at the column footing interface region. For the S2-
Debond column model, 4 in of the column longitudinal bars were debonded above and below the
column-footing interface. The debonding was made to the longitudinal bars by wrapping a duct
tape two times around the bar at the required location. The plan dimensions of the footing were

5x5 ft> and the depth was 32 in.

@ 2" holes ';‘2_3—,( n
for actuator T
>
1 i —
o —
==
;:: [= 7] UHPC
——1 [ _INSC 4 18—
— " #3 Spirals
I, —— _ srsbars 25" Pitch
-
— 1"
73 — .
1011 — #3 Spirals
-:‘: 2.5" Pitch SEC. (A-A)
— 8 & 3" Corruge ted
7 = 7 Galvanized D ucts
1 == A W/UHPC
B . 5 -
(= A ——l w
T — 0# (?rtzr; mesh
25" ot " 28"
? - =i \ 1~ #3 J bar
— ——— 4 ™ —— -
#3 Spirals .~ J], 3 @25"h
2.5" Pitch e

Figure 3.5 S1-Bond and S2-Debond Column Models.
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Corrugated galvanized steel ducts with a nominal 3-inch diameter were used in the footing
to be filled with the non-proprietary UHPC. The confinement of the duct cage was similar to the
column and was provided by #3 spiral spaced at a 2.5-inch pitch. The embedment length of the
column longitudinal reinforcement into the footing was the same as the PNC column model and
was equal to 28 in. The ducts were kept in place during pouring process by using a wooden

formwork pattern as shown in Figure 3.6.

Figure 3.6 Wooden Formwork Pattern to Keep the Ducts in Place While Pouring.

The construction stages of the column models are illustrated in Figures 3.7 through 3.10

and they are as follows:

(1) Casting the footing with ducts (Figure 3.7).

(2) Casting the precast column with extended longitudinal bars at the column base (Figure 3.8).
(3) Filling the ducts with UHPC using a tremie tube method (Figure 3.9).

(4) Installing the precast column in the footing through the ducts (Figure 3.10).

Although this was not adopted in this study, it is strongly recommended to use high strength grout
or the UHPC overflow at the column-footing interface surface area when installing the column
into the footing. This is to help keep the column leveled and eliminate any imperfections at the

footing surface.
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Figure 3.8 Precast Columns with Extended Longitudinal Bars.
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Figure 3.9 Casting UHPC into the Ducts using Tremie Tube Method.

Figure 3.10 Erecting and Installing the Columns in the Footings through Ducts.
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3.3. Instrumentation Plan

Global and local responses of the tested column models were measured by 16 displacement
transducers and string potentiometers. Strains of the reinforcements were measured by strain gages
installed at different levels. Photographs of sample strain gages installed on bars and ducts are
shown in Figure 3.11. Each specimen was instrumented with 48 reinforcement strain gages
distributed along six levels in the column plastic hinge region and inside the footing to capture the
longitudinal bars, transverse bars, and the embedded ducts strains as shown in Figure 3.12. The
strain gages were labelled according to their position and their height levels. The notations of “N”,
“S”, “E” and “W” stand for North, South, East and West directions, respectively, while the
numbers following those notations denote the 6 levels of the strain gages, starting from level “1”
at 6-inch below the column footing interface and ending with level “6” at 21-inch above the footing

surface.

Figure 3.11 Installing Strain Gages on Bars and Ducts.

Rotations and curvatures of the columns at plastic hinges were measured by 12 vertical
displacement transducers distributed onto six levels and placed at opposite faces of the columns in
the loading plane as shown in Figure 3.13. The columns lateral displacements were measured by
four displacement transducers (string potentiometers) installed on the column head. The applied

lateral forces were measured by the actuator load cell.
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Figure 3.12 Locations of Strain Gages in S1 and S2 Column Models.
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Figure 3.13 Displacement Measurement at Opposite Face of Columns in Plastic Hinge.

34. Test Setup and Loading Protocol

The columns were tested in a cantilever configuration setup as shown in Figure 3.14. Support for
the actuator was provided by mounting it on the laboratory strong wall, while the specimen was
fixed to the ground through prestressed bars attached to the laboratory strong floor. A 220-kip
servo-hydraulic actuator was used to apply cyclic loads to the column models with displacement-
controlled loading. Axial load was applied to the columns using two 200-kip hollow core jacks

installed on a spreader beam perpendicular to the loading direction.

The column models were subjected to a 157-kip axial load and was kept constant during test.
The axial load was equivalent to an axial load index of 10% based on the design column concrete
compressive strength of 5 ksi at 28 days. The axial load index is the ratio of the axial load to the
product of the column gross section area and the specified compressive strength of the concrete
column. The cyclic loading protocol was adopted and matched from the previously tested CIP and
PNC column models and is shown in Figure 3.15. Two full cycles were completed at each of the
following drift ratio levels: 0.25%, 0.5%, 0.75%, 1%, 2%, 3%, 4%, 5%, 6%, 8%, 10%, and 12%.

The drift ratio is the ratio of the lateral displacement to the height of the column measured from
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the top of the footing to the center line of the horizontal actuator. Two displacement rates of 1
in/min and 5 in/min were used in the test. The former was used for drifts below 3.0% and was
chosen to be slow enough to allow online checking of strain values for the purpose of capturing
the rebars yield. The latter rate was to measure the post-yield strength of the column models from

3% drift to failure. The rates were based on ASTM limits for strain rates of bar tests.
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Figure 3.15 Cyclic Loading Protocol for Lateral Loading of the Column Models.

