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ABSTRACT

Ultra-High Performance Concrete (UHPC) is a versatile building material as it is characterized
by very high compressive strengths reaching 200 MPa (30 ksi), ductile tensile characteristics,
and energy absorption. Currently, UHPC is commonly used in small structural applications, such
as joints and connections between precast structural elements. However, this material is not
widely used in structural elements due to the lack of knowledge of the structural behavior and
failure mechanism of these elements. Due to the exceptional mechanical properties of UHPC,
compact substructure elements cross-sections can be achieved if properly designed, which make
this solution very suitable for accelerated bridge construction (ABC) construction where lighter
and easier-to-handle and transport bridge components can be pre-fabricated and shipped to the
site. There is also a great potential for application of UHPC in bridge members with high
durability requirements in aggressive environmental conditions. To realize new bridge column
designs using UHPC, the goal of this project was to use extensive experimental testing to first
investigate the confinement behavior of UHPC and study the structural and seismic behavior of
UHPC columns subjected to combined axial and lateral loading. Large number of UHPC
cylinders with various spiral steel confinement were tested to determine the change in the
compression strength and ultimate strain due to confinement effects. However, the main part of
the experimental program included four large-scale UHPC column that were tested under axial
and quasi-static cyclic lateral loading at the Earthquake Engineering Laboratory at the University
of Nevada, Reno. The lateral response of these columns was evaluated for damage progression,
failure type, peak strength, and displacement and curvature ductility. The four columns varied in
longitudinal and transverse steel reinforcement where conventional Grade 60 and Grade 100 high
strength steel were used. The study showed that with proper reinforcement design, the strength of
UHPC columns can be almost double that of the conventional concrete columns without
compromising on the displacement capacities or curvature ductility.
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Chapter 1. INTRODUCTION

1.1. Project Motivation

In the recent decades, Ultra High Performance Concrete (UHPC) has attracted worldwide
attention of the industry and academy, due to its significant features, compared to the
conventional concrete. UHPC is a cementitious material, reinforced by fiber, which has
compressive and tensile strength around 28 ksi and 1.2 ksi, respectively. Strain-hardening
behavior of UHPC in tension along with its pre- and post- cracking tensile strength, are of its
unique characteristics, associated with the fiber bridging effects. High ductility, energy
absorption capacity, considerable shear resistance, self-consolidation, reduced section sizes and
low cost of maintenance are other features of UHPC, which make it a desirable candidate in the
construction industry, despite its high instant costs. These physical and mechanical outstanding
characteristics stems from the particular mix design including: very low water-to-cementitious
material ratio (about 0.2) and optimized granular mixture with minimal or no coarse aggregate.
The resulting very low porosity of UHPC lead to increased durability, especially for construction
in harsh environments. Hence, structures built by UHPC can be much lighter (due to the high
strength that lead to smaller cross-sections) and can have longer service life (due to the high
durability) than those built by regular concrete. UHPC is currently used in relatively small-scale
applications, such as bridge deck joints and connections. However, there is great potential in
extending the use of UHPC to larger applications and full structural elements to realize a new
generation of resilient and almost maintenance-free structures.

Rapid deterioration of bridge substructures has been one of the major reasons for the
increasing number of structurally deficient or functionally obsolete bridges in the past decade.
While many of the deteriorating old bridges are originally designed for a 50-year service life,
many of the ongoing repairs, retrofits, and new construction aim at extending service life to 75 or
100 years. One approach for protecting and building durable bridge substructures with longer
service life is to use very durable materials with very low porosity such as UHPC. If used in
substructure elements, UHPC can easily extend the service life of bridge substructures to 100
years where the reinforcement and/or structural steel elements are well protected from corrosion
and harsh environments. Due to the exceptional mechanical properties of UHPC, compact
substructure elements cross-sections can be achieved if properly designed, which make this
solution very suitable for accelerated bridge construction (ABC) construction where lighter and
easier-to-handle and transport bridge components can be pre-fabricated and shipped to the site.

Proper reinforcement detailing can increase columns axial capacity and ductility, but also
showed that larger longitudinal reinforcement ratios are desired to fully utilize the UHPC
superior strength and reduce cross-sections. Meanwhile, for better constructability, codes and
standards limit longitudinal reinforcement ratio in bridge columns, for example, to 4%. Thus,
considering high-strength steel with UHPC can help optimize cross-sections while maintaining
reasonable reinforcement ratio. However, the use of A1035 Grade 100 steel has not been
properly investigated, especially when combined with UHPC. Very limited or no previous
research properly investigated UHPC sections design optimization for bridge elements and
UHPC confinement effects under combined axial and lateral loading. Similarly, extending the
use of high-strength steel to further optimize UHPC cross-sections and reduce structural
elements sizes has not been studied. Thus, the objective of this study is to fill this gap and



provide the basic knowledge needed to design UHPC sections using high-strength steel for
constructing durable and compact pre-fabricated columns for ABC bridges.

1.2. Research Objectives and Tasks

The overall objective of this study is to provide the knowledge needed to optimize the design of
pre-fabricated bridge substructure elements, mainly columns, using UHPC and high-strength
steel. In particular, the purpose of this study is to investigate the effect of longitudinal and
transverse reinforcement detailing on the strength and displacement capacity of UHPC columns.
The core of this study is an experimental program that consists of UHPC cylinders confinement
study and four large-scale column tests under combined axial and lateral quasi-static (cyclic)
loading.

This study tested UHPC bridge columns designed using A706 Grade 100 steel and using
two different reinforcement ratios to investigate the efficiency of high-strength steel in reducing
UHPC columns cross-sections while maintaining strength and displacement design requirements.
Another key factor of optimizing columns design under combined axial and lateral loads is
understanding the confinement behavior of UHPC along with transverse steel detailing
requirements such as minimum hoop spacing. An confinement study was undertaken first on
large number of unconfined and confined UHPC cylinders. Moreover, two of the tested UHPC
columns had two different transverse reinforcement ratios, i.e. hoop spacing, to study the effect
of UHPC core confinement on the flexural capacity of columns. These objectives were
accomplished through the following research tasks:

e Task I — Update literature search on structural and seismic performance of UHPC
prefabricated bridge components and connections:

An extensive literature search was conducted to comprehensively summarize the different
structural applications of UHPC for bridges or other structures. The search has focused mainly
on the structural and seismic response of UHPC structural members (mainly columns) subjected
to combined axial and flexural loading.

o Task 2 — Conduct UHPC confinement tests:

Most of previous research that studied the compressive behavior of UHPC and developed stress-
strain relationships for modeling focused on unconfined UHPC or in other words, tested mainly
unconfined UHPC cylinders. For correct estimation of the ultimate strength and displacement
design capacity of UHPC columns under combined axial and lateral loading, a better
understanding of the effect of confinement on UHPC behavior is crucial. A large number of
unconfined and confined UHPC cylinders was sampled, instrumented, and tested under pure
compression to properly define UHPC stress-strain relationships. Wire hoops of different spacing
were used to provide different confinement cases for UHPC cylinder tests. Common
confinement models for conventional concrete, e.g. Mander model, was checked for validity for
UHPC.

o Task 3 — Construct UHPC columns and conduct experimental tests:

Four Large-scale UHPC columns were tested under axial and quasi-static cyclic lateral loading at
the Earthquake Engineering Laboratory at the University of Nevada, Reno. The lateral response



of these columns was evaluated for damage progression, failure type, peak strength,
displacement ductility and steel reinforcement strains. This study investigated three test
parameters on the structural and seismic response of columns which included: using Grade 100
rebars versus Grade 60 rebars; varying confinement reinforcement, and varying the longitudinal
reinforcement ratio.

o Task 4 — Process and interpret tests results and assess the structural and seismic
performance of UHPC columns:

The data obtained from the experimental tests were processed to interpret and explain the
structural and seismic response of UHPC columns with conventional and high-strength steel
along with the effect of transverse reinforcement on confinement behavior and column capacity.
The knowledge acquired from the confinement study and the column tests provide the
foundation for future work that can comprehensively provide design guidelines for high
performance durable UHPC columns with high-strength steel.

o Task 5 — Summarize the investigation and the results in a final report:

A final report describing the details of different tasks and preliminary design guidelines for
UHPC columns with high-strength steel, i.e. this report, was prepared and submitted to the ABC-
UTC steering committee for review and comments.

1.3. Research Advisory Panel (RAP)

The project work and the developed survey were done in collaboration with the Research
Advisory Panel (RAP). The following people participated in the RAP:

e Elmer Marx (Alaska DOT)
e Tareq Masroor (Caltrans)

1.4. Report Overview

This report consists of seven chapters. The first chapter provides a brief introduction for the
report that includes the study motivation, research objectives and the conducted tasks. Chapter 2
provides a comprehensive summary of existing knowledge on UHPC columns from international
codes and guidelines along with previous research. Chapter 3 presents the confinement study on
UHPC cylinders. The large-scale column tests are discussed in Chapters 4 through 6. In Chapter
4, the details of the large-scale UHPC column tests in terms of specimens design, construction
details, material properties, test setup, and the used loading protocol and the instrumentation plan
are presented. Chapter 5 presents the test results and discussion of the UHPC test specimen with
Grade 60 longitudinal rebars with respect to its global and local behaviors as it compares to a
similar column with normal strength concrete (Group I). Chapter 6 presents the test results and
discussion of Group II specimens which used the Grade 100 longitudinal rebars with respect to
their global and local behaviors. This chapter also presents a comprehensive comparison between
Group I and Group II specimens is provided at the end of this chapter. Chapter 7 presents a brief
summary and concluding remarks in addition to some recommendations for future research
related to this study.



Chapter 2. LITERATURE REVIEW

Columns are critical structural components that are designed to carry pure axial loads or
combined axial loads and bending moments. The effects of axial loads (mainly compression) can
further increase the flexure capacity, which is important to properly quantify when columns are
considered as part of lateral load resisting systems, e.g. moment frames in buildings or bridge
columns. Previous studies considered testing of UHPC columns under mainly axial loads, and
fewer studies considered combined axial and bending. Moreover, the principals of UHPC design
has been recently introduced in several international codes and design guidelines but nothing
similar is yet available in the United States. Thus, a brief summary of how combined axial and
flexure UHPC design is tackled in standards and guidelines along with the different experimental
and analytical efforts from previous studies which aimed at response characterization of UHPC
is presented in this section. The literature review is divided into several subsections that discuss
relevant UHPC columns design guidelines from international codes, confinement of UHPC,
behavior of UHPC columns under axial loads, slender columns, effects of different types of
hazards, novel UHPC and hybrid column designs, and modeling efforts for UHPC columns.

2.1. International Codes and Design Guidelines

In 2006, the Japan Society of Civil Engineers (JSCE) published Recommendations for Design
and Construction of Ultra High Strength Fiber Reinforced Concrete Structures (Draft) that builds
on the JSCE Standard Specifications for Concrete Structures. The draft recommendations
provide design values for materials (e.g. compressive strength, first cracking strength, tensile
strength, stress-strain relationships, etc.) and address structural strength design, serviceability,
fatigue resistance, structural details, and construction. For flexural design, the use of stress-strain
curves rather than an equivalent stress block is recommended. No minimum amount of steel
reinforcement is required because the bridging action of the steel fibers provides the strength
after cracking. It is noted that the document defaults to the Standard Specifications where
information is not available to develop different recommendations for UHPC. It is noted that
Uchida et. al. (2006) provided a discussion of the JSCE UHPC design and construction
recommendations.

One of most comprehensive design guidelines and/or standards that is concerned with
UHPC to date has been developed by the Association Frangaise de Génie Civil (AFGC), i.e.
French Association for Civil Engineering. The French standards and design recommendations
are composed of three parts. The first part, published in July 2016, is the French standard NF
P18-470 (French-standard 2016a) self-supporting document related to UHPFRC specification,
performance, production and conformity (this standard has a similar outline as NF EN 206/CN,
the French standard for ordinary structural concrete consistent to the European standard). The
second part is the French standard NF P18-710 (French standard 2016b), which stands as a
national complement to Eurocode 2 for the design of UHPC structures (both buildings and
bridges). A third text (NF P18-451) is in final preparation and aims at complementing the
standard for execution of concrete structures, NF EN 13670/CN. It is noted that all these
documents are based on the French AFGC recommendations on UHPFRC (revised in 2013) and
technical feedback of 20 years of UHPFRC projects and realizations. Relevant guidelines related
to the design of UHPC columns according to the French standards are presented next.



For UHPC, values of partial factors for material is refined as Table 2-1. These factors
shall be 1.0 at serviceability limit state. For preliminary or design studies, and in the absence of
tests or an identity card, NF P18-710 (French-Standard 2016b) allows the values given in Table
2-2 to be used for the mechanical characteristics of the UHPC material, compression strength,
tensile behavior and Young's modulus along with the shrinkage and creep laws. Poisson's
coefficient may be taken as 0.2 for UHPC.

Table 2-1 Partial factors for materials at ultimate limit states (French-Standard 2016b).

e ot (tensioned | ys (reinforcing | ys (prestressing
Design situations | (compressed re
UHPFRC) UHPFRC) steel) steel)
Durable
Transient 15 1.3 1.15 1.15
Accidental 1.2 1.05 1.0 1.0

Table 2-2 indicative values for UHPC characteristics (French-Standard 2016b).

Young's modulus Eem 45 - 65 GPa
Characteristic compressive strength fok 150 - 200 MPa
Mean compressive strength fok 160 - 230 MPa
Characteristic tensile limit of elasticity fetk,el 7.0-10.0 MPa
Mean tensile limit of elasticity fetk.el 8.0-12.0 MPa
Characteristic post-cracking strength ferrk 6.0 - 10.0 MPa
Mean post-cracking strength fetfk 7.0-12.0 MPa
Global fibre orientation factor Kgicbal 1.25
Local fibre orientation factor Kiocal 1.75
Linear coefficient of thermal expansion 11 pm/m/°C
Length Lt 12 -20 mm

For non-linear structural analysis, NF P18-710 suggests the compression stress-strain
illustrated in Figure 2-1a, which is defined by Equations 1 through 7. The confinement effect
brought by fibers in post cracking behavior is considered in term of fetrm/Kgiobal (Kglobal is
normally associated with the radial transverse direction).
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In these expressions, fufm is the mean value of the post-cracking strength (can be
determined based on section 5.5.4 of standard NF P18-470 (French-Standard 2016a) , and Kgiobal
is the orientation factor associated with global effect. This standard, however, proposes the
constitutive law shown in Figure 2-1b for UHPC sections design in compression at Ultimate
Limit State (ULS). The parameters needed to define this curve are as given in Equations 8-10:

fea = Qcc fck/yc (8)
€coad = fcd/Ecm )
fctm )
& =({1+14———).¢ 10
cud < Kglobal-fcm cod ( )

where, fctrm 1s the mean value of the post-cracking strength (can be determined based on section
5.5.4 of standard NF P18-470) , Kgiobal is the orientation factor associated with global effect (
section 4.4.3 of standard NF' P18-470), and fem is the mean value of compression strength
(section 5.5.2 of standard NF P18-470).

o
A

cd

0,7 fom oo eemmmeee fleeeeed D .

cm

Y

\Ecm / € c0d € cud

(2) (b)

Figure 2-1 Stress-strain relation of UHPC in compression for: (a) non-linear structural analysis;
(b) design at ULS according to French-Standard (2016a).

Standard NF P18-470 proposes the following options for UHPC sections design in
tension at Ultimate Limit State (ULS): (a) either a point-by-point law is chosen which comes
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from testing by possibly selecting a simplified description of this piecewise linear law; or (b) a
conventional law described in the following sections is chosen, but for which the parameters are
determined from test results. In the curves shown in Figure 2-2, fetel is the characteristic value of
the tensile limit of elasticity, and fcim.el 1s its mean value.
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Figure 2-2 Definition of fur in case of a local maximum (left) or where there is no local

maximum (right) according to French-Standard (2016a).

For the case of Bending with or without axial force in Ultimate Limit State, the
compressive strain in the UHPC shall be limited to ecud according to the diagram defined in
Figure 2-3. The strains in the reinforcing steel and the prestressing steel shall be limited to eud.
For cross-sections loaded by the compression force (excluding the prestressing force), it is
necessary to assume the minimum eccentricity, €0 = h/30 but not less than 20 mm where h is the
depth of the section.

[u‘ﬁjh
Ecud \\ B

h
A K NS b

E’- reinforcing steel tension strain limit
IEI -UHPFRC compression strain limit

= UHPFRC pure compression strain limit

Figure 2-3 Diagram of relative deformations admissible in ultimate limit state (French-Standard
2016a).



2.2. Confinement of UHPC

In the recent years, only a handful of published literature addressed compression stress-strain
relationships of UHPC cylinders. Hassan et. al. (2012) investigated the effect of steel fibers,
modulus of elasticity, stress-strain curve and post peak behavior of UHPC in tension and
compression. They obtained the complete compressive stress-strain curve for unconfined
specimens using closed-loop controlled testing from Linear Variable Displacement Transducers
(LVDTs) feedback. Based on their observations, the BS 1881-121:1983 method was unable to
capture the post-peak behavior of UHPC specimens in compression because the strain gauges
were detached from the specimens’ surface when the concrete spalls after the peak strength.
Similarly, they observed that ASTM C469 is inefficient to capture the post-peak behavior of
specimens because of the rotation of clamping screws of compressometers after the formation of
first cracks. Thus, they recommended the use of compressometers to measure the vertical
shortening of the specimen, only in the elastic zone, and LVDTs, placed parallel to the specimen,
to measure the movement of machine crosshead, in the post-peak region.

Aghdasi et al. (2016) carried out compression tests on 70.6 mm (2.78 in) cubic specimens
cast from their proposed UHPC mixture. They used a pair of LVDTs to determine the
deformation for the entire compressive stress-strain curve. Shafieifar et al. (2017) performed
compression tests on five 75 mm (3 in) diameter unconfined cylinders and on five, 50 mm and
75 mm (2 and 3 in) cubic specimens, made from the Ductal© UHPC. Based on their
observations, Ductal© behaved elastically up to 50% of its compressive strength. They reported
the unconfined compression stress-strain curves. Moreover, there is more published work on
confinement effect of steel tubes or FRP wraps on the compression behavior of UHPC cylinders
(e.g. Zohrevand and Mirmiran 2011). On the other hand, limited studies considered UHPC steel
spirals confinement. Yang et al. (2016) conducted compression tests on 3 unconfined and 18
confined UHPC cylinders using steel spirals with yield stress of 60 ksi (414 MPa). Again the
tested UHPC material was Ductal© with 2% steel fibers cast into 4 x 8 in (102 x 203 mm)
cylindrical molds. Based on their observations, stress-strain behavior of confined specimens
could be categorized into three different parts. The initial linear part was following by the
nonlinear inelastic hardening region, and then by the gradual load decrease or the sudden load
drop after the peak strength, while the unconfined UHPC response was relatively linear up to the
peak strength, following by a sudden load drop. They found steel reinforcement more efficient
than FRP for confinement of UHPC, except for very large confinement ratios, where FRP is
more effective. Moreover, for the same confinement ratio, steel-confined UHPC was found to
have a larger ultimate strain than FRP-confined UHPC.

2.3. UHPC Axial Columns

Several studies investigated the behavior of UHPC columns. Kimura et. al. (2007) investigated
the effect of 1) volumetric ratio of steel fibers, 2) lateral reinforcement ratio, and 3) axial loading
type of reinforced UHPC columns with varying axial load under cyclic loading. They used NSK
(Nagashima et al. 1995) model for stress-strain relationship of concrete, developed for HSC, in
which the effect of steel fibers is not taken into account. Furthermore, they considered NZS
equations for assessment of maximum flexural strength of RC columns, which is suitable for
concrete with the maximum strength of 200 MPa and without steel fibers. The results of their
tests summarized as follows: (1) UHPC columns exhibited very good flexural strength and load



carrying capacity up to drift angel of 3% even under varying high axial loading condition; (2)
For UHPC with strength of 200 MPa, the maximum flexural strength under varying axial load
was about 1.47 times of Ultra High Performance Columns without steel fibers; (3) The NSK and
NZS equations are appropriate for calculation of maximum flexural strength of UHPC with
maximum strength of 200 MPa, while ACI and AlJ equations overestimate the strength by 15 to
20% (Table 2-3); (4) Addition of steel fibers results in reduction of column damage, crack
dispersion, and decreasing crack width. In Table 2-3, unit 600 is 198 MPa plain concrete without
any steel fibers, and unit 601, 602, and 603 are 207 MPa UHPC with 1% steel fibers. Moreover,
Ilich et. al. (2014) studied the load-carrying behavior of full-scale pre-tensioned columns of
UHPC under the same eccentric compression loads at the both ends. They used their special
method of loading control to be able to record post-peak behavior of columns.

Table 2-3 Comparison of measured to calculated maximum strength (Kimura et al. 2007).

Unit | xQuu[kN] | NSK eq. | ACI318 [NZS3101 AlJ eq.

600 507 0.97 0.80 1.05 0.85
601 750 1.34 1.14 1.50 1.21
602 685 1.22 1.04 1.37 1.11

603 788 1.41 1.19 1.58 1.28
*Shear force due to P-A effect is included

Hosinieh et al. (2015) examined the influence of UHPC and transverse reinforcement
detailing on strength, ductility, and failure mechanisms of six large-scale specimens, designed
based on Canadian CSA A23.3-14 code, under pure axial load. They observed that for a
particular transverse reinforcement configuration, reduction of space of transverse
reinforcements results in enhancement of columns post-peak ductility with moderate increase in
column capacity under axial loads. For a particular spacing of transverse reinforcement, their
configurations did not have a significant effect on column strength whereas toughness (area
under the load-strain curve) enhanced. Compared to the same experiments, carried out on HSC
columns, UHPC columns have higher load carrying capacity (Figure 2-4a). The influence of
UHPC on post-peak ductility was more apparent in low confined and less important in highly
confined columns. This means UHPC and transverse reinforcement have hybrid role in
enhancement of post peak behavior. The authors also used two literature proposed confinement
models for HSC; however, they need to be modified for UHPC. They observed good agreement
between the experimental and numerical results from Aoude’s FRP confinement model (2008),
and their own proposed model for unconfined UHPC (Figure 2-4b). In Figure 2-4a, CRC stands
for Compact Reinforced Composite, a UHPC mixed developed in Denmark. C3-80 column has
the reinforcement configuration type of C3 with 80 mm hoop spacing, and CS8 is a HSC column
with similar size and configuration to C3-80. In Figure 2-4b, HSC1 and HSC2 are confinement
models proposed respectively by Razvi and Saatcioglu (1999) and Légeron and Paultre (2003),
and FRCI1 is fiber-reinforced concrete confinement model proposed by Aoude (2008).

Shin et. al. (2017) investigated the axial load response of UHPC column with
compressive strengths of 163 and 181 MPa. They used UHPC of 1.5 % steel fibers. They tested
nine UHPC columns with different ratio of 0.9-9.9% transverse reinforcement and two different
configurations. They studied the applicability of the existing equations in predicting behavior of
UHPC columns.
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Figure 2-4 Comparison of: (a) normalized load-strain response for UHPC vs. HSC columns; and
(b) experimental and analytical load-strain curves predicted using HSC models after Hosinieh et
al. (2015).

