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Abstract

It is the purpose of this study to evaluate, through combined experimental and analytical research,
the performance of reinforced concrete columns with or without prior damage, after retrofitting
with ultra-high-performance fiber-reinforced concrete (UHPFRC) jackets and subjected to cyclic
loading that simulates earthquake effects. A series of conventionally designed RC column
elements were constructed, based on detailing methodologies of older code standards. Preliminary
damage was imposed, simulating the effects of previous seismic excitation on the columns, and
the plastic hinge zone was repaired through cover replacement with a thin commercial-grade
UHPFRC jacket, as well as bond breakers placed on the starter bars of the lap-spliced connection.
Through experimental testing, the behavior of the columns was studied under reversed lateral
cyclic displacements with the objective to obtain quantified evidence of the performance of the
retrofit methodology. The UHPFRC-retrofitted columns demonstrated substantial improvement in
strength and ductility, over the pre-damaged columns, where the repaired and strengthened
specimens showed similar failure modes and comparable responses. Detailed FEA simulations of
the experimental program were conducted, where cyclic performance of the UHPFRC-retrofitted
models was defined in accordance with the pertinent experimental data, and the broader

distribution of reinforcement strains was validated.

Companion small-scale material characterization experiments were prepared, to obtain the
constitutive hysteretic properties of concrete confined with UHPFRC jackets, under axial
monotonic and cyclic loading regimes, where the remarkable enhancement of the ductile response
of the encased concrete was illustrated. Analytical models based on classical mechanics were
applied, and the constitutive material laws were formulated, based on parameter calibration with

the results collected from the experimental component.

An extensive database on bond experiments from the literature was assembled, including
specimens fabricated with UHPFRC and engineered cementitious composites (ECC). The
database reveals the existing trend of discrepancy in the experimentally measured bond, dependent
on specimen geometry. The results of a combined experimental study, containing direct tension
pullout (DTP) and anchored four-point bending (AFPB) using UHPFRC-fabricated specimens

confirm the passive contribution of curvature in bond strength, and parametric sensitivity FEA was

il



conducted, where the spurious lateral effects occurring on the various bond test setups were

captured.
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1 Introduction

1.1 Background

Structural performance of concrete structures under the influence of seismic excitation has
received substantial attention since the 1980’s. Damage is an intrinsic attribute of seismic design:
expected controlled damage through ductility in the design earthquake characterizes modern
seismic resistant structures. However, older structures, with insufficient detailing in accordance
with former design practices, develop brittle patterns of damage when subjected to severe ground
motions, often with non-reversible, and disproportional consequences for the entire structure.
Therefore, retrofitting and repairing such structures to improve their prospective performance in a
future event is and has been, for a long time, a priority in research and practice of Structural
Engineers, particularly in light of the vast inventory of such structures in the urban centers in

regions of high seismicity around the world.

The need to mitigate catastrophic damage, and to increase the safety of existing vulnerable
structures has spearheaded and motivated innovation in material technologies as well as in the
development of novel retrofitting methods over a very broad spectrum of applications. In the
period 2000-2010 the emergence of fiber-reinforced polymers (FRPs) dominated the field of
seismic retrofit; since 2010, however, several issues related to the unsatisfactory performance of
FRP-encased concrete under conditions that induced environmental degradation and propelled the
exploration of alternative solutions. Following the advancement of novel technologies in the field
of strain hardening cementitious materials such as engineered cementitious composites (ECC) and
ultra-high-performance fiber-reinforced concrete (UHPFRCs), and the emergence of Code
standards and design criteria have enabled exploitation of their special properties in seismic
resistant construction. Although UHPFRCs were originally used primarily for deck repairs through
overlays for in situ casting of joints in precast panels recently their use in the development of
engineering retrofitting solutions towards improved and durable seismic response of vulnerable or
previously damaged structures are becoming increasingly attainable. Combined with the extensive

feedback from past reconnaissance reports from major earthquakes in the last 30 years which have



put to the test the older engineered structures, great efforts have been made towards improved
structural resistance specifications to protect new construction against severe lateral loading such
as earthquake action. Cyclic loading reversals under displacement control have been used
extensively by researchers as a means of simulating seismic excitation to investigate damage in
lateral load resisting structural elements. Cyclic performance is evaluated based on a multitude of
technical criteria among which, driving considerations are the protection against extreme lateral
deformations, and the development of ductile response through development of plasticity in

inherently deformable components of the structures and, eventually, avoidance of collapse.

The response of reinforced concrete (RC) members to cyclic displacement reversals is affected by
an array of factors including the system formation, the material properties and the buildup of
hysteretic damage, the reinforcement detailing, the quality and condition of the exposed materials,
the loading history, and the overall member geometry (e.g., aspect ratio). Due to the inherent
limitations of Normal Strength Concrete (NSC), in the absence of systematic detailing or after
degradation due to environmental exposure, the seismic performance of older, (pre-1980’s) RC
members is often hampered by inevitably low margin, premature failures, in which members fail

before the attainment of their full ductile response.

An effective means of prolonging the service life of existing structures and ensuring compliance
with modern seismic codes is the retrofitting and rehabilitation of older construction. By this
approach, weakened members can be reverted to operational capacity, via partial or complete
strengthening of damaged subcomponents. Retrofitting is classified by the effective implications
it has on the dynamic characteristics and deformation capacity of the structural system. If the
retrofit alters the structural stiffness as a whole (reducing the structural period) then it not only
increases the strength of the system, but it also reduces the deformation demand. Retrofit schemes
that affect both sides of the design inequality, reducing the demand and increasing the capacity are
known as global interventions (Thermou and Elnashai 2006). Reinforced Concrete or Steel belong
to this category. Local interventions are retrofitting solutions that only enhance the deformation
capacity without altering the demand — FRP jacketing is a characteristic example of this type of

retrofit.

Within the scope of the present study, retrofitting by jacketing is investigated in the context of

(UHPFRCs), where very thin jacketing solutions are possible in the form of cover replacement, or



in partial replacement of the plastic hinge (PH) region of columns. The study focusses in column
specimens that are representative of older buildings. In the experimental program the performance

of the retrofit method is explored by conducting tests under simulated earthquake effects.

1.1.1 Ultra High Performance Fiber Reinforced Concrete (UHPFRC)
Ultra-high-performance fiber-reinforced concrete (UHPFRC, or UHPC for short), is a relatively

novel branch of the strain-hardening cementitious composite (SHCC) category of structural
materials, and directly descending from a combination of Reactive Concrete Technologies and the
emergence of Fiber Reinforced Engineered Cementitious Composites (ECC) (Naaman and
Reinhardt 2006; Graybeal and Tanesi 2007; Toutlemonde et al. 2018; Azmee and Shafiq 2018;
Saikali 2019). These materials employ a dense particle matrix (max. aggregate size < 2-3 mm, but
most often less than 1mm), along with an array of supplementary binder materials such as silica
fume and slag, among others, to improve particle packing density and compressive strength.
Chemical admixtures and superplasticizers are added to imbue certain properties to the mixture,
such as flowability and resistance to environmental agents. However, the most characteristic
property of these composites is the addition of mass reinforcement in the form of fibers, which is
distributed throughout the cementitious matrix. The incorporation of fiber reinforcement, (steel,
synthetic, carbon or wood) as part of the composite enables the passive confinement of the concrete
core, due to the tensile resistance of the fibers in particle separation and, by extension, the pseudo-
ductile, strain-hardening response of the material. This behavior of UHPFRC sets a very attractive
prospect for the enhancement of concrete as a structural material, as it eliminates the two inherent

weaknesses of the conventional form: the low tensile capacity and brittleness.

Preliminary work on the definition of the mechanical characteristics has been conducted by Bache
1981; Richard and Cheyrezy 1995; Naaman and Reinhardt 1996; Chanvillard and Rigaud 2003;
and by Graybeal 2006. UHPFRCs are typically classified as materials capable of developing
compressive strengths greater than 120-150MPa, while tensile strength, measured against direct
tension has to exceed 5-7MPa (Resplendino and Toutlemonde 2014; FHWA HRT-06-103
2006/HRT-13-060 2013; AFNOR NF P18-470/P18-710 2016; SIA 2052:2016; CSA-S6 Annex 8
2019). Thanks to their high particle density, UHPFRC materials are additionally characterized with
favorable qualities such as increased durability, impermeability to external chemical and

environmental agents as well as reduced susceptibility to long term effects (Naaman and Reinhardt



2003; Graybeal and Tanesi 2007; Wille et al. 2011; Baby et al. 2013; Yu et al. 2014; Yoo et al.
2016; Azmee and Sha 2018). The reduced susceptibility to long term effects is owing to the limited
occurrence of capillaries in the material microstructure, and is valuable in marine and coastal
environments, where ingress and diffusion of oxidized ions accelerates the corrosion of exposed
reinforcement. UHPFRC also forms strong chemical bonds with existing RC allowing for
synergistic application of the former in older construction in the rehabilitation of degraded

structural members.

An array of structural projects has already been completed using UHPFRC, involving complete
structural entities, infrastructure, and architectural designs (Resplendino and Toutlemonde 2013;
Azmee and Sha 2018). Throughout these projects, the unique composition of this material allows
for significant reduction in required volume of material and for milder maintenance, as well as it
alleviates reinforcement congestion, thanks to the participation of the fibers in the tensile response
of the member. However, field application of UHPFRC in structures is still limited, in comparison
to conventional structural materials, owing to the absence of established standards and
dissemination of the modus operandi for preparation and use in the industry. Code provisions are
currently in development from Technical Committees and Task Groups, such as the French
Standards AFNOR NF P18-470/P18-710, the Swiss Standards SIA 2052:2016, the Canadian
Standards Annex U of CSA-A23.1 & Annex 8.1 of CSA-S6, and the American Standards ACI 544
and ACI 239, for fiber-reinforced concrete and UHPFRC, respectively, FHWA-HRT-13-060,
FHWA-HRT-18-030, FHWA-HRT-19-011, AASHTO (2020), and ASTM C1856 / C1856M-17.

1.1.2 Structural Retrofit and Rehabilitation of Older Construction

Use of established standards for the protection against earthquake damage is one of the major
considerations in RC design. Provisions have been improved in newer versions of engineering
codes, such as the European standards EN 1998-1, with seismic design shifting towards reinforcing
targeted primary members and structural systems by linking design considerations to
displacement-based objectives (performance-based design) instead of the traditional force-based
approach (capacity design). This allows for the attainment of more economically viable and
effective seismic resisting systems, where deformation capacity becomes the controlling property
of the members. As a requirement of the above, the structural integrity of RC members becomes

critical in the presence of large plastic deformations and cyclic load reversals. Conventional



concrete, if lightly reinforced, exhibits brittle and weak behavior in such phenomena particularly,
due to the inherently low fracture energy and inability to develop tensile deformations, limiting

the efficiency of RC members under seismic excitation.

With a large fraction of the existing construction approaching or having exceeded its service life
limit, intervention techniques to restore structural capacity and preserve functionality become
pivotal, not only for protection of the population but also for sustainability — prolonging the use of

the built inventory of structures.

Jacketing has prevailed as one of the most popular retrofit methods. The advantage of this method
is that it can be implemented with minimal interference to the operation of the structural system,
while member properties and geometry are preserved. Jacketing with steel is capable of restoring
stiffness and strength to the pre-damaged state, whereas FRP jackets preclude premature modes of
failure and can only enhance the deformation capacity of the member, however, the latter are
susceptible to stress concentrations that may lead to sudden jacket rupture and longitudinal bar
buckling, while at the same time offering no protection in the event of fire. Steel jackets, on the
other hand, are a very expensive solution as they require perfect matching of the prefabricated
jacket with the encased structural element and seam-welds along the member length which also
affect the reliability in field applications — this is why this type of solution has only been used in
high budget retrofits, such as bridge piers in the Northridge area after the 1999 earthquake
(Priestley et al. 1996).

The use of concrete jackets is a natural alternative, more suitable for seismic retrofitting of concrete
and masonry structures due to material compatibility and synergy with the encased concrete,
maintaining structural integrity and restoring ductility (Lampropoulos et al. 2012; Farzad et al.
2019). This method has commonly been implemented with steel reinforced NSC; however, it is
not aesthetically optimal (as the usual jacket thickness must be more than 70 mm to accommodate
longitudinal and transverse reinforcement leading to significant change of geometry and area of
the structural member), nor is it easy to implement: being a global intervention, the longitudinal
reinforcement is expected to continue from floor to floor through perforations made in the floor
slab adjacent to the beam column joint. The introduction of novel structural materials, such as
UHPFRC and ECC, which exhibit superior mechanical properties and post-cracking ductility,

mitigate the problem of section enlargement because it has been found that very small amounts



(thin jackets) perform very well; at the same time, they seem to be a hybrid solution to conventional
jacketing between global and local intervention. Being moderately invasive and not requiring
addition of reinforcement — they also combine the benefits of concrete jacketing in terms of
material compatibility and the facility of FRP as a local means of enhancement of member
deformation capacity. Existing studies have reported complete restoration, as well as enhancement,
of the flexural and shear stiffness of impaired RC members retrofitted with UHPFRC and ECC
jackets, which will be discussed in Chapter 2 of the thesis.

1.2 Objectives of Research

It was the purpose of this study to evaluate, through a combined experimental and analytical
research framework, the performance of UHPFRC jackets under cyclic loading. This was achieved
through an experimental component, where a series of conventionally designed RC vertical
column elements were constructed, based on detailing methodologies of older code standards. The
effect of damage history was studied by applying preliminary damage, simulating the after-effects
of seismic excitation, and repairing the plastic hinge zone with a commercial-grade UHPFRC
jacket. Through the tests, the behavior of the columns under reversed lateral cyclic displacements
after retrofitting was investigated, with the objective to obtain quantified evidence of the

performance of the retrofit methodology.

The second objective was to obtain quantified evidence of the bond of anchorage in UHPFRC
matrices was through comparison of experimental studies, where the contribution of specimen
form to bond strength was considered. Results from two parallel experimental studies were
described and a database of existing experimental studies on bond behavior of UHPFRC-
embedded anchorage was assembled to obtain evidence of the sensitivity of measured bond across
the various experimental setups. Parametric sensitivity analysis was conducted using 3D FEA
modeling of the various bond test setups, using to capture the spurious lateral phenomena acting

on the anchorage.

Thirdly, companion material characterization experiments were performed, where the confining
effectiveness of thin UHPFRC jackets on the compression behavior of encased concrete was
studied, with parameters including the jacket thickness, loading history, and encased concrete cross

section shape. The constitutive properties of UHPFRC-confined concrete were determined based



on the experimental response and analytical equations were formulated to describe the

compressive stress-strain law of the material.

Lastly, numerical simulation of the cyclic behavior of the UHPFRC-repaired and strengthened
column specimens was performed using detailed 3D FEA on the combined ATENA/GiD platform,
where model input was validated across the obtained experimental data. Objective of the analytical
component was to expand the evidence of the experimental database in order to completely
characterize the contribution of the retrofitting methodology on strength and deformation capacity

of the repaired columns with reference to the important design parameters of the retrofit.

1.3 Thesis Contents

Each chapter of the manuscript corresponds to the individual experimental and analytical
procedures conducted in this thesis. The scope and objectives of the research are described in

Chapter 1, along with an overview of the thesis contents.

In Chapter 2, a literature review on seismic applications of UHPFRC materials is conducted, and
the current state-of-the-art is discussed. Previously done studies including the use of UHPFRC
jackets for retrofit and repair of cyclically loaded columns are discussed, as well as topics regarding
the confinement effect on NSC imparted by UHPFRC. Analytical models on the cyclic behavior
of UHPFRC, as well as the cyclic compressive behavior of confined concrete, are shown in this

chapter.

Chapter 3 addresses the influence of bond-behavior in the synergistic performance of embedded
steel reinforcement and UHPFRC jacket. An extensive database of experimental setups on bond
is assembled, particularly on tests including HPFRC and ECC materials, and the importance of
test setup selection is discussed. Detained numerical solutions via FEA simulations are provided,
where the effect of the passive lateral stresses imparted by the fibers, on bond performance of

embedded reinforcement is validated.

Chapter 4 contains the experimental investigation of confinement of UHPFRC jackets on NSC
cores. As part of this investigation, several cylindrical and rectangular NSC specimens were

confined with UHPFRC jackets of two thicknesses and tested under monotonic and cyclic



compressive axial load. Results are gathered using externally attached instrumentation and digital

image correlation (DIC) analysis.

Chapter 5 contains the analytical portion of the investigation of the confinement effect of UHPFRC
jackets, where analytical interpretations are used in correlation to the obtained experimental data
of Chapter 4. The analytical equations used were adapted from existing formulations originally
developed for conventionally confined concrete, and the parameters are updated based on the

experiments of this thesis.

Chapter 6 describes the large-scale testing of RC column specimens, which are designed to be
retrofitted with UHPFRC jackets. In this chapter, the procedure to conduct testing on the non-
retrofitted specimens is described, including the preparation of the lab setup and necessary
equipment, and results are reported regarding the performance of the columns under combined
axial loading and cyclic lateral displacement reversals. The fabricated column specimens included
reinforcement detailing from older standards of seismic design, to simulate the detailing conditions

encountered in existing older construction.

Chapter 7 contains the second part of the large-scale experimental procedure, where the RC
column specimens are retrofitted using UHPFRC jackets as cover replacement. Two retrofitting
scenarios are included, one for repair and one for strengthening, containing four pre-damaged
specimens as tested in the previous chapter for the first and two intact specimens for the second.
The test arrangement and loading procedure was identical to the pre-damaging phase, with loading
being applied to larger displacement. Results are obtained using the same external instrumentation

and the undamaged strain gauges of the previous chapter.

Chapter 8 describes the numerical simulation of the UHPFRC-retrofitted column specimens of this
study, using detailed 3D FEA with the combined ATENA/GiD platform. The procedure of the
model assembly is shown, as well as the material model properties used. Results are compared
with the experimental evidence and validated. The strain distributions on the concrete elements,
as well as the longitudinal strains of the embedded reinforcement elements, are displayed and

conclusions are drawn in reference to the experimental data.

Chapter 9 contains the main conclusions and outcomes of this study, as well as suggestions for

future work and continuation of research to further developments of the studied concepts.



2 Literature Review

The application of UHPFRC in seismic retrofit and upgrading of older construction represents one
of the most prominent potential uses of the material qualitatively determined by the material
volume used as compared to the benefit in terms of deformation capacity and service life
enhancement. To better understand the ability of UHPFRC to improve the strength of conventional
structural members or to recover strength and ductility in damaged concrete, it is essential to fully
understand the mechanical behavior and development of strain capacity of the material, both under
monotonic and cyclic loading. Considering the novelty of the material, emphasis is placed on the
establishment of code provisions that are accessible to practitioners and engineers in the field. In
this section, the above topics will be discussed, based on the knowledge and findings available

from published literature.

The improved cyclic performance and ductility capacity of ECC and UHPFRC column elements,
over conventional RC elements, under combined shear-flexure and axial load action has been
experimentally investigated in the literature (Fisher and Li 2003; Sun et al. 2015; Nozawa et al.
2017; Xuetal. 2017; Wu et al. 2017; Wang et al. 2018; Marchand et al. 2019; Ren et al. 2019; He
and Deng 2019; Mahmoud et al. 2020). Prefabricated bridge column specimens containing
UHPFRC segments in the plastic hinge (PH) region has also been investigated under simulated
seismic loading, which showed reduced damage and higher lateral deformation capacity compared
to RC columns (Zhang et al. 2019 ; Chan et al. 2020). Konstantinidis et al. (2017) replaced the
pre-damaged concrete in the plastic hinge region of a pre-1970s designed column specimen using
HPFRC in which they observed an increase in lateral strength and energy dissipation capacity after
extending the jacket through the clear height. Post-tensioning combined with UHPFRC segmental
construction of hollow-section bridge piers showed that the higher axial load capacity of the
material enabled greater drift when tested under cyclic loading (Ichikawa et al. 2016; Wang et al.
2018). Comparison of column elements jacketed with fiber-reinforced polymers (FRP) and fiber-
reinforced cementitious composites, exhibited similarities in cyclic performance, with an increase
in load carrying capacity in the latter case (Zoppo et al. 2018). In addition, the composite
application of FRP and ECC/UHPFRC jackets allowed for reduction of residual displacements

9



and elimination of interfacial bond failures (Fisher and Li 2003; Zohrevand and Mirmiran 2012).
Finally, the monotonic performance of confined concrete cores, using reinforced/unreinforced
HPFRC and UHPFRC jackets, showed improved strength and axial deformation capacity, in
comparison to NSC specimens, which is optimized by the presence of transverse reinforcement
(Rabehi et al. 2014; Wu et al. 2018; Gholampour et al. 2019; Fantilli et al. 2020; Dadvar et al.
2020; Malak et al. 2021).

2.1 Constitutive Properties of UHPFRC

The exceptional mechanical characteristics and durability of UHPFRC have been reported
consistently throughout the literature (Naaman & Reinhardt 2003; Habel et al. 2006; Graybeal
2011; Yoo and Yoon 2016; Zhang et al. 2017). Although numerous experimental studies exist
regarding the determination of core properties and constitutive behavior of the material, more
hands-on evidence is required to establish acceptable and efficient design standards. Classification
of the material properties and experimental practices still vary across countries (AFNOR NF P18-
470/P18-710, SIA 2052:2016-F, Annex U of CSA-A23.1, ACI 239, FHWA-HRT-13-060) and
compatibility between provisions of different Codes has yet to be established. It is important to
ensure predictability and consistency of the material performance, especially in the application of

UHPFRC in seismically resistant and repaired systems.

2.1.1 Classification & Material Laws

Naaman et al. (2006) proposed the classification of HPFRC composites to be determined by the
combination of the following properties: 1) post-cracking tensile strength (f,c), 2) minimum strain
at peak tensile stress (¢,c) and 3) the elastic modulus of elasticity (£;). The generalized proposed
analytical model for HPFRC contained a combination of seven points, that described the complete
stress-strain response of the strain hardening fiber reinforced composite (SH-FRC); however, only
the coordinates of two points, namely the cracking and ultimate, are necessary for classification
(i.e., first cracking stress and peak stress). The material is classified with the nomenclature “Class
T-", where the dash is followed by the numbers 2.5, 5, 10, 15, 20 or 25 (in MPa), representing the
peak tensile stress f,c in each category. For all cases, it is required that the minimum values for €.

and E; are 0.005 (0.5%) and 10.5GPa, respectively. To obtain the above characteristics, the
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researchers recommend the use of direct tension tests on prismatic specimens of square or circular

cross-sections.