3.5. Measured Material Properties

In this section, the material characteristics of the conventional concrete, the non-proprietary
UHPC, and the reinforcing bars are presented and discussed with regards to the material
preparation, sampling, and mechanical strength (compression for concrete materials, and tension

for steel).

3.5.1. Conventional Concrete
Conventional normal strength concrete was used in the footings, the columns, and the columns
hummer heads of both S1 and S2 column models. Two concrete batches were cast for the two
column models: one for the footings of both models, and the other for the columns of both models.
For each casting, nine cylinders of 6x12 in were sampled and tested at the following ages: 7 days,
28 days, and the column test day. Column S1was tested after 128 days from the column concrete
pour, while Column S2 was tested after 131 days from the pouring day. Thus, both columns were
considered to almost have the same concrete compressive strength and their test day strengths were
measured at the test day of column S2. Table 3.2 presents the measured compressive strength for
the conventional concrete of the different batches at the different ages. The concrete cylinders were
tested according to ASTM C39/C39M-12 and only the average of at least three tested cylinders at

each date is reported.
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Table 3.2 Measured Compressive Strength of Conventional Concrete.

Tested Batch Age at Testing Average Strength (ksi)
7 days 3.75
Footings 28 days 4.86
Test day 7.02
7 days 3.83
Columns 28 days 4.75
Test day 6.18

3.5.2. UHPC
As previously discussed, the UHPC mix used in the column models was a non-proprietary UHPC
developed at UNR through the first phase of this project (Subedi et al. 2019). As mentioned in
Chapter 2 above, 3x6 in cylinders were used for the UHPC compressive test sampling molds. The
UHPC cylinders were prepared and tested as previously discussed in chapter 2. At least three
samples were used for the UHPC compressive testing at each testing date and for each batch but
only the average of the test data is presented in Table 3.3. Two separate UHPC batches were used
for the column models, and the batches compressive strength was comparable with an approximate

difference of 6% at the test day.

Table 3.3 Measured Compressive Strength of non-proprietary UHPC.

Tested Batch Age at Testing Average Strength (ksi)
7 days 12.67
S1-Bond 28 days 14.7
Test day 17.14
7 days 14.47
S1-Debond 28 days 15.5
Test day 18.21
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3.5.3.

Reinforcing Bars

Two types of reinforcing steel bars conforming to ASTM A615 and ASTM A706 were used in the

models for the columns transverse and longitudinal reinforcing bars, respectively. The tensile test

procedure used to determine the mechanical properties of reinforcing steel was done according to

ASTM E8. Figure 3.16 shows a typical measured stress-strain curve for a #8 coupon from the

columns longitudinal steel, and the summary of the average results from all #8 coupons are

tabulated in Table 3.4.
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Figure 3.16 Stress-Strain Tensile Relationship of #8 Bars.
Table 3.4 Measured Tensile Properties of #8 Reinforcing Bars.
#8 Bars | Ty (ksi) dv(09/09) 34 (36)33) fuksd) | g,04/59)
64.05 0.0025 0.0055 106.41 0.141
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CHAPTER 4. TEST RESULTS AND DISCUSSION

4.1. Introduction

This chapter presents the experimental test results of specimens S1-Bond and S2-Debond with
respect to their global and the local behavior perspectives. The chapter also provides a normalized
comparison with the two previous columns tested at UNR as found in the literature, i.e. CIP and
PNC columns. The test results include observed plastic hinge damage, force-displacement
relationships, energy dissipation, residual drifts, strain profiles, curvature profiles, and moment-

rotation relationships.
4.2, Columns Global Behavior

4.2.1. Plastic Hinge Damage and Mode of Failure

The columns cross-section orientation and their longitudinal bars labeling were previously shown
in Figure 3.5. The columns were loaded in the North-South direction. The push load was defined
as the loading of the column from North to South while the pull load was designated to the loading
from the South to North (Figure 3.14). The observed mode of failure for both columns started with
complete concrete cover spalling, followed by longitudinal bar buckling then spirals fracture and
finally longitudinal bars fracture above the column-footing interface during the 10% and 12% drift
cycles. No damage of the UHPC-filled duct connection such as bar pullout, duct pullout, or

concrete breakout failure of the footing was observed.

For specimen S1-Bond, flexural cracks were observed during the 0.5% drift cycles and minor
shear cracks were observed during the 1% drift cycles. The column experienced its first bar
yielding at bar B1 at 0.84% drift ratio during the 1% drift cycle at 28.57 kips lateral load. Concrete
cover spalling was observed to start on the North and South sides of the column during the 3%
drift cycle while complete cover spalling and rebars exposure were observed during the 8% drift
cycles. The longitudinal bar B1 started to buckle in the first cycle of 10% drift cycle. The first bar
fracture was observed on the South side of the column during the second cycle of 10% drift in bar
B1 then the spirals fractured on the same side of the column. Afterwards, bars BS and B6 on the
North side of the column ruptured during the second cycle of 10% drift. Finally, bar B2 ruptured
during the first cycle of 12% drift. The test was stopped after the rupture of the four bars, i.e. B1,
B2, B5 and B6, before the rupture of the rest longitudinal bars for the test setup stability purposes
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and especially that the capacity of the column was already dropped below 80% of the maximum
lateral load capacity. Figures 4.1 through 4.10 show the progression of damage at the plastic hinge

region of the column at selected different drift ratios for specimen S1-Bond.

(b) North-West Side

o

(¢) South-East Side (d) South-West Side

Figure 4.1 S1-Bond Plastic Hinge Damage, 0.5% Drift Cycle.
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Figure 4.2 S1-Bond Plastic Hinge Damage, 0.75% Drift Cycle.
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Figure 4.3 S1-Bond Plastic Hinge Damage, 1% Drift Cycle.
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(a) North Side (b) South Side

Figure 4.4 S1-Bond Plastic Hinge Damage, 2% Drift Cycle.