2.4, Slender UHPC Columns

In addition to studying axial capacity of UHPC columns, few studies considered buckling of
UHPC columns associated with the likely UHPC smaller sections compared to conventional
concrete. Schmidt and Heimann (2011) and Heiman et al. (2013) investigated the reliability of
slender UHPC structural members to assess the likelihood of their buckling and decrease in
safety level, and compared the results of probabilistic analysis of HSC columns of high rise
buildings with the conservative design provisions of Eurocode 1 and 2. Based on their study,
there is a considerable safety deficit in Eurocode 2, Part 1-1 (buildings). The safety elements
become ineffective when buckling occurs prior to steel yield or concrete strength. The reliability
of UHPC members must be considered and the effects of shrinkage have to be taken into account
in a probabilistic model of UHPC.

Another study was made by Hung and Hu (2018) to experimentally investigate the
behavior of ten slender high-strength concrete of 100 MPa compressive strength and steel fiber
contents ranging from 0% to 1.5% under concentric axial loads. They found that inclusion of
1.5% fibers enhanced the post-peak behavior as it became more ductile and it controlled the
cover spalling preventing the longitudinal rebars from buckling. Hung and Hu (2018)
experimentally investigated the behavior of ten slender high-strength concrete (100 MPa
compressive strength) columns under concentric axial loads and compared their capacities to the
ACI 318 equations. The experimented variables were (1) the stirrup spacing (h/2 & h/4), (2) the
cross ties (presence or absence) and (3) the amount of steel fibers (0, 0.75, & 1.5%). The
columns dimensions were 200 x 200 x 1200 mm (buckling Ratio = 40, According to ACI 318).
It was found that all of the transversely reinforced columns without fibers exhibited a brittle
post-peak behavior with an abrupt loss in their strength after reaching peak strength because of
large region of concrete spalling and crushing. Inclusion of 1.5% fibers enhanced the post-peak
behavior as it became more ductile and it controlled the cover spalling preventing the
longitudinal rebars from buckling. Finally, the ACI 318 equations overestimated the strength of
HSC slender columns with 6% and 12%.
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Hung et al. (2018) experimentally investigated the behavior of eight slender UHPC (100
MPa compressive strength) columns under eccentric axial loads and compared their capacities to
the ACI 318 equations. The experimented variables were (1) the stirrup spacing (h/2 & h/4), (2)
the cross ties (presence or absence) and (3) the amount of steel fibers (0, 0.75, & 1.5%). The
columns dimensions were 200 x 200 x 1200 mm (buckling Ratio = 40, According to ACI 318).
It was found that using the cross ties improved the brittle post-peak behavior of the columns
without fibers and using of the fibers with 0.75% or more enhanced the strength retention and
ductility by postponing the crushing and spalling. Finally, the ACI-318 magnified Moment
approach generated acceptable estimations for the total moment demand of the tested slender
UHPC columns with accuracy ratios between 0.94 and 1.04 but slightly underestimated the
actual total moment demand of the columns with fibers and overestimation of the columns
without fibers. (Knowledge gap, comparing nominal values to actual values and they are almost
the same)

Schmidt and Curbach (2017) experimentally and analytically addressed the design
optimization of UHPC columns to increase buckling stability by changing the cross section and
shape of the column in both longitudinal and transverse directions by using the same amount of
material used in their corresponding rectangular shaped columns. The experimental program
consisted of two groups of 14 columns without longitudinal or transverse reinforcement and with
compressive strength ranging from 120-160 MPa; the first group of 4 square columns and 4
triangular columns with the same amount of materials and of 130-135 slenderness ratio and
hinged-hinged end conditions to investigate the effect of changing the X-section on increasing
the buckling stability, while the second group consisted of 3 rectangular columns and 3
optimized rectangular columns of equally UHPC volumes with smaller cross-sections at the
points of inflection of the column buckling profile and bigger X-sections elsewhere along the
column, the columns are of 99-100 slenderness ratio and fixed-fixed end conditions. The authors
concluded that the variation of the geometry and the shape of the column have a large potential
to increase the stability.

Redaelli et al. (2014) experimentally evaluated the contribution of fibers to the structural
response of the columns under bending with normal force, and to assessing to which extent fibers
could replace longitudinal or transversal reinforcement. Two preliminary test series on full scale
columns with or without ordinary reinforcement were carried out. The first test series
experimentally investigated the behavior of nine UHPC columns (slenderness ratio= 42) without
transverse reinforcement under axial load and imposed end rotation, the experimented variables
are 3 different longitudinal reinforcement configurations (unreinforced, reinforced &
prestressed), with 3 different applied axial load ratios (30%, 50% and 70%). The second test
series experimentally investigated the behavior of nine more slender columns (slenderness ratio=
83) with circular X-section made of HSC columns and reinforced alternatively with: only fibers;
only ordinary longitudinal and transversal reinforcement; both fibers and reinforcement and the
Columns were tested under an eccentrically applied compressive force, the experimented
variables are concrete type (HSFRC with 2% fibers, HSC); the initial eccentricity (30 to 60 mm);
the presence of longitudinal and transversal reinforcement; steel quality (ordinary or high
strength steel). The authors concluded that Despite the relatively ductile behavior in compression
of HSFRC and UHPFRC, columns without ordinary reinforcement subjected to high
compressive forces fail in an extremely brittle way, while columns with longitudinal
reinforcement and without any transversal reinforcement promotes longitudinal cracking which
cannot be controlled by fibers alone, thus leading to early spalling of concrete cover and a
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reduction of column strength and finally, When fibers are added (> 2.0% in vol.) to columns with
longitudinal and transversal reinforcement, cover spalling is prevented.

Aarup et al. (2004) tested a wide range of CRC columns with compressive strengths
ranging from 120 to 145 MPa that had slenderness varying from 1.11 to 12.76 (the column
dimensions ranged from 80x80mm cross-section with a height of 4.2m to 200x200mm cross-
section with a height of 2.7m), a reinforcement ratio ranging from 0 to 8.8% and steel fiber ratio
of 2, 4 or 6%. A total of 77 tests were carried out — 61 columns (57 centrally loaded & 4
eccentrically loaded) were tested in ambient conditions and 16 columns were tested in standard
fire conditions. Only some of the columns were tested to failure while the others are tested until
the reached their expected capacity. The test results showed good correlation between test results
and expected bearing capacities calculated according to design guides established based on
earlier CRC investigations. The fire resistance tests demonstrated that the slender columns were
very sensitive to thermal stresses and changes in stiffness due to high temperatures. Thus, very
slender columns failed early in the tests even though temperatures at the reinforcement were low.
Failure was always ductile and there was no spalling.

2.5. UHPC Columns Behavior under Different Hazards

Some studies considered also the behavior of UHPC columns under different types of lateral or
dynamic loads along with hazards such as earthquakes, fire, or blast as briefly summarized
below.

2.5.1. Earthquakes

Sugano et al. (2007) studied a series of tests of columns and frames of UHPC buildings under
seismic loading to provide guidelines for design and construction. Based on their investigations
UHPC is basically a brittle material which can be confined using high or ultra-high strength
lateral reinforcements. In this case, the UHPC columns can tolerate very high axial compression
forces. The flexural behavior of UHPC columns also can be well assessed when taking the
tensile resistance of UFC and confinement by lateral reinforcements into considerations. Steel-
fibers in UHPC mixture significantly enhanced the shear resistance of columns and frames. On
the other hand, Joe and Moustafa (2016) conducted a preliminary analytical study to investigate
the design implications of using UHPC for seismic bridge piers in lieu of conventional concrete.
They showed that up to 40% reduction in the columns cross-section can be obtained if UHPC is
used to achieve same plastic moment capacity and ductility as conventional concrete piers under
seismic loading.

Chao et al. (2016) studied seismic response of UHPC beams and columns with relatively higher
amount of longitudinal reinforcement (> 2.5%) used for moment frame beams compared to what
is acceptable for conventional RC beams. Based on their research, UHPC columns have higher
strength and drift capacity before significant damages, compared to RC columns. In UHPC
columns failure phenomena such as: concrete spalling and crushing, bar buckling and hoop
failure are reduced. At moderate drift of 1.0 to 2.0 %, minor damages happens. UHPC column
had no strength degradation till 2.5 % drift and could maintain its peak strength approximately
close to 4 % drift. The researchers also showed that the ACI 318 requirements can be relaxed if
UHPC columns and beams are designed. Particularly, the confinement requirements and amount
of transverse reinforcement can be reduced for high strength concrete (>10 ksi) columns.
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Wang et al. (2016) established a finite element model, using Kent-Park model, to study the
seismic performance of a pier of UHPC and high-strength steel. Concrete 02 by OpenSees
platform is used as the constitutive model while the modified Kent-Park model is used for the
skeleton curve. Based on their parametric studies, the following requirements were suggested to
be considered for desirable seismic performance of UHPC: (1) Axial load ratio to be less than
0.4; (2) To have a drift ratio less than 1%, for a UHPC pier under minor axial load ratio and
medium amount of transverse reinforcement, less than 2% longitudinal reinforcement to be used;
(3) For small axial load ratio, the increase of transverse reinforcement can reduce residual drift
ratio while does not have any effect on ductility and energy dissipation of UHPC columns; (4)
For short piers with high axial load ratio, the maximum ground acceleration capacity is a little
insecure using inelastic response spectra, based on the nonlinear dynamic time history analysis.

2.5.2. Blast

Aoude et al. (2015) presented the results of a study examining the blast load performance of
UHPC columns. Li et al (2015) carried out field blast tests on the four columns of their own
developed UHPC, and compared the results with the numerical model. They note that UHPC
have superior blast resistant features. In the later study, the authors used the material model type
10 in LS-DYNA, which can be defined by user based on the uniaxial compression test on UHPC,
to model the UHPC behavior in compression. Similarly, Zhang et al. (2017) also used LS-DYNA
to study the behavior of UHPC filled double skin steel tube (UHPCFDST) columns under blast
loading. They derived pressure-impulse diagrams for UHPCFDST columns in terms of residual
axial load-carrying capacity after blast load, and examined the effect of axial load ratio, steel
tube thickness, column dimension and concrete strength on pressure-impulse diagrams.

Zhang et al. (2015) evaluated the residual behavior of UHPC infilled double-skin steel tubular
columns after close-in blast loading. They carried out eight blast tests on three square and five
circular columns with two different axial load levels. Then, they applied static axial compressive
loads on the specimens until failure to investigate their residual capacity. Based on their
observations, the axial load capacity of both undamaged circular and square columns were the
same with negligible difference, which was probably due to better confinement status for circular
ones. However, the flexural capacity of square columns was larger than circular ones. The
columns with applied axial load of about 25% of their axial capacity, had larger flexural capacity
while less ductility, compared to the load free columns. The UHPC infilled double-skin steel
tubular columns could retain 60% of their axial load capacity after blast load. Localized buckling
of outer steel tubes at mid span/ or column ends were observed. The columns with smaller
permanent displacement had larger peak residual axial capacity. Besides, columns with no axial
load, were more ductile than those with axial load during blast tests.

Xu et al. (2016) tested four 0.2mx0.2mx2.5m reinforced UHPC columns under different
designed explosions with same standoff distance of 1.5m, and compared their efficiency with
four same sized and same reinforced HSC columns. Based on their investigations, use of UHPC
rather than HSC can reduce the maximum and residual displacements and enhance the blast
resistance of columns. Moreover, the axially loaded specimens have smaller deflections because
of the influence of boundary conditions, which outweighs the P-delta effect.

2.5.3. Fire

Unlike all the outstanding mechanical features of UHPC, its particular material properties and
slenderness of structural elements leads to its sensitivity against fire. High packing density
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causes the high pore pressure, which results in concrete spalling when the remained water is
evaporated. Zehfuss and Siemon (2015) showed that it is possible to prevent explosive spalling
using polypropylene fibers. They evaluated the load bearing capacity of UHPC columns in
expose of fire, and simulated it using finite element method.

2.6. Novel Hybrid Column designs using UHPC

The previously mentioned studies considered mainly columns entirely constructed using UHPC.
However, numerous other studies considered UHPC as one component of novel and innovative
new columns designs (e.g. Xiangguo et al. 2013; Markowski and Lohaus 2017). Two popular
hybrid columns are UHPC-filled steel tubes and Fiber Reinforced polymer (FRP) tubes. Other
designs include UHPC cores in conventional concrete and segmental UHPC columns.

2.6.1. UHPC-filled Steel Tubes

Liew and Xiong (2012) tested 18 steel tubes infilled with ultra-high strength concrete, 4 steel
tubes infilled with normal strength concrete, and 5 hollow steel tubes. Although tubes filled with
UHPC had higher load-carrying capacity, they were brittle after the peak load. Their ductility,
however, could be improved by applying the load only on the concrete core, adding steel fibers
into the concrete core or increasing the steel contribution ratio. Based on their study, on average,
Eurocode 4 underestimate the strength of UHPC filled composite stub columns by 14.6%,
ignoring confinement effect of fibers, and by 3.5% considering confinement effect of fibers.
They recommended use of at least 0.3-1.0% steel fibers. Dexin (2012) examined the structural
behavior of Concrete filled steel tubes CFSTs with ultra-high strength concrete (UHSC) and high
strength steel (HSS) under static loading, to assess the preload effect on the overall buckling
resistance of CFST columns under concentric compression, and extend current design codes to
UHSC, HSS and preload effect. N.V. Tue et al. (2014) studied load bearing behavior of three
different stub columns of confined NSC, HSC, and UHPC in steel tubes. Based on their
observations, UHPC, compared to the two other groups of concrete, has higher stiffness, upper
level of service load, and a rather intense shrinkage, which leads to closing of the gap between
concrete core and steel tube only beyond the service level. Besides, smaller section area can be
chosen if UHPC is used as concrete core in the stub columns. Guler et al. (2013) conducted some
experiments on circular UHPC-filled steel tube columns under monotonic axial compression.
They investigated the concrete contribution ratio, strength enhancement index and ductility
index, in relation to the diameter-to-thickness ratio of the columns. Liew et al. (2014)
investigated the behavior of tubular columns in-filled with UHPC at ambient and elevated
temperature. Empelmann et al. (2016) investigated the behavior of compact thin-walled
reinforced UHPC columns with circular hollow sections under centric and eccentric normal
force.

Recently, Hoang and Fehling (2017a) presented a review of past experimental studies on UHPC-
filled steel tubes under axial loading on entire section and on concrete core. They investigated
the behavior of circular UHPC filled steel tube columns under concentric loading on concrete
core using a finite element model in ATENA-3D (Hoang and Fehling 2017b). They carried out a
parametric study to assess the effect of concrete compressive strength, steel tube thickness, and
steel yield strength on compressive behavior. Hoang and Fehling (2017c¢) also studied the effect
of confinement factor and the diameter to thickness ratio on strength and ductility in circular
steel tube confined concrete columns infilled with UHPC.
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2.6.2. FRP-filled Steel Tubes

Zohrevand (2012) developed a hybrid system of UHPC-filled fiber reinforced polymer (FRP)
tubes and provided a comprehensive experimental investigation using different fiber types and
thickness under uniaxial compression. Zohrevand and Mirmiran (2012, 2013a, 2013b) studied he
confinement behavior of UHPC due to FRP tubes and experimentally evaluated its cyclic
behavior within twice length of the plastic hinge in columns under a constant axial load and
reverse cyclic lateral load. Based on their observations, such a system has significantly higher
flexural strength and initial stiffness, lower residual drift, and relatively similar energy
dissipation compared to the reinforced concrete. Guler et al. (2013) and Guler (2014)
investigated the behavior of axially loaded UHPC short circular columns wrapped with CFRP,
GFRP, and AFRP sheets. They developed a three dimensional finite element model to predict the
axial stress-strain relationship and ultimate strength of FRP-wrapped UHPC columns. They
evaluated the validity of four confinement models and three codes (ACI-440, CSA-S806-02, and
ISIS CANADA) in comparison with the experimental results from six unconfined and 36
different types of the FRP-wrapped UHPC columns under monotonic axial compression. Girgin
et al. (2015) pursued a design oriented combined model to predict the ultimate strength and strain
for axially loaded 7 to 190 MPa FRP-confined circular short columns. Ridha (2017) numerically
and experimentally investigated the performance of square FRP tubular columns in filled with
UHPC under axial-flexural (P-M) loading. They tested eight specimens: four with FRP tubes
under initial load eccentricity 0, 10, 85 and 95 mm, three reference columns without FRP tube
under initial load eccentricities 0, 10, 85 mm, and one with FRP tube under pure bending.

2.6.3. Other Designs

Hudoba and Mikus (2013) compared load carrying capacity of a column of conventional
reinforced concrete with four different groups of hybrid columns: solid steel core, smooth 70-
mm diameter UHPC core, corrugated 72-mm diameter UHPC core, and 78-mm diameter UHPC
core in corrugated steel tube, which all had same steel reinforcement. Zhang et al. (2016)
examined behavior of UHPC infilled double-skin tube columns under close-in blast loading.
Popa et al. (2016) investigated the differences in economy and section between design of a 40
story building by two types of columns: simple section (regular columns made of regular
concrete class C35/45) and compound section (columns with the core made of UHPC class C130
and an outer shell of RC also class C34/45). They used an equivalent strength and modulus of
elasticity to calculate the pre-dimensions for compound sections in Ultimate Limit State (ULS).
They analyzed the 40-story building in SAP2000 and processed the data for each column
independently. As a conclusion, the reduction of the transversal section was between 32.18% and
62.13% for the columns belonging to the first 30 stories. Ichikawa et al. (2016) tested two
different details of UHPC segments, they proposed for plastic hinge region in conventional
reinforced concrete columns, under orbital bilateral cyclic loading. They investigated the failure
modes, dissipated energy, and equivalent viscous damping.

Using UHPC for column repairs and retrofits can also be considered a hybrid column design.
Massicotte et al. (2013) presented a seismic strengthening technique using UHPC jackets to
prevent splitting failure mode (lap-splice failure, concrete cover spalling, and longitudinal
buckling) in splice regions which does not have adequate reinforcement details. They tested their
proposed technique on four large-scale rectangular bridge piers with the 2:1 cross sectional ratio.
For unconfined 24dby long lap splices, they captured drift ductility ratio up to 8 without any
strength reduction for bars up to 45mm in diameter. The longitudinal bar buckling was also
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eliminated for 300 mm stirrup spacing. Based on their claim, UHPC with 3% fiber content is
sufficient for elimination of failure when using reinforcement diameter up to 45 mm. Li et al.
(2017) developed a technique to repair conventional reinforced concrete columns damaged in
earthquake, using HPC. They evaluated the efficiency of their proposed technique by comparing
load-carrying capacities, displacement ductility, stiffness, and energy dissipation. They
recommended 1.5 times of the width or height as the repair height of HPC for damaged columns.

2.7. Modeling of UHPC Columns

Davila (2007) discussed analytical modeling for UHPC and the evolution in design codes and
their philosophical bases. Caldwell (2011) used the stress-strain relation illustrated in Figure 2-5a
for UHPC modeling to numerically study the incurrence of plastic hinges and inspect the
resultant behavior of NSC and UHPC columns under severe and short duration dynamic loads.
Using a similar constitutive model (Figure 2-5b), Astarlioglu and Krauthammer (2014)
numerically compared the response of a reinforced UHPC column with the same size and same
reinforced NSC column under four levels of idealized loads. They analyzed 16 columns (four
axial load cases for each blast load level and four blast load configurations). They observed that
the difference of UHPC and NSC in peak displacement, when the load is small enough that does
not lead to failure, was relatively small. On average, displacement in UHPC columns was
respectively 27% and 30% smaller than NSC columns for simply supported and fixed boundary
conditions.
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Figure 2-5 Stress-strain curve used for UHPC modeling: (a) Caldwell (2011) and (b) Astarlioglu

and Krauthammer (2014).

16



Chapter 3. UHPC CONFINEMENT STUDY

3.1. Material and mix design

In this study, the Ductal© JS1000 commercial UHPC was used. Ductal© is composed of the
premix, which is a proprietary blend of cement, silica sand, silica flour and silica fume, super
plasticizer, and 2% steel fibers. In Table 3-1, the UHPC mix by Ductal© is presented. Based on
the reported data, steel fibers have 399 ksi (2750 MPa) yield stress, 0.5 in (13 mm) length, and
0.008 in (0.2 mm) diameter. For the purpose of this study, one batch of Ductal© UHPC was
mixed following rigorous mixing and sampling procedures. Materials were accurately weighed
and placed in a high shear mixer (Imer Mortarman 360 mixer). The premix, superplasticizer and
water (or ice when needed) were initially mixed for about 15-20 min until a good consistency is
reached. Next, the steel fibers were added slowly to the paste and mixed for an additional 10-15
min. As soon as mixing was completed, the casting and sampling of test specimens was
completed. The UHPC was scooped into the plastic molds and was not rodded to avoid fibers
segregation. The UHPC cylinders were just hit by a hammer on the side to allow the trapped air
to exit. Cylinders were field cured to represent actual performance of UHPC in a structural scale.
Note that the UHPC paste and ambient temperature were measured and controlled to be in the
allowable range during the mixing and casting. Moreover, the static and dynamic flow tests were
conducted to control the quality of the UHPC paste.

Table 3-1 UHPC mixture by Ductal© (based on number of premix bags).

kg/m’ Ib/yd? Percentage by weight
Premix (kg) 2,195 3,700 87.4
Water (or ice if needed) 130 219.1 52
Superplasticizer (Premia 150) 30 50.6 1.2
Steel fiber (2% volume) 156 263 6.2

3.2. Test specimens

In total, 6 unconfined and 16 confined specimens were cast from one batch into the 3x6 in
(76x152 mm) plastic cylindrical molds and demolded after at least 10 days of casting. Specimens
were tested between 123 and 127 days after casting. Age of the specimens at the test day,
volumetric ratio of steel spirals, and number of specimens for each group of specimens are
summarized in Table 3-2. Confined cylinders were reinforced by steel spirals of three different
pitch sizes: 1, 0.5, and 0.25 in (25, 13 and 6 mm). The volumetric ratio of the wires (p) in
confined cylinders were 1.91%, 3.82% and 7.63%, respectively. Spiral wires were of low carbon
steel with 70 ksi (483 MPa) tensile strength and 0.135 in (3.44 mm) diameter. Figure 3-1 shows
how the spirals used for confining the UHPC cylinders were made and installed in the cylinders.
Figure 3-2 shows the fresh UHPC after filling the cylinders. To prepare the specimens for the
uniaxial compression test, the top end of the confined and unconfined specimens were firstly cut
using a saw machine. Next, both ends were ground using a HC-2980 grinding machine as also
illustrated in Figure 3-2.

Based on the Ductal© Operating Procedures for cylinders end-grinding, using a concrete
saw, approximately 10-12 mm of top of the cylinders shall be finished end, and the ultimate
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length of the cylinders must be 150 mm + 1 mm. Note that the cylinders’ molds are typically 75
mm % 165 mm but the molds used in this study were shorter with the height approximately equal
to 150 mm. Accordingly, the finished height of the specimens were less than 150 mm. Hence, the
effect of specimens’ height on the compressive strength is investigated as discussed in a
following section. The height of the specimens were calculated as the average of four lengths
measured in two perpendicular directions at the cross section. The diameter of UHPC specimens
was measured at three locations along the height: top, mid-height and bottom. At each height
level, the diameter was measured in two perpendicular directions. Thus, the diameter of each
cylinder is the average of six measured diameter at different locations at height and cross section.
The average diameter was used to calculate the cross section area of the cylinders, which was
used for stress calculations. The strain was then calculated from the average displacement
captured from three LVDTs (novotechniks) divided by the average specimen height as shown in
next section.

Table 3-2 Summary of the varied confinement tests parameters and age of testing.