Wille et al. 2014 used the dissipated energy per unit volume at the strain-hardening branch to
categorize UHPFRC materials, using the level-based classification of post-peak behavior defined
by Naaman et al. 2006. According to this classification, Level 3 energy dissipation corresponds to
tensile strain-hardening materials and Level 4 to high-energy absorbing materials. Lower levels (1
and 2) correspond to categories of strain softening materials. Levels 3 and 4 are distinguished by
the magnitude of energy dissipated during the hardening branch, with the latter exceeding 50
kJ/m3. This methodology is based on results obtained from direct tension tests (DTTs) on

unnotched dog-bone specimens.

The French standards, AFNOR NF P18-470 (2016) and AFNOR NF P18-470 (2016), provide
guidelines for material testing and design, respectively. Characterization of UHPFRC materials
requires that the minimum compressive strength () is 130 MPa and 150 MPa, for the former and
latter case, respectively. In both standards, the tensile cracking strength (f.-) of UHPFRC has to be
a minimum of 6 MPa, and categorization of the tensile behavior is defined according to two
parameters, the tensile cracking strength (fc;) and the ratio between cracking strength and ultimate
tensile strength (fz,). The latter parameter can be referred to as the hardening ratio, symbolized here
as y. for the characteristic curve and y,, for the mean curve. In AFNOR NF P18-470 (2016), three
classes of UHPFRC are distinguished: i) strain-softening (Class T1), where y,, y. < 1.25, ii) limited
strain-hardening (Class T2) where y. > 1.25 and y, > 1.25, iii) significant strain-hardening (Class
T3) where y,y. > 1.25. In AFNOR NF P18-710 (2016), the hardening ratio is additionally divided
by the fiber orientation factor K to account for the dispersion of fibers in directions other than the
principal tensile direction. For Classes T1 and T2, AFNOR NF P18-470 (2016) recommends four-
point bending tests (FPBTs) on unnotched prism specimens, to obtain the elastic properties, while
three-point bending tests (TPBTs) on notched specimens combined with inverse analysis methods
should be used to determine the post-cracking branch. For Class T3 UHPFRC, four-point bending
tests on thin plate specimens are recommended, in the same standard, in combination with inverse

analysis.

The Swiss standard, SIA 2052:2016-F, characterize UHPFRC as having compressive strength (1)
and tensile strength (ft) greater than 120 MPa and 7 MPa, respectively. Based on the tensile

11



behavior, three classes are distinguished: 1) strain-softening material (UO), i1) low-hardening (UA)
and iii) improved strain-hardening material (UB). In addition to the cracking strength (f.,) and
hardening ratio (y), this standard provides a criterion for the strain at the end of the hardening phase
(&14). For the first two classes, a minimum cracking strength of 7.0 MPa is required, whereas for
the latter 8.5 MPa is the minimum required limit. Hardening ratios (y) are required to be 0.7, 1.1
and 1.2 for classes U0, UA and UB, respectively. For strain-hardening materials of the UA and
UB classes, the minimum &, strain is 0.15% and 0.25%, respectively. The above criteria
correspond to the characteristic values obtained from FPBT on unnotched prisms or DDTs on dog-

bone specimens.

The Canadian standards, Annex U of CSA-A23.1 and Annex 8.1 of CSA-S6, require that UHPFRC
has a minimum compressive strength (f°c) of 120 MPa. In tension, UHPFRC materials are
categorized as either tension softening (TSFRC) or tension hardening (THFRC). For the former,
the minimum tensile strength (fc) is 4.0 MPa, whereas it is 5.0 MPa for the latter. For THFRC, the
hardening ratio y is expected to be greater than 1.1 and the ultimate strain (e;.) greater than 0.1.
For TSFRC materials, the crack-opening branch is described by a minimum of six points
corresponding to crack width w = 0.15, 0.25, 0.50, 1.50, 2.50, and 3.50 (in mm). For THFRC
materials, the same branch is described by a minimum of four points at locations corresponding to
80%, 60%, 40%, 20% of the peak tensile stress (fu). For both categories, the elastic branch is
described by a minimum of three points, as per section U.4.1.2.2.8 of Annex U of CSA-A23.1,
with the corresponding stress-strain diagrams being provided in accordance with Fig. 2.1 below.
The above values are obtained from FPBTs on unnotched specimens combined with inverse

method of analysis.

From American Standards, ACI 239-18 categorizes UHPFRC materials as having compressive
strengths (f°c) between 150-250 MPa and direct tensile strength (f;) between 6-12 MPa. The elastic
modulus (E.) is defined based on ASTMC469/C469M, with values between 40-50 GPa. Strain
hardening is characterized by the formation of multiple fine cracks prior to the attainment of the
post-cracking stress oyc, as shown in Fig. 2.2, where crack localization and softening occur. The

energy dissipation of UHPFRC is expected to be 50-100 times that of conventional concrete.
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Figure 2.1. Tensile stress-strain diagrams for: a) THUFRC; b) TSUHPC (Figure U.3, obtained from
Annex U of CSA-A23.1).

Based on the FHWA-HRT-13-060 report, an extensive experimental series involving
approximately 1000 specimens showed that the compressive strength of the material is between
126-193 MPa. The tests followed the procedure denoted in ASTM C39, using cylindrical and cubic
specimens of various sizes; it was shown that the measured strengths were within the 8% margin
of the conventional cylinder size of 76 -x 152- mm. Test conducted to measure the first cracking
strength (f.,), showed that the expected strength was at 9 MPa, ranging from values between 6-11
MPa; specimens included flexural prisms, split cylinders, mortar briquettes and direct tension test
of cylinders. The modulus of elasticity was measured according to ASTM C469, with values

ranging from 42.7-51.9 GPa.
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Figure 2.2. Tensile stress-strain behavior for UHPFRC (adapted version from Naaman 2002, obtained
from ACI 239-18).
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Figure 2.3. Compression model for UHPFRC (Thorenfeldt et al. 1987).

Ismail et al. (2022) proposed a model for compression suitable for UHPFRC materials, as it is
shown in Fig. 2.3, consisting of four branches. The ascending branch is defined by the expression
proposed by Thorenfeldt, Tomaszewicz & Jensen (1987), for high strength concrete, as it is shown
in Eq. 2.1. Parameter » is adjusted so that the slope of the ascending branch matches the initial

tangent modulus of elasticity and parameter £ = 1 for axial compressive strains &, < &c,o ; this
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branch can be linearized (shown in dashed lines in Fig. 2.3) for simplicity. The strain at peak stress

e and the modulus of elasticity are calculated based on Eqs. 2.2 and 2.3, respectively.

_ ., n-(ea/8co)
Oa = fc [n—1+(£a/sco)nk] (21)
o = f¢/EC (2.2)
E, = 4070/f (2.3)

The internal confining pressure provided by the dispersed fiber reinforcement is considered by

defining the internal confining stress gz, as shown in Eq. 2.4.

dfiat = Pc 'ftd (2.4)

Where ¢. is the material resistance factor used for high performance concrete in bridge design,
denoted in Annex 8 of CSA-S6 at 0.75. The strain at the end of the plateau at peak stress is

determined by strain magnitude &0, Which is obtained from Eq. 2.5 upon substitution of Eq. (2.4).

Ecco = Eco (1 +6 (%)) 2.5)

In the descending branch, a strain capacity e, at 75% of the peak stress is calculated, considering

the confined strength and strain enhancement of concrete, as per Eq. 2.6.

Eo = oo (1 + 20 (%)) > 0.004 (2.6)

The descending branch extends linearly from the end of the plateau at peak stress and is intercepted
the point defined by stress 0.75f"c and strain €., until the residual branch is reached, at 0.2 f’c; the

last branch is sustained to large strains, for this model.

2.1.2 Cyclic Constitutive Laws for UHPFRC

Paschalis and Lampropoulos (2016) proposed a cyclic constitutive model for tension of UHPFRC,
which was based on damage theory, and was determined from the experimental responses of DTTs
on unnotched dog-bone specimens. The model comprises a total of five components: 1) the linear-
elastic branch, ii) the nonlinear hardening branch, iii) the nonlinear descending branch, iv) the

unloading branch, and v) the reloading branch (Fig. 2.4). Table 2.1 summarizes the constitutive
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equations for each branch; the notation has been adapted from the original publication to be
consistent with the present study. Linearity is terminated at stress-strain coordinates (fr,&cr),
whereas the peak stress is located at (f7, €4). The initial tangent modulus of elasticity is symbolized
by E:. Following the peak stress, the model follows an exponentially descending branch, until the
location of the first unloading cycle, namely (fun, &un). In Eqs. 2.10-2.12, axial strain &,, and stress
fop symbolize the corresponding values at any location on the descending branch. For the unloading
branch (Egs. 2.13-2.18), axial strain eun,o is the residual strain, at the end of the branch, for zero
stress, and Eu.,0 is the corresponding modulus of elasticity. Finally, for the reloading branch, an
exponential set of equations is adopted, as shown in Egs. 2.19-2.21, where ¢’; and f”; symbolize
maximum strain and corresponding stress on the descending branch and £’ is the initial tangent
modulus of elasticity. Finally, strain €', is the corresponding maximum strain for the tangent

modulus of elasticity.

Table 2.1. Cyclic tension constitutive equations for tension of UHPFRC (Paschalis and Lampropoulos,

2016).
Elastic branch (¢ < g.,): Descending branch (e > &,,):
o=¢E; (2.7) (ecr=e)
: oc=|B+C-c-e /v |-E, (2.10)
Ascending branch (&, < & < &,,):
(gcr-¢) <:ﬂ_1) ;ﬁ( _io_p)
0=¢4r (1—A)+A-c-e *fu (2.8) g = foperwe ™" oy frue T
Eer Ecr (4 fop
Et'(ffu'e<£fu 1)—Eop'e£fu(1 ECT))
fer—€crEt
A= 2.9

(;ﬁ_l) 2:9) (2.11)

Ep| erue fu ) —gop

C — ffu_fop
( (g2) —(—))
Es Efye fu —&op'e fu cr
(2.12)
Unloading branch: Reloading branch:
-ty
oc=D-e 22 “E¢ - (& = &yno) o= - (1-A)+A e = | Ef
(2.13)

D= r.(lr__(slun) (2.14) (2.19)
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Figure 2.4. Cyclic constitutive model for UHPFRC in tension (adapted from Paschalis and
Lampropoulos, 2016).

Wu et al. (2016) proposed a combined cyclic constitutive model for both tension and compression,
which considers partial unloading/reloading; a phenomenon expected to be encountered in seismic
nonlinear analysis. Figure 2.5 describes the backbone curves for tension and compression.
Equations 2.22-2.23 represent the backbone curves for tension and compression, respectively. The
trilinear tensile model is distinguished in three branches, namely the elastic, ascending and
descending, and terminates at zero stress after the exceedance of the ultimate axial strain &,. Stress-
strain points (fi, €0) and (fu, €x) signify the initiation of the ascending and descending branches,
respectively. For the compressive backbone curve, a parabolic curve is assumed up to the
maximum stress fc, followed by a linear descending branch and a horizontal residual branch. Axial

stress-strain coordinates (feu, €cx) signify the initiation of the residual branch.
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Figure 2.6. Definition of reference point for uniaxial cyclic constitutive model proposed by Yassin 1994
(image obtained from Wu et al. 2016, blue and red lines refer to unloading and reloading branches,
respectively).
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Figure 2.7. Cyclic constitutive model for THFRC in a) tension; b) compression (Wu et al. 2016, blue and
red lines refer to unloading and reloading branches, respectively).

For the unloading and reloading branches, represented by the blue and red lines, respectively, in
Fig 2.6, nonlinear functions were assumed for the model. In both cases, the reference point
R(oreprer) 1s considered, which is the intersection point of the reverse extension lines from axis of
the reloading lines, as proposed by Yassin (1994), which is illustrated in Fig. 2.6. The reverse

extension lines are defined by the points at the start and end of the unloading branch (or
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correspondingly the start and end of the reloading branch). The unloading branch consists of two
straight lines, with slopes £ and 0.5E,, where E is the initial modulus of elasticity and E; is the
slope of the reloading line. Extension of the reloading lines on the opposite side of the horizontal
axis intercepts the extension line with slope £ at the start of the backbone curve, at the origin,
where reference point R is defined. The curves representing the cyclic constitutive response for
tension and compression are shown in Fig. 2.7; the unloading and reloading are represented by the

blue and red lines, respectively.

In the following equations (Eqs. 2.24-2.25) axial strain &, and stress ous correspond to the
coordinates at the initiation of the unloading, which can originate on the backbone curve (full
unloading - gyma for tension, oemin for compression) or from the line between points L and R (partial
unloading - ows for tension, ocs for compression). Parameters o and p are obtained from

experimental data. In Eq. 2.26, axial strain &, and stress g, correspond to the coordinates of

reloading.

a= E P (&) of = <
" =a e+ (1-a) ()P, and R (2.24)

fo=fus g BT ey

(55
Oref = EO - €rp, and &5 = "1_(T‘;) (2.25)
Eo

— . (S_STS) 2 26
O__O-rs+(0-m_o-rs)m ( )

The transition between tension and compression, and vice versa, is represented through Egs. 2.27
and 2.28, respectively. A bilinear stress-strain response is assumed for the former case, based on
experimental data. For the latter case, the stress remains at zero until the strain reaches the original
curve and a linear path defined by the secant to the original point and maximum strain of the

previous load history is followed (lines PO and OG in Fig. 2.7a).

E;-(e—¢,), £, >e>0
O¢c = - sl . (O'c,min + Ei . 50) — Ei " &, €< 0 (2.27)
0, £<0
Oct = {Gc,max’ £>0 (2,28)
€t max

20



Krahl et al. (2018) implemented a plastic-damage model (Fig. 2.8a) to simulate the hysteresis loops

in the backbone curves of tensile and compressive constitutive relationships. Figure 2.8b describes

the backbone curves for tension and compression, represented by Equations 2.29 and 2.30. In Eq.

2.29, variables W; and I, represent the total tensile energy and the strain at the inflection point,

respectively. The strain at peak is symbolized by ¢ and the stress at the end of the curve is o,. In

Eq. 2.30, the stress-strain coordinates at peak are symbolized by o. and e., respectively, and E,, is

the initial tangent modulus of elasticity. Parameters k; and k> are calibrated based on experimental

results, using the total compressive energy W. (Eq. 2.31).
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2.31)
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Figure 2.8. a) Plastic damage model curves; b) Backbone curve of cyclic model (Krahl et al. 2018).

Plasticity is also considered with the equivalent plastic strain ¢,, which is subtracted from the

recoverable strains to represent the permanent damage of the material (Eq. 2.32). Damage

evolution is represented by internal damage variable d (d; for tension and d. for compression),

which allows to incorporate the stiffness degradation in the modulus of elasticity (E£¢), as shown in
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Eq. 2.32. Variables d; and d. are calculated from Eqgs. 2.33 and 2.34, where constants y,, A1, Az,

t1, and t; are obtained experimentally.

E.=(1—-d) E,ando =E.* (¢ — &) (2.32)
d, = y, + A, (1 _ eﬁ) + 4, (1 _ eE) (2.33)
d, = y, + A, (1 - eﬁ) (2.34)

Menna et al. (2022) investigated the flexural response of strain-hardening steel fiber reinforced
concrete (SFRC) under cyclic loading, where the material contained various types of double-
hooked-end steel fibers. They conducted four-point bending tests on prisms composed of SFRC,
which were designed based on ASTM C1609, by applying loading and unloading cycles at
increments of 0.5mm, starting at 0.25mm. Based on these tests, the stiffness degradation between
subsequent cycles was defined, expressed in terms of the cyclic modulus E.. and the degree of
reversibility R; the former term is the slope defined by the coordinates at the start of the unloading
branch and the start of the reloading branch (Fig. 2.9), and the latter term is the ratio of the

reversible deformation to the maximum deformation prior to unloading, as expressed in Eq. 2.35.
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Figure 2.9. Definition of £ during the flexural cyclic response of SFRC (Menna et al. 2022).
R = (Smax - Sresidual)/6max (235)
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In Eq. 2.35, Omax 1s the deflection up to the start of the unloading branch and Jyesiaua 1s the deflection
at the start of the reloading branch. The degree of reversibility R expresses the magnitude of
reversible deformation, which decreases for larger number of subsequent cycles. It was also
shown, by the experimental work of Menna et al. (2022), that higher energy dissipation in SFRC
increased the value of R, which is a crucial property for structural performance under cyclic

loading.
2.2 Seismic Performance of UHPFRC

Based on the strategy for seismic retrofitting, the application of UHPFRC jackets, typically
containing steel fibers, is categorized in two approaches: a) repair and b) strengthening. In the
former, artificial damage representing seismic impact is simulated on “as-built” specimens,
followed by the application of the UHPFRC jackets; the retrofitted specimens are subsequently
loaded under a reversed cyclic displacement regime. In the latter, the jackets are applied prior to
seismic damage and cyclic loading is applied directly. Below, experimental investigations on
seismic retrofitting with UHPFRC materials that are pertinent to the present are discussed and the
repair and strengthening retrofit scenarios are distinguished. In the notable studies section, more

specialized cases of the application of UHPFRC jackets are presented.

2.2.1 Repair

Farzad et al. (2019) simulated damage due to corrosion on circular columns (having a diameter of
305mm and a shear span of 1320 mm) by removing the concrete cover and reinforcement from the
plastic hinge zone. They then repaired the specimens using two types of UHPFRC, one with 2%
(f'c=174MPa, f; = 22MPa (from flexural tests)), and one with 4% (f’. = 179MPa, f; = 25MPa (from
flexural tests)), steel straight fibers and NSC (f°. = 48MPa, f; = 5.5MPa (from flexural tests)).
Continuous and lap spliced bars (J16) were used at the column-footing connection, with
longitudinal reinforcement ratio at 2.2%. Transverse bars (&10) were placed at 100mm spacing.
The repair zone extended to 35% and 86% of the clear height and, in some specimens, extended
to the footing surface. The jacket thickness was between 13 and 51mm. For the specimens repaired
with UHPC, superior load capacity and ductility, as well as controlled cracking, were observed in
comparison to the unstrengthened counterparts, whereas even greater improvement was noted for

the specimens with footing repair. It was noted by the researchers that relocating the plastic hinge
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away from the footing and within the repaired zone of the jacket is critical in decreasing damage
concentration in the footing. Selection of a pertinent jacket thickness, and the inclusion of the
footing in the repair scheme, are critical to this phenomenon. Finally, the higher fiber content

showed negligible contribution to the initial stiffness and energy dissipation.

Xue et al. (2018) used HPFRC jacketing, containing either steel (2% by volume, /- = 110MPa
(approx.), f: = SMPa (approx.)) or polymer (4% by volume, f°c = 52MPa (approx.), f; = 3.6MPa
(approx.)) fibers, to repair previously damaged circular RC columns (diameter of 420mm x shear
span of 1170 mm, including the cap beam) and reloaded them with reversed cyclic loading. In this
study, the repair scheme included the use of turned steel rebar to replace the damaged
reinforcement (by the term “turned rebar” the authors refer to smoothened steel bars after removal
of the ribs). An older configuration of bars was used, with design criteria preceding the modern
Chinese seismic code of JTG/T-B02/01/2008. Damage was simulated via the application of
preliminary cyclic loading, and the two types of HPFRC materials mentioned in the preceding
were used for retrofitting. In both cases, column capacity was restored, and adequate shear strength
was provided by the jackets, indicating reduced requirements for additional reinforcement.
However, steel fibers were shown to be more efficient in the energy dissipation and damping, in
comparison to the polyvinyl alcohol (PVA) fibers. It should be noted that PVA fibers are more
commonly implemented in ECC and HPFRC materials, whereas UHPFRCs contain steel fiber

reinforcement.

Li et al. (2017) applied cyclic loading on rectangular NSC column specimens (having a cross
section of 200 mm x 200 mm x 820 mm) repaired with HPFRC jackets, after initially imposing
artificial damage through preliminary cyclic loading. The HPFRC material (f°. =42MPa, f;= 6MPa
(approx.)) contained PVA fibers at 1.7% of the volume percentage. The section dimensions were
remained unaltered after repair, while anchored longitudinal bars ensured the connection to the
rigid footing, according to modern seismic codes. Two repair heights were considered, at 33% and
55% of the clear height. Conventional detailing was applied to the sections, with 1% longitudinal
reinforcement ratio (16) while &6 bars spaced at 80mm were used for transverse reinforcement.
In all HPFRC-repaired specimens, it was found after testing that the load resistance was enhanced,
and improved displacement capacity was observed in comparison to their original counterparts,

with greater improvements provided by the jacket with the greater height. The researchers
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recommended the repair height to extend as far as 1.5 times the larger of the dimensions of the
column cross-section. Reduced crack propagation and the horizontal orientation indicated

adequate shear resistance from the jacket in the repaired specimens.

2.2.2 Strengthening
Dagenais et al. (2018) applied a UHPFRC (f*. = 93-128MPa, f; = 6.5-10.7MPa) pre-packaged mix,

with 3% straight steel fibers, on rectangular bridge piers (having a cross section of 600mm x
1200mm) constructed with deficient detailing and tested them under reversed cyclic loading. Lap
spliced connections were used at the lower end, at the column-footing interface, as it was
customary in design guidelines preceding the more modern seismic codes of the 1970s. Various
longitudinal reinforcement ratios, bar geometries and lap splice lengths were evaluated. Artificial
damage was imposed with demolition of the cover concrete around the lap splices, up to 1d» depth,
with UHPFRC jackets covering the whole extent of the spliced connection. In all specimens,
ductile responses were reported during the test, with ultimate damage determined by the rupture
of the starter bars. Damage was shown to extend from the column to the footing, due to plastic
deformations penetrating from the starter bars into the base, which was manifested by one large,

localized crack at the column-footing connection.