(a) North Side

Figure 4.5 S1-Bond Plastic Hinge Damage, 3% Drift Cycle.
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RUN 7 DRIFT 4.00%
(a) North Side (b) South Side

Figure 4.6 S1-Bond Plastic Hinge Damage, 4% Drift Cycle.

RUN9 DRIFT 6.

(a) North Side (b) South Side

Figure 4.7 S1-Bond Plastic Hinge Damage, 6% Drift Cycle.
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(b) South Side

Figure 4.8 S1-Bond Plastic Hinge Damage, 8% Drift Cycle.

(a) North Side

Figure 4.9 S1-Bond Plastic Hinge Damage, 10% Drift Cycle.
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(a) North-West S1de (b) South West Slde

Figure 4.10 S1-Bond Plastic Hinge Damage, 12% Drift Cycle.

For specimen S2-Debond, flexural cracks were observed during the 0.5% drift cycles and
again minor shear cracks were observed during the 1% drift cycles. The column experienced its
first bar yielding at bar B2 at 0.79% drift ratio of 1% drift loading cycle at 21.63 kips lateral load.
Concrete cover spalling was observed to start on the North-West side of the column during the 4%
drift cycle while complete cover spalling and rebars exposure were observed during the 8% drift
cycles. The longitudinal bar B1 started to buckle at the second cycle of 8% drift cycle. The first
two bars fracture were observed on the South side of the column at the first cycle of 10% drift in
bar B1 and B2, respectively. Afterwards, the spirals fractured on the same side of the column.
Finally, bars B5 and B6 on the North side of the column ruptured at the first cycle of 12% drift.
The test was stopped after the fracture of the four bars B1, B2, B5 and B6 as in case of S1-Bond.
Figures 4.11 through 4.21 show the progression of damage at the plastic hinge region of the column

at selected different drift ratios for specimen S2-Debond.
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Figure 4.11 S2-Debond Plastic Hinge Damage, 0.5% Drift Cycle.
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Figure 4.12 S2-Debond Plastic Hinge Damage, 0.75% Drift Cycle.
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(c) South-East Side (d) South-West Side

Figure 4.13 S2-Debond Plastic Hinge Damage, 1% Drift Cycle.
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(a) North-East Side

Figure 4.14 S2-Debond Plastic Hinge Damage, 2% Drift Cycle.
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(c) South-East Side (d) South-West Side

Figure 4.15 S2-Debond Plastic Hinge Damage, 3% Drift Cycle.
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(a) North Side (b) South Side

Figure 4.16 S2-Debond Plastic Hinge Damage, 4% Drift Cycle.

(a) North Side (b) South Side

Figure 4.17 S2-Debond Plastic Hinge Damage, 5% Drift Cycle.
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Figure 4.19 S2-Debond Plastic Hinge Damage, 8% Drift Cycle.
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Figure 4.21 S2-Debond Plastic Hinge Damage, 12% Dirift Cycle.

51



4.2.2. Force-Displacement relationship

The measured lateral force-drift hysteretic relationship along with the envelope or backbone
response of S1-Bond are shown in Figure 4.22. The sequence of bars rupture is also illustrated in
Figure 4.22. The average of the push/pull envelope responses is shown in Figure 4.23. The
envelopes are shown up to 80% of the push/pull base shear capacity. The S1-Bond column did not
exhibit any strength degradation up to 8% drift ratio neither in the push nor in the pull direction.
However, significant strength and stiffness loss was observed during the following cycles due to
the successive bars and spirals ruptures. The column exhibited an almost symmetrical response for
the push and pull directions with regards to the initial stiffness and ductility. However, the column
exhibited a slightly higher load capacity in the pull direction than the push direction with measured
lateral load capacities of 59 kips and 52.7 kips, respectively. The longitudinal bar yielded in the
push direction at 0.84% drift ratio under a 27.6 kips force. The bar yielded in the pull direction at
—0.82% drift ratio under a —29.2 kips force.
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Figure 4.22 S1-Bond Column Force-Drift Hysteretic and Envelope Responses.
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Figure 4.23 S1-Bond Column Average Push/Pull Force-Drift Envelope.

For the S2-Debond column, the measured lateral force-drift hysteretic relationship and
envelope responses are shown in Figure 4.24. The sequence of bars rupture is also illustrated in
Figure 4.24. The average of the push/pull envelope responses is shown in Figure 4.25. Similar to
S1-Bond, the envelopes are shown only up to 80% of the push/pull base shear capacity. The S2-
Debond column also did not exhibit any strength degradation up to 8% drift ratio neither in the
push nor in the pull direction. However, significant strength and stiffness loss was observed during
the following cycles due to the successive bars and spirals ruptures. The column exhibited an
almost symmetrical response for the push and pull directions with regards to the initial stiffness.
However, the column exhibited a slightly higher load capacity in the pull direction than the push
direction with measured lateral load capacities of 54.9 kips and 50.3 kips, respectively. Also, the
column exhibited a higher drift capacity in the push direction than the pull direction with
corresponding drift capacities of 10.52% and 9%, respectively. The longitudinal bar yielded in the
push direction at 0.79% drift ratio under a 21.05 kips force. The bar yielded in the pull direction
at —0.84% drift ratio under a —24 kips force.
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Displacement ductility is considered to be a good representation for the ability of a column
member to undergo post-yield displacements. For this study, the displacement ductility was
determined by idealizing the force-displacement average envelope with an elastoplastic bi-linear
curve as illustrated in Figure 4.26. The slope of the elastic branch is adjusted such that the curve
begins at the origin and passes through the measured first longitudinal bar yield point. The plastic
branch is set to have equal areas enclosed above and below the bi-linear plastic branch and the
actual force displacement curve. The effective yield displacement Aygsr is defined as the
displacement corresponding to the point of intersection between the elastic and plastic curves. Also
for this study, the failure of the bridge concrete column is considered when the column lateral load
resistance drops to 80% of its peak strength due to either bar rupture or the column core concrete
crushing. Hence, the ultimate displacement is determined at this point. The displacement ductility

is defined as the ratio of the ultimate displacement to the effective yield displacement.
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Figure 4.26 Illustration of displacement ductility calculation using elastoplastic response.