Specimen Group p (%) speii?nfens Specimen Number (Age in days)
Plain UHPC 0 |6 | No 10(126) N 18 (123, No. 19 (120
1-in confined UHPC 1.91 5 No.3 1(\} 3.3%21\(15)22)%3.)’215(6 ?}71)(126)’
omemimatire | s | o | s e o i,
0.25-in confined UHPC 7.63 5 No.7 1(\% 3.6%’61\5’278)’(;?3)’2?‘(1 ?}75)(127)’

Figure 3-1 Assembling the spirals used for the UHPC confinement study.
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of grinding the cylinders
ends for straight and smooth surface for compression testing (right).

3.3. Instrumentation and test set-up

All the specimens were tested under uniaxial compression loading using a Tinius-Olsen 300 kip
(1334 kN) compression testing machine (shown in Figure 3-3) under force control. The loading
rate was constantly maintained at approximately 15 kip/min (67 kN/min). Three different
novotechnik devices were placed around the perimeter with 120° angle in between as illustrated
in Figure 3-3 to measure the axial shortening of the specimens. The axial load and the vertical
displacement were both measured at sampling rate of 256 Hz.

Bl . N
Figure 3-3 Tinius-Olsen testing machine used for UHPC cylinders compression tests and the
novotechniks arrangement for displacement/strain measurements (one is behind the specimen).
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3.4. Test results and discussion

Unconfined UHPC, also referred to as plain UHPC herein, cylinders typically failed by the
gradual widening of multiple cracks in the vertical direction. In case of confined cylinders, the
steel spirals stopped the progression and widening of the vertical cracks and prevented explosive
failure of the specimens. The mode of failure for confined cylinders was a combination of small
vertical cracks and spalling or crushing of UHPC in between the spirals. The typical failure mode
of each group of UHPC specimens is illustrated in Figure 3-4.

To evaluate the ductility of the specimens, the ultimate strain was determined and
compared for each group as shown in Table 3-3. The ultimate strain was defined as the strain at
which the UHPC peak strength has already decreased by 20% (Yang et al. 2016). Based on the
results, the ultimate strains were equal to 0.0076, 0.0095 and 0.0103 for 1-in, 0.5-in and 0.25-in
confined cylinders, respectively. The increased strains reflect higher ductility which consistently
increased by the increase of confinement ratio. It is noted that for plain UHPC specimens a
sudden drop typically occurred after peak strength is reached and accordingly, an accurate post-
peak behavior or ultimate strain values were not determined.

(b) (d)

Figure 3-4 Typical failure mode of (a) unconfined (plain) UHPC, (b) 1-in confined UHPC, (c)
0.5-in confined UHPC and (d) 0.25-in confined UHPC cylinders.

Table 3-3 Summary of UHPC confinement test results.

confinem | Modulus of Peak confinement
Specimen Group | ent ratio Elasticity, E strength & Epcc/ Epc Ecu effectiveness
fVf o ksi (GPa) ksi (MPa) S feo
. 6,585 29.90 0.004
Plain - (45.4) (206) 9 1.00 - 1.00
. 6,507 28.26 0.005 0.007
1-in confined 0.019 (44.9) (195) 0 1.04 6 0.95
. 7,479 30.85 0.005 0.009
0.5-in confined 0.042 (51.6) 213) 3 1.20 5 1.03
. 7,396 31.68 0.006 0.010
0.25-in confined 0.088 (51.0) 218) 6 1.37 3 1.06
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In Table 3-3, the confinement effectiveness is defined as the ratio of compressive strength
of confined UHPC (f’c) to the unconfined compressive strength (f’c0). The confinement ratio is
defined as the ratio of the effective lateral confining pressure (f’1) to the unconfined compressive
strength of plain UHPC (f’co) using the following equation adopted from Mander et al. (1988).

, 1
fi = E kepsfyh

where fyh = yield strength of transverse steel; p = volumetric ratio of transverse confining steel to
the confined concrete core; and ke = confinement effectiveness coefficient, which in turn, is
calculated as follows.

!

S

1_2_(15

k, = ———=
1_pcc

where ds = center-to-center diameter of spiral; s” = clear spacing between spiral wires (pitch) and
pcc = ratio of area of longitudinal steel to area of UHPC, which is zero for this study. The overall
results indicates that confinement enhances the peak strength by about 6% (for 0.25-in confined
UHPC) but increases the corresponding strain at peak strength by about 37%.

Moreover, Figure 3-5 shows a relation between the degree of out-of-planeness or
distortion of cylinders versus the compression strength. Out-of-degree planeness of cylinders
after grinding must be under 1 degree; otherwise, the specimen must be reground (Graybeal
2006). Based on Figure 3-5, all cylinders had out-of-planeness in the range of 0-0.5°, which had
an insignificant impact on the compressive strength. As previously mentioned, the UHPC
specimens were cast in 3x6 in (76x152 mm) cylinders but became shorter than what Ductal©
suggests in the manual of Operating Procedures for Cylinders End-Grinding after grinding. Thus,
the effect of height on the compressive strength of UHPC cylinders is investigated and
summarized in Figure 3-6. Based on this figure, the height of specimen did not seem to have a
trend that can affect the test results.
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The obtained stress-strain curves of plain UHPC, 1-in confined, 05-in confined, and 0.25-
in confined UHPC cylinders are presented in Figures 3-7 (a) through (d), respectively. As shown
in Figure 3-7a, the unconfined cylinders behave almost linearly until the peak strength which is
followed by a sudden load drop that corresponds to an explosive failure. The confined cylinders
show a smoother behavior as the peak strength is approached. The behavior of 1-in, 0.5-in and
0.25-in confined cylinders is also found to be almost linear up to 80%, 70%, and 60% of the peak
strength, respectively (Figure 3-7).

Similar to what Yang et al. (2016) observed, the confined stress-strain curves can be
categorized to three different phases. The first phase is the elastic phase in which the transverse
reinforcements are not yet active and the UHPC core mainly tolerate the load. In the second
phase, small cracks and dilation of the UHPC core begin to occur, which in turn, activate the
transverse reinforcements. Finally, in the last phase, UHPC reach its strength limit and a gradual
load decrease starts. The shape of the curves in the second and third phases are apparently
dependent on the volumetric ratio of the steel spirals. The higher the volumetric ratio of the steel
spiral, the more energy dissipates through plastic deformations. This is exactly what is desirable
for bridge columns designed for severe seismic loading. Therefore, confinement of UHPC
columns can be beneficial as it is in conventional concrete columns to boost the ductility and
strength of a cross-section.
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3.5. Concluding Remarks

This chapter presented the experimental tests on uniaxial compression behavior of unconfined
UHPC and UHPC cylinders confined by steel spirals. The obtained and presented results include
the stress-strain curves, modulus of elasticity, peak strength, and ultimate strain. Based on the
test results, steel spirals improved the overall behavior of UHPC cylinders in term of strength
and ductility. However, the ductility enhancement was more significant. The confinement effect
of steel spirals is rendered in the stress-strain curves where the more confined UHPC cylinders
showed higher plastic deformations. The obtained confined stress-strain curves could be
categorized into three different zones: linear-elastic, nonlinear hardening, and softening phases,
whereas the plain UHPC specimens demonstrated only an almost linear behavior up to the peak
strength followed by a sudden drop.

Peak strength and ductility of confined specimens, compared to the unconfined ones,
were quantitatively investigated by two parameters: confinement effectiveness ratio and ultimate
strain. For the most confined specimens, i.e. 0.25-in confined cylinders, the confinement
effectiveness ratio and ultimate strain were determined to be 1.06 and 1.03%, respectively. The
results presented herein can be further used to inform finite element models of confined UHPC
components. However, to have more statistically significant conclusions, more cylinders and
tests need to be conducted, which motivated another experimental program that is currently
undergoing.
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Chapter 4. LARGE SCALE UHPC COLUMN TESTING

This chapter presents the experimental testing program used to investigate the behavior of UHPC
columns subjected to combined axial and lateral loading. Four large-scale UHPC columns were
tested under axial and quasi-static cyclic lateral loading at the Earthquake Engineering
Laboratory at the University of Nevada, Reno. The experimental program presented herein is
discussed in terms of: the specimens design and their construction stages; the properties of the
materials used to construct the specimens; the test setup; the loading procedure used in the test;
and the instrumentation plan used to investigate the behavior and quantify the column
deformations and the rebars strains.

4.1. Specimens Design and Construction

The specimens’ dimensions as shown in Figure 4-1 which was the same for all four columns.
Although testing was mainly comparative, yet the dimensions of the scaled-columns could be
considered a 1/5 scale of the normal strength concrete (NSC) column used in the California
department of transportation Academy Bridge. The height and diameter of the UHPC columns
were 58 in. and 10 in., respectively. The test matrix is shown in Table 4-1. The test matrix
consists of two groups. The first group consists of an analytically investigated NSC column and
an experimentally tested UHPC column reinforced with Grade 60 longitudinal reinforcement,
this group was intended to mainly investigate the difference in the damage behavior and flexural
capacity between the UHPC and NSC column. It is noted that the NSC column was not tested
because the structural and seismic response of conventional columns can be accurately captured
using current modeling and analytical methods. The second group consisted of three UHPC
columns reinforced with Grade 100 high strength steel (HSS) longitudinal rebars of different
longitudinal and transverse steel ratios. The variation within this group aimed to investigate the
difference in behavior between the Grade 100 and Grade 60 reinforced UHPC columns and to
investigate the effect of confinement effect and longitudinal steel ratio. The footing was designed
to be capacity protected and consisted of two parts: an UHPC inner part connected to the UHPC
column to ensure the continuity of UHPC in the plastic hinge region, and a NSC footing. The
plan dimensions were 2x2 ft* for UHPC and external dimensions of 5x5 ft* for NSC and both
parts were 14 in. deep as illustrated in Figure 4-1.
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Figure 4-1 UHPC specimen dimensions.
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The construction stages of the specimen consisted of the following: (1) casting the NSC
outer part of the footing and roughening the inner surface of the footing as shown in Figure 4-2;
(2) casting the UHPC inner part of the footing as shown in Figure 4-3; (3) casting of the UHPC
column as shown in Figure 4-4 along with an UHPC column head (Figure 4-5). It is noted that
the joint type between each two consecutive casting stages was a cold joint which means that
each casting stage was done after the previous cast hardened.

Table 4-1 UHPC columns test matrix.

Longitudinal Transverse
Specimen Reinforcement Reinforcement Tested Variable Type of Testing
# %A, # %A,

Group I SO | 6#5 | 237% | #3@2in 1.1% NSC Analytical
(Gr.60) | g1 | 6#5 |237% | #3@2in | 1.1% UHPC vs NSC Experimental
S2 6#5 237% | #3@2in 1.1% Gr 100 vs Gr 60 Experimental
(g;()lllgol)l* S3 6#5 237% | #3@4in | 0.55% Low confinement Experimental
S4 6#4 1.53% | #3@2in 1.1% | Low long. steel ratio Experimental

* @Gr. 100 is for the longitudinal reinforcement only in Group II specimens.

b S

ghening of the inner surface of the footing.

Figure 4-2 Casting of NSC footing and rou
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Figure 4-5 Casting of UHPC column head.
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4.2. Material Properties

In this section, the material characteristics of the UHPC, the reinforcing bars of grades 60 and
100 are presented and discussed with regards to the material preparation, sampling, and
mechanical strength (compression for concrete materials, and tension for steel).

4.2.1. Ultra High Performance Concrete

A commercial proprietary UHPC mix was used in this study, similar to the confinement study
presented in Chapter 3, which is the Ductal® JS1000 mix design. Lafarge commonly delivers
UHPC in three different parts: (1) a premix which is a proprietary blend of cement, silica sand,
silica flour and silica fume (Figure 4-6a); (2) steel fibers (Figure 4-6b); (3) Superplasticizer
(Figure 4-6¢). The Ductal® mix components and mix ratios are given again here for convenience
and shown in Tables 4-2 and 4-3, respectively. Steel fibers with 2% volume were used for all the
mixes. The mechanical properties of the sued steel fibers are given in Table 4-4. The mixer used
to mix the components of the UHPC is a high shear mixer type that is available at UNR: Imer
750 which has a capacity of 5.12 ft* (0.145 m?) for single batch and is shown in Figure 4-7. For
all mixes, the mixer was used only up to half of its capacity for each batch to ensure good quality
of the mix.

Figure 4-6 Ductal® UHPC mixture components: (a) dry
superplasticizer.
=  d K

Figure 4-7 UHPC high shear mixer at UNR (Imer 750).
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Table 4-2 UHPC mixture by Ductal® (based on number of premix bags).

Number of bags per batch 5 6 7 8 9
Premix (Ib) 250 300 350 400 450
Water or ice (Ib) 14.37 17.24 20.12 22.99 25.86
Superplasticizer (Ib) 343 4.11 4.80 5.48 6.17
Steel fiber (Ib) 17.77 21.32 24.88 28.43 31.99
Volume / Batch (ft) 1.82 2.19 2.55 2.92 3.285

Table 4-3 UHPC mixture by Ductal®.

kg/m? Ib/yd® | Percentage by weight (%)
Premix 2195 3700 87.6
Superplasticizer (Premia 150) 30 50.6 1.2
Steel Fiber (2.0% volume) 156 263 6.2
Water (or ice) 130 219.1 5
Table 4-4 Typical mechanical properties of steel fibers used for Ductal®.
SI units US units
Tensile Strength 399 MPa 3750 ksi
Length 13 mm 0.51n
Diameter 0.2 mm 0.008 in

During UHPC mixing, to control the temperature of the UHPC mixture given that mixing
took place in Reno in the summer with temperatures greater than 20°C, ice was added as a part
of the water weight. When the daytime temperatures exceeded 25°C (77°F), 100% ice
substitution of water was used to increase the working time of the mix. The mixing procedure as
demonstrated in Figure 4-8 consists of 3 stages: (1) the premix is added to the mixer and left for
about 1 minute mixing; (2) the liquid including the superplasticizer and the water or the
substituted ice is added to the premix and mixing continues for almost 12-15 minutes until the
UHPC paste is formed; (3) the steel fibers are added gradually to the mix and mixing continues
for 3-5 minutes until they become well distributed inside the UHPC paste.

For the test specimens, every UHPC footing used two batches while each column used
only one batch. It is worth noting that the UHPC was poured for each member from the same
place to prevent the formation of a cold joint between two separate flows, and no vibrators were
used to prevent any fiber segregation of the mix. During the casting of two UHPC batches, if the
UHPC of the first batch started to form a crust on the surface, a wooden piece was used to break
this crust before casting the second batch to ensure continuity between the pours and allow for
the fibers to bridge between the two casts, which is important to prevent any cold joints inside
the member.

For each UHPC batch static and dynamic slump (flow characteristics) were measured to
check values are within the allowable ranges. A flow table and brass cone, as shown in Figure 4-
9, that satisfies (ASTM C 230) are used for these tests. The actual dynamic slump tests for most
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of the batches were in the range of 8.5 ins to 9 ins, noting that the allowable slump must be in the
range of 7 ins to 10 ins (180 mm to 250 mm) after 20 shocks on the impact flow table.

Figure 4-9 UHPC slump testing.

For compressive strength evaluation, 3x6 in cylinder samples were taken from each batch
and were tested at 14 days and at the column test day. Similar to the confinement study, 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 (see Figure 4-10 for illustration of
the process). A summary of the measured compressive strength of the materials is presented in
Table 4-5. The reported material strengths are the average of a minimum of three cylinders tested
for every material at each stage of construction. For compression testing, a force-controlled
universal testing machine with capacity of 500 kips was used and the applied loading rate was in
the range of 10-15 kip/min (25 psi/sec). The test setup for compression tests is shown in Figure
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4-11 and a sample of the tested cylinders, where the damage can be illustrated, is shown in
Figure 4-12.

":‘iﬁf;__ XN .

Figure 4-10 UHPC cylinders preparation.

Figure 4-11 UHPC compression test setup.
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Figure 4-12 UHPC cylinder damage and mode of failure under compression tests.

Table 4-5 UHPC compressive strength for large-scale test specimens.

Specimen Element Measured at Strength (ksi)
. 14 days 25.18
Inner Footing
S1 Test day 31.38
14 days 24.62
Column
Test day 29.64
. 14 days 26.94
Inner Footing
~ Test day 32.99
14 days 25.62
Column
Test day 31.17
. 14 days 15.15
Inner Footing
S3 Test day 17.54
14 days 28.06
Column
Test day 33.28
. 14 days 2291
Inner Footing
s4 Test day 27.18
14 days 29.44
Column
Test day 30.95
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4.2.2. Reinforcing steel

The Grade 60 longitudinal steel reinforcement used in this study was conforming to the ASTM
A706 Grade 60 specifications (ASTM 2009) and #5 rebars were used. The measured yield and
ultimate tensile strength of the longitudinal reinforcing steel bars were 70.4 ksi and 101.2 ksi,
respectively. The yielding strain was 0.23% and the ultimate elongation was 19%.

The HSS longitudinal steel reinforcement used was nominally Grade 100 rebars, MMFX
rebars conforming to ASTM A1035 Grade 100 specifications. The MMFX HSS used included
both #4 and #5 rebars and is shown in Figure 4-13. To know the actual tensile properties of the
rebars, direct tension tests were made using displacement-controlled testing machines. The tested
rebar samples were 17 samples of #4 rebars and 6 samples of #5 rebars representing all received
batches of the rebars. The samples were tested using an Instron universal testing machine and an
MTS machine for the #4 and #5 rebars, respectively. The Instron machine capacity is 56 kips
(250 kN) and stroke of 0.3 in/min, wich was not sufficient to test the #5 HSS rebars. Thus, the
MTS machine with a capacity of 250 kips (1,100 kN) and stroke of 0.3 in/min was used. For
direct tension tests, displacements were recorded using laser and conventional extensometer as
shown in Figures 4-14 and 4-15 for #4 and #5 testing, respectively. A summary of the test results
is shown in Table 4-6 and the average stress-strain curves for #4 and #5 rebars are shown in
Figures 4-16 and 4-17, respectively.

Figure 4-13 High strength steel rebars (#4 and #5).
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Figure 4-15 Direct tension tests on #5 rebars samples.

Table 4-6 Mechanical properties of HSS tested coupons.

Diameter | Yield Strength Ultimate Young’s Modulus . o
bar (ksi) Strength (ksi) (ksi) Ultimate Strain (%)
#4 124 167.25 26,000 12.6
#5 128 162 26,000 15.4
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Figure 4-16 Tensile stress-strain curve of #4 HSS rebars.
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Figure 4-17 Tensile stress-strain curve of #5 HSS rebars.
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4.3. Test Setup and Loading Protocol

The columns were tested in a cantilever configuration setup as shown in Figure 4-18. Assuming
an average column concrete strength of 30 ksi, the axial load index, which is the ratio of the axial
load to the product of column gross section area and the specified compressive strength of the
concrete column, was kept constant at 5% during the test. The axial load was applied to the top
of the column through two center-hole rams placed on a load spreader beam perpendicular to the
lateral load direction to apply approximately 120-kip axial load to the column. The cyclic
loading was applied through a servo-hydraulic actuator with displacement-controlled loading.
The selected loading protocol was adopted from FEMA 461 (FEMA 2007) where every applied
cycle is a ratio of the column displacement at which the longitudinal reinforcing bars yield as
shown in Figure 4-19. The loading also applied two main full cycles for each drift ratio, as
summarized in Table 4-7, and after reaching the yield displacement, a small cycle with half the
yield displacement was applied after each two complete main cycles to capture the stiffness
degradation with increasing the drift ratio. Two displacement rates of 0.25 mm/sec (0.01 in./sec)
and 1.27 mm/sec (0.05 in/sec) were used, with the former used for drift ratios up to 3% and the
latter used for larger drift ratios.

4. L

Hollow Core Jack Hollow Core Jack
TguL g —— r—‘{]]—\ o r—‘ﬂl—\ j
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[vd -1l < 100 Kips Capacity %% 2
2 Pre-stressing Rods %%
A
1.5" Grout Pad 7 V/ 19 Lo
A - b-ll —
Lab Strong Floor p—1 o Jp— —2 2! —+
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Elevation View Side View
Figure 4-18 Test Setup for UHPC column under combined axial and bending at UNR.
4.4. Instrumentation Plan

As shown in Figure 4-20, the specimen was instrumented with 21 reinforcement strain gages to
capture the longitudinal and transverse bars strains in the column plastic hinge region. The strain
gages were named according to their position and their height level. Five levels of strain gauges
were assigned to the strain gages labels. Three string pots were attached to the column head to
capture the column top displacement. Ten displacement Transducers were attached to the column
plastic hinge region as shown in Figure 4-20 to capture the column curvature at the different drift
ratios.
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Figure 4-19 Cyclic loading protocol for lateral loading of UHPC columns.
Table 4-7 Specifications of the cyclic loading protocol used for lateral loading of UHPC columns

Run # Doi/;p(;g;lrilei ‘ Displacement (in) Drift (%) Dlng;;ment
1 25 0.1 0.17
2 35 0.14 0.24
3 50 0.2 0.34
4 70 0.28 0.48
5 100 0.4 0.69 0.01 in/sec
6 140 0.56 0.97
7 200 0.8 1.38
8 280 1.12 1.93
9 400 1.6 2.76
10 560 2.24 3.86
11 800 3.2 5.52 .
0.05 in/sec
12 1,120 4.48 772
13 1,570 6.28 10.83
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Figure 4-20 Schematic of different instrumentation types and layout as sued for UHPC columns
tests under combined axial and lateral cyclic loading.
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Chapter 5. TEST RESULTS AND DISCUSSION OF GROUP | SPECIMENS

This chapter presents the experimental test results of specimen S1 of Group I with respect to the
global and the local behavior perspectives. The chapter also provides a comparison of the UHPC
specimen S1 with a hypothetical NSC specimen (S0) to show the effect of using UHPC instead
of NSC on the column strength. The response of the NSC column SO was determined using
analytical methods as explained in this chapter.

5.1. Column Global Behavior

5.1.1. Plastic Hinge Damage and Mode of Failure

The observed mode of failure for the UHPC column (S1) was the fracture of reinforcing bars
without any spalling of UHPC. However, crushing of UHPC in compression was observed as
well. The test was stopped after the rupture of the four outer-most rebars in the north and south
directions of the column and before the rupture of the two middle rebars for test setup stability
purposes. Figure 5-1 shows an overview of the deformed column during the test under the
maximum applied drift.

Figure 5-1 Overview of Column Model Under Maximum Drift.

The first bar ruptured at the second cycle of almost 8% drift ratio while the other three
bars ruptured at almost 11% drift ratio cycles. There was no evidence of rebar buckling.
Furthermore, no concrete spalling or reinforcement exposure was observed until the end of the
test. No cracks were observed until reaching 1% drift ratio. The onset of UHPC crushing in
compression was observed at 2.76% drift ratio and the first significant crack started to appear at
a level of 2 in above the footing at 4% drift ratio with 0.03 in crack width. A wide crack
appeared at the column-footing interface at drift ratio 8% with almost 0.1 in crack width. Figures
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5-2 through 5-10 show the progression of the damage at the plastic hinge region of the column at
selected different drift ratios. It should be noted that the cracks were marked on the south
direction for the odd numbers of the run when the column was in the push direction (tension side
is at south direction), while the cracks were marked on the north direction for the even numbers
of the runs when the column was in the pull direction (tension side is at the north direction). It is
also worth noting that the cracks were marked at the peaks of the second cycle of each run
number.