Chan et al. (2020) investigated the performance of precast circular column specimens (diameter of
508mm and shear spans of 2032mm and 1270mm, including the cap beam) with UHPFRC (f*. =
137.3-140.1MPa, f; = 24.9-28.2MPa (from flexural tests)) lap splice connections, with high
strength starter bars extending into the footing, and compared the results with those of conventional
cast-in-place (CIP) specimens constructed by Al-Jelawy et al. (2018). Comparable responses under
cyclic excitation were obtained between the two types of specimens, with the CIP case exhibiting
bond failure and pullout of the starter bars. It was noted by the researchers that the improved bond
between connection bars and the UHPFRC, combined with the shifted plastic hinge design, were
sufficient for the precast specimens to develop sufficient lateral resistance and improve their

ductility capacity.

Tong et al. (2019) applied combined cyclic and axial loading on two UHPFRC (f*. = 129.7MPa, f;
= 5.52MPa) jacket-retrofitted rectangular RC piers (500mm x 450mm x 2300mm). The jackets
had a thickness of 50mm, thereby enlarging the combined cross-sectional dimensions, and

extended up to 20% and 44% of the clear height. Longitudinal reinforcement ratio (J16) was
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0.71%, as denoted in Chinese standards prior to the 1980s, and transverse reinforcement (J8) was
spaced at 80mm at the PH location. Sufficient anchorage was provided with continuous
longitudinal bars in the footing. Peak strength was increased for the specimen with the longer

jacket; however, it was noted that ductility was reduced for increased jacket lengths.

Cho et al. (2012) applied HPFRC with PVA fibers (f; = 3.7-4.4MPa) in the plastic hinge region of
intact NSC columns (300mm x 300mm x 1540mm) and tested them under a history of reversed
cyclic displacements of increasing intensity. The fiber content, either 1.5 or 2.0% by volume;
length of the jacket (1.5-2.0d») and presence, or not, of shear reinforcement (J10@100mm) were
parameters of this study. Straight, anchored bars were used for the column-footing connection,
without any lap splice connections that were prevalent in older structures. In comparison to the
control NSC specimen, all HPFRC-strengthened specimens produced stable hysteresis and greater
deformation capacity, as well as improved energy dissipation. Damage phenomena were delayed

by the HPFRC jacket, allowing for overall improved lateral performance of the specimens.

Considering the above, it was shown that the performance of UHPFRC-retrofitted column
specimens, both in the repair and strengthening scenarios, has not been sufficiently investigated in
existing literature. In the former case, preliminary damage has been applied in the form of artificial
removal of concrete cover and reinforcement in the plastic hinge region (Farzad et al. 2019), while
and cyclic loading histories on columns subsequently retrofitted with HPFRC materials have been
studied (Xue et al. 2018, Li et al. 2017). In the latter case, application of UHPFRC jackets in the
plastic hinge region of column specimens has been investigated in the case of footing connections
containing lap splices (Dagenais et al. 2018, Chan et al. 2020), complete replacement of the plastic
hinges (Chan et al. 2020, Cho et al. 2012) and external jacketing with increase of the cross-

sectional dimensions (Tong et al. 2019).

As such, in this study, column specimens retrofitted with UHPFRC jackets in the plastic hinge
region, as well as lap-spliced connections and deficient detailing in accordance with older design
standards, were tested under combined constant axial and reversed cyclic loading conditions.
Direct comparison with identical and undamaged specimens, which were strengthened with
UHPFRC jackets in the plastic hinge region, was performed. The effectiveness of this retrofit
method to enhance the impaired seismic performance and mitigate the effects of previous damage

history was investigated herein.
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2.2.3 Notable Studies

Reggia et al. (2020) constructed a large scale rectangular hollow bridge pier specimen (1500mm
x 625 mm x 5830mm) with conventional detailing and tested it under combined constant axial
load and cyclic horizontal load in the original state, up to the 50% the theoretical load prior to
reinforcement yielding. After the initial test the specimen was retrofitted using a thin HPFRC
jacket (30mm thickness, f*- = 136.3MPa, f; = 4.5MPa) and the strengthened specimen was tested
until failure. The HPFRC jacket was applied at almost the full height of the pier specimen, with
the axial load being applied throughout the retrofit procedure. It was found that in the presence of
the HPFRC jacket, both the strength and ductility showed substantial improvement, with the
former property increased by 57% from the theoretical corresponding value of the unstrengthened
pier. Yielding of the longitudinal reinforcement also occurred at a higher load, for the strengthened
specimen, while longitudinal cracking was more diffused. Despite the thin layer of the HPFRC

jacket, the pier was able to reach an ultimate drift of 3.4%.

Aviram et al. (2014) constructed circular columns (diameter of 406mm; shear span of 1625mm)
containing conventional reinforcement detailing, as well as lap-spliced connections at the column-
footing interface. In this study, one of the columns was constructed with regular concrete and two
others, with identical geometric properties, were constructed completely with HPFRC (f*. =
46.7MPa, f; = 6.69MPa). In addition, bond “breakers” were utilized on the starter and main
longitudinal bars (13M) of the shear span, in each HPFRC column specimen, respectively. The
debonded segments were intended to allow for more evenly distributed reinforcement strains in
the longitudinal bars, and to avoid localization, and subsequent premature fracture, at the end of
the lap-splice connection; this approach is also beneficial in transferring the formation of the
plastic hinge further from the critical section at the column-footing interface. For both HPFRC
columns, apart from the improvements in strength and ductility, compared to the control case, a
stable hysteretic response was shown despite the large demands in drift and shear force. Failure in
the HPFRC specimens was attributed to loss of flexural capacity while no evidence of critical shear
failure was observed, despite the lax spacing of transverse reinforcement. The specimen with the

bond “breaker” placed in the starter bars showed the most extensive distribution of bar yielding.

Yuan et al. (2022) constructed three circular column specimens (diameter of 320mm; shear span

of 1300mm), containing conventional reinforcement detailing based on the seismic design
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provisions for highway bridges of the Ministry of Transport of China, two of which were retrofitted
with UHPFRC (f*c = 110.6MPa, f; = 5.45MPa) in the plastic hinge location. The jacketed portion
extended to 46% of the specimen shear span, with two specimen cases with jacket thicknesses of
25mm and 50mm, respectively. In the former case, the jacket replaced the cover of the section in
the plastic hinge region, without increasing the section dimensions. In the latter case, the jacket
resulted in the increase of the cross-sectional dimensions, including the cover replacement. All
specimens were tested under combined constant axial load and cyclic lateral displacement
reversals. Compared to the unjacketed specimen, the UHPFRC-retrofitted columns showed
improved hysteretic response, with larger areas enclosed in the unloading/reloading hysteresis
loops, as well as reduced residual displacements, with the greater reduction observed for the thicker

jacket.

Hong et al. (2021) constructed rectangular column specimens (300mm x 300mm x 1230mm),
containing conventional reinforcement detailing (8 x D-19 long., D-10/300mm transv.) which
were retrofitted with an external UHPFRC jacket throughout the whole shear span, as well as the
combination of UHPFRC jackets (f*c = 172MPa, f; = 6.4MPa) and textile reinforcement. The
control case consisted of the equivalent geometrical properties without the UHPFRC jacket and
textile reinforcement. For this study, all specimens were designed to be controlled by shear failure,
owing to the combination of high longitudinal reinforcement ratio and sparse transverse
reinforcement. All column specimens were subjected to a constant axial load ratio of 30% and
45% of Agf. (f*c = 24MPa and f*. = 60MPa), combined with cyclic lateral displacement reversals.
Compared to the control case, the UHPFRC retrofitted columns showed reduced damage and
controlled cracking, with shear cracking ultimately controlling the failure. The specimens
containing both the UHPFRC jacket and textile reinforcement showed improved lateral
performance, particularly in ductility, altering the governing failure mode from shear to flexural
shear, and reducing the opening of vertical cracks. It was concluded by the researchers that the
combination of the textile reinforcement and UHPFRC jackets is a viable option to mitigate failure

in shear critical members.
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2.3 Confinement Mechanism

The passive confinement provided on the concrete core of a column as a result of encasement by
confining mechanism has been approximated using Eq. 2.36, as proposed by Richart et al. (1928).
Variables f.., and f., correspond to the compressive strengths of confined concrete and unconfined
concrete, respectively, and f; represents the lateral confining pressure. Parameter K is an

experimentally derived constant which depends on the effectiveness of the confinement.

fec = feo + K fi (2.36)

Rabehi et al. (2014) evaluated the performance of previously damaged cylindrical (unreinforced)
concrete cores, repaired with UHPFRC jackets, and proposed the modification shown in Eq. 2.37.
Variable f.s corresponds to the compressive strength of the damaged concrete. Variables ¢, d and
fy correspond to the thickness of the jacket, the diameter of the concrete core and the tensile
strength of the jacket, respectively.

fee _ g 4 SU _2t o
fee =25+ 1 and fy == f, (2.37)

Tong et al. (2019) assumed plain strain conditions to evaluate the passive confinement of UHPFRC
jackets on strengthened rectangular RC piers. The confined stress state, in the xy plane (where x
and y the principal axes of the cross section of the pier), is described by Eq. 2.38 and the
expressions for A and B are given by Eq. 2.39. Variables E,, t,, and & correspond to the modulus
of elasticity for UHPFRC, the thickness of the jacket, and axial strain, respectively.

o, =A-(x*—y*)—B-I?

oy, =A-(y*—x*)—B-I? (2.38)

Tyy =—-2-Ax"y

{A=21-E-Eu-tu-v-ez/(l2-[25-E-l+12-Eu-tu-(2-v+5)])

2.39
B=18-E-E,-t,-v-&,/I2-[25-E-1+12-E,-t, - (2-v +5)] (2.39)

In the analytical solution proposed, considering both the confinement provided by stirrup
reinforcement and the UHPFRC jacket, the peak strength and corresponding strain at peak of the

core confined concrete core are given by Eq. 2.40.

Jf— =1+8 ]f—l —4- (}#)12 and . = £cp - (}f—l)11 (2.40)
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Malak et al. (2021) defined a multi-stage model for the compressive stress-strain relationship of
confined concrete using SIFCON jackets around cylindrical specimens. Five stages were
recognized by this model (Fig. 2.10): 1) The confinement region, where the jacket prevents lateral
expansion prior to activation, 2) the transition point, which signifies the initiation of the jacket
activation, followed by 3) the first crack/multi-crack region, 4) the fiber pullout region, which
begins after the attainment of the peak stress, and 5) the inner core failure/rupture region. The
model distinguishes the effectiveness of the confinement in “full” and “partial” to account for the

randomness associated with the fiber dispersion and orientation.
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Figure 2.10. Visual representation of the multistage stress-strain model for the a) longitudinal direction
(image obtained from Malak et al. 2021).

2.3.1 Compressive behavior of confined concrete

One of the most prominent applications of UHPFRC is the confinement of existing reinforcement
concrete members, through external application in the form of jackets. The resulting mechanical
performance of the confined concrete is improved, both in terms of strength and ductility, and
pertinent analytical laws are required to describe the constitutive behavior. Existing models, such
as the Modified Kent and Park (1982), are implemented to describe the compressive stress — strain
relationship of the confined concrete. This model is characterized by efficiency and ease of
implementation. Additional models, such as the one described by Darwin and Pecknold (1974),

modified from Karsan and Jirsa (1969), provide an analytical approach for determining the
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compressive constitutive properties under cyclic axial loading. The models are described in this

section.

2.3.1.1 Modified Kent and Park Model (1982) for Confined Concrete

For this model, the material’s ascending part of the uniaxial compressive stress-strain relationship
is defined according to Hognestad’s parabola (Hognestad 1951), as shown in Eq. 2.41 below. For
the post-peak, descending branch of the envelope, the modified constitutive model by Scott et al.

(1982) is used, as shown in Eq. 2.42, until the residual branch which is described in Eq. 2.43.

f = fcc ' [2 ' (S/gcc) - (S/ECC)Z]: € =< €& (2.41)
f = fcc ! [1 -7 (5 - SCC)]I Ecc < EZ €y (2.42)
F=02 fioe> o (2.43)

In the equations above, f.. and &.. are the stress and strain of confined concrete as per Eqgs. 2.44
and 2.45. Parameter Z describes the slope of the descending branch, which is defined in Eq. 2.46

shown below.

Ece = &0 K (2.44)
fee =1 K (2.45)
1 -1
_ [ 3+0.29[0.0285]-f; ] NIAYER . .
Z=05 (145[14.2]_fc_1000+ 0.75 - p, () €. K) , in MPa[PSI] (2.46)

For Eq. 2.46, empirical parameters vary according with the system of units; the expression is
intended to be used in the SI system (stresses in MPa); for the Imperial System of units the
corresponding empirical constants are given in brackets “[]”. Parameter p, is the volumetric ratio

of transverse reinforcement, / is the width of the concrete core and s is the spacing of the stirrups.

The lateral confinement stresses are defined by parameter oro;/a;, Which is the sum of the lateral
confinement stresses contributed by the transverse reinforcement (o) and the UHPFRC jacket

(0j,1at), as described by Eq. 2.47.

Ototlat = Ojlat t Ost lat (2.47)
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The effective confining pressure on the encased concrete, contributed by the UHPFRC jacket is

obtained as follows:

Oj1ac = 2ke0cfi(t/p) (248)

Where, ¢ is the jacket thickness. The confinement effectiveness k. is obtained from the ratio of the
sectional area that is effectively confined, divided by the total encased area (assuming a rectangular
cross section with dimensions b x h). Research on confinement effectiveness using UHPC
jacketing on columns (Rabehi et al. 2014) has led to an estimate for the confinement effectiveness
coefficient, ke, that is practically identical to that obtained for FRP jackets (Pantazopoulou et al.
2016; fib Bulletin 40):

_ 1 _(p*+n2)
ke'f - 1 3'(1—Psc)bh (2.49)

For the case of the simultaneous presence of confining reinforcement (hoops and stirrups), the

contribution of stirrup confinement to the confining pressure is accounted for, as follows:

Ostlat = 0.5- keff " Pw 'fy,st (2.50)

Where, ke is the confinement effectiveness factor, p,, is the volumetric ratio, and f;, s is the yield

stress for the confining reinforcement (Eurocode 8).

2.3.1.2 Chang and Mander (1994) for Confined Concrete

The model proposed by Chang and Mander (1994) for the monotonic envelope of confined
concrete in compression consists of a continuous smooth curve, which is replaced by a straight
line after the onset of cracking. At spalling, it is assumed that the concrete strength is zero. The

complete sets of equations that describe the stress and tangent modulus of elasticity are shown in

Egs. 2.51-2.53.

{f = fec " y (%)

E=E, - 2(x)’ x < Xgp (2.51)

f= e [y(xcr) +n-z(xe)- [x — xcr]]
{ E=E.- z(x) » Xer S XS Xsp (2.52)

f=E=0, x>xg (2.53)
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Where x = ¢/gce, n = Ec-gcc /fec and 7 is a parameter for adjustment of the shape of the curve.
Functions y(x) and z(x) are based on the model proposed by Tsai (1988) and are described in Egs.
2.54-2.56.

y(x) =n-x/D(x) (2.54)

2(x) = (1 =x)/ (D)’ (2.55)
D(x)=1+(n+i)-x+rx_r1, r# 1 (2.56a)
DX)=1+mn—-1+Inx)-x, r=1 (2.56b)

The spalling strain, expressed in the non-dimensional strain xy, can be obtained from Eq. 2.57.

However, greater values can be assumed for the case of confined concrete that does not spall.
Xsp = Xer — y(xcr)/n “Z(Xer) (2.57)

For the hysteretic response, the model proposed by Chang and Mander (1994) consists of three
main components, namely, the envelope curves, connecting curves, and transition curves, which

are shown in Fig. 2.11.

Envelope curves determine the “back-bone” of the hysteretic response, which are described by
equations such as the ones shown above. Connecting curves represent the connection between
envelope curves, such as the unloading and reloading curves, where pinching, softening or
hardening phenomena are represented. Transition curves are used when a reversal is made at the
connecting curve, i.e., the reversal from the compression to the tension envelope, and vice versa,
where these curves are used for stability. The detailed equations, summarized by a set of 15 “rules”,
which correspond to each branch, as shown in Fig. 2.11. that describe the hysteretic properties of

concrete were obtained through statistical regression analyses on experimental data and are

included in Chang and Mander (1994).
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Figure 2.11. Sample of relationships between the model components (Chang and Mander 1994).

2.3.1.3 The Cyclic Model for Concrete in Compression by Darwin and Pecknold (1974)

To obtain a complete stress-strain law for concrete under cyclic compression, the hysteresis loops
need be defined. In experimental curves, the hysteresis loops are defined by the upper and lower
bounds of the envelope, or skeleton curve, and by the strain, at the end of the unloading loop,

respectively (Fig. 2.12).

1 T

Stress, ksi

Strain, 000! in/in

Figure 2.12. Hysteretic response of concrete to uniaxial cyclic loading (Darwin and Pecknold (1974)).

Karsan and Jirsa (1969) determined that the coordinates of the points that influence the hysteresis

loop shape and size exist in a band of points below the envelope curve. For the case of unloading
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under the lower limit of the band, the stress — strain curve forms a closed hysteresis loop. For the
case of unloading above the lower limit and on the upper limit of the band, permanent deformations
are accumulated in the material. If the loop is maintained above the upper limit, no additional

deformation is accumulated.

The upper and lower band limits are reduced to single line curves, based on the work of Darwin
and Pecknold (1974), which are defined by the common points and stability (or turning) points
curves; the analytical definitions of the idealized envelope curves are defined based on the
experimental response of concrete in compression, as depicted in Fig. 2.13. The two envelopes,
referred to as “Common Points” and “Turning Points” are used to guide the formation of the

hysteresis. The equations describing these curves are discusses further in Chapter 5.

Initially, unloading from the envelope at a strain €eni (at coordinates (Geni,eeni) Jfollows a line parallel
to the elastic branch (with slope E,), until it intersects the turning points envelope; beyond that
point, unloading continues with reduced slope to the residual strain eu,,0 for zero residual
compressive stress — further reduction of compressive strain to .., follows without giving any rise
in stress. Reloading from that strain towards the envelope follows the slope of the last segment of

the unloading branch, till it crosses the unloading line in the “Common Points” envelope.

The coordinates of the envelope curve are provided, for this study, from the Thorenfeldt et al.
(1987) model. Based on the envelope curve, the coordinates of the common points and turning

points curves can be obtained.

-0;

Envelope Curve

L

Common Points

Turning Points

+€ €ic decy, ~€iu

Figure 2.13. Envelope curve, common points and turning points, as defined in Darwin and Pecknold
(1974).
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It was also shown, by Karsan and Jirsa (1969), that the strain of the envelope curve prior to
unloading, namely &.n, and the residual strain after the load has been completely unloaded, namely
the plastic strain g1, are closely related. The following equations (Egs. 2.58-2.59) were determined

to describe the relationship between the strains, for the unloading and reloading branches,

respectively:
2
szl,un = 0.145 - (‘:e;n) +0.13- ‘Ze_" (2.58)
Eplre _ Een 2 €en
e = 0,093 - (;) +0091- %2 (2.59)

In the context of the present study, Equation 2.58 is modified, in order to obtain the plastic strain
gpl for confined concrete with UHPFRC jackets. The monotonic envelope, as defined by the
Thorenfeldt et al. (1987) model, as well as the hysteretic loop coordinates shown in Darwin and
Pecknold (1974) were combined as part of this study, to obtain the constitutive properties of
confined concrete with UHPFRC jackets, under cyclic axial loading. This is described in detail in
Chapter 5. From the available models in the literature, the model by Darwin and Pecknold (1974)
was selected for this study, to account for the significant deformation capacity imparted by the
UHPFRC material. The coordinates of the hysteresis loops were determined based on the common
points and turning points curves, which were calculated based on the envelope curve and, thus, the
contribution by the UHPFRC jacket was considered. In previous models, such as the one proposed
by Chang and Mander (1994), the hysteretic properties were based on tests on specimens with
conventional concrete materials, which were not considered in this study. This selection was based

on observations made by this researcher.
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3 Bond of Reinforcement in UHPFRC

The method of column rehabilitation through cover replacement requires removal of the existing
cover to a depth of about 1D, behind the longitudinal bars (where D; is the diameter of the bars)
and replacement of the cover concrete with UHPFRC. In doing so, the intent is to confine the
encased core by taking advantage of the tensile resistance of the replaced cover. Confinement is
also exerted on the longitudinal bars which are now developed in the UHPFRC cover. This opens
two research questions that need to be understood for the benefit of modelling and interpretation
of the retrofit scheme applied on a structural component. This and the next chapter of the present
thesis are dedicated to the investigation of these two aspects: Chapter 3 explores development of
reinforcement bars embedded in UHPFRC covers, in order to determine the local bond stress —
slip relationship and the pattern of strain penetration over the development under large pullout slip
at the critical section (i.e., a crack location). Chapter 4 explores the behavior of concrete encased
in UHPFRC jackets when subjected to cyclic load reversals. Results from these two investigations

are used in the development of Finite Element models for the analysis of retrofitted columns.

Bond and strain penetration of reinforcement embedded in UHPFRC materials is studied using
data from experiments conducted previously at the High Bay Lab and from published literature,
followed by a detailed analytical investigation. The presentation below comprises two parts: i) the
assembly of an experimental database on existing bond tests conducted on tension-hardening
materials (this term encompasses UHPFRC, high performance fiber-reinforced concrete (HPFRC)
and engineered cementitious composites (ECC) materials), where the effects of cementitious cover
and boundary conditions on the bond-slip law are quantified with the objective to understand how
the confinement imparted by the cover material affects the bar development capacity, which is the
development of the strain capacity of the reinforcement, ii) a detailed three-dimensional numerical
analysis of the actual state of stress along a bar embedded in UHPFRC where the bar profile is
modeled explicitly and the bond slip law is the output of the analysis rather than the input at the
bar — cover interface. Among the outcomes of this study is to provide experimental evidence, as
well as confirm via computational simulation, the internal confinement effect owing to the

increased tensile performance of the tension-hardening materials that contributes to the bond
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between reinforcement and concrete. This effect, provided by the unique mechanical
characteristics of tension hardening cementitious materials, is pivotal to the confining action of the

jacket on existing RC columns.