The measured average drift ratios corresponding to the first yield for the S1-Bond and S2-
Debond columns were 0.84% and 0.79%, respectively. Meanwhile, the effective yield drift ratios
were estimated based on the procedure in Figure 4.26 to be 1.48% and 1.70% for S-Bond and S2-
Debond, respectively, and their estimated ultimate drift ratios were 10.42% and 9.77%,
respectively. Accordingly, the measured displacement ductility for S1-Bond and S2-Debond

columns were almost 7.02 and 5.74, respectively. It is noted that both columns have met and
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exceeded the AASHTO (2014) requirements for maximum displacement ductility demand of 5.0.
The equivalent drift ratio at the corresponding ductility of 5 is indicated in Figures 4.23 and 4.25
for S1-Bond and S2-Debond, respectively, which confirms the acceptable seismic response of both
columns. However, S1-Bond column is shown to have exhibited a more ductile behavior than the
S2-Debond column, i.e. approximately 20% increase in the displacement ductility. This
observation is not typical and was unexpected. The debonded longitudinal bars in S2 specimen
were supposed to help reduce bars strains at the interface and help distribute the strains along the
bars in the plastic hinge region. In turn, debonding is expected to affect the column in two ways:

(1) the column will exhibit a softener behavior at the lower drift ratios because the debonding
induce more bond slip to the longitudinal bars resulting in higher effective yield displacement,
which was observed in the tests; and (2) the debonding will help in delaying the failure of the
column to larger drift ratios, which was not fulfilled in the tests. To further investigate the reason
behind the early failure of the S2-Debond, a detailed investigation was conducted on the columns
and photographs were thoroughly inspected throughout all the stages starting from construction
and until the test cycles up to failure. It was found that the reason for the early failure might be
attributed to the fact that the longitudinal bars of S2-Debond within the plastic hinge region were
somehow far from the spirals due to some construction error as shown in Figure 4.27. This
adversely affected the restraining of the bars, i.e. aggravated the local buckling of the bars because
of the increase of the bars unsupported length, which could explain the slightly earlier rupture of

rebars in case of S2-Debond when compared to S1-Bond that did not have this construction error.
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Figure 4.27 Spirals apart from the longitudinal bars.
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In addition to the above observations, it can also be seen from Figures 4.23 and 4.25 that both
S1-bond and S2-Debond columns had more than 40% and 15% reserve displacement capacity,
respectively, when compared to AASHTO demand. This adequate displacement capacity allows
both columns to be used in high seismic regions. The reserve displacement capacity was estimated
as the percent increase of the column displacement capacity more than the column displacement

demand corresponding to the displacement ductility demand of 5.

4.2.3. Energy Dissipation

The cumulative dissipated energy of S1-Bond and S2-Debond are shown in Figure 4.28 at different
drift levels. It can be seen that the energy dissipation was comparable in the two columns with
slightly larger energy dissipation in S1-Bond. The lower energy dissipation in S2-Debond is more
visible under larger drift ratios and it is attributed to the debonding of the longitudinal bars that
induced more bond slip effects on the longitudinal bars resulting in lesser strength per each cycle

and also because of the less restrained reinforcement as previously shown in Figure 4.27.
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Figure 4.28 Cumulative Energy Dissipation for S1-Bond and S2-Debond Specimens.
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4.3. Columns Local Behavior
4.3.1. Strain Profiles

Both S1-Bond and S2-Debond column models were comprehensively instrumented with 48
reinforcement strain gages distributed into six levels in the column plastic hinge region and inside
the footing to capture the longitudinal bars, transverse bars, and the embedded ducts strains (see
Figure 3.12 above). Figures 4.30 and 4.31 show the maximum measured tensile strains at different
drift ratios for bars B1, B2, B5 and B6 which are the North-East, North-West, South-East and
South-West bars. It is worth noting that most of the strain gages near the column-footing interface
were damaged and stopped working at higher drift ratios. It can be observed that the strains at level
2 and level 3 which were located at 1 in below and above the column-footing interface,
respectively, have experienced the largest strain readings among other locations. This confirms the
full development of the reinforcing bars in the plastic hinge into the footing where both column

models showed a similar behavior as a typical CIP column.

Figures 4.32 to 4.35 show the maximum measured tensile strains of bars B1, B2, B5 and
B6 versus the height of the column. The strain profiles were uniform along the column height prior
to bar yielding. However, strains started to go higher in the plastic hinge of the column at and
above 2% drift ratio at which strains exceeded the yield strain significantly. Debonding of the
longitudinal bars was a successful technique to spread the strain in the footing and above the
column-footing interface, which resulted in prevention of strain concentration in the UHPC.
Comparing Figure 4.32 to Figure 4.33, it can be observed that the bars experienced a higher stress
outside the debonded region in the footing. For example, comparing the strains at level 1 for the
S1-Bond column (Figure 4.32) to the same strains at level 1 for the S2-Debond column (Figure
4.33), it is observed that the latter has higher strains on average. If both columns’ strains are
compared at level 2 and 3, which were at the column-footing interface, it is noticed that S2-Debond
exhibited lower strain readings than S1-Bond. Based on the previous observations, debonding of
the bars proved to be effective in preventing localized rebars strain concentration by well

distributing the strains along the plastic hinge region.