Bl A T .

outh-East Face
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b |

(¢) North-East Face (d) North-West Face

Figure 5-2 Damage Observed at Second Cycle of 0.69% Drift, (Specimen S1).
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Figure 5-3 Damage Observed at Second Cycle of 0.97% Drift, (Specimen S1).
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(d) North-West Face
Figure 5-4 Damage Observed at Second Cycle of 1.38% Dirift, (Specimen S1).
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Figure 5-5 Damage Observed at Second Cycle of 1.93% Dirift, (Specimen S1).
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Figure 5-6 Damage Observed at Second Cycle of 2.76% Dirift, (Specimen S1).
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Figure 5-7 Damage Observed at Second Cycle of 3.86% Drift, (Specimen S1).

44



(c) North-East Face

Figure 5-8 Damage Observed at Second Cycle of 5.52% Dirift, (Specimen S1).
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Figure 5-9 Damage Observed at Second Cycle of 7.72% Dirift, (Specimen S1).
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(c) North-East Face (d) North-West Face

Figure 5-10 Damage Observed at Second Cycle of 10.83% Dirift, (Specimen S1).
5.1.2. Force-Drift Relationship

The hysteretic behavior of the UHPC column as shown from the global force-drift relationship is
presented in Figure 5-11. The positive values on the plot indicate pushing the column towards
north direction. The force shown in this plot was recorded directly from the load cell used for the
MTS actuator used to apply the lateral displacement to the column. The column displacement
was calculated by taking the average of the data from three string potentiometers attached to the
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column head which represent the actual column displacements. The asymmetric response
observed in the figure was a result of reinforcement misalignment during construction. Figure 5-
12 shows the distorted pattern of the six longitudinal rebars which was discovered after the test
when the column was fully separated from the footing and the actual cross-section was
inspected. From Figure 5-11, it is shown that the peak strength was reached and maintained at
drift ratios 5.5% and 7.7% for the pull and push directions, respectively. The maximum reported
lateral loads were 16.1 kips and 22 kips for the push and pull directions, respectively.
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Figure 5-11 Global force-drift relationship for specimen S1.
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Figure 5-12 The as-built S1 UHPC column cross-section (full column was separated from the
footing after testing).
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The first bar yielding was observed on the south-east rebar at drift ratios of 0.92% at the
first cycle of the 0.97% drift ratio run which can be observed from Figure 5-13 that gives the
strain history of the rebars at level 2 above the footing level (see Figure 4-20 in previous section
for instrumentation level). The first bar ruptured was observed on the north-west rebar at drift
ratio of 7.7% at the second cycle of the 7.72% drift ratio run which can be implied from the
sudden drop of the strain at level 3, at 6-in above the footing level, as shown in Figure 5-14 and
the sudden drop of the measured force in the force history relation showed in Figure 5-15.

The measured displacement ductility was almost 8.4 which meets and exceed the
AASHTO (2014) requirements for maximum displacement ductility demand of 5. It is also seen
from Figure 5-11 that the column has more than 65% reserved displacement capacity, which
allows UHPC columns to be used in high seismic regions. The envelopes of the hysteresis curves
in the positive and negative displacement regions and their idealized elasto-plastic idealization
are shown in Figure 5-16. The plastic segment was obtained by preservation of energy, i.e.
maintaining the same areas under the envelope and the idealized curve. The recorded drift
history with the projected first bar yielding and the rebar rupture sequence are shown in Figure 5-
17.
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Figure 5-13 Rebars Strain History at Level 2 to Imply Yielding, (Specimen S1).
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Figure 5-14 Rebars strain history at level 3 to imply bar rupture for UHPC specimen S1.
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Figure 5-15 Column lateral force history and rupture sequence identified for UHPC specimen S1.
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Figure 5-16 Envelope of force-drift relationship and elasto-plastic idealization for specimen S1.
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Figure 5-17 Recorded drift history with rupture sequence identified for specimen S1.
5.1.3. Stiffness Degradation

The stiffness degradation of the UHPC column was investigated at different drift ratios. As
shown in Figure 5-18, the column exhibited good stiffness degradation behavior. It was observed
that the column lost 50% of its initial stiffness after reaching 2% drift ratio. It is also noted that
the column initial stiffness was 7.35 kN/mm (42 kips/in.) which corresponds to an initial
stiffness of almost 0.7 Eclg after the first run based on the UHPC modulus of elasticity
recommended by Graybeal (2007) which is equal to 1,460 times the square root of f’c in ksi.
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Figure 5-18 Stiffness degradation of UHPC specimen S1 as related to drift ratio.
5.2. Column Local Behavior

5.2.1. Strains

The longitudinal reinforcement strain profiles at the plastic hinge region are shown in Figure 5-
19. The strains values reported in the figure are the maximum absolute strains of the two
complete cycles at each drift ratio. A sample of the strain gage profiles is reported and shown at
0.97, 1.93 and 3.86% drift ratios. It can be seen that the reinforcing bar strains were well
distributed in the plastic hinge region of the column-footing interface. The Transverse
reinforcement strain profiles at the plastic hinge region is shown in Figure 5-20. A sample of the
strain gage profiles is reported and shown at 0.97, 1.93, 3.86, 5.52, 7.72 and 10.83% drift ratios.
It is noted that the strain gauge at level 1 (2 in below footing level) have stopped working after
the 3.86% drift run. It is observed that none of the stirrups yielded and the recorded strains were
very small which didn’t exceed 0.1% strain and this returns to the fact that no cover spalling
happened to the column at the plastic hinge region and the UHPC itself provides a good
confinement without engaging the stirrups.

5.2.2. Curvature Profiles

The curvature profiles at the plastic hinge region reported at different drift levels are shown in
Figures 5-21 and 5-22. Curvatures were measured indirectly by using displacement transducers
mounted on both loading sides of the columns as illustrated before in Figure 5-20. Curvatures at
each level were computed as the ratio of the section rotations of that level to the vertical distance
of the transducers, where in turn, the rotations were the ratio of the summation of the relative
displacements to the horizontal distance between the transducers in the same level. The curvature
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was measured at five levels. The curvature of the column at the base was the highest mainly

because of yield penetration at the column-footing interface.
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Figure 5-19 Distribution of the longitudinal rebars strains within plastic hinge region for UHPC
specimen S1.

5.2.3.

The moment curvature hysteretic curve relationship is obtained and shown in Figure 5-23. The
maximum moment capacities in the push and pull loading sides are 933 kip-in and 1,276 kip-in,
respectively. The moment curvature backbone curves and the idealized elasto-plastic curves are
shown in Figure 5-24. The curvature ductility is determined to be equal to 15.4, which is
comparable to typical ductile NSC columns.

Moment-Curvature Behavior
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Figure 5-20 Distribution of the transverse rebars strains within plastic hinge region for S1.
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Figure 5-23 Moment-curvature relationship as obtained from test data for UHPC specimen S1.
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Figure 5-24 idealized elasto-plastic moment-curvature relationship for UHPC specimen S1.
5.3. Comparison between NSC and UHPC Columns (SO versus S1)

Analytical methods were used to establish a comparison with a hypothetical NSC column of 5
ksi concrete compressive strength and with the same dimensions, longitudinal and transverse
reinforcement ratios as the UHPC specimen S1. For this purpose, the finite element platform
OpenSEES (Mckenna et al. 2000) was used to conduct pushover and nonlinear analysis under
the same cyclic loads as the UHPC column. A three-dimensional two-node fiber-section model
was developed for SO specimen. A nonlinear force-based element, forceBeamColumn, with
linear geometric stiffness matrix was used for the column element. Six integration points were
used and distributed along the 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. 1998). Both concrete parts were modeled using the Concrete(l material model
while the reinforcement was modeled using Steel(2 material model. The core section was
meshed into 30 radial divisions and 10 theta divisions while the cover section was meshed into
10 radial divisions and 10 theta divisions. For better comparison, the longitudinal rebars
locations inside the section were adopted to match the as-built distorted rebar locations of
specimen S1. The comparison between specimens SO and S1 was made with respect to the global
and the local column behaviors as discussed next.
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5.3.1. Global Behavior

The envelops of the force-drift relationship for SO (obtained from OpenSEES) and S1 (obtained
from experimental test) are shown in Figure 5-25. By comparing the global response of SO and
S1, it is shown that using UHPC of almost 6 times the strength of NSC has led to a significant
increase in the lateral load capacity of the column with an increase of 69% in the push direction
and 94% in the pull direction. The OpenSEES model was not intended to capture rebar rupture or
low-cycle fatigue effects and in turn, there was not a terminating criterion for the nonlinear
analysis. Thus, for the sake of pushover analysis, the column was pushed up to about 11.5% drift
and the maximum or peak displacement capacity of So was interpreted at a value that
corresponded to the longitudinal rebars reach an ultimate strain of about 19%. Thus, a maximum
drift ratio of 9.62% can be reported for SO which is about 11% less than the value found from the
test for S1. This comparison shows that not only the strength of the column increases but also the
displacement capacity of UHPC columns can be slightly higher than NSC columns.
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Figure 5-25 Comparison of Force-Drift Curve for SO and S1.
5.3.2. Local Behavior

Comparing specimen S0 to S1 with respect to their local behavior is represented by the moment-
curvature relationships shown in Figure 5-26. The figure can shows that using UHPC has led to a
significant increase in the moment capacity of the column with an increase of 36% in the push
direction and 61% in the pull direction. The OpenSEES model shows that the maximum reached
curvature of the NSC column was 0.016 1/in. which is less than that of S1 by 36%. This also
confirms that the UHPC column has a comparable curvature ductility as NSC seismic columns.
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Chapter 6. TEST RESULTS AND DISCUSSION OF GROUP Il SPECIMENS

This chapter presents the experimental test results of the UHPC specimens S2, S3 and S4 of
Group II with respect to the global and the local behavior. A comprehensive comparison between
the two groups of UHPC columns that varied in steel grade is also provided in this chapter. The
comparisons show the effect of using HSS rebars instead of Gr 60 rebars and the effect of
changing the transverse or longitudinal reinforcement ratios on the behavior of UHPC columns.
The reader is reminded that all three specimens used HSS for longitudinal rebars where S2 used
same longitudinal and transverse reinforcement ratio as S1 before while S3 and S4 used lower
values for the transverse and longitudinal reinforcement, respectively.

6.1. Columns Global Behavior

6.1.1. Plastic Hinge Damage and Mode of Failure

The observed mode of failure for all of the UHPC columns of Group II was the fracture of
reinforcing bars. The test was stopped after the rupture of the four outer-most rebars in the north
and south directions of the column and before the rupture of the two middle rebars for test setup
stability purposes. The observed sequence and progression of damage of the three specimens is
discussed in order in the next three paragraphs.

For specimen S2, i.e. 2.37% HSS longitudinal reinforcement and 1.1% transverse
reinforcement, no cracks were observed until reaching 0.97% drift ratio. The crushing of UHPC
in compression was observed to happen after the column reached 7.72% drift ratio and the first
significant crack started to appear at the column-footing interface after reaching 4% drift ratio
with 0.03 in crack width. A wide crack appeared at the column-footing interface at drift ratio 8%
with almost 0.1 in crack width. The first bar ruptured at the second cycle of almost 8% drift ratio
in the south side while the other three bars ruptured at the first cycle of the 10.83% drift ratio
run. There was no evidence of rebar buckling. Furthermore, no concrete spalling or
reinforcement exposure was observed until the end of the test. Figures 6-1 through 6-9 show the
progression of damage at the plastic hinge region of the column at selected different drift ratios
for specimen S2.

For specimen S3, i.e. 2.37% HSS longitudinal reinforcement and 0.55% transverse
reinforcement, no cracks were observed until reaching 0.97% drift ratio. The crushing of UHPC
in compression was discovered to happen after the column reached 7.72% drift ratio and the first
significant crack started to appear at the column-footing interface after reaching 4% drift ratio
with 0.03 in crack width. A wide crack appeared at the column-footing interface at drift ratio 8%
with almost 0.1 in crack width. The first bar ruptured at the first cycle of almost 8% drift ratio in
the south side while the other three bars ruptured at the second cycle of the same drift ratio in the
south side then the north side. There was no evidence of rebar buckling. Furthermore, no
concrete spalling or reinforcement exposure was observed until the end of the test. Figures 6-10
through 6-16 show the progression of damage at the plastic hinge region at selected different
drift ratios for specimen S3.

For specimen S4, i.e. 1.48% HSS longitudinal reinforcement and 1.1% transverse
reinforcement, no cracks were observed until reaching 1.38% drift ratio. The crushing of UHPC
in compression was discovered to happen after the column reached 2.76% drift ratio and the first
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significant crack started to appear at the column-footing interface after reaching 4% drift ratio
with 0.03 in crack width. A wide crack appeared at the column-footing interface at drift ratio 8%
with almost 0.2 in crack width. The first two bars ruptured at the first cycle of almost 8% drift
ratio in the north side while the other two bars ruptured at the second cycle of the same drift ratio
in the south side. There was no evidence of rebar buckling. Furthermore, no concrete spalling or
reinforcement exposure was observed until the end of the test. Figures 6-17 through 6-24 show

the progression of damage at the plastic hinge region at selected different drift ratios for
specimen S4.

(a) South-East Face

(¢) North-East Face (d) North-West Face

Figure 6-1 Damage observed at second cycle of 0.69% drift for specimen S2.

60



(c) North-East Face (d) North-West Face

Figure 6-2 Damage observed at second cycle of 0.97% drift for specimen S2.
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(d) North-West Face

Figure 6-3 Damage observed at second cycle of 1.38% drift for specimen S2.
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Figure 6-4 Damage observed at second cycle of 1.93% drift for specimen S2.
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Figure 6-5 Damage observed at second cycle of 2.76% drift for specimen S2.
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Figure 6-6 Damage observed at second cycle of 3.86% drift for specimen S2.
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(c) North-East Face (d North~West Face

Figure 6-7 Damage observed at second cycle of 5.52% drift for specimen S2.
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Figure 6-8 Damage observed at second cycle of 7.72% drift for specimen S2.

67



(c) North-East Face (d) North-West Face

Figure 6-9 Damage observed at second cycle of 10.83% drift for specimen S2.
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Figure 6-10 Damage observed at second cycle of 0.97% drift for specimen S3.
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Figure 6-11 Damage observed at second cycle of 1.38% drift for specimen S3.
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Figure 6-12 Damage observed at second cycle of 1.93% drift for specimen S3.
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Figure 6-13 Damage observed at second cycle of 2.76% drift for specimen S3.
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(c) North-East Face (d) North-West Face

Figure 6-14 Damage observed at second cycle of 3.86% drift for specimen S3..
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(a) South-East Face

(c) North-East Face (d) North-West Face

Figure 6-15 Damage observed at second cycle of 5.52% drift for specimen S3..
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Figure 6-16 Damage observed at second cycle of 7.72% drift for specimen S3.
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| (c) North-East Face (d) North-West Face

Figure 6-17 Damage observed at second cycle of 0.69% drift for specimen S4.
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(c) Nortll~East Face (d) North—West Face

Figure 6-18 Damage observed at second cycle of 0.97% drift for specimen S4.
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Figure 6-19 Damage observed at second cycle of 1.38% drift for specimen S4.
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Figure 6-20 Damage observed at second cycle of 1.93% drift for specimen S4.
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Figure 6-21 Damage observed at second cycle of 2.76% drift for specimen S4.
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(c) North-East Face (d) North-West Face

Figure 6-22 Damage observed at second cycle of 3.86% drift for specimen S4.
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Figure 6-23 Damage observed at second cycle of 5.52% drift for specimen S4.
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Figure 6-24 Damage observed at second cycle of 7. 27% drift for specimen S4.
6.1.2. Force-Drift Relationship

Similar to S1 before, Figures 6-25 through 6-27 show the hysteretic behavior of the UHPC
columns S2, S3 and S4, respectively. The positive values on the plot indicate pushing the column
to the north direction. The force shown in this plot was recorded directly from the load cell while
the column displacement was measured using several string potentiometers attached to the
column head.
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For specimen S2, the peak strength was reached and maintained at drift ratio of 5.52% for
the push and pull directions, where the maximum reported lateral loads were 22.9 kips and 23.9
kips for the push and pull directions, respectively. For specimen S3, the peak strength was
reached and maintained at drift ratio of 5.52% for the push and pull directions, where the
maximum reported lateral loads were 20.2 kips and 24.7 kips for the push and pull directions,
respectively. The asymmetric response in specimen S3 can be attributed to rebars misalignment
during construction as previously observed in S1 and shown in Figure 6-28 for S3. For specimen
S4, the peak strength was reached and maintained at drift ratios 5 % and 5.53% for the push and
pull directions, respectively, where the maximum reported lateral loads were 19.6 kips and 20
kips for the push and pull directions, respectively.
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Figure 6-25 Global force-drift relationship for specimen S2.
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Figure 6-26 Global force-drift relationship for specimen S3.
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Figure 6-27 Global force-drift relationship for specimen S4.
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Figure 6-28 As-built S3 column cross-section observed after column separation from footing.
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For Specimen S2, the first rebar to reach the proof strain was observed to be the south-
west rebar at drift ratio of 2.21% at the first cycle of the 2.76% drift ratio run which can be
observed from the strain history of the rebars at level 2 ( at 2 in above the footing level) shown in
Figure 6-29. For Specimen S3, the first rebar to reach the proof strain was the south-east rebar at
drift ratio of 1.39% at the first cycle of the 1.93% drift ratio run which can be observed from the
strain history of the rebars also at level 2 shown in Figure 6-30. For Specimen S4, the first rebar
to reach the proof strain was the south-west rebar at drift ratio of 2.1% at the first cycle of the
2.76% drift ratio run which can be observed from the strain history of the rebars at level 2 shown
in Figure 6-31.

The first bar to rupture in specimen S2 was observed on the south-west rebar at drift ratio
of 7.7% at the second cycle of the 7.72% drift ratio run which can be implied from the sudden
drop of the strain at level 3 (at 6 in above the footing level) shown in Figure 6-32 and the sudden
drop of the measured force in the force history relation showed in Figure 6-33. The first bar to
rupture in specimen S3 was observed on the south-west rebar at drift ratio of 7.2% at the first
cycle of the 7.72% drift ratio run which can be implied from the sudden drop of the strain at level
3 shown in Figure 6-34 and force drop illustrated in Figure 6-35. The first bar to rupture in
specimen S4 was observed on the north-east rebar at drift ratio of 5.86% at the first cycle of the
7.72% drift ratio run which can be implied from the sudden drop of the strain and force as shown
in Figures 6-36 and 6-37, respectively.

L epp— R E—— ) A p—— | S p—— C____JI____—_————= I _____
X SW2
£ 0 — — —-datal|
g WWW/—MM/\/———-MQZ
(D_.] _____ B I B ----"- r—--———7-=-=--- r—=—=-=-7=--=--=-"- | \'![_'\'#_
0 5 10 15 20 25 30 35 40 45 50 55

SE2

— — — -datal

— — — -data2 NX
1

15 20 25 30 35 40 45 50 55

Strain [%]
Ql
L
ol
|

L Time [minutes]
-_————

L . S —— —— S — S p—— s O S —— Ep——
X NW2
£ 0 — — — -datal
g — — —-data2 WZ
175)

qE==== T-———- ————-- T-———7 - ———- r-———-——9-——-=--- C-———T-———— ————= T#““v_

0 5 10 15 20 25 30 35 40 45 50 55
Time [minutes]

L ep— I_____ —— f p—— p—— | I p—— C____ j p——— I —— I_____
x NE2
€0 MNWV\W\W\/W\/\““W“ w
g — — —data2
2] V

=== T-——== m==== T-——~=7 = ==== r-——-—=-9=-=-=-=--= C———= T-———- === T-——=7

0 5 10 15 20 25 30 35 40 45 50 55

Time [minutes]

Figure 6-29 Rebars strain history at level 2 at 2 in above footing for specimen S2.
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Figure 6-30 Rebars strain history at level 2 at 2 in above footing for specimen S3.
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Figure 6-31 Rebars strain history at level 2 at 2 in above footing for specimen S4.
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Figure 6-32 Rebars strain history at level 3 at 6 in above footing for specimen S2 where
sequence of rebars rupture can be implied.
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Figure 6-33 Lateral force history for S2 test and sequence of rebar rupture identified.
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Figure 6-35 Lateral force history for S3 test and sequence of rebar rupture identified.
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Figure 6-36 Rebars strain history at level 3 at 6 in above footing for specimen S4 where
sequence of rebars rupture can be implied.
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Figure 6-37 Lateral force history for S4 test and sequence of rebar rupture identified.
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The backbone of the hysteresis curves in the positive and negative displacement regions
and their idealized elasto-plastic idealization are shown in Figures 6-38 through 6-40 for
specimens S2, S3 and S4, respectively. The recorded drift histories with the projected first bar
yielding and the rebar rupture sequence are shown in Figures 6-41 through 6-43 for S2, S3 and
S4, respectively.
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Figure 6-38 Backbone for force-drift relationship and elasto-plastic idealization for S2.
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Figure 6-39 Backbone for force-drift relationship and elasto-plastic idealization for S3.
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Figure 6-40 Backbone for force-drift relationship and elasto-plastic idealization for S4.
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Figure 6-41 Recorded drift history and rebar rupture sequence for specimen S2.

92



10 -

Displacement History
First Bar Yielding

1st Rupture

2nd Rupture

3rd Rupture

4th Rupture

Drift [%]

0 10

20 30

40
Time [minutes]

50

60

70

80

Figure 6-42 Recorded drift history and rebar rupture sequence for specimen S3.
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Figure 6-43 Recorded drift history and rebar rupture sequence for specimen S4.

6.1.3.

Stiffness Degradation

The stiffness degradation of Group II UHPC columns was investigated at different drift ratios.
As shown in Figure 6-44, all three columns lost about 50% of the initial stiffness at about 2%
drift ratio. The initial stiffness determined form the tests were 37.1, 40.7 and 40.1 kips/in for
specimens S2, S3 and S4, respectively. Those values were found to be corresponding to an initial
stiffness of about 0.60, 0.64 and 0.65 Ecl for specimens S2, S3 and S4, respectively.
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Figure 6-44 Stiffness degradation of S2, S3, and S4 as relates to drift ratio.
6.2.  Column Local Behavior

6.2.1. Strains

The longitudinal reinforcement strain profiles at the plastic hinge region are shown in Figures 6-
45 through 6-47 for specimens S2, S3 and S4, respectively. The strains values reported in the
figures are the maximum absolute strains of the two complete cycles at each drift ratio. A sample
of the strain gage profiles is reported and shown at 0.97, 1.93 and 3.86% drift ratios. It can be
seen that the reinforcing bar strains were well distributed in the plastic hinge region of the
column-footing interface as they had the maximum strains near the column-footing interface and
small strains away from it. The transverse reinforcement strain profiles at the plastic hinge region
are shown in Figures 6-48 for all three specimens S2, S3 and S4. A sample of the strain gage
profiles is reported and shown at 0.97, 1.93, 3.86, 5.52, 7.72 and 10.83% drift ratios. For
specimen S3, it is noted that the strain gauge at level 1 (2 in below footing level) have stopped
working after the 3.86% drift run, while for specimen S4, the same strain gauge has stopped
working after the 5.52% drift run. It is observed that none of the hoops yielded and the recorded
strains were very small which did not exceed 0.1% strain. The low values of hoops strains
indicates that confinement is not activated especially that no cover spalling happened in the
plastic hinge region or rebars were exposed or buckled. Moreover, the UHPC itself provides a
good confinement due to the steel fibers without engaging the transverse reinforcement.