Tension hardening materials present a prolonged post-cracking range of response to tension,
marked by sustained or even increased tensile resistance with increasing deformation. This
behavior is owing to the presence of fibers which intercept the propagation of cracks and delay the
separation of the crack surfaces to larger stress, leading to apparent ductile responses and sustained
damage. The dense structure of the matrix and the low fraction of capillaries in the pore volume
protects the matrix from penetration of external environmental and chemical agents, thereby
providing durability and robustness. The tensile resilience is valuable in many aspects of structural
concrete design, particularly, in the improvement of deformation capacity and mechanical
performance of plastic hinge locations and in retrofitting inadequate structural components, either
suffering from previous damage (e.g., due to corrosion) or due to the absence of sufficient
reinforcement details. Another area where tension hardening materials have gained wide
applicability and acceptance is in continuity joints between precast decks in ABC (Accelerated
Bridge Construction). In this form of construction, the gap between successive panels which is
relatively narrow (200 mm or less) is filled usually with UHPFRC in order to provide sufficient

lap-splice capacity to the bars extending from adjacent panels thereby ensuring continuity.

The introduction of tension hardening materials in structural design as in the examples described
in the preceding requires the synergistic contribution of reinforcement with the cementitious fiber
reinforced matrix, so as to support actions such as flexural moment and shear. This function is
based on the bond stress — slip mechanics that develop when steel reinforcement is embedded in
HPFRC. The ABC form of construction described above underscores that a much smaller
anchorage length is needed to lap or anchor bars in UHPFRC than in conventional concrete;
lengths in the range of 8D, have been proposed as being adequate to yield a bar, however the mode
of failure (pullout vs splitting or a combination thereof), and the amount of slip that follows the
onset of failure, all of which depend on the UHPFRC cover confinement and strength are still to
be determined. At the onset of the slippage of reinforcement due to tension, the deformed surface
of the bar imposes bursting pressures on the surrounding cementitious matrix, creating radial
tensile stresses and longitudinal compressive stresses. In conventional concrete the magnitude of

these stresses is limited due to the very low fracture energy of plain concrete. The UHPFRC
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improves the bond performance of the reinforcement-to-concrete interface, by enabling tensile
stresses of higher magnitudes to be developed around the bar, and further enhances development

capacity thanks to its ductile response.

As the UHPFRC applications in Structural Engineering have recently gained traction, more
experimental evidence is necessary, for understanding the mechanisms of the interaction between
this class of materials and steel reinforcement. Experimental evaluation of bond and bar
development is a key underlying requirement. To this end, various bond test standards are available
in the literature, some having been standardized for characterization by the industry of bond
properties of new reinforcement products, however embedded in conventional concrete. Most
commonly used are the standard pullout (SP) test (Rilem 1978) and beam-end test (BE) (ACI 408).
Previous studies have illustrated that the selection of test arrangement is a pivotal matter in the
experimental investigation of bond, as the bonded interface is sensitive to lateral restraining effects
acting on the bar, as a result of test boundary conditions; vastly different bond slip laws may be
extracted keeping all parameters of an experiment the same, except for the test setup. A question
of relevance is whether this sensitivity to test setup extends also to the case of tension hardening
materials. Extensive investigation of the experimental literature, which is assembled below in the
form of a database of the available published tests has shown that this bias is also occurring in the
case of tension hardening matrices. This is surprising given the internal confinement of the

material, which is imparted by the fibers.

3.1 Assembly of an Experimental Database of Tests investigating bond of bars

embedded in Tension Hardening Materials

Georgiou and Pantazopoulou (2018) quantified experimentally the absolute magnitude of the
internal confining pressure that arises by virtue of the fibers is of the same order of magnitude as
the tensile cracking stress. Therefore, as the bar ribs translate relative to the concrete it is expected
that the radial outwards displacement will be to a certain extent restrained by the internal confining
pressure whereas the magnitude of the bond strength will be enhanced by the hoop tensile strength
of the material which is now sustained to large levels of strain. In light of this mechanistic model
for the role of the internal confining pressure, it could be argued that the confining restraint of the

setup boundary conditions would not have discernible effects in the case of tension hardening
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materials. To explore this question a database was assembled containing bond tests on
reinforcement embedded in various tension-hardening materials. Specimens were included from
many different investigations that had used one of five distinct experimental test setups, namely,
1) the Standard Pullout (SP) test depicted in Fig. 3.1(a), where the concrete block encasing the
anchored rebar bears directly on a steel plate during bar pullout; the modified standard pullout
(MSP) test was also included, where a Teflon layer is used in the SP setup under the bearing surface
to serve as a friction breaker (specimen form depicted in Fig. 3.1(a)); ii) the so-called Beam-End
(BE) test depicted in Fig. 3.1(b)), iii) the non-contact lap-splice direct tension pullout test — a test
setup wherein a long strip of the HPFRC containing several bars being pulled sequentially,
provides partial restraint to expansion in the longitudinal direction as shown in Fig. 3.1(c) (NCLP-
DTP) (Tsiotsias and Pantazopoulou, 2021) iv) the contact lap-splice direct tension pullout test
(CLP-DTP) shown in Fig. 3.1(d), and v) a direct tension pullout test (DTP) depicted in Fig. 3.1(e-
f),. The data were organized based on bond strength (f;) normalized by the square root of the
concrete compressive strength (f:), as it is customary in established standards (ACI 408, Model

Code 2010). The normalized bond values are plotted in Figs 3.2 and 3.3, against the normalized

f

anchorage length (L / D») and normalized cover (C / D), respectively.
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Figure 3.1. Bond test configurations: a) Standard Pullout (SP) Test, b) Beam-End (B-E) Test, ¢) Non-
Contact Lap Spliced DTP (NCLS-DTP) Test [11], d) Contact Lap Splice DTP (CLP-DTP) Test [13], ¢)
Direct Tension Pullout (DTP) Test, (f) Modified DTP Test.

For tension hardening High performance or Ultra High Performance materials (referred to for
brevity in the remainder as HPFRCs), information from the literature was collected for 604
specimens, comprising a range of material types according to their compressive strength, i.e., steel-
fiber reinforced self-consolidating concretes with compressive strengths in the range of 70 — 200

MPa. Of those, 258 belong to the SP/MSP test category, 24 specimens for the B/BE test, while for
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the DPT test 25 specimens were included. For the CLP-DTP and NCLP-DTP tests, 32 specimens
were included, containing HPFRC materials. To determine the normalized values, the bond
strength measurements were divided by \/;, and the embedment length L, and cover thickness C
values were divided by D,. It was noted that a vast difference is observed in the obtained
normalized values from the different test setups indicating a persistent effect of the specimen form
and boundary conditions on the obtained results. The shaded areas in Fig. 3.2a and Fig. 3.2b
indicate the pattern of influence of bond strength in terms of the anchorage length and the cover

thickness, respectively.

In Fig. 3.2a, the bond strength obtained from tests with HPFRC materials is shown against
embedment length of the anchorage. For values of embedment length in the range of L, < 3Dy
(short range) bond strengths of the included SP/MSP tests are averaged at 3.52\/fc, while for values
in the range of 3Dy < Ly < 10D;, (medium range), the average value of bond was 1.6\f. In the case
of longer embedment lengths, such as L, >10D;, the average bond strength of the specimens
included, was 0.85Vf.. For the B/BE tests, in the short, medium and long embedment length ranges,
the average values of bond are measured at 2.35Vf;, 2.4\f., and 0.67\f;, respectively. For the DTP
tests included in this database, bond strengths were measured for short and medium embedment
lengths, with average bond strengths at 2.0Vf; and 1.45Vf., respectively. For the CLP-DTP and
NCLP-DTP tests, studies containing medium and long embedment lengths were included. In the
former case, the average bond strength was 0.75Vf: and 2.5Vf;, respectively, while for the latter,
the values are 0.80Vf; and 1.5Vf.. Based on the above data, for the short range of embedment
lengths, higher bond strengths are obtained for the SP/MSP test setup (Fig.3.1a), while the lowest
are shown in the DTP test (Fig. 3.1e-f). In the medium range, the B/BE and NCLS-DTP tests show
the highest bond, while the CLS-DTP tests show the lowest average value. In the range of long
embedment lengths, the highest and lowest average values are obtained by the NCLS-DTP and
B/BE tests, respectively.

In Fig. 3.2b, the same bond tests on HPFRC materials are depicted against normalized cover C /
Dy. For the SP/MSP test, for cover in the range of C <2D, (small covers), average bond strength
was measured at 1.70\/fc, while for 2.0 < C/ Dy < 4.0 (medium cover thickness), bond was 2.65\/ﬁ.
For cover in the range of C > 4Dj, bond strengths averaged at 3.25f;. For the B/BE test, in the
short range of normalized Dy cover, the average bond strength was 2.23Vf.. For the DTP test, for
the short and medium ranges, bond strength was measured at 1.37\f. and 4.60f;, respectively. For
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the CLS-DTP and NCLS-DTP tests, for the short range of normalized cover, bond strength was
measured at 0.72f; and 1.87Vf., respectively, while for the medium range of cover, the values
were 0.9Vf; and 2.41\f., respectively. It was observed that for smaller cover thickness, the highest
bond was obtained by the B/BE tests (Fig. 3.1b), followed by the NCLS-DTP tests (Fig. 3.1c),
while the lowest boundary of bond strength was obtained from the CLS-DTP tests (Fig. 3.1d). For
the medium range of the cover thickness, the highest values were obtained from the DTP test,

while the lowest values corresponded to the CLS-DTP test.

For this ECC materials, a total of 154 specimens were included, with materials fabricated with
PVA fibers and compressive strengths in the range of 40 — 80 MPa. Of those, 110 belong to the
SP/MSP test category, 38 specimens for the B/BE test, while for the DPT test 4 specimens were

included.

In Fig. 3.3a, the bond strength obtained from tests with ECC materials is shown against embedment
length of the anchorage. For values of embedment length in the range of 3D, < L, < 10Dy, bond
strengths of the included SP/MSP tests are averaged at 1.5Vf, while for values in the range of L
>10Dj the average value of bond was 2.0Vf;. For the B/BE tests, in the medium embedment length
range of 3D < Ly < 10Dy, the average of the values of bond was measured at 1.1\f.. For the DTP
tests, bond strengths in the same the medium embedment lengths range, were averaged at 0.7f..
It can be noted here that the SP/MSP provides the highest values for bond strength (Fig. 3.1a), for
the various embedment lengths. The B/BE test (Fig. 3.1b) arrangement provides values

approximately equal to \f;, while the lowest bound was provided by the DTP test (Fig. 3.1e-f).

In Fig. 3.3b, the same bond tests on ECC materials are depicted against normalized cover C / Dy.
For the SP/MSP test, for cover in the range of C < 2D, (small covers), average bond strength was
measured at 1.23vf;, while for 2.0 < C /Dy < 4.0 (medium cover thickness), bond was 1.467f.. For
cover in the range of C > 4Dy, bond strengths averaged at 2.71f.. For the B/BE test, in the short
and medium ranges of normalized D cover, the average bond strength was 1.0\ and 1.36Vf;,
respectively. For the DTP test, for the short range of normalized cover, bond strength was
measured at 0.7Vf;. The same pattern as denoted above was observed for the ECC materials, where
the SP/MSP tests provide the least conservative values for normalized bond strength. Here, the
B/BE test provides values equal to /. for the smallest cover thicknesses, while for the same range,

the DTP provides the lowest bound of bond strength.
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Figure 3.2. Database of HPFRC Bond Tests: (a) Effect of anchorage length and (b) Effect of concrete

Based on all the above, including the databases for both the HPFRC and ECC materials, it was
clearly shown that the effect of spurious confinement stresses contributes to the experimental bond
measurements, for both material types and affects the magnitude of bond that can be counted on
for calculating bar development and strain penetration effects. Setup bias was more pronounced
for conventional bond test setups, such as the SP test, where the concrete matrix surrounding the
bar was enveloped in compressive stress fields. For test setups where the concrete matrix is
enveloped in tensile stresses, as was the case with the CLP, NCLP and DTP tests, the contribution

of lateral stresses was diminished, and the lowest bounds of bond strength are obtained. Therefore,

cover.
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the patterns obtained from the database confirm the sensitivity of measured bond based on the type

of test setup.
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Figure 3.3. Database of ECC Bond Tests: (a) Effect of anchorage length and (b) Effect of concrete cover.

Lastly, for the case of the BE test, where bond is measured under the flexural response of the test

bar, the obtained bond strengths were shown to exceed the ones obtained from direct tension tests,

such as the CLP and DTP tests. This was attributed to the contribution of curvature on the test bar,

which further improves bond performance. This effect was further studied in an experimental

setting, in the next section below, where DTP specimen tests are compared with anchored four-

point bending tests.
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3.2 Comparison between Flexural and Direct Tension Tests on Bars

Experimental evidence from setups that yield conservative estimates of bond strength is considered
in the present section: two series of bond tests on bars embedded in HPFRC mortars conducted in
parallel in the High Bay lab using the same batched materials (Saikali 2019, Tsiotsias 2019) are
used here to explore the differences between the anchored Beam (B) and the DTP test, respectively.
A total of 13 and 9 specimens were fabricated, for each test setup, respectively. The HPFRC
material properties were obtained from characterization tests as shown in Table 3.1
(Pantazopoulou et. al 2019). In Table 3.1, f. is the compressive strength, fr the tensile strength
obtained from flexural tests, and f.- and f; the cracking and tensile strengths obtained from direct
tension tests. In both sets of experiments, short embedment lengths of 5d, were assumed, with the
aim of being able to approximate local bond strength by averaging the bond stress values along

the length of the anchorage, as per the following equation:

fo = Fy/7DoLy (3.1)

In Eq. 3.1, f» is the bond stress, F} is the force acting on the loaded end of the anchorage, Dy is the
diameter, and L, is the embedment length of the anchorage. Parameters of this study are the

HPFRC material type and cover thickness (1D5 or 2Dp).

Table 3.1. Material parameters, fiber content and mechanical properties.

Material ID Fiber Type Fiber Fiber Count f./f; folfi  &u/éu
(Vol. content %) Properties (x10°m’) (MPa) (MPa) (x10™
. Straight;
Commercial ’ 122.6 10.6 3.7
Steel (2%) lo=13mm; 49.0 :
Mat. K &= 0.2mm 30.1 13.5 474
50% Straight:
If:20 mm;
Commercial o df: 0.2 mm 128.4 11 6.1
Mat. F Steel 2%) 500 Hooked: 16757 353 16 120
If :25 mm;
df:0.3 mm
Straight;
In-House > 125 9.2 3.2
Steel (2.5%) lo=13mm; 61.2
Mat. R &= 0.2mm 264 105 47

3.2.1 Direct Tension Pullout (DTP) Test

The DTP test was designed and conducted using the setup depicted in the schematic of Fig. 3.2a

(Tsiotsias 2019). In this version of the test, coaxial support to the test bar was provided through an
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external mechanical base, with a rotating convex fastener on the support bar, as shown in Figs.
3.4a-c. The support bar was allowed to rotate on the surface of the steel plate to ensure alignment
with the test bar. The base was attached to the specimen with four transverse rods, penetrating
through the specimen and covered with custom steel sleeves. This arrangement was selected to
minimize potential eccentricities between the test and support bars during casting and to reduce
the size of the specimen. Further discussion on the test design may be found in Tsiotsias and
Pantazopoulou (2021). To obtain the pullout slip relative to the concrete, a pair of linear

potentiometers were attached to the steel base, as shown in Fig. 3.4d.

Concrete
Test

Specimen
Bar- -
g

-—_

-

Metallic

Rotating

(a)

Fastener

Support Bar

Figure 3.4. Modified version for DTP test: (a) Overview of setup; (b) Side vide of specimen and metallic

base; (c¢) Top view of setup; (d) Attachment of DTs to obtain bar slip.

3.2.2 Beam (B) Test

For the beam test, an anchored beam specimen was used, as shown in Saikali (2019). This flexural
test consists of a beam specimen subjected to four-point bending with symmetrical load, in which
the test bar was anchored within the constant moment zone, as shown in Fig 3.5a. To create the
start of the bond embedment length, a notch was created by a foam insert in the formwork. On one
side of the notch the test bar was fully anchored, but on the other side, only a length of 5D, was
embedded — the rest of the bar extended to the end of the specimen, but it was covered in a PVC
tube as bond breaker. The symmetric loads were placed so that the embedment length was within

the constant moment region. The bar protruded beyond the end of the specimen where the
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longitudinal translation of the free end was measured with a DT. In this design, two auxiliary bars
were placed on each side of the test bar, to eliminate flexural failure of the segment beyond the
end of the embedment. The section of the specimen at the test zone is shown in Fig. 3.5b. Loading

was applied with rollers, attached using a custom steel jig, as shown in Fig. 3.5¢c.

, bo = 152.40 :
h=1%2.40
PG =16 G =16—
o i @) ®)
(b) &= =16~ ~ (0)

Figure 3.5. Schematic of the AFPB test specimen: (a) Formwork and sample specimen dimensions; (b)

Specimen section; (¢) Placement of AFPB specimen in loading apparatus.

3.2.3 Comparison of the Test Results

In Figs. 3.6-8, the cumulative results from both the Anchored Beam and DTP tests are shown. The
tabulated data are shown in Table 3.2. Both types of tests show comparable results in the maximum
obtained bond stress. For material K, the specimens with cover thickness of C. = 1D = 16 mm,
showed an average bond stress in each type of test of 13.4 MPa and 8.9 MPa, respectively. For the
case of the cover Cc = 2D, = 32 mm for the same material, the average bond was 11.2 MPa and
14.6 MPa, respectively for each type of test. For material F, the specimens with cover thickness of
C. = 1Dy = 16 mm, showed an average bond stress in each type of test of 20.2 MPa and 13 MPa,
respectively. For the case of the cover C. = 2D, =32 mm for the same material, the average bond
was 17.85 MPa and 18.44 MPa, respectively for each type of test. For material R, the specimens

with cover thickness of C. = 1D, = 16 mm, the average bond stress in the Anchored Beam test was
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16 MPa. For the case of the cover C. = 2D, =32 mm for the same material, the average bond was
19.2 MPa and 18.2 MPa, for the Anchored Beam and DTP tests, respectively. It can be observed
that the Anchored Beam tests shows higher bond strength for the cover thickness of Cc =1D, =16
mm. The opposite however was observed for specimens for C. =2D; = 32 mm, where bond strength

was higher in the DTP test, with the exception of the in-house material IR.

Material K: Bond Stress - Slip Results

20.0 —— BEAM- KIA
= - . = BEAM-KIB
= 16.0 - — =BEAM-K2A
E = -BEAM- K2B

———DTP-KIA
> 12.0 ——DTP-KIB
@ ——DTP-K2
% 8.0 o

el
= \- I R
£ 4.0 —
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Figure 3.6. Bond Stress — Slip results for Anchored Beam and DTP tests.

Material F: Bond Stress - Slip Results
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Figure 3.7. Bond Stress — Slip results for Anchored Beam and DTP tests.
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Material IR: Bond Stress - Slip Results
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Figure 3.8. Bond Stress — Slip results for Anchored Beam and DTP tests.

Table 3.2. Tabulated values of test results for the anchored Beam and DTP tests.

Cover F[)eak A@peak ﬁ;,beak ﬁ,beak/ Slip@peak Failure

SpecimenID ) kN)  (mm) (MPa)  \f (mm)  Mode
BEAM - KIA 16 75.1 1.62 1421 1.28 0.56 P-S
BEAM-KIB 16 69.7 154 1261 1.14 0.52 P-S
BEAM - K2A 32 56.4 1.50 9.39 0.85 0.42 P-S
BEAM -K2B 32 68.7 1.86  13.06  1.18 0.62 P-S
DTP - KI1A 16 3710  3.67 9.22 0.83 0.43 S
DTP - KIB 16 3441 377 8.55 0.77 0.77 P-S
DTP - K2A 32 5030  4.00 12.5 1.13 - P-S
DTP - K2B 32 67.91  5.43 16.89  1.53 0.67 P-S
BEAM -F1A 16 92.1 296 1905  1.68 1.39 P-S
BEAM-FIB 16 101.0 324 2125 188 1.58 P-S
BEAM - F2 32 83.7 3.13 17.85 1.8 1.04 P-S
DTP - F1A 16 46.63 537 11.6 1.02 0.15 S
DTP - FIB 16 58.11 5.0 1445 128 0.74 P-S
DTP - F2 32 7414 592 1844  1.63 - P-S
BEAM - IR1IA 16 72.6 200 1310 117 0.81 P-S
BEAM - IRIB 16 91.5 217 1915 171 0.89 S
BEAM - IRIC 16 79.5 1.78 1552 1.39 0.58 S
BEAM - IR2A 32 80.3 204 1853 166 0.71 P-S
BEAM - IR2B 32 83.3 2.61 19.21 1.72 0.73 P-S
BEAM - [R2C 32 86.0 220 1989 178 0.44 P-S
DTP - IR2A 32 7734 510 1923 172 1.46 S
DTP - IR2B 32 68.92 494 1713 153 1.63 S

Note: P = Pullout; S = Splitting; P-S = Pullout and splitting. ] mm =0.0394 in.; 1 MPa =
0.145 ksi; 1 kN = 0.2248 kips.

In addition, in almost all specimens concurrent splitting and pullout failure were observed, with

multiple branches of cracks appearing on the surface of the concrete. Compared to the beam
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specimens, DTP tests show steeper softening branches and less post-peak resilience and energy
absorption. The difference was clearly owing to the different state of stress in the two setups; note
that the curvature which occurs in the beam, particularly in the larger deflection levels, is a passive

but important source of bond strength resistance which has not been accounted for explicitly to

date.