The measured strains in the spirals in the North, South, East and West directions for S1-
Bond and S2-Debond columns are shown in Figures 4.36 and 4.37, respectively. Almost all spirals

remained elastic and had uniform distribution up to 5% drift ratio. Comparing the spirals strains at
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the North and South sides of the S1-Bond and S2-Debond, it is obvious that the latter had less
strains, which proves the less utilization of confinement in the S2-Debond column because of the

previously discussed construction error (Figure 4.27) that eventually affected the drift capacity of

that column.
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Figure 4.29 S1-Bond Column Strains versus Drift Ratio.
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Figure 4.34 Strain Profile for Longitudinal bars of S2-Debond Column for Higher Drift Ratios.
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Figure 4.35 Strain Profile for Spirals of S1-Bond Column.
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Figure 4.36 Strain Profile for Spirals of S2-Debond Column.
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4.3.2. Curvature Profiles

The curvature profiles at the plastic hinge region reported at different drift levels are shown in
Figures 4.38 and 4.39 for SI1-Bond and S2-Debond, respectively. Curvatures were measured
indirectly by using displacement transducers mounted on both loading sides of the columns as
illustrated before in Figure 3.13. Curvatures at each level were computed as the ratio of the section
rotations of that level to the vertical distance of the transducers. The rotations were, in turn, the
ratio of the summation of the relative displacements to the horizontal distance between the
transducers in the same level. The curvature was measured at six levels. The curvature of the
column at the base, i.e. footing interface, was the highest mainly because of yield penetration at
the column-footing interface. It is worth noting that the curvature displacement transducers at the
column-footing interface were not effective at the higher drift ratios loading cycles beyond 8%
when they reached their maximum stroke. On average, the curvature readings for S2-Debond
column were higher than those in S1-Bond and this is attributed to the softener force-drift behavior

in case of the S2-Debond column relative to S1-Bond.
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Figure 4.37 Curvature Profile of S1-Bond Column.

67



35 T T T 35
—— Drift=0.25% ——
—+— Drift=0.50% —_——
30 - —8— Drift=0.75% | | 30 - —h—
—A— Drift=1.0% ——
—%— Drift=2.0% —
.25 _.25
£ £
o o
£ £
8 20 8 20
[ [T
Q [
g 5
O e}
< L < L
8 15 8 15
c c
a8 8
@ @
&) [a)
10 10 r
5r 5F
O 1 1 1 O 1L 1L 1L
-4 -2 0 2 4 -0.02 -0.01 0 0.01 0.02
Curvature [1/in] x 103 Curvature [1/in]
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4.3.3. Moment-Curvature Behavior

The measured base moment-rotation relationship (closest level to the footing) of S1-Bond and S2-
Debond columns is shown in Figures 4.40 and 4.42, respectively. The corresponding base moment-
drift relationships are also shown for S1-Bond and S2-Debond in Figure 4.41 and 4.43,
respectively. The behavior implied through the figures is the same explained above using force-
drift relationships. Nevertheless, the maximum moment capacities can be reported from the figures
in this section in the push and pull loading sides for S1-Bond as 4,585 kip-in and 5,133 kip-in,
respectively. Similarly, the push and pull moment capacities for S2-Debond were 4,376 kip-in and

4,776 kip-in, respectively, which is approximately 6% less than that of S1-Bond.

68



6000 T | T T T T T

4000

2000

-2000

Bending Moment [kips.in]
o

-4000

_6000 1 Il 1 1 1 1 1
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02

Curvature [1/in]

Figure 4.39 Moment-Curvature Hysteretic Behavior of S1-Bond Column at 2 in above column-

footing interface.
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Figure 4.40 Moment-Drift Hysteretic Behavior of S1-Bond Column.
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Figure 4.42 Moment-Drift Hysteretic Behavior of S2-Debond Column.
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4.4. Column Models Evaluation with Respect to Previous Studies

The results of the two column models tested in this study, i.e. S1-Bond and S2-Debond, were
independently presented in the previous sections and compared only amongst each other. In this
section, the overall seismic performance of those columns is further assessed and compared with
a reference CIP column tested by Haber et al. (2013) as well as another PNC column model with
ducts filled with proprietary UHPC tested by Tazarv and Saiidi (2014). The summary of the
different column models design was previously shown in Table 4.1. The so-called PNC model was
a precast column model that had its longitudinal bars extended into a proprietary UHPC-filled duct
placed in the footing. All the column models experienced the same mode of failure as it started
with concrete cover spalling followed by longitudinal bar buckling and then finally bar fracture.
No damage of the UHPC-filled duct connection such as bar pullout, duct pullout, or conical failure
of the footing concrete was observed in all the UHPC-filled ducts column models. PNC and S2-
Debond withstood two full cycles of 8% drift ratio without any strength degradation. Buckling of
the bars was observed at this drift level. However, the longitudinal bars fractured during the
following loading cycle of 10% drift. The CIP and S1-Bond withstood one cycle of 10% drift
followed by bar fracture at the second cycle of the 10% drift ratio. The drift capacities for the CIP,
PNC, S1-Bond and S2-Debond were 9.93%, 8.96%, 10.42% and 9.77%, respectively.