6.2.2. Curvature Profiles

The curvature profiles at the plastic hinge region reported at different drift levels are shown in
Figures 6-49 through 6-51 for specimens S2, S3 and S4, respectively. Curvatures were measured
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indirectly by using displacement transducers mounted on both loading sides of the columns as
illustrated before in Figure 4-20. Curvatures at each level were computed as the ratio of the
section rotations of that level to the vertical distance of the transducers, where in turn, the
rotations were 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 five levels. The
curvature of the columns at the base was the highest mainly because of yield penetration at the
column-footing interface.
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Figure 6-45 Distribution of the longitudinal rebars strains within the plastic hinge region for
specimen S2.
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Figure 6-46 Distribution of the longitudinal rebars strains within the plastic hinge region for
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Figure 6-49 Curvature profile along the plastic hinge zone for specimen S2.
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Figure 6-50 Curvature profile along the plastic hinge zone for specimen S3.
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Figure 6-51 Curvature profile along the plastic hinge zone for specimen S4.

The moment curvature hysteretic curves of specimens S2, S3 and S4 were obtained and shown in
Figures 6-52 through 6-54, respectively. The moment curvature backbone curves and the
idealized elasto-plastic curves were also obtained and shown in Figures 6-55 through 6-57 for
specimens S2, S3 and S4, respectively. For specimen S2, the maximum moment capacity in the
push and pull loading sides is 1,328 kip-in and 1,386 kip-in, respectively. Using the idealized
elasto-plastic curves, the curvature ductility is determined to be equal to 5.25. For specimen S3,
the maximum moment capacity in the push and pull loading sides is 1,172 kip-in and 1,433 kip-
in, respectively, while the curvature ductility is determined to be equal to 6.15. For specimen S4,
the maximum moment capacity in the push and pull loading sides are 1,137 kip-in and 1,160 kip-
in, respectively, while the curvature ductility is determined to be equal to 5.65.

99



Bending Moment [kips.in]

Bending Moment [kips.in]

-1000

-1500 :

1500 | | . .

1000 -

500

o
T

-500

-1000

_1500 1 1 1 1 |
-0.03 -0.02 -0.01 0 0.01 0.02 0.03

Curvature [1/in]

Figure 6-52 Moment-curvature relationship as obtained from S2 test.
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Figure 6-53 Moment-curvature relationship as obtained from S3 test.
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Figure 6-54 Moment-curvature relationship as obtained from S4 test.
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Figure 6-55 Moment-curvature backbone curves with elasto-plastic idealization for S2.
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Figure 6-56 Moment-curvature backbone curves with elasto-plastic idealization for S3.

1500 I I . . T
backbone curve (push)
backbone curve (pull)
Elasto-Plastic Idealized curve — —
1000 | .
<
.3 500 [ .
=,
c
£
5] o i
=
o))
=
£ 500 .
[a1]
-1000 - |
_150Cl 1 1 1 1 1
-0.03 -0.02 -0.01 0 0.01 0.02 0.03

Curvature [1/in]

Figure 6-57 Moment-curvature backbone curves with elasto-plastic idealization for S4.
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6.3.

6.3.1.

Global Behavior

Comparison between Group | and Group Il Specimens

For the sake of the comparison between the Group I and Group II specimens, an average
backbone curve for the force-drift curves of the push and pull directions was obtained for every
specimen. The average backbone curves for specimens SO through S4 are plotted together for
convenience as shown in Figure 6-58. A comparison between the two groups with respect to the
maximum lateral force capacity and the corresponding drift ratio besides the ultimate drift ratio
and their corresponding lateral force is given in Table 6-1. Another comparison is made between
the two groups of specimens to show the maximum lateral load and the maximum drift ratio
reached before the first bar yielded and before the first bar ruptured as shown in Table 6-2.

Figure 6-58 Comparison of force-drift backbone curves for all specimens from Groups I and II.

Table 6-1 Summary of the measured maximum lateral force and drift %.

Specimen Maximum .lateral Maximum drift Lateral fgrce a}t Ultirgate drift
force (kips) ratio (%) ultimate drift (kips) ratio (%)
SO 10.44 6.1 10.43 9.62
S1 18.80 5.53 15.00 10.84
S2 23.40 5.52 13.00 9.72
S3 22.45 5.52 19.55 7.72
S4 19.75 5.00 14.95 7.73
Table 6-2 Summary of maximum measured force and drift before first rebar yield and rupture.

Maximum load

Maximum drift

Maximum load

Maximum drift

Specimen reached before reached before | before first rupture | reached before
first yield (kips) first yield (%) (kips) first rupture (%)
S0 6.90 0.82 10.43 Not available
S1 12.40 0.92 18.80 7.73
S2 17.10 2.21 23.40 7.73
S3 15.00 1.39 22.45 7.20
S4 16.70 2.10 19.75 7.73
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From Figure 6-58 and Tables 6-1 and 6-2 above, and based on the varied parameters between
each of the specimens as listed before in Table 4-1, the following can be observed:

e Comparing SO to S1, it can be observed that using UHPC instead of NSC has led to an
increase of almost 80% in the lateral load capacity of the column while both columns almost
reached the same ultimate drift ratio. It is observed that specimen SO would experience a first
rebar yield earlier than S1 with a difference in the recorded force at first yield of about 44%.

e Comparing S1 to S2, it can be observed that using Gr 100 longitudinal rebars instead of Gr
60 rebars with an increase of 60% of the rebar ultimate strength has led to an increase of
almost 25% in the lateral load capacity of the column while both columns have almost
reached the same ultimate drift ratio. It can also be observed that S1 would exhibit a first
rebar yield earlier than S2 when yield is defined using the proof strain with a difference in
the corresponding force at yield of 38%. Both columns reached their maximum lateral load
capacity and a corresponding drift % of 7.73% before the first rebar rupture.

e Comparing S2 to S3, it can be observed that decreasing the column confinement by
decreasing the transverse reinforcement ratio to 50% of its value in S2 has led to an
insignificant decrease of only 4% in the lateral load capacity of the column. However, the
lower confinement resulted in a significant decrease in the ultimate drift ratio by 20%. The
S3 test results indicated that the first rebar proof strain was reached before it did for S2 with
the difference in the recorded force at the proof strain was 14%. Again, both columns
reached their maximum lateral load capacity before the first rebar rupture. Yet, specimen S3
experienced the first rebar rupture at about 7% lower drift ratio than S2.

e Comparing S2 to S4, it can be observed that decreasing the column longitudinal
reinforcement ratio to 65% of its value in S2 has led to a decrease of 15.6% in the lateral load
capacity of the column and it resulted in a significant decrease in the ultimate drift ratio by
20%. It can also be observed that both of them reached the first rebar proof strain at the same
drift ratio, while the difference in the recorded force at the proof strain was only 2.4%. It is
noted that both columns S2 and S4 reached their maximum lateral load capacity and a drift
ratio of 7.73% before the first rebar rupture.

e Comparing S4 to S1, it can be observed that using a longitudinal reinforcement ratio of
1.53% of Gr 100 rebars will result in almost the same lateral load column capacity (only 5%
difference was observed) of a UHPC column with 2.37% Gr 60 longitudinal reinforcement.
However, it is noted that although both specimens had almost the same lateral load capacity,
there was a significant difference in the ultimate drift ratio. Specimen S4 that used Gr 100
steel had a 31.5% less drift capacity as compared to specimen S1 with Gr 60 steel. This
agrees with the fact that HSS is overall less ductile than Gr 60 steel.

For the sake of comparing the displacement ductility of the specimens, the bilinear elasto-
plastic curve method was used as shown in Figure 6-59. However, conclusions based on this
method might be misleading and is not considered a good representation of the ductility of the
columns reinforced with Gr 100 rebars. This is because it is completely dependent on the yield
strain of the reinforcement so when the proof strain of Gr 100 rebars is approximately 4 times the
yield strain of Gr 60, the effective yield displacement will be much higher which leads to small
unrepresentative ductility values. The low ductility values do not necessarily reflect a lower drift
or displacement capacity. For this reason, Group II specimens are compared to Group I
specimens with respect to their drift capacity, which is defined to be the lesser of the ultimate
drift ratio and the measured drift ratio at 80% of the maximum lateral load capacity.
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Figure 6-59 Bilinear Force-Displacement curve for Displacement Ductility Evaluation.

The bilinear elasto-plastic curve method defines the displacement ductility as the ratio of
the ultimate displacement to the effective yield displacement, which can be calculated using a
bilinear curve in which the area under the bilinear curve from the yield displacement to the
ultimate displacement is equal to that of the actual column force displacement relationship from
the yield to the ultimate point. The comparison between Group I with respect to the calculated
ductility factor, and Group II with respect to the maximum drift ratio, is shown in Table 6-3.
From the comparison showed in Tables 6-3, it can be observed that SO and S1 have almost the
same displacement ductility factors with an average value of 8.2 which is acceptable for bridge
columns in high seismic zones. The UHPC column with 2.37% Gr 60 reinforcement was found
to have the largest displacement/drift capacity which was higher than SO, S2, S3 and S4 by
11.25%, 23%, 28.8% and 31.5%, respectively. Moreover, comparing S2 to S3 to investigate the
effect of using 50% of the column transverse reinforcement ratio shows that only 8% decrease
was observed in the determined maximum drift ratio.

Table 6-3 Comparison of the estimated peak drift (%) capacity and displacement ductility factor.

Specimen Eft.‘ectiv‘e yield Maxirpum drift Displgcement Drift capacity as
drift ratio (%) ratio (%) ductility factor related to S1
SO 1.20 9.62 8.0 88.8%
S1 1.29 10.84 8.4 100%
S2 -- 8.34 -- 77.0%
S3 - 7.72 -- 71.2%
S4 - 7.43 - 68.5%
6.3.2. Local Behavior

The average backbone curve for the moment-curvature curves of the push and pull directions of
all Group I and Group II specimens was obtained and plotted as shown in Figure 6-60. A
comparison between the two groups with respect to the maximum measured bending moment
values and the measured ultimate curvatures was made and given in Table 6-4.
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Figure 6-60 Comparison of moment-curvature curves for all specimens from Groups I and II.
Table 6-4 Maximum Measured Bending Moment and Drift Ratios.

Specimen Maximum Moment (kips.in) | Ultimate Curvature (1/in)
SO 740 0.016
S1 1,090 0.025
S2 1,357 0.020
S3 1,302 0.017
S4 1,148 0.017

From Figure 6-60 and Table 6-4, the following can be observed:
e Comparing SO to S1, it can be observed that using UHPC instead of NSC has led to an

increase of almost 47% in the bending moment capacity of the column and an increase of

56% in the ultimate curvature capacity.

e Comparing S1 to S2, it can be observed that using Gr 100 longitudinal rebars instead of Gr
60 rebars has led to an increase of almost 25% in the bending moment capacity but the
measured ultimate curvature decreased by 20%.

e Comparing S2 to S3, it can be observed that decreasing the column confinement by
decreasing the transverse reinforcement ratio to 50% of its value in S2 has led to an
insignificant decrease of only 4% in the bending moment capacity of the column, although it
resulted in a larger reduction in the ultimate curvature by 15%.

e Comparing S2 to S4, it can be observed that decreasing the column longitudinal

reinforcement ratio to 65% of its value in S2 has led to a decrease of 15.4% in the moment

capacity of the column and it resulted in a larger reduction in the ultimate curvature by 15%.

e Comparing S4 to S1, it can be observed that using a longitudinal reinforcement ratio of

1.53% of Gr 100 rebars will result in almost the same bending moment capacity of a column
with 2.37% Gr 60 longitudinal reinforcement. The difference in the bending moment
capacity was only 5% but a larger reduction of about 32% decrease was observed in the
ultimate curvature.
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Chapter 7. SUMMARY, CONCLUSIONS, AND FUTURE WORK

7.1. Summary and Conclusions

This report presented results from extensive experimental testing that aimed at providing a better
understanding of the fundamental behavior of UHPC columns. The experimental testing
comprised two independent studies. The first study focused on uniaxial compression behavior of
unconfined UHPC and UHPC cylinders confined by steel spirals. The obtained results included
the stress-strain curves, modulus of elasticity, peak strength, and ultimate strain of UHPC. The
second study is the core of this project and focused on investigating the structural and seismic
response of UHPC columns with conventional Grade 60 and Grade 100 HSS under combined
axial and cyclic loading. Results of four experimentally tested UHPC columns and one
analytically investigated NSC column were presented and discussed with respect to their global
and local behaviors with emphasis on the maximum measured lateral loads, ultimate drift ratios,
maximum bending moments, ultimate curvatures, displacement ductility, reinforcement strains
and stiffness degradation. This study investigated the effect of four tested variables on the
seismic response of columns that included: using Gr 100 rebars instead of Gr 60 rebars; using
low confinement ratios, i.e. less transverse reinforcement, and using different longitudinal
reinforcement ratios. Overall, the UHPC columns exhibited larger moment capacity when
compared to a NSC column of same design while maintaining an adequate ductile behavior.
Reuslts from the confinement study and large-scale columns tests have led to several
observations and conclusions which can be briefly summarized as follows:

e Based on the confinement study, the use of steel spirals improved the overall behavior of
UHPC cylinders in term of strength and ductility. However, the ductility enhancement was
more significant.

e The obtained confined stress-strain curves for UHPC exhibited three phases for the behavior:
linear-elastic, nonlinear hardening, and softening phases, in contrast to an almost linear
behavior up to failure in case of unconfined UHPC. Moreover, the confinement effectiveness
ratio was determined to be up to 1.06 and ultimate strain values up to 1.03% were observed
for confined UHPC cylinders.

e For the large-scale columns tests, the main observed mode of failure for all tested UHPC
columns was tensile rupture of the longitudinal rebars without concrete spalling, core
damage, reinforcement exposure, or buckling as in a typical NSC column plastic hinge.

e In all of the tested UHPC columns, no cracks were observed until the columns reached 1%
drift ratio. Concrete crushing in compression was ultimately observed at large drift ratios but
without leading to any significant spalling or loss of the concrete section.

e The UHPC column with Grade 60 rebars showed an adequate ductile behavior with the
displacement and curvature ductility found to be 8.4 and 15.4, respectively. These values are
comparable to well-designed conventional reinforced concrete seismic columns in high
seismic areas.

e The initial flexural stiffness of the UHPC columns was determined from the tests and found
to be in the range of 0.6 to 0.7 times the product of the Elastic Young’s modulus and the
gross moment of inertia. Moreover, all columns showed a drop of almost 50% of the initial
stiffness values after exposed to 2% drift ratio.
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7.2.

In all of the tested UHPC columns, the measured strains in the transverse reinforcement
within the plastic hinge region were found to be smaller than 0.1% which indicates
insignificant activation of the confinement in the UHPC columns under the combined 5%
axial and lateral cyclic loading.

Overall, the use of UHPC of compressive strength that is almost 6 times that of NSC in
addition to superior tensile behavior that results from using 2% steel fibers can lead to an
80% increase in the lateral load capacity and 11% increase in drift or displacement capacity.
Using Gr 100 HSS rebars instead of Gr 60 rebars with the same longitudinal reinforcement
ratio can lead to a 25% increase in the lateral load capacity. This increase when combined
with the effect of using UHPC instead of NSC can result in more than double the capacity,
which sets the stage for new design opportunities for compact bridge columns.

The use of HSS can result in a significant decrease (about 23%) in the drift capacity of the
UHPC columns when compared to Grade 60 steel. This might be considered an adverse
effect only if the current existing ductility design approach is adopted for seismic columns.
However, based on the observed major strength increase, new design approaches should be
considered for UHPC columns that might deviate from the current ductility-based designs.
Decreasing the transverse reinforcement ratio by half in the UHPC columns resulted in only
4% decrease in the lateral load capacity and 8% decrease in the maximum drift ratio. This
confirms that confinement effects in UHPC columns under combined axial and bending
might not be as pronounced as the cases of pure axial or applications of high axial loads.
Reducing the longitudinal reinforcement ratio of a UHPC column by 35% when Gr 100 HSS
was used resulted in about 15.5% decrease in the lateral load capacity and 11% decrease in
the maximum drift ratio. However, using a longitudinal reinforcement ratio of 1.53% of Gr
100 rebars will result in almost the same lateral load capacity of a column with 2.37% Gr 60
longitudinal reinforcement. The Gr 60 design will still have a larger drift capacity. Thus,
rethinking the design process of UHPC columns to properly benefit from HSS and fully
utilize the mechanical properties of UHPC is worth investigating for a new generation of
bridge column designs.

Future Work

The results obtained from this study demonstrate that UHPC can be potentially combined with
HSS to realize new bridge column designs that will be compact, i.e. lighter and well-suited for
precast and ABC construction, and extremely durable for harsh environments. While this project
provided important knowledge on fundamental structural and seismic behavior of UHPC
columns, more research is needed to identify best design practices or new design philosophies
for UHPC columns with both conventional Grade 60 and HSS of Grade 100 or so. The following
research topics are recommended for future studies:

Larger-scale UHPC columns need to be tested with larger number of rebars and less
sensitivity to construction errors or rebars misalignment. For instance, when 6 rebars were
used in this study, each rebar significantly contribute to the moment capacity and any
misalignment led to asymmetric behavior and large drops in force and moment capacity due
to rupture. With larger number of rebars and larger diameter UHPC columns, both strength
and displacement/drift capacities can be better defined.

If the obvious observation is that UHPC can lead to compact cross-sections, more
experimental testing will be needed for slender UHPC columns to understand the elastic and
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inelastic buckling behavior and identify the acceptable range of slenderness ratios for
economic designs.

A new design philosophy can be considered for seismic UHPC columns with focus on low-
damage concepts. The current seismic design philosophy is based on ductility concepts when
in fact, emerging technologies and seismic protective systems are promoting resilient and
damage-free designs to allow for immediate operation of critical structure, e.g. bridges, after
large earthquakes. Thus, more research is needed to determine the proper ductility or R factor
for UHPC column that can strike a balance between low-damage and economic cross-
sections.

Experimental testing of large number of UHPC columns will not be very feasible. Thus,
building on this project and similar studies to provide robust computational and analytical
tools for modeling UHPC columns is needed. More research is needed to calibrate
constitutive models for UHPC based on full structural components and to provide best
modeling approaches.
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	INTRODUCTION 
	1.1. 
	1.1. 
	Project Motivation 

	In the recent decades, Ultra High Performance Concrete (UHPC) has attracted worldwide attention of the industry and academy, due to its significant features, compared to the conventional concrete. UHPC is a cementitious material, reinforced by fiber, which has compressive and tensile strength around 28 ksi and 1.2 ksi, respectively. Strain-hardening behavior of UHPC in tension along with its pre- and post- cracking tensile strength, are of its unique characteristics, associated with the fiber bridging effec
	Rapid deterioration of bridge substructures has been one of the major reasons for the increasing number of structurally deficient or functionally obsolete bridges in the past decade. While many of the deteriorating old bridges are originally designed for a 50-year service life, many of the ongoing repairs, retrofits, and new construction aim at extending service life to 75 or 100 years. One approach for protecting and building durable bridge substructures with longer service life is to use very durable mate
	Proper reinforcement detailing can increase columns axial capacity and ductility, but also showed that larger longitudinal reinforcement ratios are desired to fully utilize the UHPC superior strength and reduce cross-sections. Meanwhile, for better constructability, codes and standards limit longitudinal reinforcement ratio in bridge columns, for example, to 4%. Thus, considering high-strength steel with UHPC can help optimize cross-sections while maintaining reasonable reinforcement ratio. However, the use
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	provide the basic knowledge needed to design UHPC sections using high-strength steel for constructing durable and compact pre-fabricated columns for ABC bridges. 
	provide the basic knowledge needed to design UHPC sections using high-strength steel for constructing durable and compact pre-fabricated columns for ABC bridges. 
	1.2. 
	1.2. 
	Research Objectives and Tasks 

	The overall objective of this study is to provide the knowledge needed to optimize the design of pre-fabricated bridge substructure elements, mainly columns, using UHPC and high-strength steel. In particular, the purpose of this study is to investigate the effect of longitudinal and transverse reinforcement detailing on the strength and displacement capacity of UHPC columns. The core of this study is an experimental program that consists of UHPC cylinders confinement study and four large-scale column tests 
	This study tested UHPC bridge columns designed using A706 Grade 100 steel and using two different reinforcement ratios to investigate the efficiency of high-strength steel in reducing UHPC columns cross-sections while maintaining strength and displacement design requirements. Another key factor of optimizing columns design under combined axial and lateral loads is understanding the confinement behavior of UHPC along with transverse steel detailing requirements such as minimum hoop spacing. An confinement st
	 
	 
	Task 1 – Update literature search on structural and seismic performance of UHPC prefabricated bridge components and connections:  

	An extensive literature search was conducted to comprehensively summarize the different structural applications of UHPC for bridges or other structures. The search has focused mainly on the structural and seismic response of UHPC structural members (mainly columns) subjected to combined axial and flexural loading. 
	 
	 
	Task 2 – Conduct UHPC confinement tests: 

	Most of previous research that studied the compressive behavior of UHPC and developed stress-strain relationships for modeling focused on unconfined UHPC or in other words, tested mainly unconfined UHPC cylinders. For correct estimation of the ultimate strength and displacement design capacity of UHPC columns under combined axial and lateral loading, a better understanding of the effect of confinement on UHPC behavior is crucial. A large number of unconfined and confined UHPC cylinders was sampled, instrume
	 
	 
	Task 3 – Construct UHPC columns and conduct experimental tests: 

	Four Large-scale UHPC columns were tested under axial and quasi-static cyclic lateral loading at the Earthquake Engineering Laboratory at the University of Nevada, Reno. The lateral response 
	2 

	of these columns was evaluated for damage progression, failure type, peak strength, displacement ductility and steel reinforcement strains. This study investigated three test parameters on the structural and seismic response of columns which included: using Grade 100 rebars versus Grade 60 rebars; varying confinement reinforcement, and varying the longitudinal reinforcement ratio.   
	of these columns was evaluated for damage progression, failure type, peak strength, displacement ductility and steel reinforcement strains. This study investigated three test parameters on the structural and seismic response of columns which included: using Grade 100 rebars versus Grade 60 rebars; varying confinement reinforcement, and varying the longitudinal reinforcement ratio.   
	 
	 
	Task 4 – Process and interpret tests results and assess the structural and seismic performance of UHPC columns: 

	The data obtained from the experimental tests were processed to interpret and explain the structural and seismic response of UHPC columns with conventional and high-strength steel along with the effect of transverse reinforcement on confinement behavior and column capacity. The knowledge acquired from the confinement study and the column tests provide the foundation for future work that can comprehensively provide design guidelines for high performance durable UHPC columns with high-strength steel.  
	 