3.3 Finite Element Analysis (FEA) of Bond Tests

To simulate and better understand the confining influence of boundary conditions on the
development capacity of reinforcement and the resulting bond-slip relationship, a series of bond
test setups were modeled using the combined GiD/ATENA Studio software package (ATENA
Program Documentation, 2020). The various setups were chosen to represent the tests encountered
in the literature and include the tests described in the Database of section 3.1. Among the tests
included are the standard pullout test (SP), the beam-end test (BE), the contact lap-splice pullout
test (CLSP, or CLP, for short), the non-contact lap-splice pullout test (NCLSP, or NCLP, for short),
the restrained non-contact lap-splice pullout test R-NCLP), which consists of a variation of the
NCLP test where specimens are fabricated in continuous concrete strips, and the DTP test, in the
variation of the test described in Tsiotsias and Pantazopoulou 2021. Schematics of the model

sections, for each type of test, are shown in Fig. 3.9.
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Figure 3.9. Model sections for the various types of bond tests: (a) Beam End (BE); (b) Direct Tension
Pullout (DTP); (c) Standard Pullout (SP); (d) Contact Lap Splice (CLSP); (e) Non-Contact Lap Splice
(NCLP/R-NCLP).

For better comparison all other non-parametric details are therefore kept the same. Parameters of
this analysis consist of the anchorage length and cover thickness — the former was considered at

values of 5Dp and 10Dp. and the latter at values of 1D, and 2D,,.

3.3.1 The ATENA-GIiD Interface

The modeling segment of the FEA was conducted using the commercial software GiD©. For this
program, the process of modeling supports incremental definitions of geometrical properties, i.e.,
definitions of points, lines, surfaces and then volumes, which facilitates the modeling process.
Once the three-dimensional geometrical entities are defined (i.e., volumes), the material properties
and support conditions are applied to their respective entities, as well as the interval data, which
contain information about the loading stages. Once the pre-processing is complete, the model is

“sent” to ATENA Studio for analysis and post-processing.

Both the reinforcement and concrete were modeled using 3D solid elements, in order to capture
lateral stresses that develop due to the boundary conditions of the test. Bar ribs are modeled directly
on the bar surface, as one continuous solid (Fig. 3.10). The concrete body was modeled around the
bar surface and double symmetry was considered on two orthogonal planes going through the bar
longitudinal axis in order to reduce the computational effort and improve robustness of the
solution. The geometry of the bar element was adapted from 15M reinforcing bar sample from the
lab facilities and was normalized, as shown in Fig. 3.10. The mesh was selected such that the
elements were able to fit into the bar and concrete macroelements, without imposing undue

computational load. It was determined, through trial and error, that the optimal size was 0.05 m.

For the analysis, displacement control with the Newton-Raphson solution algorithm was
implemented, with 30 iterations per step. Displacement was applied on the top surface of the

element, on the loaded end of the bar.
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Figure 3.10. Surface profile of the modeled bar.

3.3.2 Material parameters

To model HPFRC concrete, the material model Cementitious? SHCC/HPFRC was used, with f'c =
120 MPa, f;= 7.5 MPa and E = 45 GPa. Nonlinearity was considered in the functions for tension
and compression in the HPFRC material, as shown in Tables 3.3 and 3.4. The non-linear functions
were obtained through calibration of the model to the experimental data of the DTP tests (Tsiotsias
2019), which are shown in Section 3.2. Material K was modeled, which contained steel fibers with
diameter dy= 0.2mm and length /,= 13mm, at a fraction of 2%. For the bar, an elastic stress-strain
material model was used, where £ = 200 GPa and ¢ = 0.3, to ensure that failure in the models

occurs due to pullout (and not yielding of the bar).

Table 3.3. Tension function for HPFRC material model.

Coordinate ID & ou/ft
1 0 1
2 0.00002 0.6
3 0.00005 0.2
4 0.0001 0.125
5 0.01 0.075
6 0.12 0.0
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Table 3.4. Compression function for HPFRC material model.

Coordinate ID &pl oc/fc
1 -0.01 0
2 -0.002 0.8
3 0 1

3.3.3 Results

The results of all the analyses are shown in tabulated form Table 3.5, while in Figs. 3.11-3.14, the
strength curves for each parametric scenario are shown for the various test setups. In Table 3.5,
the model ID includes the specimen type, the normalized cover and normalized anchorage length,
for example, model “SP-1C-5L" corresponds to the model with the Standard Pullout specimen
configuration, cover thickness of C. =1Dj, and anchorage length of L, = 5D;. For the specimen
types, BE corresponds to the Beam-End test, CLP to the Contact Lap Splice Direct Tension Pullout
test, NCLP to the Non-Contact Lap Splice Direct Tension Pullout test, R-NCLP to the Restrained
Non-Contact Lap Splice Direct Tension Pullout test, and DTP to the Direct Tension Pullout test.
The responses of the DTP-1C-5L and DTP-2C-5L models were obtained in accordance with the
bond stress- slip relationships of the DTP1-K1 and DTP-K2 specimen cases, as shown in Table

3.1, respectively.

For the parametric scenario of C. =1Dp and Ly = 5Dj, it can be seen that the SP and R-NCLP tests
result in the upper bound in the force vs displacement curves. While in both cases, the bar force
was reduced with a steep slope after the peak, in the latter case shows a ductile post-peak response,
for up to 6.8 mm. The BE test represents a medium range of the force vs displacement curves, with
a ductile post-peak response as well. The lowest bounds are occupied by the CLP, NCLP and DTP
tests, respectively. The CLP test shows an immediate loss of the bar force at post-peak, with no
ductility in the descending branch. In the NCLP and DTP case, a prolonged post-peak response
was observed, up to 4.25 mm and 8.125 mm, respectively. Lastly, in the DTP case, the maximum
bar force was the lowest of the lower bound responses, at 65% and 73% the bar force of the CLP

and NCLP tests.

For the parametric scenario of C. =1D; and L, = 10Dy, the highest bounds of bar force were shown
for the SP, BE and R-NCLP tests. With the exception of the SP test, the responses of these tests
were ductile in the post-peak range. The CLP and NCLP tests showed higher strength than the
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DTP test, at values approximately 153% and 126% the bar force of the DTP test, while all three

tests showed a ductile post-peak response.

Table 3.5. Summary of results from FEA of bond pullout tests.

Bond Test Typeof Cover Embedment  Fpea Dpea Average fi Failure

Model ID Setup Bar (mm) Length(mm) (kN) (mm) (MPa)  Type
SP-1C-5L 16 80 1854 03 4611 P
SP-2C-5L Standard o/ 3 80 2263 039 5628 p
SP-1C-10L Pullout 16 160 1956 0375 2432 p
SP-2C-10L 3 160 3348 089 4163  P-S
BE-1C-5L 16 80 1089 05 2708  PS
BE-2C-5L 3 80 1215 0525 3021  P-S
BE-1C-1oL,  Deam-End  15M 16 160 2158 0775 2683  P-S
BE-2C-10L 3 160 244 0875 3034  P-S
CLP-1C-5L 16 80 53 025  13.18 S
CLP2CSL  ContactLap o\ 3 80 843 0325 2096  P-S
CLP-1C-10L  Splice Pullout 16 160 131 0575 1629  P-S
CLP-2C-10L 3 160 1634 075 2032 P-S
NCLP-ICSL 16 80 474 025 1179  PS
NeLpacsL TRt 3 80 588 035 1462 P-S
NLCP-1C-10L 4P OPh 16 160 1164 055 1447  PS
NCLP-2C-10L 3 160 1564 075 1945  P-S
R-NCLP-IC-5L  Restrained 16 80 1948 065 4844  PS
RNCLP-2C-SL  Non-Contact o\ 32 80 2305 0725 5732 P-S
R-NLCP-1C-10L  Lap Splice 16 160 2723 1125 3386  P-S
R-NCLP-2C-10L  Pullout ) 160 4005 15 4980  P-S
DTP-1C-5L 16 80 347 035 863 P-S
DTP-2C-5L  Direct Tension 3 80 584 0475 1452 P-S
DTP-1C-10L Pullout ISM 16 160 516 055 642 P-S
DTP-2C-10L 32 160 676 05 8.41 P-S

Comparison of Resistance Curves (1C -5L)
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Figure 3.11. Resistance curves of the various models for the parametric scenario 1C-5L.
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Comparison of Resistance Curves (1C -10L)
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Figure 3.12. Resistance curves of the various models for the parametric scenario 1C-10L.

For the parametric scenario of C. =2D; and L, = 5Dy, the highest range of bar force development
was attained for the SP and R-NCLP tests. The medium range of developed bar force values was
represented by the BE test, which showed also a ductile post-peak response. The lowest bounds of
developed bar force values were obtained for the CLP, NCLP and DTP tests, with the latter two
showing approximately identical post-peak responses, up to 4.1 mm of pullout slip. Compared to
the NCLP and DTP tests, the CLP tests showed a steeper descending branch, and corresponding

loss of strength, in the post-peak range.

Comparison of Resistance Curves (2C -5L)
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Figure 3.13. Resistance curves of the various models for the parametric scenario 2C-5L.
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Comparison of Resistance Curves (2C -10L)
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Figure 3.14. Resistance curves of the various models for the parametric scenario 2C-10L.

For the parametric scenario of C. =2D; and L, = 10Dy, the highest bar force development was
shown for the SP and R-NCLP tests. The medium range of bar force development was obtained
for the BE test, whereas the lowest range was obtained from the CLP, NCLP and DTP tests. The
CLP and NCLP tests showed an almost identical ascending branch, while in the post-peak range,
the NCLP tests showed faster reduction of the developed bar force. The lowest value of bar force

was obtained for the DTP test for this case.

Based on the above, it was observed that the bar forces developed from the SP and R-NCLP tests
showed the highest sensitivity to the anchorage length and cover thickness. The latter test showed
more sensitivity to the anchorage length, with the bond strength increasing by 40%, with the
increase to the L, = 10D, length. The BE test also showed higher sensitivity to the anchorage
length, with the increase of the L, = 10D, length leading to approximately double the bar force
from the control case. Similarly, the CLP and NCLP tests showed approximately the same increase
of developed bar force, by 145%, with change of the anchorage length to L, = 10D;. On the
contrary, the DTP test showed more sensitivity to the cover thickness, with the increase of bar

force, for the cover thickness of C. =2D; at 68%.

3.3.3.1 Stress distributions for the various models
The stress states of the concrete around the bar, for the various types of models are shown in Figs.

3.15-3.20. The control case models with C. =1Dj and L, = 5D, are shown in the present section,
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while the remaining cases are included in Appendix A. The stress states are shown for the peak
longitudinal (bar) axis, at the peak load and the end of the analysis, as well as the stress and strain
of concrete around the bar at the peak load, in the longitudinal and transverse directions. Lastly,
the shear stress 7. (or 7,-) is shown for the concrete around the bar, at the peak load, which
represents the equivalent bond stress acting on the bar-concrete interface. The observations

collected from the analyses are discussed in Section 3.3.3.2.
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3.3.3.2 Parametric Sensitivity of the Model and Comparison with the Experimental
Database Trends

In Figs. 3.21-3.24, a sensitivity study based on the above models, including all parameter

scenarios, was assembled. This collection of analytical results was discretized based on the

normalized bond strength, as obtained by shear stress 7. (or 7,:) at peak load, the normalized

anchorage length L,/Dy and normalized cover thickness Ce/Dy.

Parametric Sensitivity of Bond Pullout Tests - Bond
Strength vs Anchorage Length
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Figure 3.21. Analysis Results that relate the estimated normalized bond strength ﬁ,/\/fc with the

normalized anchorage length Ly/Ds.

Parametric Sensitivity of Bond Pullout Tests - Bar
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Figure 3.22. Results for pullout slip as a function of normalized anchorage length Ls/Dj.
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From Fig. 3.21, it was observed that, the SP tests are in the upper to medium range of bond strength,
for the various anchorage lengths considered, reaching up to average normalized bond strength
values of 4.67 and 3. For anchorage lengths of L, = 5D and L, = 10D, the highest average
normalized bond strength was obtained from the R-NCLP test, at 4.83 and 3.82, respectively. The
BE test showed consistent values in the average normalized bond strength at 2.62 for all cases of
anchorage length. The lowest values were obtained from the CLP, NCLP and DTP tests, with the
average normalized bond strength values at 1.56, 1.21 and 1.06, respectively, for the case of L, =
5Dy. For anchorage lengths of L, = 10D, the pertinent values for the CLP, NCLP, and DTP tests
were 1.67, 1.55, and 0.68, respectively. The DTP test showed the lowest magnitudes of bonds
while tests SP, R-NCLP and DTP showed decrease of bond with corresponding increase of the

anchorage length.

Parametric Sensitivity of Bond Pullout Tests - Bond
Strength vs Cover Thickness

o
o

W

< a mSP
5.0

= s Y BE
%04.0 - DTP

% 3.0 o «CLP

=

g NCLP
é’ 2.0 - W

- ) o R-NCLP
S10 ®

[

§ 0.0

z 0 0.5 1 1.5 2 25 3 3.5 4

Normalized Cover Thickness C./D,

Figure 3.23. Parametric sensitivity analysis on normalized bond strength fi/Nf; and normalized cover

thickness C./Ds.

From Fig. 3.22, the pullout slip at peak load vs the normalized anchorage length can be observed.
For anchorage lengths of L,= 5Dy, the highest pullout slip at peak was obtained from the R-NCLP
test, at an average value of 0.69 mm. The next highest value for the pullout slip was obtained from
the BE and DTP tests, at 0.51 mm and 0.41mm, respectively. The average pullout slip at peak for
the SP test was 0.35 mm, while for the CLP and NCLP tests, this value was almost identical at
0.3mm. For anchorage lengths of L, = 10D;, the two highest values of the pullout slip were
obtained for the R-NCLP and BE tests, at 1.31 mm and 0.83 mm. Following, the SP, CLP, and
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NCLP tests showed almost identical pullout slip values at peak, at approximately 0.65 mm. The

lowest value of average pullout slip at peak was obtained from the DTP test, at 0.53 mm.

Parametric Sensitivity of Bond Pullout Tests - Bar
Displacement vs Cover Thickness
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Figure 3.24. Model database based on pullout slip and normalized cover thickness C./Dj.

From Fig. 3.23, it was observed that the average normalized bond strength obtained for the SP and
R-NCLP tests, considering the cover thickness of C.= 1D, was 3.21 and 3.76, respectively. For
the same cover thickness, the average normalized bond strength for the BE test was 2.46. The
lowest bound of average normalized bond strength values was obtained for the CLP, NCLP and
DTP tests, at 1.35, 1.20 and 0.69, respectively. For the cover thickness of C. = 2D, the highest
values of average normalized bond strength were obtained from the SP and R-NCLP tests, at 4.47
and 4.89, respectively. Following, the next highest values were obtained from the BE, CLP and
NCLP tests, at 2.76, 1.88 and 1.56, respectively. The lowest bound of the average normalized bond
strength was obtained from the DTP test, at 1.05.

In Fig. 3.24, the average pullout slip at peak vs the normalized cover thickness can be observed.
For the cover thickness of C. = 1Dy, the upper bound of the average pullout slip values was
obtained from the R-NCLP test, at 0.89 mm. Following, the next highest value was obtained from
the BE test, at 0.64 mm. The average pullout slip at peak for the CLP, NCLP and DTP tests were
0.41 mm, 0.4 mm and 0.45 mm, respectively. The lowest value for the pullout slip at peak was
obtained for the SP test, at an average of 0.34 mm. For the cover thickness of C. = 2Dy, the highest
pullout slip at peak was obtained by the R-NCLP test, at 1.11 mm. Tests BE and SP showed similar
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values for the pullout slip at peak for this cover thickness, at 0.7 mm and 0.64 mm, respectively.
Lastly, tests CLP, NCLP and DTP also showed comparable values for the pullout slip at peak, at
0.54 mm, 0.55 mm and 0.49 mm. The DTP test showed the lowest value between all tests, for this

cover thickness.

Based on all the above, the model database results in a similar pattern as the database described in
Figs. 3.2 and 3.3. In reference to the embedment length, the SP and R-NCLP tests showed the
highest values of normalized bond stress, in accordance with experimental evidence in the
literature. Of the tests included, a similar pattern such as the shown in the experimental database
was observed. For the range of anchorage lengths between 5D, and 10D;, the normalized bond
strength of the BE test exceeded the values obtained from the CLP, NCLP and DTP tests. The last
three tests showed similar values in the normalized bond strength, which was also observed in the

experimental database.
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Figure 3.25. Model database based on normalized lateral stress at peak o./\f. and normalized bond

strength f3/\f..

For the discretization based on the cover thickness, it was shown that the SP, BE and R-NCLP
tests result in higher normalized bond strength, compared to other test setups. The lowest values
were obtained by the CLP, NCLP and DTP tests, which showed comparable results for the various
cover thicknesses. The CLP test exceed the NCLP and DTP test in the average normalized bond
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strength for both values of the cover thickness. Overall, the upward trend for the increase in cover

thickness that was observed in the experimental database is also validated in the model analysis.

In Fig. 3.25, the relationship between the normalized lateral stress at peak load and the normalized
bond strength can be observed. The trend of the graph also shows a commensurate increase in both
the lateral stress and bond strength, for the various setups. It was clear that the test setups that
induce passive lateral stresses, such as the SP, BE and R-NCLP test, results in higher values of
normalized bond strength. The BE test results in increased confining stresses generated from the
flexural response of the test bar, which further contribute to bond strength, as it was the observation
based on experimental evidence. The lowest bounds, located on the bottom left of the graph,
correspond to the CLP, NCLP, and DTP tests, where the DTP test results in values between the
CLP and NCLP tests. These patterns of the normalized bond strength show the reduced effect of
lateral stresses on these tests. In the case of the DTP test, the absence of passive lateral stresses
and flexural response of the bar, leads to the most conservative estimate of the obtained normalized

bond strength values.

3.4 Summary

In the above chapter, the bond behavior between reinforcement and UHPFRC was investigated by
conducting a two-part study: 1) a database of experimental studies on bond between reinforcement
and HPFRC and ECC materials was assembled, containing a variety of bond tests conducted
several different test setups, and ii) an extensive parametric study using detailed 3-dimensional
FEA was conducted to validate and further demonstrate the stress state of the reinforcement-to-
HPFRC interface of the various experimental bond test setups. The outcomes of this study are the

following:

1. The database investigation illustrated that there is excessive sensitivity of the measured
bond strength on the type of setup chosen — using as a benchmark anchorage length a value
of 5Dy it was found that the maximum value for bond strength from all specimens was up
to 1.8Vf. whereas the corresponding magnitude in the case of DTP was only up to 1.3Vf.
The source of this effect was owing to the different boundary conditions of the two test
setups a sensitivity and bias that was found to persist in the case of HPFRC despite the

significant internal confinement as compared to conventional concrete.
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. A similar pattern to the one described above was observed for the database consisting of
ECC specimens where, considering the anchorage length of 5Dy, the DTP test showed an
average value of bond strength of 0.7f;, compared to the values of 1.2Vf; and 1.9Vf, for
the BE and SP tests, respectively. As such, bond tests with the ECC materials also showed
sensitivity to the passive confinement due to support conditions.

To derive conservative values for bond, experiments conducted including both DTP and
beam specimens (with the bar anchored in the constant moment region) were reviewed and
their results compared. In these tests three types of materials from the same batches had
been used. It was found that the two tests produced comparable values for bond, in the
range of 1.3Vf; and 1.45Vf;, for the range of the two cover thicknesses of 1Dy and 2D and
considering all materials. Both of these tests corresponded to the lower bound for short
anchorage lengths (5Djp) based on the database evidence.

The experimental outcomes of the DTP test were implemented in the FEA modeling of
UHPFRC-retrofitted columns, in combination with the constitutive relationships based on
the Model Code 2010, for the description of bond behavior within the UHPFRC jacket.
This is described in detail in Chapter 8.

. A noticeable difference between the two test setups was a significantly higher tensile
resilience in the case of the beam specimens as compared to the DTP specimens,
particularly in the post-peak response envelope. This difference was attributed to the
curvature of the beam at large levels of deflection; the bond stresses attributed to curvature
are analogous to the frictional losses owing to curvature in prestressed concrete (loss of
tendon force occurs due to transfer of forces to concrete — which, in non-prestressed
concrete, is the bond stress). In fact, this secondary source of resistance was enough to
suppress the appearance of the effect of the cover thickness in the beam specimens, whereas
the thicker cover led to higher bond strength in the DTP specimens.

Extensive parametric FEA analysis of the various bond test setups using a detailed three-
dimensional model for the bar demonstrated the effect of spurious stresses generated by
boundary conditions on the specimen model. Laterally restrained models, such as the SP
and R-NCLP resulted in greater values of bond strength, compared to unrestrained tests
such as the CLP, NCLP and DTP tests. The contribution of flexural effects was also shown

in the BE test model, which corresponded to the medium range of bond strength values.
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The CLP test showed the least sensitivity both in the anchorage and cover thickness
increases, whereas the NCLP test showed sensitivity to the cover thickness increase. The
DTP test provided, on average, the lowest bound of bond strength values.

Results from a parametric analysis using the model followed the trends of the experimental
database assembled earlier. Discretization based on the anchorage length showed a similar
trend for specimens modeled with a 5D, anchorage length, with conventional pullout tests
(SP, BE) exceeding the direct tension pullout tests (CLP, NCLP, DTP), while the
sensitivity of the results to cover thickness resulted in increased average bond strength
for most model cases, with greater increases observed in the cases of laterally restrained
models.

Comparison of the lateral stress . (or g,) at peak to the bond strength f;, of the various
models confirmed there a relationship between the magnitude of passive confinement, i.e.,
the spurious lateral stresses generated by the presence of boundary conditions, and bond
strength as seen in the Database Results.

Based on the above experimental and computational evidence, it was shown that the
internal confinement provided by the cementitious matrix of HPFRC and ECC materials
contributes to the bond performance of embedded reinforcement. As such, to further
understand and quantify the magnitude of the confinement, a combined experimental and
analytical study was conducted, with UHPFRC jackets placed around conventional

concrete cores, which is described in the next section.
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4 Compressive Testing of UHPFRC-Confined
NSC cores

In this chapter, the results of axial compressive tests of normal strength concrete (NSC) cores
confined with UHPFRC jackets are shown. The axial load is applied directly on the inner core
surface and the jacket is activated only in the lateral tension. Both monotonic and cyclic axial load
patterns are applied, and the results obtained through external instrumentation and digital image
correlation (DIC) analysis are used to assess the intensity and effectiveness of passive confinement

imparted by the UHPFRC jacket.