Table 4.1- Displacement Capacity for All Column Models.

First yield point Effective yield point Ultimate Point Disp.

Column - - ) ) . . ili
model Disp., | Drift, | Force, | Disp., | Drift, | Force, | Disp., | Drift, | Force, Ductility

() | @) | kips) | Gn) | %) | (ips) | () | (%) | (kips) | capacity
CIP 0.86 0.79 38.8 1.46 1.35 66 10.7 9.93 68.5 7.36
PNC 0.96 0.89 40.3 1.54 1.42 63.7 9.67 8.96 56.24 6.3

S1-Bond 0.731 | 0.84 28.57 1.29 1.48 50.5 9.06 | 1042 | 44.68 7.02

S2-Debond | 0.689 | 0.79 21.63 1.48 1.7 46.5 8.5 9.77 42.08 5.74

The normalized average push and pull force-drift envelopes for all the column models is
shown in Figure 4.43. It is observed that all the UHPC-filled ducts column models reached their
lateral load capacities without any strength degradation at 8% drift while the CIP column reached
its load capacity at 10% drift. Overall, the PNC and CIP column models showed almost the same

normalized average envelope, while the S1-Bond and S2-Debond column models showed an
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overall softer behavior compared to the other two column models. This is attributed to the fact that
the column-footing interface was not well prepared to ensure full contact between both members
which affected the overall force-drift response by inducing higher end rotations at lower drift ratios
resulting in lower lateral force readings. This specific observation is what support the
recommendation previously mentioned in the construction discussion, i.e. high strength grout is

better used for bedding when precast columns are installed into the footing.

Table 4.1 provides the displacement capacities for all the column models. The
displacement ductility capacities for the CIP, PNC, S1-Bond and S2-Debond were 7.36, 6.30, 7.02
and 5.74, respectively. The S1-Bond and the CIP column models showed a very close ductility
capacities while S2-Debond and PNC column models had a lower ductility capacity than the CIP
with 22% and 14% difference, respectively. The lower ductility capacity of S2-Debond was
because of the construction error of the poorly restrained reinforcement in the plastic hinge region
due to the spirals distanced from the longitudinal bars with no contact. Meanwhile, the lower
displacement ductility capacity of PNC could be attributed to lower concrete compressive strength
of the shell compared to the CIP column concrete, which slightly reduced the confinement
effectiveness and resistance against bar buckling.
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Figure 4.43 Normalized Average Push and Pull Force-drift Envelopes for all Column Models.
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A comparison between the peak tensile strain values of the extreme bars measured in the
plastic hinge region of all the column models are shown in Table 4.2 at 1%, 2%, 3%, 4% and 5%
drift ratios. The strains for the higher drift ratios are not shown because most of the strain gages
were damaged and their data were not reliable. It is observed that all the columns showed a close
strain values at the lower drift ratios. A comparison between the peak plastic hinge rotations is
shown in Table 4.3 and a graphical representation of the same results is also shown in Figure 4.45.
It can be shown that the S1-Bond and S2-Debond columns exhibited higher column end rotations,
specially at drift ratios higher than 2%. The higher end rotations is again resulting from the
imperfect surface preparation of the interface between the column and the footing which resulted
in a reduced column stiffness than the other two column models (CIP and PNC) as previously
discussed and illustrated in Figure 4.43.

Table 4.2- Peak Tensile Strains for All Column Models.

Drift Ratio (%)
Column model
1 2 3 4 5
CIP N/A 1.35 N/A 2.5 3.1
Peak Tensile PNC 0.26 2.2 2.55 3.45 3.48
Strains (%) S1-Bond 0.6 1.3 2.25 2.85 3.45
S2-Debond 0.8 1.1 14 1.85 3.75

Table 4.3- Peak Plastic Hinge Rotations for All Column Models.

Column Drift Ratio (%)
model 1 2 3 4 5 6 8
Peak CIP N/A |0.0044 | N/A N/A ] 0.0094 | 0.0118 | 0.0179
Column PNC N/A | 0.0073 | N/A N/A ] 0.0215 | 0.0308 | 0.0473
Curvgture S1-Bond | 0.0051 | 0.0118 | 0.0184 | 0.0245 | 0.0314 | 0.0387 | 0.0493
(1/im) S2-Debond | 0.0067 | 0.0146 | 0.0220 | 0.0291 | 0.0363 | 0.0435 | 0.0559
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CHAPTERS. ANALYTICAL MODELING

This chapter presents the analytical modeling and results for specimens S1-Bond and S2-Debond
with focus on the global force-drift relationships. For all analytical studies, the finite element

computer software OpenSEES (McKenna et al. 2000) was used.

5.1. Model Description

In this part of the study, OpenSEES (McKenna et al. 2000) was used to conduct nonlinear pushover
and cyclic loading analysis for the tested column models under the same load protocol used in the
experimental testing to predict the force-drift relationship. The numerical OpenSEES model,
which is illustrated in Figure 5.1, was developed using similar modeling assumptions as in a
previous OpenSEES model by Tazarv and Saiidi (2014). The model from the previous study was
calibrated against an experimentally tested normal strength concrete column and another PNC
column subjected to a combined axial and cyclic lateral loading. Such modeling assumptions were
shown by Tazarv and Saiidi (2014) to exhibit a good agreement with the experimental results,

especially the strength at each cycle, the residual drifts upon unloading, and the loading and
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Node 5

unloading paths.
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“Node 4
0 Model Node

o Column Integration
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SEC. (A-4)