	 
	Task 5 – Summarize the investigation and the results in a final report: 

	A final report describing the details of different tasks and preliminary design guidelines for UHPC columns with high-strength steel, i.e. this report, was prepared and submitted to the ABCUTC steering committee for review and comments. 
	-

	1.3. 
	1.3. 
	Research Advisory Panel (RAP) 

	The project work and the developed survey were done in collaboration with the Research Advisory Panel (RAP). The following people participated in the RAP: 
	 
	 
	Elmer Marx (Alaska DOT) 

	 
	 
	Tareq Masroor (Caltrans) 

	1.4. 
	1.4. 
	Report Overview 

	This report consists of seven chapters. The first chapter provides a brief introduction for the report that includes the study motivation, research objectives and the conducted tasks. Chapter 2 provides a comprehensive summary of existing knowledge on UHPC columns from international codes and guidelines along with previous research. Chapter 3 presents the confinement study on UHPC cylinders. The large-scale column tests are discussed in Chapters 4 through 6. In Chapter 4, the details of the large-scale UHPC
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	LITERATURE REVIEW 
	Columns are critical structural components that are designed to carry pure axial loads or combined axial loads and bending moments. The effects of axial loads (mainly compression) can further increase the flexure capacity, which is important to properly quantify when columns are considered as part of lateral load resisting systems, e.g. moment frames in buildings or bridge columns. Previous studies considered testing of UHPC columns under mainly axial loads, and fewer studies considered combined axial and b
	2.1. 
	2.1. 
	International Codes and Design Guidelines 

	In 2006, the Japan Society of Civil Engineers (JSCE) published Recommendations for Design and Construction of Ultra High Strength Fiber Reinforced Concrete Structures (Draft) that builds on the JSCE Standard Specifications for Concrete Structures. The draft recommendations provide design values for materials (e.g. compressive strength, first cracking strength, tensile strength, stress-strain relationships, etc.) and address structural strength design, serviceability, fatigue resistance, structural details, 
	One of most comprehensive design guidelines and/or standards that is concerned with UHPC to date has been developed by the Association Française de Génie Civil (AFGC), i.e. French Association for Civil Engineering. The French standards and design recommendations are composed of three parts. The first part, published in July 2016, is the French standard NF P18-470 (French-standard 2016a) self-supporting document related to UHPFRC specification, performance, production and conformity (this standard has a simi
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	For UHPC, values of partial factors for material is refined as Table 2-1. These factors shall be 1.0 at serviceability limit state. For preliminary or design studies, and in the absence of tests or an identity card, NF P18-710 (French-Standard 2016b) allows the values given in Table 2-2 to be used for the mechanical characteristics of the UHPC material, compression strength, tensile behavior and Young's modulus along with the shrinkage and creep laws. Poisson's coefficient may be taken as 0.2 for UHPC. 
	For UHPC, values of partial factors for material is refined as Table 2-1. These factors shall be 1.0 at serviceability limit state. For preliminary or design studies, and in the absence of tests or an identity card, NF P18-710 (French-Standard 2016b) allows the values given in Table 2-2 to be used for the mechanical characteristics of the UHPC material, compression strength, tensile behavior and Young's modulus along with the shrinkage and creep laws. Poisson's coefficient may be taken as 0.2 for UHPC. 
	Table 2-1 Partial factors for materials at ultimate limit states (French-Standard 2016b). 
	Figure
	Table 2-2 indicative values for UHPC characteristics (French-Standard 2016b). 
	Figure
	For non-linear structural analysis, NF P18-710 suggests the compression stress-strain illustrated in Figure 2-1a, which is defined by Equations 1 through 7. The confinement effect ctfm/Kglobal (Kglobal is normally associated with the radial transverse direction). 
	brought by fibers in post cracking behavior is considered in term of f
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	ctfm is the mean value of the post-cracking strength (can be global is the orientation factor associated with global effect. This standard, however, proposes the constitutive law shown in Figure 2-1b for UHPC sections design in compression at Ultimate Limit State (ULS). The parameters needed to define this curve are as given in Equations 8-10: 
	In these expressions, f
	determined based on section 5.5.4 of standard 
	NF P18-470
	 (French-Standard 2016a) , and K
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	Figure
	(a) 
	(a) 
	(b) Figure 2-1 Stress-strain relation of UHPC in compression for: (a) non-linear structural analysis; 

	(b)
	(b)
	 design at ULS according to French-Standard (2016a).

	 Standard NF P18-470 proposes the following options for UHPC sections design in tension at Ultimate Limit State (ULS): (a) either a point-by-point law is chosen which comes 
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	from testing by possibly selecting a simplified description of this piecewise linear law; or (b) a conventional law described in the following sections is chosen, but for which the parameters are ct,el is the characteristic value of ctm,el is its mean value.  
	from testing by possibly selecting a simplified description of this piecewise linear law; or (b) a conventional law described in the following sections is chosen, but for which the parameters are ct,el is the characteristic value of ctm,el is its mean value.  
	determined from test results. In the curves shown in Figure 2-2, f
	the tensile limit of elasticity, and f

	Figure
	ctf in case of a local maximum (left) or where there is no local maximum (right) according to French-Standard (2016a). 
	Figure 2-2 Definition of f

	For the case of Bending with or without axial force in Ultimate Limit State, the cud according to the diagram defined in ud. For cross-sections loaded by the compression force (excluding the prestressing force), it is  = h/30 but not less than 20 mm where h is the depth of the section. 
	compressive strain in the UHPC shall be limited to ɛ
	Figure 2-3. The strains in the reinforcing steel and the prestressing steel shall be limited to ɛ
	necessary to assume the minimum eccentricity, e
	0

	Figure
	Figure 2-3 Diagram of relative deformations admissible in ultimate limit state (French-Standard 2016a). 
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	2.2. 
	2.2. 
	2.2. 
	Confinement of UHPC 

	In the recent years, only a handful of published literature addressed compression stress-strain relationships of UHPC cylinders. Hassan et. al. (2012) investigated the effect of steel fibers, modulus of elasticity, stress-strain curve and post peak behavior of UHPC in tension and compression. They obtained the complete compressive stress-strain curve for unconfined specimens using closed-loop controlled testing from Linear Variable Displacement Transducers (LVDTs) feedback. Based on their observations, the 
	Aghdasi et al. (2016) carried out compression tests on 70.6 mm (2.78 in) cubic specimens cast from their proposed UHPC mixture. They used a pair of LVDTs to determine the deformation for the entire compressive stress-strain curve. Shafieifar et al. (2017) performed compression tests on five 75 mm (3 in) diameter unconfined cylinders and on five, 50 mm and 75 mm (2 and 3 in) cubic specimens, made from the Ductal© UHPC. Based on their observations, Ductal© behaved elastically up to 50% of its compressive stre
	(e.g.
	(e.g.
	 Zohrevand and Mirmiran 2011). On the other hand, limited studies considered UHPC steel spirals confinement. Yang et al. (2016) conducted compression tests on 3 unconfined and 18 confined UHPC cylinders using steel spirals with yield stress of 60 ksi (414 MPa). Again the tested UHPC material was Ductal© with 2% steel fibers cast into 4 × 8 in (102 × 203 mm) cylindrical molds. Based on their observations, stress-strain behavior of confined specimens could be categorized into three different parts. The initia

	2.3. 
	2.3. 
	UHPC Axial Columns 

	Several studies investigated the behavior of UHPC columns. Kimura et. al. (2007) investigated the effect of 1) volumetric ratio of steel fibers, 2) lateral reinforcement ratio, and 3) axial loading type of reinforced UHPC columns with varying axial load under cyclic loading. They used NSK (Nagashima et al. 1995) model for stress-strain relationship of concrete, developed for HSC, in which the effect of steel fibers is not taken into account. Furthermore, they considered NZS equations for assessment of maxim
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	carrying capacity up to drift angel of 3% even under varying high axial loading condition; (2) For UHPC with strength of 200 MPa, the maximum flexural strength under varying axial load was about 1.47 times of Ultra High Performance Columns without steel fibers; (3) The NSK and NZS equations are appropriate for calculation of maximum flexural strength of UHPC with maximum strength of 200 MPa, while ACI and AIJ equations overestimate the strength by 15 to 20% (Table 2-3); (4) Addition of steel fibers results 
	carrying capacity up to drift angel of 3% even under varying high axial loading condition; (2) For UHPC with strength of 200 MPa, the maximum flexural strength under varying axial load was about 1.47 times of Ultra High Performance Columns without steel fibers; (3) The NSK and NZS equations are appropriate for calculation of maximum flexural strength of UHPC with maximum strength of 200 MPa, while ACI and AIJ equations overestimate the strength by 15 to 20% (Table 2-3); (4) Addition of steel fibers results 
	Table 2-3 Comparison of measured to calculated maximum strength (Kimura et al. 2007). 
	Figure
	Hosinieh et al. (2015) examined the influence of UHPC and transverse reinforcement detailing on strength, ductility, and failure mechanisms of six large-scale specimens, designed based on Canadian CSA A23.3-14 code, under pure axial load. They observed that for a particular transverse reinforcement configuration, reduction of space of transverse reinforcements results in enhancement of columns post-peak ductility with moderate increase in column capacity under axial loads. For a particular spacing of transv
	Shin et. al. (2017) investigated the axial load response of UHPC column with compressive strengths of 163 and 181 MPa. They used UHPC of 1.5 % steel fibers. They tested nine UHPC columns with different ratio of 0.9-9.9% transverse reinforcement and two different configurations. They studied the applicability of the existing equations in predicting behavior of UHPC columns. 
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	Figure
	Figure 2-4 Comparison of: (a) normalized load-strain response for UHPC vs. HSC columns; and 
	(b)
	(b)
	 experimental and analytical load-strain curves predicted using HSC models after Hosinieh et al. (2015). 

	2.4. 
	2.4. 
	Slender UHPC Columns 

	In addition to studying axial capacity of UHPC columns, few studies considered buckling of UHPC columns associated with the likely UHPC smaller sections compared to conventional concrete. Schmidt and Heimann (2011) and Heiman et al. (2013) investigated the reliability of slender UHPC structural members to assess the likelihood of their buckling and decrease in safety level, and compared the results of probabilistic analysis of HSC columns of high rise buildings with the conservative design provisions of Eur
	Another study was made by Hung and Hu (2018) to experimentally investigate the behavior of ten slender high-strength concrete of 100 MPa compressive strength and steel fiber contents ranging from 0% to 1.5% under concentric axial loads. They found that inclusion of 1.5% fibers enhanced the post-peak behavior as it became more ductile and it controlled the cover spalling preventing the longitudinal rebars from buckling. Hung and Hu (2018) experimentally investigated the behavior of ten slender high-strength 
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	Hung et al. (2018) experimentally investigated the behavior of eight slender UHPC (100 MPa compressive strength) columns under eccentric axial loads and compared their capacities to the ACI 318 equations. The experimented variables were (1) the stirrup spacing (h/2 & h/4), (2) the cross ties (presence or absence) and (3) the amount of steel fibers (0, 0.75, & 1.5%). The columns dimensions were 200 × 200 × 1200 mm (buckling Ratio = 40, According to ACI 318). It was found that using the cross ties improved th
	Hung et al. (2018) experimentally investigated the behavior of eight slender UHPC (100 MPa compressive strength) columns under eccentric axial loads and compared their capacities to the ACI 318 equations. The experimented variables were (1) the stirrup spacing (h/2 & h/4), (2) the cross ties (presence or absence) and (3) the amount of steel fibers (0, 0.75, & 1.5%). The columns dimensions were 200 × 200 × 1200 mm (buckling Ratio = 40, According to ACI 318). It was found that using the cross ties improved th
	Schmidt and Curbach (2017) experimentally and analytically addressed the design optimization of UHPC columns to increase buckling stability by changing the cross section and shape of the column in both longitudinal and transverse directions by using the same amount of material used in their corresponding rectangular shaped columns. The experimental program consisted of two groups of 14 columns without longitudinal or transverse reinforcement and with compressive strength ranging from 120-160 MPa; the first 
	Redaelli et al. (2014) experimentally evaluated the contribution of fibers to the structural response of the columns under bending with normal force, and to assessing to which extent fibers could replace longitudinal or transversal reinforcement. Two preliminary test series on full scale columns with or without ordinary reinforcement were carried out. The first test series experimentally investigated the behavior of nine UHPC columns (slenderness ratio= 42) without transverse reinforcement under axial load 
	83)
	83)
	 with circular X-section made of HSC columns and reinforced alternatively with: only fibers; only ordinary longitudinal and transversal reinforcement; both fibers and reinforcement and the Columns were tested under an eccentrically applied compressive force, the experimented variables are concrete type (HSFRC with 2% fibers, HSC); the initial eccentricity (30 to 60 mm); the presence of longitudinal and transversal reinforcement; steel quality (ordinary or high strength steel). The authors concluded that Des
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	reduction of column strength and finally, When fibers are added (> 2.0% in vol.) to columns with longitudinal and transversal reinforcement, cover spalling is prevented. 
	reduction of column strength and finally, When fibers are added (> 2.0% in vol.) to columns with longitudinal and transversal reinforcement, cover spalling is prevented. 
	Aarup et al. (2004) tested a wide range of CRC columns with compressive strengths ranging from 120 to 145 MPa that had slenderness varying from 1.11 to 12.76 (the column dimensions ranged from 80×80mm cross-section with a height of 4.2m to 200×200mm cross-section with a height of 2.7m), a reinforcement ratio ranging from 0 to 8.8% and steel fiber ratio of 2, 4 or 6%. A total of 77 tests were carried out – 61 columns (57 centrally loaded & 4 eccentrically loaded) were tested in ambient conditions and 16 colu
	2.5. 
	2.5. 
	UHPC Columns Behavior under Different Hazards 

	Some studies considered also the behavior of UHPC columns under different types of lateral or dynamic loads along with hazards such as earthquakes, fire, or blast as briefly summarized below. 
	2.5.1. 
	2.5.1. 
	Earthquakes 

	Sugano et al. (2007) studied a series of tests of columns and frames of UHPC buildings under seismic loading to provide guidelines for design and construction. Based on their investigations UHPC is basically a brittle material which can be confined using high or ultra-high strength lateral reinforcements. In this case, the UHPC columns can tolerate very high axial compression forces. The flexural behavior of UHPC columns also can be well assessed when taking the tensile resistance of UFC and confinement by 
	Chao et al. (2016) studied seismic response of UHPC beams and columns with relatively higher amount of longitudinal reinforcement (> 2.5%) used for moment frame beams compared to what is acceptable for conventional RC beams. Based on their research, UHPC columns have higher strength and drift capacity before significant damages, compared to RC columns. In UHPC columns failure phenomena such as: concrete spalling and crushing, bar buckling and hoop failure are reduced. At moderate drift of 1.0 to 2.0 %, mino
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	Wang et al. (2016) established a finite element model, using Kent-Park model, to study the seismic performance of a pier of UHPC and high-strength steel. Concrete 02 by OpenSees platform is used as the constitutive model while the modified Kent-Park model is used for the skeleton curve. Based on their parametric studies, the following requirements were suggested to be considered for desirable seismic performance of UHPC: (1) Axial load ratio to be less than 0.4; (2) To have a drift ratio less than 1%, for a
	Wang et al. (2016) established a finite element model, using Kent-Park model, to study the seismic performance of a pier of UHPC and high-strength steel. Concrete 02 by OpenSees platform is used as the constitutive model while the modified Kent-Park model is used for the skeleton curve. Based on their parametric studies, the following requirements were suggested to be considered for desirable seismic performance of UHPC: (1) Axial load ratio to be less than 0.4; (2) To have a drift ratio less than 1%, for a
	(3)
	(3)
	 For small axial load ratio, the increase of transverse reinforcement can reduce residual drift ratio while does not have any effect on ductility and energy dissipation of UHPC columns; (4) For short piers with high axial load ratio, the maximum ground acceleration capacity is a little insecure using inelastic response spectra, based on the nonlinear dynamic time history analysis. 

	2.5.2. 
	2.5.2. 
	Blast 

	Aoude et al. (2015) presented the results of a study examining the blast load performance of UHPC columns. Li et al (2015) carried out field blast tests on the four columns of their own developed UHPC, and compared the results with the numerical model. They note that UHPC have superior blast resistant features. In the later study, the authors used the material model type 10 in LS-DYNA, which can be defined by user based on the uniaxial compression test on UHPC, to model the UHPC behavior in compression. Sim
	Zhang et al. (2015) evaluated the residual behavior of UHPC infilled double-skin steel tubular columns after close-in blast loading. They carried out eight blast tests on three square and five circular columns with two different axial load levels. Then, they applied static axial compressive loads on the specimens until failure to investigate their residual capacity. Based on their observations, the axial load capacity of both undamaged circular and square columns were the same with negligible difference, wh
	Xu et al. (2016) tested four  reinforced UHPC columns under different designed explosions with same standoff distance of 1.5m, and compared their efficiency with four same sized and same reinforced HSC columns. Based on their investigations, use of UHPC rather than HSC can reduce the maximum and residual displacements and enhance the blast resistance of columns. Moreover, the axially loaded specimens have smaller deflections because of the influence of boundary conditions, which outweighs the P-delta effect
	0.2m×0.2m×2.5m

	2.5.3. 
	2.5.3. 
	Fire 

	Unlike all the outstanding mechanical features of UHPC, its particular material properties and slenderness of structural elements leads to its sensitivity against fire. High packing density 
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	causes the high pore pressure, which results in concrete spalling when the remained water is evaporated. Zehfuss and Siemon (2015) showed that it is possible to prevent explosive spalling using polypropylene fibers. They evaluated the load bearing capacity of UHPC columns in expose of fire, and simulated it using finite element method. 
	causes the high pore pressure, which results in concrete spalling when the remained water is evaporated. Zehfuss and Siemon (2015) showed that it is possible to prevent explosive spalling using polypropylene fibers. They evaluated the load bearing capacity of UHPC columns in expose of fire, and simulated it using finite element method. 
	2.6. 
	2.6. 
	Novel Hybrid Column designs using UHPC 

	The previously mentioned studies considered mainly columns entirely constructed using UHPC. However, numerous other studies considered UHPC as one component of novel and innovative new columns designs (e.g. Xiangguo et al. 2013; Markowski and Lohaus 2017). Two popular hybrid columns are UHPC-filled steel tubes and Fiber Reinforced polymer (FRP) tubes. Other designs include UHPC cores in conventional concrete and segmental UHPC columns.  
	2.6.1. 
	2.6.1. 
	UHPC-filled Steel Tubes 

	Liew and Xiong (2012) tested 18 steel tubes infilled with ultra-high strength concrete, 4 steel tubes infilled with normal strength concrete, and 5 hollow steel tubes. Although tubes filled with UHPC had higher load-carrying capacity, they were brittle after the peak load. Their ductility, however, could be improved by applying the load only on the concrete core, adding steel fibers into the concrete core or increasing the steel contribution ratio. Based on their study, on average, Eurocode 4 underestimate 
	Recently, Hoang and Fehling (2017a) presented a review of past experimental studies on UHPC-filled steel tubes under axial loading on entire section and on concrete core. They investigated the behavior of circular UHPC filled steel tube columns under concentric loading on concrete core using a finite element model in ATENA-3D (Hoang and Fehling 2017b). They carried out a parametric study to assess the effect of concrete compressive strength, steel tube thickness, and steel yield strength on compressive beha
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	2.6.2. 
	2.6.2. 
	2.6.2. 
	FRP-filled Steel Tubes 

	Zohrevand (2012) developed a hybrid system of UHPC-filled fiber reinforced polymer (FRP) tubes and provided a comprehensive experimental investigation using different fiber types and thickness under uniaxial compression. Zohrevand and Mirmiran (2012, 2013a, 2013b) studied he confinement behavior of UHPC due to FRP tubes and experimentally evaluated its cyclic behavior within twice length of the plastic hinge in columns under a constant axial load and reverse cyclic lateral load. Based on their observations,
	2.6.3. 
	2.6.3. 
	Other Designs 

	Hudoba and Mikus (2013) compared load carrying capacity of a column of conventional reinforced concrete with four different groups of hybrid columns: solid steel core, smooth 70mm diameter UHPC core, corrugated 72-mm diameter UHPC core, and 78-mm diameter UHPC core in corrugated steel tube, which all had same steel reinforcement. Zhang et al. (2016) examined behavior of UHPC infilled double-skin tube columns under close-in blast loading. Popa et al. (2016) investigated the differences in economy and section
	-

	Using UHPC for column repairs and retrofits can also be considered a hybrid column design. Massicotte et al. (2013) presented a seismic strengthening technique using UHPC jackets to prevent splitting failure mode (lap-splice failure, concrete cover spalling, and longitudinal buckling) in splice regions which does not have adequate reinforcement details. They tested their proposed technique on four large-scale rectangular bridge piers with the 2:1 cross sectional ratio. b long lap splices, they captured drif
	For unconfined 24d
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	eliminated for 300 mm stirrup spacing. Based on their claim, UHPC with 3% fiber content is sufficient for elimination of failure when using reinforcement diameter up to 45 mm. Li et al. (2017) developed a technique to repair conventional reinforced concrete columns damaged in earthquake, using HPC. They evaluated the efficiency of their proposed technique by comparing load-carrying capacities, displacement ductility, stiffness, and energy dissipation. They recommended 1.5 times of the width or height as the
	eliminated for 300 mm stirrup spacing. Based on their claim, UHPC with 3% fiber content is sufficient for elimination of failure when using reinforcement diameter up to 45 mm. Li et al. (2017) developed a technique to repair conventional reinforced concrete columns damaged in earthquake, using HPC. They evaluated the efficiency of their proposed technique by comparing load-carrying capacities, displacement ductility, stiffness, and energy dissipation. They recommended 1.5 times of the width or height as the
	2.7. 
	2.7. 
	Modeling of UHPC Columns  

	Davila (2007) discussed analytical modeling for UHPC and the evolution in design codes and their philosophical bases. Caldwell (2011) used the stress-strain relation illustrated in Figure 2-5a for UHPC modeling to numerically study the incurrence of plastic hinges and inspect the resultant behavior of NSC and UHPC columns under severe and short duration dynamic loads. Using a similar constitutive model (Figure 2-5b), Astarlioglu and Krauthammer (2014) numerically compared the response of a reinforced UHPC c
	Figure
	(a) 
	(a) 
	(b) 

	Figure 2-5 Stress-strain curve used for UHPC modeling: (a) Caldwell (2011) and (b) Astarlioglu and Krauthammer (2014). 
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	UHPC CONFINEMENT STUDY 
	3.1. 
	3.1. 
	Material and mix design  

	In this study, the Ductal© JS1000 commercial UHPC was used. Ductal© is composed of the premix, which is a proprietary blend of cement, silica sand, silica flour and silica fume, super plasticizer, and 2% steel fibers. In Table 3-1, the UHPC mix by Ductal© is presented. Based on the reported data, steel fibers have 399 ksi (2750 MPa) yield stress, 0.5 in (13 mm) length, and 
	0.008
	0.008
	 in (0.2 mm) diameter. For the purpose of this study, one batch of Ductal© UHPC was mixed following rigorous mixing and sampling procedures. Materials were accurately weighed and placed in a high shear mixer (Imer Mortarman 360 mixer). The premix, superplasticizer and water (or ice when needed) were initially mixed for about 15-20 min until a good consistency is reached. Next, the steel fibers were added slowly to the paste and mixed for an additional 10-15 min. As soon as mixing was completed, the casting 

	Table 3-1 UHPC mixture by Ductal© (based on number of premix bags). 
	Table
	TR
	TH
	kg/m3
	 lb/yd3 
	Percentage by weight 

	Premix (kg) 
	Premix (kg) 
	2,195 
	3,700 
	87.4 

	Water (or ice if needed) 
	Water (or ice if needed) 
	130 
	219.1 
	5.2 

	Superplasticizer (Premia 150) 
	Superplasticizer (Premia 150) 
	30 
	50.6 
	1.2 

	Steel fiber (2% volume) 
	Steel fiber (2% volume) 
	156 
	263 
	6.2 


	3.2. 
	3.2. 
	Test specimens 

	In total, 6 unconfined and 16 confined specimens were cast from one batch into the 3×6 in (76×152 mm) plastic cylindrical molds and demolded after at least 10 days of casting. Specimens were tested between 123 and 127 days after casting. Age of the specimens at the test day, volumetric ratio of steel spirals, and number of specimens for each group of specimens are summarized in Table 3-2. Confined cylinders were reinforced by steel spirals of three different pitch sizes: 1, 0.5, and 0.25 in (25, 13 and 6 mm
	Based on the Ductal© Operating Procedures for cylinders end-grinding, using a concrete saw, approximately 10-12 mm of top of the cylinders shall be finished end, and the ultimate 
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	length of the cylinders must be 150 mm ± 1 mm. Note that the cylinders’ molds are typically 75 mm × 165 mm but the molds used in this study were shorter with the height approximately equal to 150 mm. Accordingly, the finished height of the specimens were less than 150 mm. Hence, the effect of specimens’ height on the compressive strength is investigated as discussed in a following section. The height of the specimens were calculated as the average of four lengths measured in two perpendicular directions at 
	length of the cylinders must be 150 mm ± 1 mm. Note that the cylinders’ molds are typically 75 mm × 165 mm but the molds used in this study were shorter with the height approximately equal to 150 mm. Accordingly, the finished height of the specimens were less than 150 mm. Hence, the effect of specimens’ height on the compressive strength is investigated as discussed in a following section. The height of the specimens were calculated as the average of four lengths measured in two perpendicular directions at 
	Table 3-2 Summary of the varied confinement tests parameters and age of testing. 
	Specimen Group 
	Specimen Group 
	Specimen Group 
	ρ (%) 
	# of specimens 
	Specimen Number (Age in days) 