4.1 Preparation of Specimens

Two series of the material characterization experiments were conducted, containing cores of
unreinforced NSC confined with thin UHPFRC jackets and two types of sections. The inner core
was confined triaxially, by the combined action of the loading platens in the vertical direction, and
by the action of the jacket in the lateral direction. Cyclic displacement histories were applied to
assess the hysteretic response and strength degradation. The main purpose of this experiment was
to define the constitutive stress-strain relationship of NSC in compressive cyclic loading, with
lateral confinement provided by the UHPFRC jackets. The jackets were applied throughout the
whole length of the specimens, with the top and bottom surfaces of the cores remaining uncovered

to fit the loading platens (Fig. 4.1).
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Figure 4.1. Specimen schematic: a) UHPFRC-Confined Cylinders; b) UHPFRC-Confined Prisms.

A total of 30 specimens were constructed, of which 18 had the confined-cylinder (CC)
configuration and 12 were confined prisms (CP) as shown in Fig. 4.1. The jackets were cast around
concrete cores for each specimen type, using the setups shown in Fig. 4.2. For the case of the
cylindrical specimens, the inner cores were cast using conventional PVC forms. After removal of
the formwork, the cores were ground and cured in water for 14 days. Subsequently, the confining
UHPFRC jacket was applied using a second PVC formwork of appropriate size, to create jacket
thicknesses of 25 mm and 37.5 mm, as shown in Fig 4.2a. To ensure central placement within the
jacket, the inner cores were attached on a layer of foam which was centered with respect the axis
of the cylindrical formwork (Fig. 4.2a). An additional layer of foam was placed on the top surface
of the inner core, such that the surface would remain exposed after casting of the UHPFRC jacket.
The formwork was adequately oiled to allow for smooth removal after hardening. During casting
of the jacket, the UHPFRC material was poured only from one side of the cylinder, aiming to
obtain an optimal orientation of the steel fibers (/= 13mm, & = 0.2mm) in the horizontal direction,
which would ensure radial confinement during the lateral expansion of the jacket. The fiber volume
was 2% for this material. The available space was filled without requirement for vibration, thanks
to the flowability and self-consolidating properties of the material. After two days, the specimens
were removed from the formwork, the foam surfaces disconnected from the inner cores, and the

specimens were soaked under wet burlap for 14 days.
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Figure 4.2. Specimen formworks: a) Confined Cylinders series; b) Confined Prisms series.

Due to restrictions to accessing facility equipment during the COVID-19 pandemic, access to large
capacity mixers was not available at the time of preparation. As a result, casting procedures were
completed in a small capacity mixer (6L), producing two specimens for each batch (total of 9
castings) and one 75 x 150 (mm) cylinder; the latter was used for testing of the UHPFRC
compressive properties. To ensure consistency in the subsequent batches, the pertinent equipment
was cleaned and dried manually, and excess water was removed prior to each casting. The control
parameters in both the cylindrical and prismatic specimen series include the cylinder diameter (D.)
and cover thickness (C;). The material properties of the NSC cores were obtained from the testing
of 100 x 200 (mm) cylinders, in an M TS testing frame, which is discussed in the following sections.
For the UHPFRC material, the mix designs are provided in Appendix B. The compressive strength
was determined based on three cylinders of the 75 x 150 (mm) cylinders, which were tested in
another facility, and resulting in an average compressive strength of 140MPa. Finally, the cracking

and ultimate tensile strengths were determined based on inverse analysis of four-point bending
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tests conducted on 75 x 75 x 280 (mm) prisms, resulting in f.- = 9.32 MPa and f; = 11.29MPa,
respectively. The cracking strain .- and the strain at ultimate tensile strength & were 0.00026 and

0.00457, respectively.

Figure 4.3. Confined cylinder specimens; Use of wet burlap for hydration; Custom steel cylinders for

testing.

For the rectangular prisms, the formworks for the inner cores were fabricated using commercial
plywood, using the arrangement shown in Fig. 4.4. The cores consisted of beam-like prisms with
dimensions of 100mm x 100mm x 200mm, and two jacket thicknesses were considered, as in the
CC specimen series, at 25mm and 37.5mm. After removal of the formworks, the rectangular cores

were soaked in water for 14 days.

To prepare the rectangular prism cores for casting of the jacket, the formworks shown in Fig. 4.2b
were used, with the specimen cores centered to the formwork space on a layer of plywood. Both
outer surfaces of the prisms, at the top and bottom, were covered with foam to ensure that the
surfaces were not enclosed by the UHPFRC material. Casting of the jackets is shown in Fig. 4.4
and was followed by removal of the formworks after 2 days and submersion of the specimens in

water for 28 days.
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Figure 4.4. Specimen formworks for Confined Prisms: Casting of inner cores and UHPFRC jackets.

4.2 Testing Procedure

The specimens were prepared prior to testing by clearing the debris on the exposed surfaces of the
inner cores and painting of the jacket surface. To ensure leveling of the inner core surface, a layer
of commercial grade plaster was placed on the exposed surfaces, as shown in Fig. 4.5. The external
UHPFRC jacket surface was subsequently painted white with a water based Kilz primer, as shown
in Fig. 4.6. A pattern of black dots was additionally sprayed throughout the painted jacket surface

(Fig. 4.6), to observe the strain field and surface displacements of the jackets using DIC analysis.

Figure 4.5. Hydro-stone plaster layer cast on inner core surfaces.
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Figure 4.6. Left: Black-speckled surface for DIC analysis. Top-Right: Rust-Oleum black spray used for
speckles. Bottom-Right: White Kilz primer used for jacket surface.

Figure 4.7. Left: Custom-fitted steel prisms for CC and CP specimens. Right: CC and CP specimens
with plaster layer and speckled surface for DIC.
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Testing was conducted on an MTS Universal Testing frame. Direct compressive loading was
applied to the inner cores with the custom-fitted, loading platens, bearing on the layer of plaster.
The platens were machined in such a way that they would be “snug” fit on the inner core surface
(Fig. 4.7). For the cylindrical specimens, circumferential dilatation was measured using a chain-
like extensometer that was placed around the specimen and connected directly to the DAQ system

(Fig. 4.8). For the CP specimens, dilatation is measured using the DIC analysis measurements.

Figure 4.8. Epsilon chain-link circumferential extensometer for CC specimens.

In addition, two pairs of strain gauges were placed on opposite sides of each specimen, to measure
axial and lateral strains (Fig. 4.8). The mechanical apparatus was attached to the MTS testing frame

using a magnetic connector (Fig. 4.9). The final setup is shown in Fig. 4.10.

Figure 4.9. Left: CC specimens on testing frame setup; Right: CP specimens on testing frame setup.

76



Platen

Inner Core

UHPFRC
Jacket —

Bottom Loading
Platen

a

Top Loading
Platen
Inner Core £

UHPFRC
Jacket

b)

Figure 4.10. Confined specimen geometry and test arrangement for: a) CC specimens and b) CP
specimens.

4.3 Results

From the testing procedure described above, results are obtained in the form of force vs.
displacement curves using the measurements from the attached instrumentation. Expansion curves
measured in the CC specimens are also discussed, as well as measurements from the horizontal
DTs attached on the CP specimens. Material parameters and mechanical properties are presented

for each specimen series separately.

4.3.1 Confined Cylinder (CC) Series

The results of all the tests in the CC specimen series are shown in Table 4.1. In all CC specimens,
failure was characterized by a distinct splitting crack on the UHPFRC jacket (Fig. 4.11). Multiple
finer cracks also appeared throughout the jacket top surface, without developing into complete
splitting of the surfaces. At the termination of the test, the inner core was shown to be crushed to
the largest extent, and the weaker concrete of the core was reduced to a “sand”-like texture. Upon
closer inspection of the cracked surfaces, fiber distribution was shown to be inconsistent, leading

to a weakened section of the jacket. For this experiment, the pouring location during casting was
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random, to ensure objectivity of the observations. The tests were terminated at approximately
~25% of the peak load, to avoid sudden failures of the specimens. It is worth noting at this point
that at the residual branch of the specimen response, when complete separation of the splitting
crack surfaces had occurred, substantial ductility was shown by the confined core; no abrupt

reduction in strength and ductility was observed.

i
|
\

Figure 4.11. Distinctive vertical crack due to lateral expansion of the jacket; Left: CC25 specimens.
Right: CC375 specimens.

Table 4.1. Summary of UHPC-confined cylinder specimens.

S[)Te;;)lzl:n Loading Type 52;}1; Dlsp(l::lc;ll)nent ?ﬁif:) Lon%;/f)tram Ex;zs:/l‘:)smn
NSC-M1 Monotonic 150.8 1.78 19.2 0.89 1.057
NSC-M2 Monotonic 233.0 0.45 29.7 0.23 0.045
NSC-M3 Monotonic 169.7 1.30 21.6 0.65 0.675
CC25-M1 Monotonic 264.3 - 33.7 - -
CC25-M2 Monotonic 2234 1.67 28.5 0.83 0.127
CC25-M3 Monotonic 230.6 1.49 29.4 0.75 0.23
NSC-C1 Cyclic 196.3 0.54 25.0 0.27 0.339
NSC-C2 Cyclic 225.7 0.48 28.7 0.24 0.046
NSC-C3 Cyclic 186.5 0.19 23.8 0.10 0.056
CC25-C1 Cyclic 272.3 1.60 34.67 0.80 0.427
CC25-C2 Cyclic 244.6 1.35 31.14 0.68 0.207
CC25-C3 Cyclic 266.7 1.48 33.96 0.74 0.137
CC25-C4 Cyclic 208.9 2.29 26.60 1.15 0.314
CC25-C5 Cyclic 221.1 2.07 28.14 1.04 0.130
CC375-M1 Monotonic 169.1 1.66 38.28 1.11 0.206
CC375-M2 Monotonic 205.3 1.74 46.48 1.16 0.268
CC375-M3 Monotonic 255.0 1.77 57.73 1.18 0.101
CC375-Cl Cyclic 179.5 1.68 40.63 1.12 0.173
CC375-C2 Cyclic 216.2 1.63 48.94 1.09 0.262
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CC375-C3 Cyclic 187.5 2.03 42.45 1.35 0.372
CC375-C4 Cyclic 195.2 1.69 44.19 1.13 0.251
CC375-C5 Cyclic 176.9 2.10 40.04 1.40 0.529

4.3.1.1 Monotonic Loading

Prior to testing of the confined cores, an initial set of experiments was conducted on unconfined
NSC cylinders, using the same setup as in confined cylinder tests. In these tests, loading was
applied directly to the specimens using the testing frame load plates. The force — displacement
response was obtained, as well as the expansion curves, using the chain-link circumferential
extensometer as shown in Fig. 4.8. The cumulative results of the monotonic tests on NSC cylinders

are shown in Fig 4.12.

For the NSC cylinders, the average strength was 184.5 kN (23.5 MPa). The average strain at peak
stress was 0.0059, normalized to the height of the cylinder, which is 200mm. The expansion of the
cylinder at peak load was averaged at 1.86 mm (average lateral strain = 1.86/3.14/100 = 0.0059,
i.e., an equivalent Poisson’s ratio of 1 at failure). Excluding specimen NSC-M2, which showed
higher strength than anticipated, the remaining cylinders performed at the expected levels for a

conventional concrete with a nominal strength of 25 MPa.

Axial Shortening Curves - NSC-M Series Expansion Response - NSC-M Series
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Figure 4.12. Axial shortening (left) and expansion curves (right) for the NSC-M specimen series.

For the first tests on confined cylinders the cumulative results of the CC25-M series are shown in
Fig. 4.13, including both the response and expansion curves. Results from specimen CC25-M1 are
not shown in the figure due to a software error at testing, however, the peak load is included in

Table 4.1. The small “drop” in the response curves, in the post-peak branch, signifies the position
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where the circumferential extensometer is removed, at approximately 45% of the peak load, to

avoid damaging the equipment at the end of the experiment.

For the CC25-M cylinders, the average strength was 239.4 kN (30.5 MPa), including specimen
CC25-M1. The average strain at peak stress was 0.008 and the expansion at the peak load was
averaged at 0.0018 (0.56 mm); average lateral strains are shown in reference to the inner core.
Compared to the unconfined cylinders, these specimens show an average peak stress 30% higher,
with the axial strain at peak to have similar increase (~35%). The expansion at the peak load of
these specimens is substantially lower, which is ~30% of the expansion of the unconfined
cylinders. It is apparent that the presence of the jacket improves the performance of the NSC
cylinders, both in strength and ductility, thanks to the confining action and significantly high
tensile capacity of the jacket. This is result is in accordance to experimental evidence regarding

the strength of confined concrete with UHPFRC materials.
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Figure 4.13. Axial shortening (left) and expansion curves (right) for the CC25-M specimen series.

For the tests on the confined cylinders of the CC375-M series, the cumulative results of the
monotonic tests are shown in Fig. 4.14, including both the response and expansion curves. The
average strength for this series was 209.8 kN (47.5 MPa) and was obtained at an average axial
strain of 0.0115. Expansion at peak was 0.00195 (0.45 mm). The above values correspond to
strength and strain (at peak) increases by 102% and 95%, respectively. The circumferential
expansion at the peak load was reduced by 25% from the average expansion of the unconfined
cylinders. It is evident at this stage that the increase in jacket thickness further improved the
mechanical performance of the confined concrete, approximately doubling the strength of the
unconfined specimens. It should be noted here that the cylinder size of the inner core, for the

CC375 series, is 75 mm x 150 mm, less than the 100 mm x 200 mm size of the unconfined
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cylinders; however, for it can be reasonably assumed that this small difference in size produced
negligible variations in the obtained response in terms of a size effect (aggregates < 13mm were

used).

Axial Shortening Curves - CC375-M Series Expansion Response - CC375-M Series
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Figure 4.14. Axial shortening and expansion curves for the CC375-M specimen series.

4.3.1.2 Cyclic Loading

For the cyclic loading, the loading regime was programmed to produce two loading cycles at
increments of 0.5 mm. In each cycle, the test algorithm applied displacement-controlled load until
the target actuator displacement was reached (i.e., 2.0 mm, 2.5 mm, 3.0 mm, etc.). Upon unloading,
the algorithm switched to load-control and the load direction was reversed until the applied
actuator load would reach only 5.0 kN; this value of the load was chosen to avoid disconnection
of the loading platens from the specimen surface. In the case of the unconfined cylinders, the
displacement increment was selected to commence at the target displacement of 0.5 mm, to
account for the brittleness of conventional NSC. Based on observations from the monotonic
performance of the confined cylinders, displacement increments were selected to commence at 2.0

mm, to obtain cycles beyond the elastic range.

The cumulative results of the cyclic tests on NSC cylinders are shown in Fig 4.15. Average strength
of this specimen series was 202.8 kN (25.8 MPa). The average strain at peak stress was 0.0020,
normalized to the height of the cylinder (100 mm x 200 mm specimens). The average expansion
of the cylinder at peak load was 0.00147 (0.462 mm). In this series of specimens, the NSC concrete
strength was closer to the target value of 25 MPa. It was observed that the ductility of the
unconfined cylinders under cyclic loading was reduced substantially, with the strain at the residual
stage reaching 1.05%, contrary to the maximum strain of 1.4% obtained for monotonic tests.

Expansion measurements were higher for cyclic tests reaching a maximum value of 0.041 (13
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mm), while the same parameter for the monotonic tests was 0.023 (7.2 mm). It became evident
that the application of cyclic loading impacts the deformation capacity of the NSC cylinders; the
increased expansion also supports this observation, as the load reversals further incurred damage

in the concrete specimen and, owing to Poisson’s effect, led to larger expansions of the

circumference.
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Figure 4.15. Axial shortening and expansion responses for the NSC-C specimen series.

For the cyclic tests on the confined cylinders of the CC25-C specimen series, the cumulative results
of the response and expansion curves are shown in Fig. 4.16. Average strength for this series was
242.7 kN (30.9 MPa), obtained at an average axial strain of 0.0088. Expansion at the peak load
was 0.00242 (0.76 mm). Compared to the unconfined NSC cylinders, the strength in the CC25-C
specimens increased by 20%, at a strain that was 4.4 times higher than the strain at peak for the
control specimens. While the increase in strength appears to be less than what was found in the
monotonic loading case, the increase in ductility, represented by the significant strain at peak and
subsequent branches, shows very favorable results. Axial strain in the residual branch reached a
maximum of 3.85 % for the CC25-C specimens and expansion at peak was increased by 65%,
compared to the unconfined cylinders. The superior mechanical performance was evident
throughout the confined cylinder arrangement, with higher values of axial strain sustained at the
ultimate (residual) stage, without abrupt loss of strength. It is evident that a thin UHPFRC jacket
of 25 mm is sufficient to impart significant benefits in terms of strength and ductility to

conventional NSC axial members.
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Figure 4.16. Axial shortening and expansion curves for the CC25-C specimen series.

For the cyclic tests on the confined cylinders of the CC375-C specimen series, the cumulative
results of the response and expansion curves are shown in Fig. 4.17. The average strength for this
series was 191.1 kN (43.3 MPa) and was obtained at an average axial strain of 0.0122. The
expansion of the circumference at the peak was 0.0032 (0.75 mm). Compared to the unconfined
cylinders, the strength in the CC375-C series shows an increase by 68%, whereas the average axial
strain at the peak load is 6.1 times higher than the control specimens. Similar to the thinner jacket
of 25 mm, it is observed that further increase of the jacket thickness produces greater improvement
in strength and ductility; compared to the CC25-C series, the strength and strain at peak are 40%
and 38% higher, respectively. Expansion at the peak is also greater for the CC375-C case, than for
the unconfined specimens. The expansion in this series is approximately the same as in the CC25-

C case, however the reduced circumference of the 75 mm x 150 mm cylinder must be considered.

Based on the above, the volumetric strains can be estimated as eyos = &7 + 22 + €33. It 1S also
assumed that lateral strains ¢;; and &2, are equal. By normalizing to the corresponding inner cores
(cylinders of 100 mm x 200 mm and 75 mm x 150 mm, for the CC25 and CC375 specimen series,
respectively), the obtained volumetric strains of the NSC, CC25, and CC375 experiment series,
under monotonic loading are 0.0059, -0.0044 and -0.0076, respectively. In similar fashion, the
volumetric expansions under cyclic loading are 0.00094, -0.004, and -0.0058; positive sign for
expansion, negative sign for shrinkage. It is evident that in the UHPFRC-jacketed specimens, the
presence of the jacket results in restriction of lateral expansion, leading to reduction of the total
volume of the inner cores. In addition, in the case of cyclic loading, the value of the volumetric
strain for the unconfined cylinders, is substantially reduced, compared to the same value for

monotonic loading; this is an indication of uncontrolled failure which has been shown to occur

83



when the volumetric strain approaches zero (Imran and Pantazopoulou 1996). Lastly, for all

confined cylinder cases, the volumetric strains show comparable values under the monotonic and

cyclic loading regimes, with greater reduction of volume occurring in the former case.
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Figure 4.17. Axial shortening and expansion curves for the CC375-C specimen series.

4.3.2 Confined Prism (CP) Series

The results of unconfined cylinder tests, as well as all the tests in the CC specimen series are shown
in Tables 4.2 and 4.3, respectively. Specimens of the CP series were tested using the arrangement
shown in Fig. 4.10. As in the case of the cylindrical specimens, failure was signified by a distinct
splitting crack across one of the sides of the jacket. In all specimens, the splitting crack appeared
along one of the faces of the specimens, while vertical cracks developed from the inside corners
of the jacket and spreading towards the outside corner (see Fig. 4.18(c)). Due to localization of the
splitting cracks on the faces, the corner cracks never developed completely through the jacket
thickness to the outer surface. In most of the specimens, further observation of the crack opposite
surfaces shows unequal distribution of the fibers; this indicates the potential weakening of the
crack section due to this effect. Additional finer cracking was also observed at the top and bottom

surfaces of the jacket, without fully developing into splitting failures.
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Figure 4.18. Splitting cracks appearing on the outer UHPFRC jacket of CP specimens.

Table 4.2. Summary of results for unconfined NSC cylinder specimens at peak.

Specimen . Displacement  Stress Long. Strain Expansion
Types Loading Type Fpear (KN) (mm) (MPa) (%) (%)

NSC-M1  Monotonic 287.8 0.75 36.65 0.38 0.038

NSC-M2  Monotonic 272.1 0.66 34.65 0.33 0.089

Table 4.3. Summary of results for UHPFRC-confined prism specimens at peak.

Specimen . Displacement  Stress Long. Strain
I')Types Loading Type  Fpeax (KN) p(mm) (MPa) g(% )
CP25-M1 Monotonic 373.2 1.57 37.32 0.79
CP25-M2  Monotonic 338.9 2.10 33.89 1.05
CP25-M3 Monotonic 346.0 1.80 34.60 0.90
CP25-CA1l Cyclic 369.2 2.41 36.92 1.21
CP25-CA2 Cyclic 327.0 1.95 32.70 0.98
CP25-CA3 Cyclic 345.9 1.69 34.59 0.85
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CP25-CBl1 Cyclic 463.1 1.38 46.31 0.69

CP25-CB2 Cyclic 410.6 1.30 41.06 0.65
CP25-CB3 Cyclic 386.6 1.88 38.66 0.94
CP375-C1 Cyclic 433.9 2.15 43.39 1.08
CP375-C2 Cyclic 461.3 1.61 46.13 0.81
CP375-C3 Cyclic 409.8 2.23 40.98 1.12

4.3.2.1 Monotonic Loading

For this series, a set of unconfined cylinders, cast using conventional PVC formwork (100 x 200
(mm)), was tested under monotonic loading to obtain the compressive properties of the inner
concrete. The tests were conducted in the same manner as in the CC specimen series. The
cumulative results of the monotonic tests on the NSC-MP series are shown in Fig. 4.19. The
average peak load for this series is 280 kN (35.65 MPa), and the average axial strain at the peak is
0.0036. Expansion at the peak load is averaged at 0.00064 (0.2 mm). At this stage, the inner cores

exhibit the mechanical performance characteristic of NSC.

Axial Shortening Curves - NSP-MP Series Expansion Response - NSP-MP Series
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Figure 4.19. Axial shortening and expansion curves for the NSC-MP specimen series.