Core Concrete Discretization= 30x20 ¥
Cover Concrete Discrelization= 10x20

HiNode 3

Nonlinear-ForceBeamColumn

Elastic

! HNode 1

Figure 5.1 Schematic illustration of OpenSEES model components and modeling assumptions.
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A three-dimensional five-nodes fiber-section model was developed for the S1-Bond and
S2-Debond column models. The footing and the column head were modeled using elastic elements
with a stiffness calculated based on their measured test-day concrete compressive strength. The
column part was modeled using nonlinear force-based element, forceBeamColumn, with PDelta
geometric stiffness matrix. Five integration points were used and distributed along the column
element length. Gauss-Lobatto integration rule with the same sections at each integration point
was used. It is noted that the first and the last integration points were located at the column element
ends. The column cross-section was defined using a fiber section that was divided into two parts,
the core part material modeled using confined concrete while the cover part modeled using
unconfined concrete. The confined concrete properties were calculated using Mander’s model
(Mander et al. 1988). Both concrete parts were modeled using the Concrete(] material model in
which the concrete tensile strength is neglected while the reinforcement bars were modeled using
Steel()2 and ReinforcingSteel material models as discussed later. The core section was meshed into
30 circumferential divisions and 20 radial divisions while the cover section was meshed into 20

radial divisions and 10 circumferential divisions.

The column part consisted of two elements that differed only in the steel material modeling.
The first element extending from node 2 to node 3 used ReinforcingSteel with a modified stress-
strain behavior accounting for bond-slip softening as discussed in Tazarv and Saiidi (2014). The
second element extending from node 3 to node 4 used Steel02 with no bond-slip effects included.
The bond-slip softening effect were accounted for using a modified reduced modulus of elasticity

for the longitudinal bars that was calculated based on Equation 1.

a/ a8 /o (D)
s Y Y
where J'v is the yield strength of the bar (ksi) and d/ is the modified yield strain to account for the
extra induced strains due to the slippage of the bars and the ducts at their yielding force dy. The

modified strain of the bar d¢ is calculated using Equations 2 through 5.

a8 — — /3 3 @)
Y Y . & aoo 000800
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where 0 eiong 1s the strain resulting from debonding the bars, d » is the bar bond force-slip stiffness
(Ib/in), da 1s the duct bond force-slip stiffness (Ib/in), d» is the diameter of the bar (in), d 4 is the

inner diameter of the corrugated galvanized ducts (in), d emb is the embedment length of the bar in

the footing (in), d/ is the compressive strength of concrete (psi), 4/ is the compressive strength
C UHPC

of UHPC (psi). When the previous equations were adopted, the resulting modified modulus of
elasticity needed to account for bar and duct slip was estimated to be 8,473 ksi and 6,218 ksi for
S1-Bond and S2-Debond column models, respectively. It should be noted that these formulations

are valid if bar pullout from a UHPC-filled duct is prevented, which was the case in the two tests.

5.2. Analytical Simulation Results

Full hysteretic force-drift relationships as well as envelop/backbone curves were obtained from
the nonlinear OpenSEES analyses. The calculated average push and pull force—drift envelopes of
the S1-Bond and S2-Debond column models are shown first in Figures 5.2 and 5.3 and compared
against corresponding measured response from the tests. The figures show that the analytical
model was able to reproduce the column behavior with reasonable accuracy. However, the

calculated force-drift response of S2-Debond was observed to be slightly stiffer than its measured

response.
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Figure 5.2 Measured and Calculated Average Force-Drift Envelopes of S1-Bond Column.
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Figure 5.3 Measured and Calculated Average Force-Drift Envelopes of S2-Debond Column.

Moreover, the measured and calculated force—drift hysteretic curves of S1-Bond and S2-
Debond are shown in Figures 5.4 and 5.5. It is evident that the calculated cyclic response correlated
well with the test data. This was true with respect to the peak forces at different cycles, loading
and unloading slopes, the pinching effect, and the width of the hysteretic curves. Overall, the
analytical model was able to simulate the column global response with good accuracy. An
analytical model with the type of elements used in this study appears to be representative of the

behavior of precast columns utilizing UHPC-filled duct connections.
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Figure 5.4 Measured and Calculated Force-Drift Hysteretic Responses of S1-Bond Column.
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Figure 5.5 Measured and Calculated Force-Drift Hysteretic Responses of S2-Debond Column.

In order to investigate the effect of adding the bond slip effects to the numerical model on
the force-drift relationship, a sensitivity analysis was conducted on each of the two columns. For
S1-Bond, a pushover analysis was conducted twice: (1) with including the bar slip only, and (2)
with including both bar slip and duct slip. The results of the two pushover curves are compared to
the average backbone curve resulted from the experimental and are shown in Figure 5.6. It is
observed that the numerical model that included both the bar and duct bond slips were able to

adequately capture the force-drift response resulting from the experimental.
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Figure 5.6 Sensitivity Analysis Study on The Pushover Force-Drift Response of S1-Bond.
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For S2-Debond, a pushover analysis was conducted three times: (1) with including the bar
slip only, (2) with including the bar slip and the duct slip, and (3) with including the bar, duct, and
debonding slip effects. The results of the three pushover curves are compared to the average
backbone curve resulted from the experimental and shown in Figure 5.7. It is observed that the
numerical model that included the bar, duct and debonding bond slips were able to closely capture
the force-drift response resulting from the experimental, however it was still somehow stiffer than
the experimental response. This is again attributed to the fact that the experimented specimen had
surface imperfection at the column-footing interface which resulted in a softer behavior and

induced more plastic hinge rotations to the column.
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Figure 5.7 Sensitivity Analysis Study on The Pushover Force-Drift Response of S2-Debond.
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CHAPTER 6. SUMMARY AND CONCLUSIONS

6.1. Summary

Accelerated bridge construction (ABC) utilizes advanced planning, new construction
techniques and innovative detailing to expedite construction. Numerous advantages could be
achieved by implementing ABC for new bridges or the rehabilitation and replacement of old
deteriorated bridges, such as: reducing onsite construction time, reducing the traffic congestion
around the construction sites, and improving the quality of the prefabricated elements because they
are typically built in better controlled plants. According to the Feral Highway Administration
(FHWA), more than 150,000 bridges in USA need rehabilitation, repair, or total replacement. ABC
is a good and efficient alternative to cast-in-place (CIP) conventional on-site construction as it
helps decrease the economical, social, and construction costs or impact associated with long bridge

construction duration.