	Plain UHPC 
	Plain UHPC 
	0 
	6 
	No. 1 (123), No. 2 (123), No. 9 (126), No. 10 (126), No. 18 (127), No. 19 (127) 

	1-in confined UHPC 
	1-in confined UHPC 
	1.91 
	5 
	No. 3 (123), No. 4 (123), No. 11 (126), No. 12 (126), No. 20 (127) 

	0.5-in confined UHPC 
	0.5-in confined UHPC 
	3.82 
	6 
	No. 5 (126), No. 6 (126), No. 13 (126), No. 14 (126), No. 21 (127), No. 22 (127) 

	0.25-in confined UHPC 
	0.25-in confined UHPC 
	7.63 
	5 
	No. 7 (126), No. 8 (126), No. 15 (127), No. 16 (127), No. 23 (127) 


	Figure
	Figure 3-1 Assembling the spirals used for the UHPC confinement study. 18 
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	Figure
	Figure 3-2 Fresh UHPC after filling the cylinders (left) and process of grinding the cylinders ends for straight and smooth surface for compression testing (right). 
	3.3. 
	3.3. 
	Instrumentation and test set-up 

	All the specimens were tested under uniaxial compression loading using a Tinius-Olsen 300 kip (1334 kN) compression testing machine (shown in Figure 3-3) under force control. The loading rate was constantly maintained at approximately 15 kip/min (67 kN/min). Three different novotechnik devices were placed around the perimeter with 120º angle in between as illustrated in Figure 3-3 to measure the axial shortening of the specimens. The axial load and the vertical displacement were both measured at sampling ra
	Figure
	Figure 3-3 Tinius-Olsen testing machine used for UHPC cylinders compression tests and the novotechniks arrangement for displacement/strain measurements (one is behind the specimen). 
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	3.4. 
	3.4. 
	3.4. 
	Test results and discussion 

	Unconfined UHPC, also referred to as plain UHPC herein, cylinders typically failed by the gradual widening of multiple cracks in the vertical direction. In case of confined cylinders, the steel spirals stopped the progression and widening of the vertical cracks and prevented explosive failure of the specimens. The mode of failure for confined cylinders was a combination of small vertical cracks and spalling or crushing of UHPC in between the spirals. The typical failure mode of each group of UHPC specimens 
	To evaluate the ductility of the specimens, the ultimate strain was determined and compared for each group as shown in Table 3-3. The ultimate strain was defined as the strain at which the UHPC peak strength has already decreased by 20% (Yang et al. 2016). Based on the results, the ultimate strains were equal to 0.0076, 0.0095 and 0.0103 for 1-in, 0.5-in and 0.25-in confined cylinders, respectively. The increased strains reflect higher ductility which consistently increased by the increase of confinement ra
	Figure
	(a) 
	(a) 
	(b) (c) (d) Figure 3-4 Typical failure mode of (a) unconfined (plain) UHPC, (b) 1-in confined UHPC, (c) 

	0.5-in confined UHPC and (d) 0.25-in confined UHPC cylinders. Table 3-3 Summary of UHPC confinement test results. 
	Specimen Group 
	Specimen Group 
	Specimen Group 
	confinem ent ratio f΄l/ f΄co 
	Modulus of Elasticity, E ksi (GPa) 
	Peak strength ksi (MPa) 
	ɛp 
	ɛp,cc/ ɛp,c 
	ɛcu 
	confinement effectiveness f΄cc/ f΄co 

	Plain 
	Plain 
	-
	6,585 (45.4) 
	29.90 (206) 
	0.004 9 
	1.00 
	-
	1.00 

	1-in confined  
	1-in confined  
	0.019 
	6,507 (44.9) 
	28.26 (195) 
	0.005 0 
	1.04 
	0.007 6 
	0.95 

	0.5-in confined  
	0.5-in confined  
	0.042 
	7,479 (51.6) 
	30.85 (213) 
	0.005 8 
	1.20 
	0.009 5 
	1.03 

	0.25-in confined  
	0.25-in confined  
	0.088 
	7,396 (51.0) 
	31.68 (218) 
	0.006 6 
	1.37 
	0.010 3 
	1.06 
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	In Table 3-3, the confinement effectiveness is defined as the ratio of compressive strength of confined UHPC (’cc) to the unconfined compressive strength (f’co). The confinement ratio is l) to the unconfined compressive co) using the following equation adopted from Mander et al. (1988). 
	In Table 3-3, the confinement effectiveness is defined as the ratio of compressive strength of confined UHPC (’cc) to the unconfined compressive strength (f’co). The confinement ratio is l) to the unconfined compressive co) using the following equation adopted from Mander et al. (1988). 
	f
	defined as the ratio of the effective lateral confining pressure (
	f
	’
	strength of plain UHPC (
	f
	’
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	yh = yield strength of transverse steel; ρ = volumetric ratio of transverse confining steel to e = confinement effectiveness coefficient, which in turn, is calculated as follows. 
	where 
	f
	the confined concrete core; and 
	k

	1 
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	1  
	1  

	s = center-to-center diameter of spiral; s΄ = clear spacing between spiral wires (pitch) and ρcc = ratio of area of longitudinal steel to area of UHPC, which is zero for this study. The overall results indicates that confinement enhances the peak strength by about 6% (for 0.25-in confined UHPC) but increases the corresponding strain at peak strength by about 37%.  
	where d

	Moreover, Figure 3-5 shows a relation between the degree of out-of-planeness or distortion of cylinders versus the compression strength. Out-of-degree planeness of cylinders after grinding must be under 1 degree; otherwise, the specimen must be reground (Graybeal 2006). Based on Figure 3-5, all cylinders had out-of-planeness in the range of 0-0.5º, which had an insignificant impact on the compressive strength. As previously mentioned, the UHPC specimens were cast in 3×6 in (76×152 mm) cylinders but became s
	Figure
	Figure 3-5 Compressive strength as varies with cylinders end planeness of cylinders. 
	Figure 3-5 Compressive strength as varies with cylinders end planeness of cylinders. 


	Figure
	Figure 3-6 Compressive strength as varies with height of cylinders. 
	Figure 3-6 Compressive strength as varies with height of cylinders. 
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	The obtained stress-strain curves of plain UHPC, 1-in confined, 05-in confined, and 0.25in confined UHPC cylinders are presented in Figures 3-7 (a) through (d), respectively. As shown in Figure 3-7a, the unconfined cylinders behave almost linearly until the peak strength which is followed by a sudden load drop that corresponds to an explosive failure. The confined cylinders show a smoother behavior as the peak strength is approached. The behavior of 1-in, 0.5-in and 0.25-in confined cylinders is also found 
	The obtained stress-strain curves of plain UHPC, 1-in confined, 05-in confined, and 0.25in confined UHPC cylinders are presented in Figures 3-7 (a) through (d), respectively. As shown in Figure 3-7a, the unconfined cylinders behave almost linearly until the peak strength which is followed by a sudden load drop that corresponds to an explosive failure. The confined cylinders show a smoother behavior as the peak strength is approached. The behavior of 1-in, 0.5-in and 0.25-in confined cylinders is also found 
	-

	Similar to what Yang et al. (2016) observed, the confined stress-strain curves can be categorized to three different phases. The first phase is the elastic phase in which the transverse reinforcements are not yet active and the UHPC core mainly tolerate the load. In the second phase, small cracks and dilation of the UHPC core begin to occur, which in turn, activate the transverse reinforcements. Finally, in the last phase, UHPC reach its strength limit and a gradual load decrease starts. The shape of the cu
	(a) (b) 
	(c) 
	(c) 
	(d) 

	Figure 3-7 Stress-Strain response of (a) unconfined (plain) UHPC, (b) 1-in confined UHPC, (c) 0.5-in confined UHPC and (d) 0.25-in confined UHPC cylinders 
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	3.5. 
	3.5. 
	3.5. 
	Concluding Remarks 

	This chapter presented the experimental tests on uniaxial compression behavior of unconfined UHPC and UHPC cylinders confined by steel spirals. The obtained and presented results include the stress-strain curves, modulus of elasticity, peak strength, and ultimate strain. Based on the test results, steel spirals improved the overall behavior of UHPC cylinders in term of strength and ductility. However, the ductility enhancement was more significant. The confinement effect of steel spirals is rendered in the 
	Peak strength and ductility of confined specimens, compared to the unconfined ones, were quantitatively investigated by two parameters: confinement effectiveness ratio and ultimate strain. For the most confined specimens, i.e. 0.25-in confined cylinders, the confinement effectiveness ratio and ultimate strain were determined to be 1.06 and 1.03%, respectively. The results presented herein can be further used to inform finite element models of confined UHPC components. However, to have more statistically sig
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	Figure
	LARGE SCALE UHPC COLUMN TESTING 
	This chapter presents the experimental testing program used to investigate the behavior of UHPC columns subjected to combined axial and lateral loading. Four large-scale UHPC columns were tested under axial and quasi-static cyclic lateral loading at the Earthquake Engineering Laboratory at the University of Nevada, Reno. The experimental program presented herein is discussed in terms of: the specimens design and their construction stages; the properties of the materials used to construct the specimens; the 
	4.1. 
	4.1. 
	Specimens Design and Construction 

	The specimens’ dimensions as shown in Figure 4-1 which was the same for all four columns. Although testing was mainly comparative, yet the dimensions of the scaled-columns could be considered a 1/5 scale of the normal strength concrete (NSC) column used in the California department of transportation Academy Bridge. The height and diameter of the UHPC columns were 58 in. and 10 in., respectively. The test matrix is shown in Table 4-1. The test matrix consists of two groups. The first group consists of an ana
	2
	2

	Ø 1.5" holes 
	Ø 10" UHPC Column 1'-2" 4'-2" 1'-2" 5' 1'-4" 4'-2" 1'-2" 1'-4" 2' 2' Ø 2.5" holes Direction of Loading 1'-4" 4'-10" 5'-6" 6'-8" 2' 11" UHPC NSC Direction of Loading 6' 5' 6"2'2'6" 5' 6" 2' 2' 6" 5' 2' 2' 2' Plan View 
	Elevation View Side View 
	Figure 4-1 UHPC specimen dimensions. 
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	The construction stages of the specimen consisted of the following: (1) casting the NSC outer part of the footing and roughening the inner surface of the footing as shown in Figure 4-2; 
	The construction stages of the specimen consisted of the following: (1) casting the NSC outer part of the footing and roughening the inner surface of the footing as shown in Figure 4-2; 
	(2)
	(2)
	 casting the UHPC inner part of the footing as shown in Figure 4-3; (3) casting of the UHPC column as shown in Figure 4-4 along with an UHPC column head (Figure 4-5). It is noted that the joint type between each two consecutive casting stages was a cold joint which means that each casting stage was done after the previous cast hardened.      

	Table 4-1 UHPC columns test matrix. 
	Specimen 
	Specimen 
	Specimen 
	Longitudinal Reinforcement 
	Transverse Reinforcement 
	Tested Variable 
	Type of Testing 

	# 
	# 
	%Ag
	 # 
	%Ag 

	Group I (Gr. 60) 
	Group I (Gr. 60) 
	S0 
	6#5 
	2.37% 
	#3@2in 
	1.1% 
	NSC 
	Analytical 

	S1 
	S1 
	6#5 
	2.37% 
	#3@2in 
	1.1% 
	UHPC vs NSC 
	Experimental 

	Group II (Gr. 100)* 
	Group II (Gr. 100)* 
	S2 
	6#5 
	2.37% 
	#3@2in 
	1.1% 
	Gr 100 vs Gr 60 
	Experimental 

	S3 
	S3 
	6#5 
	2.37% 
	#3@4in 
	0.55% 
	Low confinement 
	Experimental 

	S4 
	S4 
	6#4 
	1.53% 
	#3@2in 
	1.1% 
	Low long. steel ratio 
	Experimental 


	*
	*
	 Gr. 100 is for the longitudinal reinforcement only in Group II specimens.  

	Figure
	Figure 4-2 Casting of NSC footing and roughening of the inner surface of the footing. 
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	Figure
	Figure 4-3 Casting of UHPC footing. 
	Figure
	Figure 4-4 Casting of UHPC column. 
	Figure
	Figure 4-5 Casting of UHPC column head. 
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	4.2. 
	4.2. 
	4.2. 
	Material Properties 

	In this section, the material characteristics of the UHPC, the reinforcing bars of grades 60 and 100 are presented and discussed with regards to the material preparation, sampling, and mechanical strength (compression for concrete materials, and tension for steel). 
	4.2.1. 
	4.2.1. 
	Ultra High Performance Concrete 

	A commercial proprietary UHPC mix was used in this study, similar to the confinement study presented in Chapter 3, which is the Ductal® JS1000 mix design. Lafarge commonly delivers UHPC in three different parts: (1) a premix which is a proprietary blend of cement, silica sand, silica flour and silica fume (Figure 4-6a); (2) steel fibers (Figure 4-6b); (3) Superplasticizer (Figure 4-6c). The Ductal® mix components and mix ratios are given again here for convenience and shown in Tables 4-2 and 4-3, respective
	3
	3

	Figure
	Figure 4-6 Ductal® UHPC mixture components: (a) dry Ductal® premix; (b) steel fibers; and (c) 
	superplasticizer. 
	Figure 4-7 UHPC high shear mixer at UNR (Imer 750). 
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	Table 4-2 UHPC mixture by Ductal® (based on number of premix bags). 
	Table 4-2 UHPC mixture by Ductal® (based on number of premix bags). 
	Number of bags per batch 
	Number of bags per batch 
	Number of bags per batch 
	5 
	6 
	7 
	8 
	9 

	Premix (lb) 
	Premix (lb) 
	250 
	300 
	350 
	400 
	450 

	Water or ice (lb) 
	Water or ice (lb) 
	14.37 
	17.24 
	20.12 
	22.99 
	25.86 

	Superplasticizer (lb) 
	Superplasticizer (lb) 
	3.43 
	4.11 
	4.80 
	5.48 
	6.17 

	Steel fiber (lb) 
	Steel fiber (lb) 
	17.77 
	21.32 
	24.88 
	28.43 
	31.99 

	Volume / Batch (ft3) 
	Volume / Batch (ft3) 
	1.82 
	2.19 
	2.55 
	2.92 
	3.285 


	Table 4-3 UHPC mixture by Ductal®. 
	Table
	TR
	TH
	kg/m3
	 lb/yd3 
	Percentage by weight (%) 

	Premix 
	Premix 
	2195 
	3700 
	87.6 

	Superplasticizer (Premia 150) 
	Superplasticizer (Premia 150) 
	30 
	50.6 
	1.2 

	Steel Fiber (2.0% volume) 
	Steel Fiber (2.0% volume) 
	156 
	263 
	6.2 

	Water (or ice) 
	Water (or ice) 
	130 
	219.1 
	5 


	Table 4-4 Typical mechanical properties of steel fibers used for Ductal®. 
	Table
	TR
	TD
	SI units 
	US units 

	Tensile Strength 
	Tensile Strength 
	399 MPa 
	3750 ksi 

	Length 
	Length 
	13 mm 
	0.5 in 

	Diameter 
	Diameter 
	0.2 mm 
	0.008 in 


	During UHPC mixing, to control the temperature of the UHPC mixture given that mixing took place in Reno in the summer with temperatures greater than 20°C, ice was added as a part of the water weight. When the daytime temperatures exceeded 25°C (77°F), 100% ice substitution of water was used to increase the working time of the mix. The mixing procedure as demonstrated in Figure 4-8 consists of 3 stages: (1) the premix is added to the mixer and left for about 1 minute mixing; (2) the liquid including the supe
	For the test specimens, every UHPC footing used two batches while each column used only one batch. It is worth noting that the UHPC was poured for each member from the same place to prevent the formation of a cold joint between two separate flows, and no vibrators were used to prevent any fiber segregation of the mix. During the casting of two UHPC batches, if the UHPC of the first batch started to form a crust on the surface, a wooden piece was used to break this crust before casting the second batch to en
	For each UHPC batch static and dynamic slump (flow characteristics) were measured to check values are within the allowable ranges. A flow table and brass cone, as shown in Figure 49, that satisfies (ASTM C 230) are used for these tests. The actual dynamic slump tests for most 
	-
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	of the batches were in the range of 8.5 ins to 9 ins, noting that the allowable slump must be in the range of 7 ins to 10 ins (180 mm to 250 mm) after 20 shocks on the impact flow table. 
	of the batches were in the range of 8.5 ins to 9 ins, noting that the allowable slump must be in the range of 7 ins to 10 ins (180 mm to 250 mm) after 20 shocks on the impact flow table. 
	Figure
	Figure 4-8 UHPC mixing procedure. 
	Figure
	Figure 4-9 UHPC slump testing. 
	For compressive strength evaluation, 3x6 in cylinder samples were taken from each batch and were tested at 14 days and at the column test day. Similar to the confinement study, 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 (see Figure 4-10 for illustration of the process). A summary of the measured co
	29 

	4-11 and a sample of the tested cylinders, where the damage can be illustrated, is shown in Figure 4-12. 
	4-11 and a sample of the tested cylinders, where the damage can be illustrated, is shown in Figure 4-12. 
	Figure
	Figure 4-10 UHPC cylinders preparation. 
	Figure
	Figure 4-11 UHPC compression test setup. 
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	Figure
	Figure 4-12 UHPC cylinder damage and mode of failure under compression tests. Table 4-5 UHPC compressive strength for large-scale test specimens. 
	Specimen 
	Specimen 
	Specimen 
	Element 
	Measured at 
	Strength (ksi) 

	S1 
	S1 
	Inner Footing 
	14 days 
	25.18 

	Test day 
	Test day 
	31.38 

	Column 
	Column 
	14 days 
	24.62 

	Test day 
	Test day 
	29.64 

	S2 
	S2 
	Inner Footing 
	14 days 
	26.94 

	Test day 
	Test day 
	32.99 

	Column 
	Column 
	14 days 
	25.62 

	Test day 
	Test day 
	31.17 

	S3 
	S3 
	Inner Footing 
	14 days 
	15.15 

	Test day 
	Test day 
	17.54 

	Column 
	Column 
	14 days 
	28.06 

	Test day 
	Test day 
	33.28 

	S4 
	S4 
	Inner Footing 
	14 days 
	22.91 

	Test day 
	Test day 
	27.18 

	Column 
	Column 
	14 days 
	29.44 

	Test day 
	Test day 
	30.95 


	31 

	4.2.2. 
	4.2.2. 
	4.2.2. 
	Reinforcing steel  

	The Grade 60 longitudinal steel reinforcement used in this study was conforming to the ASTM A706 Grade 60 specifications (ASTM 2009) and #5 rebars were used. The measured yield and ultimate tensile strength of the longitudinal reinforcing steel bars were 70.4 ksi and 101.2 ksi, respectively. The yielding strain was 0.23% and the ultimate elongation was 19%. 
	The HSS longitudinal steel reinforcement used was nominally Grade 100 rebars, MMFX rebars conforming to ASTM A1035 Grade 100 specifications. The MMFX HSS used included both #4 and #5 rebars and is shown in Figure 4-13. To know the actual tensile properties of the rebars, direct tension tests were made using displacement-controlled testing machines. The tested rebar samples were 17 samples of #4 rebars and 6 samples of #5 rebars representing all received batches of the rebars. The samples were tested using a
	Figure
	Figure 4-13 High strength steel rebars (#4 and #5). 
	32 

	PageRoot
	Figure
	Figure 4-14 Direct tension tests on #4 rebars samples. 
	Figure
	Figure 4-15 Direct tension tests on #5 rebars samples. Table 4-6 Mechanical properties of HSS tested coupons. 
	Diameter bar 
	Diameter bar 
	Diameter bar 
	Yield Strength (ksi) 
	Ultimate Strength (ksi) 
	Young’s Modulus (ksi) 
	Ultimate Strain (%) 

	#4 
	#4 
	124 
	167.25 
	26,000 
	12.6 

	#5 
	#5 
	128 
	162 
	26,000 
	15.4 


	33 

	160 140 
	160 140 
	160 140 
	160 140 
	TH
	TH
	TH
	TH
	TH
	TH
	TH

	TR
	TD
	TD
	TD
	TD
	TD
	TD
	TD

	TR
	TD
	Figure

	TD
	TD
	TD
	TD
	TD
	TD

	124 
	124 

	Stress (Ksi) 120 100 80 60 40 20 
	Stress (Ksi) 120 100 80 60 40 20 

	TR
	TD
	TD
	TD
	TD
	TD
	TD
	TD

	TR
	TD
	TD
	TD
	TD
	TD
	TD
	TD

	TR
	TD
	TD
	TD
	TD
	TD
	TD
	TD

	TR
	TD
	TD
	TD
	TD
	TD
	TD
	TD

	TR
	TD
	TD
	TD
	TD
	TD
	TD
	TD

	TR
	TD
	TD
	TD
	TD
	TD
	TD
	TD


	160 140 
	160 140 
	160 140 
	TH
	TH
	TH
	TH
	TH
	TH
	TH
	TH
	TH

	TR
	TD
	TD
	TD
	TD
	TD
	TD
	TD
	TD
	TD

	TR
	TD
	Figure

	TD
	TD
	TD
	TD
	TD
	TD
	TD
	TD

	128 
	128 

	Stress (Ksi) 120 100 80 60 40 20 
	Stress (Ksi) 120 100 80 60 40 20 

	TR
	TD
	TD
	TD
	TD
	TD
	TD
	TD
	TD
	TD

	TR
	TD
	TD
	TD
	TD
	TD
	TD
	TD
	TD
	TD

	TR
	TD
	TD
	TD
	TD
	TD
	TD
	TD
	TD
	TD

	TR
	TD
	TD
	TD
	TD
	TD
	TD
	TD
	TD
	TD

	TR
	TD
	TD
	TD
	TD
	TD
	TD
	TD
	TD
	TD

	TR
	TD
	TD
	TD
	TD
	TD
	TD
	TD
	TD
	TD


	180 
	0 
	0 
	0 
	0.02 0.04 0.06 0.08 0.1 0.12 0.14 Strain (in/in) 

	Figure 4-16 Tensile stress-strain curve of #4 HSS rebars. 
	180 
	0 
	0 
	0 
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	Strain (in/in) 
	Figure 4-17 Tensile stress-strain curve of #5 HSS rebars. 
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	4.3. 
	4.3. 
	4.3. 
	Test Setup and Loading Protocol 

	The columns were tested in a cantilever configuration setup as shown in Figure 4-18. Assuming an average column concrete strength of 30 ksi, the axial load index, which is the ratio of the axial load to the product of column gross section area and the specified compressive strength of the concrete column, was kept constant at 5% during the test. The axial load was applied to the top of the column through two center-hole rams placed on a load spreader beam perpendicular to the lateral load direction to apply
	Table
	TR
	TH
	Hollow Core Jack 
	TH
	Hollow Core Jack 