For the monotonic tests on confined prisms, the cumulative results of the response curves for the
CP25-M series are shown in Fig. 4.20. The average strength is 352.7 kN (35.27 MPa), and the
average axial strain at the peak, normalized to the height of the prism at 200 mm, is 0.0091.
Compared to the unconfined cylinders, the prisms sustained a peak load that is higher by 26%. The
axial strain is measured to be substantially higher, at 2.5 times the value of the average axial strain
of the NSC cylinders. It is observed at this stage that the confined specimens exhibit higher load
and strain capacity, with the later property being increased substantially; this observation is in

accordance with the results obtained in the confined cylinder specimens.
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Axial Shortening Curves- CP25-M Series
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Figure 4.20. Axial shortening curves for the CP25-M specimen series.

4.3.2.2 Cyclic Loading

For the cyclic tests on confined prisms, the cumulative results of the response curves for the CP25-
CA and CP25-CB series are shown in Fig. 4.21. Both specimen series CA and CB contain
specimens of equivalent properties; the former was tested soon after hydration of the specimen, at
the 28 days milestone, and series CB was tested after a long time (~150 days) due to difficulties
operating the equipment during the COVID-19 pandemic.

In series CP25-CA, the average strength is measured to be 347.3 kN (34.7 MPa), obtained at an
average axial strain of 0.01. In series CP25-CB, the average strength is measured to be 420 kN
(42.0 MPa), obtained at an average axial strain of 0.0086. Compared to the unconfined cylinders,
this series shows an increase in load bearing capacity of 24% and 50%, for series CP25-CA and
CP25-CB, respectively. Axial strain at peak is also increased, reaching 2.81 and 2.14 times the
average axial strain of the unconfined cylinders, similarly. It is observed that in the case of the
CP25-CB series, the axial deformation capacity is reduced in return for an increase in strength,
which can be attributed to the continued maturity of the concrete. Therefore, even at the presence
of cyclic loading, both specimen series exhibit superior performance, compared to the unconfined

control specimens, providing greater load bearing and axial deformation capacity.
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Axial Shortening Curves - CP25-CA Series Axial Shortening Curves - CPL25-CB Series
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Figure 4.21. Axial shortening curves for the CP375-CA and CP375-CB specimen series.

For the cyclic tests on the CP375-C specimen series, the cumulative results of the response curves
are shown in Fig. 4.22. The average strength is measured to be 435 kN (43.5 MPa), obtained at an
average axial strain of 1.00%. Compared to the unconfined cylinders, this series shows an increase
in load bearing capacity by 55% and an axial strain at peak to be 2.78 times higher. Similar to the
confined cylinder specimens, further increase of the jacket thickness contributes to increase in load
bearing capacity. The axial deformation capacity of this series is close to that obtained from
specimen series CP25-CB. It is evident at this stage that increasing the jacket thickness to 37.5

mm provides further improvements to the mechanical performance of confined concrete.

Axial Shortening Curves - CP375-C Series
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Figure 4.22. Axial shortening curves for the CP375-C specimen series.

4.4 Digital Image Correlation (DIC) Analysis

For the DIC analysis, the open source 2D-DIC MATLAB software Ncorr was used, combined
with the post-processing tool of Nezerka (2014). The later tool was used to obtain the strain across
splitting cracks on the jacket surface via virtual extensometers. To prepare the input for the

analysis, each specimen was photographed during testing, using a Canon DSLR camera, which
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was mounted on a tripod in front of the testing frame. Additional light was provided with a portable
light projector, placed next to the camera. To obtain the pictures, a remote-controlled timer was
attached on the camera and was programmed to take pictures every 10 seconds. The complete
setup of the specimen surface as captured by the camera is as shown in Fig. 4.10. In this chapter,
a sample analysis is shown, as well as the pertinent analysis parameters and the collective results

are discussed.

4.4.1 Preparation of input

The preparation of the software input and analysis parameters of specimen CP25-C1 are shown
below. The steps followed to conduct the DIC analysis are included the Ncorr instruction manual
v1.2.2. Initially, the Reference Image is selected, which corresponds to the beginning of the
experiment, as well as the Current Images of the analysis, which include images throughout the
complete testing sequence of the specimen. Each image was renamed with the prefix “010A_”
followed by the number of the picture used. The images were selected to be on the backbone curve
of the specimen response. After the selection of the images, the software screen is as shown in Fig.

4.23.

4| Ncorr - handles_ncorr - X

File Region of Interest Analysis Plot

Program State Reference Image Current Image(s)

Reference Image ET

Current Image(s)

Region of Interest NOT SET

DIC Parameters NOT SET

DIC Analysis NOT SET

Displacements NOT SET

Strains NOT SET

Region of Interest

—
Name: 010A_1.JPG Name: 010A_13.JPG 2
= 1
Resolution: 8888 x 5792 Resolution: 8888 x 5792 :

Figure 4.23. Selection of Reference Image and Current Images in Ncorr software screen.

Next, the Region of Interest (ROI) was drawn, which includes the test area of the jacket surface.
Figure 4.24 shows the software screen for the definition of the ROI, which was defined by drawing

a rectangular shape on the specimen speckled surface.
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Figure 4.24. Determination of Region of Interest (ROI) in Ncorr software screen.

For the definition of the DIC Parameters for analysis, some iteration was necessary to define the
appropriate combination of subset radius and spacing (Fig. 4.25). For optimal results, the subset
radius was selected to be the smallest possible, with the aim of not leading to “noisy” data after
the analysis, as per the Ncorr instruction manual (Blaber et al. 2015). Such data appear as
individual points of strain and displacement of opposite sign, i.e., individual compressive strain
points within the tensile strain field, and do not accurately represent the strains developed on the
jacket surface. For a larger subset radius, the strain distribution appeared to be smoothened, with
overestimation of the strains in proximity to the crack path. To account for the above criteria, the
subset radius was selected to be 50 pixels and the spacing was selected at 3 pixels; the later property

dictates the spacing between the subsets, with values ranging from 1-20.
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Figure 4.25. Selection of subset radius and subset spacing in Ncorr software screen.

Subset Radius: 50

Subset Spacing: q

Y el —

lterative Solver Options
Diff Norm C/O: 1208

Iteration # C/O: E)

Muttithreading Options
Num Threads: 4

High Strain Analysis
Enable Step Analysis

Se=d Propagation v

Auto Propagation

Step #

Discontinuous Analysis
[] Subset Truncation

Menu
Finish

Cancel Name: 0104_1.JPG

90



After determination of the DIC parameters, the placement of the seeds and evaluation of the
convergence criteria were defined. The number of seeds is determined by the number of available
computer cores for multi-threading, which are determined during installation of the program; the
main purpose in selecting multiple cores is to divide the computational load. Seed placement is
critical for this analysis as it determines the initial estimation on which the DIC analysis is
performed. The seeds are to be placed within the boundaries of the ROI throughout the execution
of the analysis, in an arrangement that allows for evenly distributed proportions of the ROI, as

such an approach facilitates convergence. The placement of the seeds is shown in Fig. 4.26.

4 Select Region - X 4 Set Seeds - X

Seed Options Select Region
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Figure 4.26. Placement of seeds for multi-thread analysis in Ncorr software screen.
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Figure 4.27. Evaluation of convergence criteria in Ncorr software screen.
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In Fig. 4.27, the convergence criteria are displayed. It is shown that for the sequence of pictures
included, the number of iterations performed (7) is less than the maximum number of iterations
per image (50), which signifies early converge of the DIC analysis. Additionally, the correlation
coefficient is within the bounds of 10"! — 10-3, which is the acceptable range for this parameter.

This is the final step prior to the execution of the analysis.

After execution of the analysis, the displacements are formatted (Fig. 4.28) and the strain fields
calculated (Fig. 4.29), in accordance with the Ncorr manual. For the displacement, the unit-to-
pixel ratio is defined, which ensures that the measured displacements are scaled to the objects
shown in the pictures. This is achieved by manually defining two points of known distance in the
Reference Picture, using an on-screen selection tool. After definition of the conversion rate, the
correlation coefficient cutoff value is defined, which is used to remove points with extremely high
or low values. For this example, this value is selected as 1.0, such that the points within the cracked

zone are not considered.

4 Format Displacements - X
Units Options. Preview
Get Unit Conversion U-displacement: V-gisplacement:
Units/Pixel:

Uniits: pixels

Formatting Options
[] Maximin markers
Com-Coef Cutoff:  [1.0000
« »

Apply To Al

Lens Distortion Options

Lens Coef. 0

Zoom/Pan

Zoom Pan

Menu

Finish

Reference Name: 0104_1.JPG
Cancel Current Name: 010A_13.JPG < =

Figure 4.28. Formatting of displacements in Ncorr software screen.

For the calculation of strains, the Green-Lagrangian strains are considered. Parameter strain radius
is selected to be in the default value of 15 (Fig. 4.29). At this point, processing of data in the Ncorr
software is complete and the remainder of the analysis is conducted in the post-processing tool of

Nezerka (2014).
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Figure 4.29. Calculation of strains in Ncorr software screen.

To ensure proper transfer of the data from Ncorr to the post-processor, the unit/pixel ratio in the
formatting of the displacements was selected to be 1 (Fig. 4.28); the scaling of the displacements
is subsequently performed in the post-processor based on the dimensions of the loading plate of
the testing frame. The results of the lateral and axial strain fields are discussed further in the
following section. Lastly, a set of virtual extensometers are placed laterally on the surface of the
jacket, one on each side of the crack path, as shown in Fig. 4.30. This method allows for
measurement of the crack opening, as well as description of the jacket tensile strain across the

defined extensometer length.

Figure 4.30. Placement of virtual extensometers in Ncorr post-processor.
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4.4.2 Splitting failure within DIC zone

Of the specimens tested, three developed splitting crack failures within the DIC analysis surface,
including CP25-M3, CP25-CA1 and CP374-C2. In Figs. 4.31-4.33 the lateral strain fields for each
of the specimens CP25-M3, CP25-CAl, and CC375-C2 are shown, respectively. The results of
the crack widths and strains measured from the virtual extensometers are shown in Fig. 4.34,

whereas the tabulated results are given in Table 4.4.

In all cases of the three specimens, it was observed that significantly increased localized strains
developed on the crack path, with tensile deformation exceeding the value of 5%. In specimen
CC25-M3, at a lateral strain at 75% of the peak load, in the pre-peak branch, the outline of the
splitting crack became apparent. At that stage, lateral strains reached a maximum of 2% and at
peak load and, at peak, specimen CC25-M3 reached a maximum tensile strain of 4%. In the post-
beak branch, at 75% of the peak load, the strain had localized and the surface of the UHPFRC
disconnected entirely. In the following stages of the analysis, lateral strains exceeded conventional
values in cementitious materials, due to the further opening of the splitting crack. Throughout the

remainder of the jacket surface, compressive strains were developed, which did not exceed 1%.

'
N
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Figure 4.31. Lateral strain fields for specimen CP25-M3 at: (a) 75% Fpeax in pre-peak, (b) Fpeax, (¢) 75%
Fpeax in post-peak, and (d) 50% Fpeax in post-peak.

For specimens of the cyclic testing series CP25-CA1 and CP375-C2, the lateral strain at 0.7 of the
peak load, in the pre-peak branch, reached 1.7% and 0.4%, respectively, which corresponded to
85% and 20% of the strain of specimen CP25-M3 at this stage. For both specimens, the distribution
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of lateral strains was similar to specimen CP25-M3, with the governing failure mode determined
by the splitting crack. For specimen CP25-CAl, at peak load, the strain is 3.3% (82.5% of
specimen CP25-M3), whereas for specimen CP375-C2, the strain reached values of 1.4% (35%,
similarly). In the post-peak branch, at 75% and 50% of the peak load, specimen CP25-CA1 reached
lateral strain values of 6.2% and 40%, beyond which the splitting crack had appeared throughout
the whole surface of the jacket. At this stage of the test, specimen CP25-M3 had already exceeded
the strains encountered in CP25-CAl. Lastly, for specimen CP375-C2, at 75% and 50% of the
peak load, the tensile strains reached 6.4% and 63.6%. Beyond the latter stage, the width of the
dominant localized splitting crack continued to increase. It was found that in the post-peak branch,
a parallel path developed close to the initial crack path, through which the splitting failure

eventually localized.

Figure 4.32. Lateral strain fields for specimen CP25-CA1 at: (a) 75% Fpeak in pre-peak, (b) Fpeax, (¢) 75%
Fpeak in post-peak, and (d) 50% Fpea in post-peak.

Based on the above data, it was found that while in the ascending branch, the specimens tested in
cyclic loading reached lower surface strains in the lateral direction, compared to the monotonically
loaded specimen. Strains in the cyclically loaded specimens increased further in the post-peak
branch, beyond the threshold of residual load equal to 50% of peak , whereas the monotonically
loaded specimen localized to smeared strains greater than 40% at 75% of the peak load in the post-

peak envelope.
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Figure 4.33. Lateral strain fields for specimen CC375-C2 at: (a) 75% Fpea in pre-peak, (b) Fpeax, (¢) 75%
Fpeak in post-peak, and (d) 50% Fpea in post-peak.

Table 4.4. Tabulated results of crack width and lateral strain measurements from the virtual
extensometers.

. . Crack Width (mm) / V.E. Strain (%)
Specimen Loading
Types Type 75% Fpeak 75% Fpeak 50% Fpeak

Pre-peak Fpeak Post-peak Post-peak

CP25-M3 Monotonic  0.34/0.30 0.89/0.78 1.87/1.63 5.07/4.42
CP25-CAl  Cyclic 0.37/0.31 1.01/0.84 2.14/1.79 6.87/5.73
CC375-C2  Cyclic ~0/=0 ~0/0.036 0.50/0.402 4.34/3.47

For the lateral VEs, the gauge length for the CP25-M3 and CP25-CA1 specimens was 110mm and
for specimen CP375-C2, the length was 125 mm. At 75% of the peak load, specimens with tjacket
= 25 mm, developed similar crack widths and lateral strains, at an average value of 0.35 mm. For
specimen CP375-C2 the crack width was of negligible magnitude. At peak, the monotonically
loaded specimen developed a crack width of 0.89 mm, which was 12 % lower than the cyclically
loaded specimen of equivalent jacket thickness. For the cyclically loaded specimen of tjacket = 37.5
mm, the crack width remained at negligible value. At 75% of the peak load in the post peak range,
the crack width of the monotonic test was lower than that of the cyclic test by 12.6%, however, it
was 3.74 times the strain of the cyclic test of higher jacket thickness. Lastly, at residual load equal
to 50% of the peak, the crack width of the monotonic test was lower than that of the cyclic test by
26.2% and higher than the crack width of the cyclic test of higher jacket thickness by 16.8 %.
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Figure 4.34. Crack opening (left) and lateral strains (right) curves obtained from VEs.

It is evident that higher strain magnitudes were obtained from the cyclic tests as compared with
the monotonic ones; however, the lateral strains and vertical splitting crack localization was

mitigated effectively by the thicker jackets.

4.4.3 Splitting failure outside DIC zone

The tabulated results of the maximum lateral and axial strains obtained from the DIC analysis on
the CP specimen series are shown in Table 4.5. Figures 4.35-4.38 display the lateral strain fields
for one specimen of each series. To account for the volume of the specimens, the remaining results

are included in Appendix B.

As shown in Table 4.5, lateral strains in cyclically loaded specimens exceed the ones obtained
from monotonic tests. On average, tensile strains on CP25-M and CP25-C specimens were 0.785%
and 1.044%, respectively, corresponding to an increase by 33% in the cyclic tests. Specimens of
the CC375 series display an average lateral tensile strain of 0.54%, which corresponds to 51% of
the average lateral tensile strain the CC25-C specimens. Compressive lateral strains were markedly
lower in most specimens, with an average value of 0.0046, 0.0052%, and 0.0017, for the CP25-
M, CP25-C and CP375-C specimen series, respectively. Axial strains on the UHPFRC jacket
surface were predominantly in tension, with averages to be 0.0049, 0.0075, and 0.0047, similarly.
Compressive strains in the axial direction were substantially lower, due to the lateral expansion
response of the jacket. The average values are measured to be 0.0008, 0.00224 and 0, for the CP25-
M, CP25-C and CP375-C specimen series, respectively.

Table 4.5. Summary of maximum lateral and axial strains for CP specimens.

Specimen Loading _Lateral Strain £ 1a¢(%)  Axial Strain £ 1.t (%)
Types Type Tension Compression Tension Compression
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CP25-M1 Monotonic 0.90 0.58 0.4 0.16

CP25-M2 Monotonic 0.67 0.33 0.57 0.0
CP25-CA2  Cyclic 0.79 0 0.89 0.0
CP25-CA3  Cyclic 1.03 0.51 0.53 0.16
CP25-CB1  Cyclic 1.78 0.46 0.55 0.09
CP25-CB2  Cyclic 0.73 1.00 1.01 0.70
CP25-CB3  Cyclic 0.89 0.63 0.75 0.17
CC375-C1  Cyclic 0.35 0.01 0.37 0.0
CC375-C3  Cyclic 0.72 0.33 0.57 0.0

In the specimens described in this section, the splitting failure developed on the surfaces to the
side of the DIC zone, or at the surface opposite to the one in the image. Strain fields in all cases
were characterized by both tension and compression throughout the surface of the jacket; the
distribution was affected by the location of the splitting crack in the neighboring faces. As it is
shown in Figs. 4.37 and 4.38, tensile strains accumulated on the side of the surface next to the
splitting failure, whereas on the opposite side, compressive strains developed. On the other hand,
in specimens where failure occurred on the opposite side of the jacket, as shown in Figs. 4.39 and
4.40, the strain distribution was characterized by predominantly compressive values. Tensile
strains also developed on these surfaces, in longitudinal-oriented areas, and showed greater
magnitude towards the edge of the jacket surface; this is owed to the eccentricity of the splitting

crack on the opposite side of the jacket.

g ‘T - -

Figure 4.35. Lateral strain fields for specimen CP25-CA3 at: (a) 75% Fpeax in pre-peak, (b) Fpeax, (¢) 75%
Fpeak in post-peak, and (d) 50% Fpea in post-peak.
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Figure 4.36. Lateral strain fields for specimen CP375-C3 at: (a) 75% Fpeak in pre-peak, (b) Fpeax, (€) 75%
Fpeax in post-peak, and (d) 50% Fpeax in post-peak.

Figure 4.37. Lateral strain fields specimen CP25-M2 at: (a) 75% Fpeax in pre-peak, (b) Fpeak, (¢) 75% Fpeak
in post-peak, and (d) 50% Fpeak in post-peak.
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Figure 4.38. Lateral strain fields for specimen CP375-C1 at: (a) 75% Fpeak in pre-peak, (b) Fpeax, (€) 75%
Fpeak in post-peak, and (d) 50% Fpea in post-peak.

4.5 Summary

This experimental series was focused on determining experimentally the contribution of the
confining effect of UHPFRC jackets on NSC cores. Two section geometries were evaluated, using
jackets of thicknesses 25 mm and 37.5 mm, and tests were conducted using both monotonic and
cyclic loading excitations. Jacket engagement occurred by the dilating pressures of the encased
NSC core, leading to lateral tensile transverse strains to be developed throughout the jacket. Both
external instrumentation and computational analysis via digital image correlation (DIC) were used

to investigate this experiment.

1. The addition of the UHPFRC jackets improved the mechanical performance of the
confined NSC cores, both in terms of strength and ductility. In the case of monotonic
loading, the stress and strain at peak of cylindrical specimens were improved by
approximately 30% in the presence of the thin (facker = 25 mm) jacket. For the thickness of
tiacker = 37.5 mm, both the strength and strain were doubled at peak. For prismatic sections,
the improvement in strength for the same jacket thickness was similar to what was observed
in the case of the cylindrical specimens, at approximately 25%. Improvement of the strain

at peak state was substantially higher, at 2.53 times the strain of the unconfined NSC cores.
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2. Cyclic loading severely impaired the deformation capacity of the unconfined NSC cores,
which was measured to be 1/3 of the strain at peak for monotonically loaded specimens.
The contribution of the UHFPRC jackets allowed for the cylindrical confined specimens
to reach 4.4 (0.88%) and 6.1 (1.22%) times the strains of the unconfined NSC cores, for
the two jacket thicknesses studied, respectively. The strength was also increased, albeit
more mildly, up to 20% and 60%, for the same jacket thicknesses, similarly. In the case of
the prismatic specimens, strains at the peak reached values of 0.94% and 1.00%, for the
two thicknesses of the jacket, respectively. Strength was increased, compared to the
strength of the NSC-MP series, by 7% and 22%, similarly. Based on the above, it can be
reasonably inferred that for higher strengths of the core concrete, the relative contribution
in mechanical performance imparted by the jacket is reduced. However, the contribution
of the confining action in deformation capacity showed impressive enhancement under
cyclic displacement reversals, where the ductility of the specimens showed improvement
even under the effects of cyclic excitation.

3. Expansion of the cylindrical specimens was markedly higher for unconfined specimens. In
the CC25 series, for monotonic loading, the expansion was 73% lower, including both
thicknesses of the jacket. For the cyclic loading specimens, this pattern was not apparent
at the peak state. The unconfined specimens reached larger expansions at the residual
branch almost entirely, reaching approximately 0.016 and 0.026, for monotonic and cyclic
loading, respectively. In comparison, confined specimens for jacket thicknesses of 25 mm
and 37.5 mm, showed an ultimate expansion of 0.014 and 0.018, for monotonic loading.
The same measurements for cyclic loading were 0.015 and 0.029.

4. Based on the measurements obtained from the virtual extensometers during the DIC
analysis of CP25 specimens, crack widths were shown to be larger for cyclically loaded
specimens, by 13% at peak stress and by 33% at the ultimate stage, respectively. For the
larger thickness of the jacket, crack widths at peak were measured to be zero, and were
lower by 35.5% than the CP25 specimen at the ultimate stage. It was shown therefore, that
increasing the jacket thickness could mitigate the lateral deformations throughout the jacket
surface of the specimen.

5. All specimens, using both the cylindrical and prismatic sections, failed by one major

localized crack. Multiple cracks can be seen developing on the top and bottom surfaces of
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the jacket, without developing fully into complete separation of the surfaces. Based on
observation of exposed cracked surface, the weak sections of the specimens are
characterized by reduced volume of fibers in lateral orientation. Pouring of the concrete
during casting was performed from one side, to ensure optimal placement of the fibers,
making the mixing and casting process of the UHPFRC material pivotal to the performance
of the jacket.