ABC has been widely used in recent years in low seismic regions of the country and mostly
implemented in the superstructure elements. However, ABC is not utilized extensively in
substructure elements such as column-base connections, especially in moderate and high seismic
regions due to the uncertainty in the seismic performance of the substructure connections. A few
ABC seismic connections were developed and have been demonstrated for potential use in high
seismic regions. Among these, grouted-ducts have been one of the more promising details.
However, past research utilized proprietary and sole-sourced grout materials such as UHPC, which
posed barriers toward wide-spread implementation grouted-ducts. To address this issue, the overall
goal of this study was to implement the non-proprietary UHPC in grouted-duct ABC seismic
connections of precast bridge columns that can emulate the seismic performance of conventional

CIP columns.

This study revisited the previously developed UHPC-filled grouted-duct connection
(Tazarv and Saiidi 2014) that has been used to connect precast columns to footings with the aim
of utilizing a different grout. Reducing the costs and using non-proprietary materials was the focus
of this study to establish a less expensive, less restrictive alternative for UHPC-filled grouted-duct
connections and avoid sole-sourcing in construction contracts. In a companion study (Subedi et al.
2019), several nonproprietary UHPC mixes were considered and two were developed, refined, and

used in 22 large-scale pullout specimens to determine the bond behavior of UHPC-filled grouted
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ducts. After observing satisfactory performance of these, one was used in grouted-duct connections
in two large-scale (42%-scale) column models to connect precast columns to footings. Both
column models were tested at UNR under combined axial and cyclic lateral loading to investigate
their seismic performance and evaluate their ability to emulate the behavior of CIP column-footing
connections. Moreover, analytical investigation for each column model was conducted to simulate
the global response of the column models. The analytical models were conducted using finite
element computer program OpenSEES and specific modelling assumptions for these connections
that include the bond-slip effects, bar debonding effects and rebar-fatigue effects were validated
for future implementation and further use in the design of this connection in actual bridges. The

focus this report is on column studies.

6.2. Conclusions
The findings from the experimental and analytical studies performed on the non-proprietary

UHPC-filled duct column-footing led to the following conclusions:

1- The non-proprietary UHPC-filled duct connections presented in this study were emulative of
conventional cast-in-place (CIP) column-to-footing connections as indicated by successfully
developing the full columns ultimate strength capacities and achieving high drift capacities
without connection damage. Accordingly, the precast columns incorporating the UHPC mix
developed in this study can be designed in accordance to current bridge codes with no

limitations.

2- From the material variability study conducted in this study, it can be shown that: (a) decreasing
the cement content is the most influential parameter that adversely affects the compressive
strength; (b) decreasing the fibers content will not affect the compressive strength significantly
but it will decrease the tensile strength and tensile ductility of the mix; (c) increasing the
HRWRA content could be a better way to increase the mix flowability without affecting the

compressive strength in highly reinforced members instead of increasing the water content.

3- The non-proprietary UHPC developed in this study is a low-cost alternative to the available
proprietary UHPC mixes to be used in the column-to-footing duct connections without

increasing the required embedment length of the bars inside the ducts.

4- The observed mode of failure for both column models with fully bonded and debonded

longitudinal bars started with the column concrete cover spalling followed by bars buckling
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and spirals rupture then finally longitudinal bars rupture. The duct connections exhibited no
damage such as bar pullout, duct pullout, or conical failure of the footing even at under 12%

drift ratio.

Debonding of longitudinal bars above and below the column-footing interface was found to be
successful in spreading bar yielding and preventing localized rebars strain concentration of
reinforcement in UHPC-filled duct connections. However, debonding of bars induced more
bar bond-slip effect resulting in softer load-drift behavior compared to the column with fully

bonded bars.

A simplified finite element model developed using OpenSEES, an open source and publicly
available finite element software, was shown to adequately reproduce the seismic response of
both column models when it properly accounts for the bond-slip effects in both bars and ducts

as well as bar debonding effects.

The S1-Bond and S2-Debond column models were able to undergo large inelastic
deformations with drift capacities of 10.4% and 9.8%, respectively, compared to 9.9% and 9%
for the CIP (conventional column) and PNC (column with proprietary UHPC filled ducts)
column models. The measured displacement ductility capacities of S1-Bond and S2-Debond
column models were at least 7.0 and 5.7, respectively, which well exceeds the AASHTO

requirements for ductility demand of 5.0 for single column bents.

Applying a leveling grout at the interface between the column and the footing to ensure full
contact between both members is strongly recommended in grouted-duct connections to

maintain comparable initial stiffness and degradation behavior as CIP columns.

Overall, non-proprietary UHPC-filled duct connections are recommended as suitable precast
column-to-footing or column-to-cap beam connections for moderate and high seismic regions
because formation of full plastic moment in columns without any connection damage is

assured.
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