	9" 
	9" 
	TD
	TD
	TD

	TR
	TD
	9'-8" MTS-110 Kips Actuator 
	71 4 " 
	Axial Load Spreader Beam 
	Axial Load Spreader Beam 
	4" 
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	Reaction Blocks 
	Actuator Total Length 
	1'-4" 
	1'-4" 
	Min. Stroke Length= 108" 
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	Mid. Stroke Length= 119" 
	1'-4"
	Ø 10" UHPC 
	Ø 10" UHPC 
	5'-6"
	4'-10" 
	Max. Stroke Length= 130" 
	Column 
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	Figure 4-18 Test Setup for UHPC column under combined axial and bending at UNR. 
	4.4. 
	4.4. 
	Instrumentation Plan 

	As shown in Figure 4-20, the specimen was instrumented with 21 reinforcement strain gages to capture the longitudinal and transverse bars strains in the column plastic hinge region. The strain gages were named according to their position and their height level. Five levels of strain gauges were assigned to the strain gages labels. Three string pots were attached to the column head to capture the column top displacement. Ten displacement Transducers were attached to the column plastic hinge region as shown i
	6'-1" 
	2
	1
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	Figure 4-19 Cyclic loading protocol for lateral loading of UHPC columns. Table 4-7 Specifications of the cyclic loading protocol used for lateral loading of UHPC columns 
	12 10 8 6 4 2 
	0 
	Run # 
	Run # 
	Run # 
	% of Yield Displacement 
	Displacement (in) 
	Drift (%) 
	Displacement Rate 

	1 
	1 
	25 
	0.1 
	0.17 
	0.01 in/sec 

	2 
	2 
	35 
	0.14 
	0.24 

	3 
	3 
	50 
	0.2 
	0.34 

	4 
	4 
	70 
	0.28 
	0.48 

	5 
	5 
	100 
	0.4 
	0.69 

	6 
	6 
	140 
	0.56 
	0.97 

	7 
	7 
	200 
	0.8 
	1.38 

	8 
	8 
	280 
	1.12 
	1.93 

	9 
	9 
	400 
	1.6 
	2.76 

	10 
	10 
	560 
	2.24 
	3.86 
	0.05 in/sec 

	11 
	11 
	800 
	3.2 
	5.52 

	12 
	12 
	1,120 
	4.48 
	7.72 

	13 
	13 
	1,570 
	6.28 
	10.83 
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	Figure
	Figure 4-20 Schematic of different instrumentation types and layout as sued for UHPC columns tests under combined axial and lateral cyclic loading. 
	37 

	TEST RESULTS AND DISCUSSION OF GROUP I SPECIMENS 
	TEST RESULTS AND DISCUSSION OF GROUP I SPECIMENS 
	Figure

	This chapter presents the experimental test results of specimen S1 of Group I with respect to the global and the local behavior perspectives. The chapter also provides a comparison of the UHPC specimen S1 with a hypothetical NSC specimen (S0) to show the effect of using UHPC instead of NSC on the column strength. The response of the NSC column S0 was determined using analytical methods as explained in this chapter.  
	5.1. 
	5.1. 
	Column Global Behavior 

	5.1.1. 
	5.1.1. 
	Plastic Hinge Damage and Mode of Failure 

	The observed mode of failure for the UHPC column (S1) was the fracture of reinforcing bars without any spalling of UHPC. However, crushing of UHPC in compression was observed as well. The test was stopped after the rupture of the four outer-most rebars in the north and south directions of the column and before the rupture of the two middle rebars for test setup stability purposes. Figure 5-1 shows an overview of the deformed column during the test under the maximum applied drift.  
	Figure
	Figure 5-1 Overview of Column Model Under Maximum Drift. 
	The first bar ruptured at the second cycle of almost 8% drift ratio while the other three bars ruptured at almost 11% drift ratio cycles. There was no evidence of rebar buckling. Furthermore, no concrete spalling or reinforcement exposure was observed until the end of the test. No cracks were observed until reaching 1% drift ratio. The onset of UHPC crushing in compression was observed at 2.76% drift ratio and the first significant crack started to appear at a level of 2 in above the footing at 4% drift rat
	38 

	5-2 through 5-10 show the progression of the damage at the plastic hinge region of the column at selected different drift ratios. It should be noted that the cracks were marked on the south direction for the odd numbers of the run when the column was in the push direction (tension side is at south direction), while the cracks were marked on the north direction for the even numbers of the runs when the column was in the pull direction (tension side is at the north direction). It is also worth noting that the
	5-2 through 5-10 show the progression of the damage at the plastic hinge region of the column at selected different drift ratios. It should be noted that the cracks were marked on the south direction for the odd numbers of the run when the column was in the push direction (tension side is at south direction), while the cracks were marked on the north direction for the even numbers of the runs when the column was in the pull direction (tension side is at the north direction). It is also worth noting that the
	Figure
	Figure 5-2 Damage Observed at Second Cycle of 0.69% Drift, (Specimen S1). 
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	Figure
	Figure 5-3 Damage Observed at Second Cycle of 0.97% Drift, (Specimen S1). 
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	Figure
	Figure 5-4 Damage Observed at Second Cycle of 1.38% Drift, (Specimen S1). 
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	Figure
	Figure 5-5 Damage Observed at Second Cycle of 1.93% Drift, (Specimen S1). 
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	Figure
	Figure 5-6 Damage Observed at Second Cycle of 2.76% Drift, (Specimen S1). 
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	Figure
	Figure 5-7 Damage Observed at Second Cycle of 3.86% Drift, (Specimen S1). 
	44 

	PageRoot
	Figure
	Figure 5-8 Damage Observed at Second Cycle of 5.52% Drift, (Specimen S1). 
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	Figure
	Figure 5-9 Damage Observed at Second Cycle of 7.72% Drift, (Specimen S1). 
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	Figure
	Figure 5-10 Damage Observed at Second Cycle of 10.83% Drift, (Specimen S1). 
	5.1.2. 
	5.1.2. 
	Force-Drift Relationship 

	The hysteretic behavior of the UHPC column as shown from the global force-drift relationship is presented in Figure 5-11. The positive values on the plot indicate pushing the column towards north direction. The force shown in this plot was recorded directly from the load cell used for the MTS actuator used to apply the lateral displacement to the column. The column displacement was calculated by taking the average of the data from three string potentiometers attached to the 
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	column head which represent the actual column displacements. The asymmetric response observed in the figure was a result of reinforcement misalignment during construction. Figure 512 shows the distorted pattern of the six longitudinal rebars which was discovered after the test when the column was fully separated from the footing and the actual cross-section was inspected. From Figure 5-11, it is shown that the peak strength was reached and maintained at drift ratios 5.5% and 7.7% for the pull and push direc
	column head which represent the actual column displacements. The asymmetric response observed in the figure was a result of reinforcement misalignment during construction. Figure 512 shows the distorted pattern of the six longitudinal rebars which was discovered after the test when the column was fully separated from the footing and the actual cross-section was inspected. From Figure 5-11, it is shown that the peak strength was reached and maintained at drift ratios 5.5% and 7.7% for the pull and push direc
	-

	Figure
	Figure
	Figure 5-11 Global force-drift relationship for specimen S1. 
	Figure
	Figure
	Figure

	Figure
	Figure 5-12 The as-built S1 UHPC column cross-section (full column was separated from the footing after testing). 
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	The first bar yielding was observed on the south-east rebar at drift ratios of 0.92% at the first cycle of the 0.97% drift ratio run which can be observed from Figure 5-13 that gives the strain history of the rebars at level 2 above the footing level (see Figure 4-20 in previous section for instrumentation level). The first bar ruptured was observed on the north-west rebar at drift ratio of 7.7% at the second cycle of the 7.72% drift ratio run which can be implied from the sudden drop of the strain at level
	The first bar yielding was observed on the south-east rebar at drift ratios of 0.92% at the first cycle of the 0.97% drift ratio run which can be observed from Figure 5-13 that gives the strain history of the rebars at level 2 above the footing level (see Figure 4-20 in previous section for instrumentation level). The first bar ruptured was observed on the north-west rebar at drift ratio of 7.7% at the second cycle of the 7.72% drift ratio run which can be implied from the sudden drop of the strain at level
	The measured displacement ductility was almost 8.4 which meets and exceed the AASHTO (2014) requirements for maximum displacement ductility demand of 5. It is also seen from Figure 5-11 that the column has more than 65% reserved displacement capacity, which allows UHPC columns to be used in high seismic regions. The envelopes of the hysteresis curves in the positive and negative displacement regions and their idealized elasto-plastic idealization are shown in Figure 5-16. The plastic segment was obtained by
	-

	Figure 5-13 Rebars Strain History at Level 2 to Imply Yielding, (Specimen S1). Yield Strain Limits 
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	Figure
	Figure 5-15 Column lateral force history and rupture sequence identified for UHPC specimen S1. 50 
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
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	Figure 5-16 Envelope of force-drift relationship and elasto-plastic idealization for specimen S1. 
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	5.1.3. 
	5.1.3. 
	Stiffness Degradation 
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	The stiffness degradation of the UHPC column was investigated at different drift ratios. As shown in Figure 5-18, the column exhibited good stiffness degradation behavior. It was observed that the column lost 50% of its initial stiffness after reaching 2% drift ratio. It is also noted that the column initial stiffness was 7.35 kN/mm (42 kips/in.) which corresponds to an initial cIg after the first run based on the UHPC modulus of elasticity c in ksi. 
	stiffness of almost 0.7 E
	recommended by Graybeal (2007) which is equal to 1,460 times the square root of f’
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	Figure 5-18 Stiffness degradation of UHPC specimen S1 as related to drift ratio. 
	5.2. 
	5.2. 
	Column Local Behavior 

	5.2.1. 
	5.2.1. 
	Strains 

	The longitudinal reinforcement strain profiles at the plastic hinge region are shown in Figure 5
	-

	19.
	19.
	 The strains values reported in the figure are the maximum absolute strains of the two complete cycles at each drift ratio. A sample of the strain gage profiles is reported and shown at 0.97, 1.93 and 3.86% drift ratios. It can be seen that the reinforcing bar strains were well distributed in the plastic hinge region of the column-footing interface. The Transverse reinforcement strain profiles at the plastic hinge region is shown in Figure 5-20. A sample of the strain gage profiles is reported and shown at 

	5.2.2. 
	5.2.2. 
	Curvature Profiles 

	The curvature profiles at the plastic hinge region reported at different drift levels are shown in Figures 5-21 and 5-22. Curvatures were measured indirectly by using displacement transducers mounted on both loading sides of the columns as illustrated before in Figure 5-20. Curvatures at each level were computed as the ratio of the section rotations of that level to the vertical distance of the transducers, where in turn, the rotations were the ratio of the summation of the relative displacements to the hor
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	was measured at five levels. The curvature of the column at the base was the highest mainly because of yield penetration at the column-footing interface. 
	was measured at five levels. The curvature of the column at the base was the highest mainly because of yield penetration at the column-footing interface. 
	Figure
	Figure 5-19 Distribution of the longitudinal rebars strains within plastic hinge region for UHPC specimen S1. 
	5.2.3. 
	5.2.3. 
	Moment-Curvature Behavior 

	The moment curvature hysteretic curve relationship is obtained and shown in Figure 5-23. The maximum moment capacities in the push and pull loading sides are 933 kip-in and 1,276 kip-in, respectively. The moment curvature backbone curves and the idealized elasto-plastic curves are shown in Figure 5-24. The curvature ductility is determined to be equal to 15.4, which is comparable to typical ductile NSC columns. 
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	Figure 5-20 Distribution of the transverse rebars strains within plastic hinge region for S1. 
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	Figure 5-21 Plastic hinge curvatures for lower drift levels from S1 tests. 
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	Figure
	Figure 5-22 Plastic hinge curvatures for higher drift levels from S1 tests. 
	Figure
	Figure 5-23 Moment-curvature relationship as obtained from test data for UHPC specimen S1. 
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	Figure
	Figure
	Figure 5-24 idealized elasto-plastic moment-curvature relationship for UHPC specimen S1. 
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure

	5.3. 
	5.3. 
	Comparison between NSC and UHPC Columns (S0 versus S1) 

	Analytical methods were used to establish a comparison with a hypothetical NSC column of 5 ksi concrete compressive strength and with the same dimensions, longitudinal and transverse reinforcement ratios as the UHPC specimen S1. For this purpose, the finite element platform OpenSEES (Mckenna et al. 2000) was used to conduct pushover and nonlinear analysis under the same cyclic loads as the UHPC column. A three-dimensional two-node fiber-section model was developed for S0 specimen. A nonlinear force-based el
	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. 1998). Both concrete parts were modeled using the Concrete01 material model while the reinforcement was modeled using Steel02 material model. The core section was meshed into 30 radial divisions and 10 theta divisions while 
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	5.3.1. 
	5.3.1. 
	Global Behavior 

	The envelops of the force-drift relationship for S0 (obtained from OpenSEES) and S1 (obtained from experimental test) are shown in Figure 5-25. By comparing the global response of S0 and S1, it is shown that using UHPC of almost 6 times the strength of NSC has led to a significant increase in the lateral load capacity of the column with an increase of 69% in the push direction and 94% in the pull direction. The OpenSEES model was not intended to capture rebar rupture or low-cycle fatigue effects and in turn
	25 
	Force (kips)
	‐12 
	‐25 Drift (%) 
	Figure 5-25 Comparison of Force-Drift Curve for S0 and S1. 
	5.3.2. 
	5.3.2. 
	Local Behavior 

	Comparing specimen S0 to S1 with respect to their local behavior is represented by the moment-curvature relationships shown in Figure 5-26. The figure can shows that using UHPC has led to a significant increase in the moment capacity of the column with an increase of 36% in the push direction and 61% in the pull direction. The OpenSEES model shows that the maximum reached curvature of the NSC column was 0.016 1/in. which is less than that of S1 by 36%. This also confirms that the UHPC column has a comparabl
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	Figure 5-26 Comparison of Bending Moment-Curvature Curve for S0 and S1. 
	Bending Moment (kips.in)
	‐0.03 
	58 

	TEST RESULTS AND DISCUSSION OF GROUP II SPECIMENS 
	TEST RESULTS AND DISCUSSION OF GROUP II SPECIMENS 
	Figure

	This chapter presents the experimental test results of the UHPC specimens S2, S3 and S4 of Group II with respect to the global and the local behavior. A comprehensive comparison between the two groups of UHPC columns that varied in steel grade is also provided in this chapter. The comparisons show the effect of using HSS rebars instead of Gr 60 rebars and the effect of changing the transverse or longitudinal reinforcement ratios on the behavior of UHPC columns. The reader is reminded that all three specimen
	6.1. 
	6.1. 
	Columns Global Behavior 

	6.1.1. 
	6.1.1. 
	Plastic Hinge Damage and Mode of Failure 

	The observed mode of failure for all of the UHPC columns of Group II was the fracture of reinforcing bars. The test was stopped after the rupture of the four outer-most rebars in the north and south directions of the column and before the rupture of the two middle rebars for test setup stability purposes. The observed sequence and progression of damage of the three specimens is discussed in order in the next three paragraphs. 
	For specimen S2, i.e. 2.37% HSS longitudinal reinforcement and 1.1% transverse reinforcement, no cracks were observed until reaching 0.97% drift ratio. The crushing of UHPC in compression was observed to happen after the column reached 7.72% drift ratio and the first significant crack started to appear at the column-footing interface after reaching 4% drift ratio with 0.03 in crack width. A wide crack appeared at the column-footing interface at drift ratio 8% with almost 0.1 in crack width. The first bar ru
	For specimen S3, i.e. 2.37% HSS longitudinal reinforcement and 0.55% transverse reinforcement, no cracks were observed until reaching 0.97% drift ratio. The crushing of UHPC in compression was discovered to happen after the column reached 7.72% drift ratio and the first significant crack started to appear at the column-footing interface after reaching 4% drift ratio with 0.03 in crack width. A wide crack appeared at the column-footing interface at drift ratio 8% with almost 0.1 in crack width. The first bar
	For specimen S4, i.e. 1.48% HSS longitudinal reinforcement and 1.1% transverse reinforcement, no cracks were observed until reaching 1.38% drift ratio. The crushing of UHPC in compression was discovered to happen after the column reached 2.76% drift ratio and the first 
	59 

	significant crack started to appear at the column-footing interface after reaching 4% drift ratio with 0.03 in crack width. A wide crack appeared at the column-footing interface at drift ratio 8% with almost 0.2 in crack width. The first two bars ruptured at the first cycle of almost 8% drift ratio in the north side while the other two bars ruptured at the second cycle of the same drift ratio in the south side. There was no evidence of rebar buckling. Furthermore, no concrete spalling or reinforcement expos
	significant crack started to appear at the column-footing interface after reaching 4% drift ratio with 0.03 in crack width. A wide crack appeared at the column-footing interface at drift ratio 8% with almost 0.2 in crack width. The first two bars ruptured at the first cycle of almost 8% drift ratio in the north side while the other two bars ruptured at the second cycle of the same drift ratio in the south side. There was no evidence of rebar buckling. Furthermore, no concrete spalling or reinforcement expos
	Figure
	Figure 6-1 Damage observed at second cycle of 0.69% drift for specimen S2. 
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	Figure
	Figure 6-2 Damage observed at second cycle of 0.97% drift for specimen S2. 
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	Figure
	Figure 6-3 Damage observed at second cycle of 1.38% drift for specimen S2. 
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	Figure
	Figure 6-4 Damage observed at second cycle of 1.93% drift for specimen S2. 
	63 

	PageRoot
	Figure
	Figure 6-5 Damage observed at second cycle of 2.76% drift for specimen S2. 
	64 

	PageRoot
	Figure
	Figure 6-6 Damage observed at second cycle of 3.86% drift for specimen S2. 
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	Figure
	Figure 6-7 Damage observed at second cycle of 5.52% drift for specimen S2. 
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	Figure
	Figure 6-8 Damage observed at second cycle of 7.72% drift for specimen S2. 
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	Figure
	Figure 6-9 Damage observed at second cycle of 10.83% drift for specimen S2. 
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	Figure
	Figure 6-10 Damage observed at second cycle of 0.97% drift for specimen S3. 
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	Figure
	Figure 6-11 Damage observed at second cycle of 1.38% drift for specimen S3. 
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	Figure
	Figure 6-12 Damage observed at second cycle of 1.93% drift for specimen S3. 
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	Figure
	Figure 6-13 Damage observed at second cycle of 2.76% drift for specimen S3. 
	72 

	PageRoot
	Figure
	Figure 6-14 Damage observed at second cycle of 3.86% drift for specimen S3.. 
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	Figure
	Figure 6-15 Damage observed at second cycle of 5.52% drift for specimen S3.. 
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	Figure
	Figure 6-16 Damage observed at second cycle of 7.72% drift for specimen S3. 
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	Figure
	Figure 6-17 Damage observed at second cycle of 0.69% drift for specimen S4. 
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	Figure
	Figure 6-18 Damage observed at second cycle of 0.97% drift for specimen S4. 
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	Figure
	Figure 6-19 Damage observed at second cycle of 1.38% drift for specimen S4. 
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	Figure
	Figure 6-20 Damage observed at second cycle of 1.93% drift for specimen S4. 
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	Figure
	Figure 6-21 Damage observed at second cycle of 2.76% drift for specimen S4. 
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	Figure
	Figure 6-22 Damage observed at second cycle of 3.86% drift for specimen S4. 
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	Figure
	Figure 6-23 Damage observed at second cycle of 5.52% drift for specimen S4. 
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	Figure
	Figure 6-24 Damage observed at second cycle of 7. 27% drift for specimen S4. 
	6.1.2. 
	6.1.2. 
	Force-Drift Relationship 

	Similar to S1 before, Figures 6-25 through 6-27 show the hysteretic behavior of the UHPC columns S2, S3 and S4, respectively. The positive values on the plot indicate pushing the column to the north direction. The force shown in this plot was recorded directly from the load cell while the column displacement was measured using several string potentiometers attached to the column head.  
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	For specimen S2, the peak strength was reached and maintained at drift ratio of 5.52% for the push and pull directions, where the maximum reported lateral loads were 22.9 kips and 23.9 kips for the push and pull directions, respectively. For specimen S3, the peak strength was reached and maintained at drift ratio of 5.52% for the push and pull directions, where the maximum reported lateral loads were 20.2 kips and 24.7 kips for the push and pull directions, respectively. The asymmetric response in specimen 
	For specimen S2, the peak strength was reached and maintained at drift ratio of 5.52% for the push and pull directions, where the maximum reported lateral loads were 22.9 kips and 23.9 kips for the push and pull directions, respectively. For specimen S3, the peak strength was reached and maintained at drift ratio of 5.52% for the push and pull directions, where the maximum reported lateral loads were 20.2 kips and 24.7 kips for the push and pull directions, respectively. The asymmetric response in specimen 
	Figure
	Figure 6-25 Global force-drift relationship for specimen S2. 
	Figure
	Figure 6-26 Global force-drift relationship for specimen S3. 
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	Figure
	Figure 6-27 Global force-drift relationship for specimen S4. 
	North South 
	Figure 6-28 As-built S3 column cross-section observed after column separation from footing. 
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	For Specimen S2, the first rebar to reach the proof strain was observed to be the southwest rebar at drift ratio of 2.21% at the first cycle of the 2.76% drift ratio run which can be observed from the strain history of the rebars at level 2 ( at 2 in above the footing level) shown in Figure 6-29. For Specimen S3, the first rebar to reach the proof strain was the south-east rebar at drift ratio of 1.39% at the first cycle of the 1.93% drift ratio run which can be observed from the strain history of the rebar
	For Specimen S2, the first rebar to reach the proof strain was observed to be the southwest rebar at drift ratio of 2.21% at the first cycle of the 2.76% drift ratio run which can be observed from the strain history of the rebars at level 2 ( at 2 in above the footing level) shown in Figure 6-29. For Specimen S3, the first rebar to reach the proof strain was the south-east rebar at drift ratio of 1.39% at the first cycle of the 1.93% drift ratio run which can be observed from the strain history of the rebar
	-

	The first bar to rupture in specimen S2 was observed on the south-west rebar at drift ratio of 7.7% at the second cycle of the 7.72% drift ratio run which can be implied from the sudden drop of the strain at level 3 (at 6 in above the footing level) shown in Figure 6-32 and the sudden drop of the measured force in the force history relation showed in Figure 6-33. The first bar to rupture in specimen S3 was observed on the south-west rebar at drift ratio of 7.2% at the first cycle of the 7.72% drift ratio ru
	Figure 6-29 Rebars strain history at level 2 at 2 in above footing for specimen S2. Proof Strain Limits 
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	Figure 6-30 Rebars strain history at level 2 at 2 in above footing for specimen S3. Proof Strain Limits Proof Strain Limits 
	Figure 6-30 Rebars strain history at level 2 at 2 in above footing for specimen S3. Proof Strain Limits Proof Strain Limits 
	Figure 6-31 Rebars strain history at level 2 at 2 in above footing for specimen S4. 
	Figure
	Figure
	Figure
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	Figure 6-32 Rebars strain history at level 3 at 6 in above footing for specimen S2 where 
	Figure 6-32 Rebars strain history at level 3 at 6 in above footing for specimen S2 where 
	sequence of rebars rupture can be implied. 
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure 6-33 Lateral force history for S2 test and sequence of rebar rupture identified. 
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