In prismatic specimens, the surface containing the splitting crack was characterized by
higher tensile lateral deformation in the proximity of the crack. While minor compressive
lateral strains were developed in the remainder of the surface, the majority of severe tensile
deformation was shown to be along the primary crack path. Surfaces to the side of the crack
surface, developed both compressive and tensile transverse strains, in response to the
expansion of the jacket. The side next to the cracked surface of the specimen contained the
tensile surface strains. In the case of the surfaces on the opposite side of the jacket,
compressive strains were developed, along with tensile strains owing to the eccentricity of

the crack path.
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5 Analytical Compression Model for
UHPFRC-Confined Concrete under Cyclic
Loading

In this chapter, a constitutive relationship for confined concrete was formulated, based on the
experimental results of the UHFPRC-confined cores of the previous chapter. The model was based
on the confinement models established for conventionally confined concrete and was modified to
account for the confinement effect imparted by the tension hardening property of the jacket. A
modified compression envelope was defined based on the model by Thorenfeldt et al. (1987),
while the rules for the formulation of the hysteretic loops in the unloading/reloading regime were
determined based on the work of Darwin and Pecknold (1974); these models were chosen as
benchmark from among the various alternatives, based on the review of the available models in
literature, which is described in Chapter 2. The combined model was calibrated to the recorded
axial shortening responses of the cylindrical and prismatic specimens described in Chapter 4.
Adjustment of parameters of the models was performed to fit the experimental curves, with the
purpose of determining an analytical model capable of reproducing the compressive behavior of

UHPFRC-confined concrete.

5.1 Compression Model for Confined Concrete

The model described in this chapter consists of the envelope stress-strain curve in compression,
which was obtained separately from the monotonically and cyclically loaded specimens, using the
same approach. For the cyclically loaded specimens, the addition of the common point and turning
point (referred to also as stability) curves is provided, as described in Chapter 2, as well as the
definition of coordinates of the unloading/reloading hysteretic cycles, so as to simulate the

response under the passive effect of the jacket.
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5.1.1 Monotonic Envelope

The monotonic envelope was defined as per the model for compression proposed by Thorenfeldt,
Tomaszewicz & Jensen (1987), as it is shown in Fig. 2.3 in Chapter 2, where the contribution of
confinement from the UHPFRC jacket was explicitly considered. Modifications are introduced to
the original model, to better correlate to the experimental responses of the specimens described in

Chapter 4.

For the ascending branch of the stress-strain curve in compression, the function shown in Eq. 5.1
was used, where coordinates of stress and strain (ges, €en) represent any point of the branch on the
envelope curve. The value of parameter » was modified so that the slope of the ascending branch
was equal to the initial tangent modulus of elasticity of the experimental curves; parameter k& was
taken equal to 1. ‘

Oen = fle [L/E)] (5.1)

n—1+(gen/ecc)™

In Eq. 5.1, f;, is the compressive strength of confined concrete and &.. is the corresponding strain
at peak stress. The contribution of the confinement imparted by the UHPFRC jacket is considered
through the confinement factors, K for the strength increase, and Kiuin for deformation capacity

increase, as shown in Eqgs. 5.2 and 5.3, respectively.
fee =fc K (5.2)
Ecc = €co " Kstrain (5.3)
Confinement factors K and K«in were obtained from Egs. (5.4-5.5), where the empirical factors A
and A4in Were introduced to account for the confinement effectiveness based on the type of section
geometry. These factors were determined experimentally.

K:1+A% (5.4)

c

Oila
Kstrain =1+ Astrain % (55)

In Egs. (5.4-5.5), 0j1a: is the lateral confining pressure imparted by the UHPFRC jacket, as it is
described in Chapter 2. The material safety factor ¢. is taken to be 1 for this model since the
objective is to fit the experimental values. The confinement effectiveness coefficient, k., is

estimated from Eq. 5.7, also described in Chapter 2.
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Ojtar = 2ke rpcfe(t/p) (5.6)

_ 4 _(*+n?)
ke'f =1 3:(1-psc)bh (57)

The strain at the end of the plateau at peak stress is determined by strain magnitude &0, as shown
in Fig. 5.1, which is obtained from Eq. 5.8. This equation is adapted from Eq. 2.5, which is
described for the same property in Chapter 2.

Ecco = Ecc (1 + 2, (”}”)) (5.8)

In Eq. 5.8, parameter A, is an experimentally derived value. The descending branch starts at the

end of the peak plateau, at coordinate (f.., &c0). To determine the slope of this branch, a strain
capacity e« at 75% of the peak stress is calculated from Eq. 5.9, which was originally adapted
from Eq. 2.6.

oy = Eoc (1 + A (%)) (5.9)

In Eq. 5.9, parameter 4, is an experimentally derived variable. The descending branch ends when
the envelope stress reaches the value of 0.25f,,, and the residual branch, assumed to be a plateau,

starts from the same stress value.
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Figure 5.1. Envelope curve, common points curve and turning points curve (adapted from Darwin and

Pecknold (1974)).
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It is assumed that the residual branch continues for very large strains, however, for this study, it is
considered that the envelope curve terminates at the end of the experiment. The value of €., which
is the ultimate strain at the termination of the model, was determined experimentally, based on the

corresponding strain from the experimental data; this is discussed below.

5.1.2 Cyclic Envelope

The envelope of the cyclic stress-strain response was defined in the same manner as the monotonic
envelope described above, in Section 5.1.1, using the model by Thorenfeldt et al. (1987). The
coordinates of the hysteretic loops were determined using the model of Darwin and Pecknold
(1974). The common point and turning point curves were defined in this section (Fig. 5.1), as well
as the coordinates of the hysteretic loops, which were adapted to correlate to the experimental

evidence obtained in the experimental study.

In Fig. 5.1, the common point and turning point curves were divided into four branches, as
described below by Equations 5.10-5.19. In these equations, ge# is the stress of the envelope curve
(the # corresponds to the branch number), o,# is the stress of the common points curve, and oy# is
the stress of the turning points curve. The first branch was defined by Eqgs. 5.10 and 5.11, for the
common point and turning point curves, respectively. This branch terminates for the value of strain
on the envelope lying at the end of the ascending branch, at peak stress; thus, this refers to
hysteretic loops that are formed by unloading from the envelope at axial compressive strains less

than ecc.

5
Ocp1 = L Oent) for e < e, (5.10)

1
Otp1 = Eo_snlr fOT € = & (511)

The second branch was defined by the mathematical expressions given by Eqgs. 5.12 and 5.13,
similarly. These hysteretic loops occur when unloading from the envelope at a point on the
descending branch, but the difference between the common point stress and turning point stress is
greater than the difference between envelope stress and common point stress, as described in

Darwin and Pecknold (1974). An illustration of the branch distinctions is provided in Fig. 5.2.

1 1
Ocp2 = Ognz — Max (g Ogn2, gfcc)i fOT Ecc T ES €y (512)
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1 1
Otpz = Max (Eagnz, Efcc), for e.,.<e<eqy (5.13)
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Figure 5.2. Envelope curve, common points curve and turning points curves for the model of this study.

The third branch is defined by Eqgs. 5.14 and 5.15, similarly. These are hysteretic loops that begin
from an envelope point that lies on the descending branch of the stress-strain response, as a
continuation of the previous branch, while the difference between the common point stress and
turning point stress is /ess than the difference between envelope stress and common point stress,

as is illustrated in Fig. 5.2.

1
Ocp3 = Ogn3z — ngC' fOT‘ Ecc T ES Egy (514)

1
Otp3 = Ogn3z — Z(USHS - 06;73) = Ogn3 _gfcc' fOT Ecc T E=S €y (515)

The fourth branch was defined by Eqs. 5.16 and 5.17, similarly. This branch was defined after the
third branch, while the turning point stress becomes /less than 1/3 of the envelope stress c., as

shown in Fig. 5.2;

2
Ocps = go-snéh fOT’ Ecc K E= &yt (516)

1
Otps = go_snth fOT’ Ecc K E= &yt (517)
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In this model, it was assumed that the fourth branch of the descending branch is continued through
the residual branch as well. As such, the following expressions (Egs. 5.18-5.19) were used to obtain

the common points and turning points in the fifth branch.

2

Ocps = go-snS' fOT’ Ecc KE= &yt (518)
1

Otps = go_snS' fOT’ Ecc KE= &yt (519)

5.1.2.1 Calculation of the hysteretic loops’ coordinates

The mathematical form of the hysteretic loops was determined based on the values obtained from
the experimental data, according to the model of Darwin and Pecknold (1974). A schematic for
the loop coordinates used in this study is provided in Fig. 5.3. The full path of a hysteretic loop
consists of the unloading point on the envelope (Uy) following an unloading line with a slope
proportionally reduced from the initial (tangent) modulus, until the intersection of the first
unloading branch with the common points curve (U;) and the intersection with the turning points
curve (U>); from that point, the second unloading branch extends to the axis of zero compressive
stress (Us), where the coordinates of the residual plastic strain on the axis of zero compressive
stress are defined. Further straining in the same direction does not produce any stress, but the
residual plastic strain magnitude is reduced to the value less than U,. Upon reversal of strain no
stress is developed until the compressive strain reaches the value of U, beyond which the
compressive stress builds up following a linear reloading branch that goes through the last common
point, U;; and rejoins the nonlinear envelope after intersection with it at point Us. These five points

define a complete hysteretic loop, each of which is discussed in this section.

It was stated that at any of the unloading points from the envelope curve (Up), the unloading stress-
strain response is divided into two branches: the first follows a path with a slope equal to the initial
modulus of elasticity E., attenuated by factor y,, which is used to adjust the shape of the hysteretic
loop (Fig. 5.3). Thus, the final slope of the unloading path, symbolized with E,, is obtained
according to Eq. 5.20:

E, =y, E, (5.20)

Factor y, was introduced, based on observations and on the experimental evidence, to account for

the degradation of the initial unloading slope of hysteretic loops of the model with progressive
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damage accumulation for large axial strains, typically exceeding values of 0.015; loops become
wider at that stage as more and more energy is dissipated due to damage. The width of the
hysteretic loop in this instance is defined as the horizontal distance on the curve between U; and
U, as displayed in Fig. 5.3. The values of y, were manually adjusted, through a trial-and-error
approach, so that the areas between the unloading/reloading path of the experimental hysteretic
loops were equal to the ones obtained from the corresponding paths of the model. The values of y.
ranged between 0 and 1, where the latter corresponds to £, = E. and the procedure for the definition

of this parameter is discussed in detail in Section 5.2.5.
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Figure 5.3. Demonstration of influence of shape parameter # in the ascending branch of the model.

The path of the first unloading branch intersects with the common point and turning point curves,
at U; and U, respectively. After the second intersection, the second branch of the unloading path
is defined by the slope parallel to the slope between the plastic strain coordinates Us and U;. The
branch extends until the intersection with the axis of zero compressive stress, at point (U3), the
horizontal ordinate of which is the unloading plastic strain &,. This strain consists of one of the
two definitions of plastic, or residual, strain, as proposed by Karsan and Jirsa (1969), which
corresponds to the end of unloading path; the pertinent definition of the unloading plastic strain is
provided by Eq. 2.58 of Chapter 2. For this study, a new expression was derived, which was based
on the experimental evidence obtained from Chapter 4. This formula followed the basis of the

original work by Karsan and Jirsa (1969), who correlated the plastic strain ¢, with the strain on the
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envelope curve ¢, at the start of the unloading. The procedure for the definition of the plastic

strain ¢, is provided in Section 5.2.5 and the complete equation is described in Section 5.3.

The horizontal distance between points Us and the onset of reloading, U, represents further strain
reversal at zero stress (i.e., unloading without resistance). Point Uy is the beginning of the reloading
branch, where the horizontal ordinate is the reloading plastic strain &, as defined by Eq. 2.59 of
Chapter 2. Finally, the reloading branch is defined as the line between points Us and Us. The slope
of this line is equal to the slope of the line defined between points Us and U: and intersects with
the common points curve at point U;. Point Us is obtained when the reloading line intersects with

the envelope curve.

5.2 Influence of Model Parameters

In this section, the influence of the pertinent parameters that influence the compression model
behavior are discussed. These parameters include the confinement factor for strength K, the
confinement factor for strain Kin, the shape factor for the ascending branch of the envelope curve
n, the parameter for the determination of .., (thus the length of the peak plateau) 4,, the parameter
for the determination of &, (thus the slope of the descending branch) 4., the plastic strain ¢, at each
hysteretic loop, factor adjustment of the width of the hysteretic loop y., and the strain at ultimate
stage (and termination of the model) ... The effect of each of the parameters was investigated, by
formulating the model curves and comparing with the experimental response curves of the various
specimens, until correlation of the curves was obtained. Optimal values for the parameters were

proposed Section 5.3, based on the corresponding criteria for each branch.

5.2.1 Parameter n

This parameter affects the shape of the envelope curve, up to the ascending branch, as per Eq. 5.1.
To obtain the optimal value, an iterative procedure was implemented, where various values were
applied, until the initial stiffness of ascending curve of the model resulted in the same value
obtained from the experimental response. An example of one of the specimens is illustrated in Fig.

5.4, where the ascending branch was defined from the origin to the peak coordinates (Gpeax, €cc).

In the example illustrated in Fig. 5.4, values of n were assumed ranging between 2 and 15. For the
lower values of this range, i.e., for n=2, the model showed larger initial modulus of elasticity, thus

overestimating the path of the ascending branch. The value of 15 was proposed by Mohammed et
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al. (2022) for the ascending branch of UHPFRC materials in compression. For this value, the
ascending branch underestimated the experimental response and approached an almost linear
response for the greater portion of the branch. After trial and error, the optimal value for this

example was taken equal to 8.

Influence of parameter n — Comparison of values

35.0 1
30.0 - Peak (o-peak’ga)
IR o
?250 - ,’,r' ”’///
/,, ////
%20.0 . I Experimental Curve
3150 - R -~ Case I (n=2)
o S ---Case2(n =35
= A ase2 (n=3)
R 100 - A i Optimal — Case3 (n=28)
/",," -------- Case 4 (n=10)
5090 L7 4 —=-Case5 (n=15)
N\E,
0.0 T T T :l
0 0.0025 0.005 0.0075 0.01

Axial Shortening (mm)

Figure 5.4. Demonstration of influence of shape parameter # in the ascending branch of the model.

5.2.2 Parameter Ao

This parameter was used for the calculation of strain &.,,, which corresponded to the end of the
peak plateau. For the value of this parameter to be obtained, the envelope curve of the experimental
response was drawn, up to the experimental strain e.., at 75% of the peak load. The segment of the
experimental response from peak load to that strain was then determined via linear approximation.

An example of the calculation of &, is provided in Fig. 5.5.

Through iterations, the value of 1, was altered until the end of the peak plateau matched with the
start of the descending branch. For the value of 0.5, the length of the peak plateau was too short,
as the start of the descending branch was located at a lower strain than the experimental response,
while the opposite holds true for the value of 2. It should be noted that the value of 6 was proposed
for UHPFRC materials in Mohammed et al. (2022). Finally, the value of 1 was selected as optimal
for the length of the peak plateau, for this example.
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Influence of parameter 4,— Comparison of values

35.0 ,
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Figure 5.5. Demonstration of influence of parameter 4, in the peak plateau of the envelope curve.

5.2.3 Parameter A,

This parameter was used for the calculation of €.,, which is the axial strain at 75% of the peak
stress gpeat, in the descending branch, as per the model proposed by Mohammed et al. (2022). This
parameter was investigated after defining the end of the peak plateau, as per Section 5.2.2. By
altering this parameter, through an iterative approach, the slope of the descending branch was
affected, and the optimal value was selected by ensuring the area of the model curve matched the

one obtained from the experimental response.

Influence of parameter 4,— Comparison of values
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Figure 5.6. Demonstration of influence of parameter A, in the descending branch of the envelope curve.
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An example of this approach is depicted in Fig. 5.6, where the lower value of 1., overestimates the
slope of the descending branch, while the opposite holds true for the higher value of 5. For this
example, Case 2 where the value of 4, was 2.5 resulted in a descending branch that matched the

optimal slope, i.e., equal areas between the model and experimental curves.

5.2.4 Factors K, Ksuain, and guir

The confinement factors described in Egs. 5.2-5.3 were used to account for the increase in strength
and axial deformation capacity, due to the presence of the UHPFRC jacket. These factors were
determined by comparing the compressive strength of the unconfined specimens described in
Chapter 4, with the corresponding UHPFRC-confined specimens, from which parameters A and
Asrain Were determined. While in classical models, such as the Modified Kent and Park model (Scott
et al. 1982), it is assumed that the same confinement factor K is utilized for both strength and
deformation capacity, for this study, they were defined separately due to the disproportionate
contribution of the UHPFRC jacket in deformation capacity; this holds true particularly in the
cyclic loading cases. As such, factors K and Kin Were obtained as the ratio of the confined
strength over unconfined strength, and confined deformation at peak over unconfined deformation

at peak, respectively. The resulting values are shown in Section 5.3, for each specimen category.

The ultimate strain €. is the strain at which the model response is terminated. It should be noted
here that, in the experiments described in Chapter 4, the tests were terminated at approximately
25% of the peak stress, to ensure safety of the loading apparatus. Regardless, for this study, it was

assumed that the ultimate strain €. corresponded to the end of the range of experimental results.

5.2.5 Plastic Strain ¢, and Factor y,

After the envelope curve parameters were determined, for both the monotonic and cyclic loading
cases, the coordinates of the model hysteretic loops were defined. The first step was to define the
common points and turning points curves, as described in Section 5.1.2. The unloading strains
were obtained from the experimental tests of Chapter 4, where the strains at the start of the model

unloading branches were the same as in the experiments.

To obtain the value of plastic strain ¢, both the second unloading branch (from U to Us) and the
reloading branch (from Uy, to U;) were approximated with linear segments. An iterative procedure

was then implemented, where the slope of the second unloading branch was adjusted until it
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matched the slope of the reloading branch. Thus, the plastic strain ¢,; and the reloading plastic
strain &7 were defined at the intersection the x-axis (axis of zero compressive stress), as per the
example provided in Fig. 5.7. The same procedure was conducted for the second cycle of the same
hysteretic cycle (g,2 and &2 in Fig. 5.7) and this approach was implemented for all hysteretic
loops recorded during the experiments. The results of this process are shown, for all specimens, in

Section 5.3.

Location of ¢, based on Experiment Data

40.0 — Experimental Curve
— Model Curve

0.008 Pl “p2 0.01 0.012
Axial Shortening (mm/mm)

Figure 5.7. Demonstration of determination of plastic strain ¢, ordinates for the model hysteretic loops.

After the determination of the plastic strain g, values, factor y, was defined, following an iterative
procedure. This factor affected the slope of the first unloading segment of the hysteretic loop, thus
affecting the intersection between the first unloading branch and the turning points curve (U; in
Fig. 5.3). An example of the various values of this factor is illustrated in Fig. 5.8. In the case of y,
=1, it can be seen that the cycle width is overestimated, which results in a larger hysteretic loop.
This, in turn, also affects the starting point and the width of the second cycle of the same loop,
resulting in a larger total dissipated energy (area enclosed by the loop), compared to the
experimental response. By reducing the value of y, to 0.25, as shown in Fig. 5.8, the optimal
hysteretic loop width was achieved, and the slope of the reloading branches of both cycles matched

the experimental response.

As mentioned previously, the phenomenon described above was observed for large strains (>
0.015), and typically after the second half of the descending curve. This was attributed to the fact

that the adopted hysteretic model was originally tailored for normal concrete constitutive laws,
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which, as per the unconfined cylinder tests shown in Chapter 4, were able to reach axial smeared
strains up to approximately 0.0125 (effectively 1/3 of the strains attained in the UHPFRC-confined
specimens). This factor was therefore implemented to adjust the slope of the first unloading branch

and, by extension the width of the hysteretic loops.

Influence of parameter y, — Comparison of values

— Experimental Curve
— Model Curve

Common Points

Axial Shortening (mm/mm)

Figure 5.8. Demonstration of influence of factor y, on the slope of the first unloading branch of the

hysteretic loops.

5.2.6 Sample Complete Curves

Based on the model equations and parameters described above, samples from the complete
envelope curves and hysteresis loops are provided in this section, for reference. Figure 5.9 shows
the envelope curve assumed for specimen CC25-M2, Fig. 5.10 shows the envelope curve and
hysteretic cycles for specimen CC25-C1 and Fig. 5.11 shows the same for specimen CC375-C2.
The same approach was implemented for all specimens, with the exception of specimen CC375-

C1, which was not included in the calculations, on account of inconsistency in the recorded data.

5.3 Results for Model Parameters

The results of the values for the various parameters mentioned above are included in this section.
Among these parameters, the following are presented: K, Kswain, 1, Lo, Au, €, Yu, and &uir. The
parameters are distinguished between the envelope and hysteresis loops parameters and the

significance of their values is discussed.
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5.3.1 Envelope Curve

The results for the parameters for the envelope curves are presented in Table 5.1. Among all types
of specimens, almost all parameters showed approximately the same values, between the
monotonic and cyclic loading cases. The ratio As4in Was defined separately for each loading case.
This illustrates the disproportionate contribution of the UHPFRC jacket to deformation capacity,

compared to the contribution in strength.

Table 5.1. Calibration of parameters for each specimen type.

Specimen Loading 2 Awan n A I Eude
strain 0 u ulreee

Type Type
Confined Monotonic 3

Cylinder  Cyclic L5 20 7 05 2 4
Confined Monotonic 60

Prisms Cyclic 105 140 7o 10 3

The parameters listed in Table 5.1 may be used in general application of the model. It is
recommended that ratio Asin is considered separately for the two types of loading, to account for

the significant contribution in deformation capacity in the cyclic loading case.

5.3.2 Hysteresis Loops

For the plastic strain ¢,, the evolution of values obtained throughout the experiments is shown in
Fig. 5.9. The magnitudes of the plastic strain ¢,, in comparison with the axial strain ¢;, are presented
normalized to the strain at peak, for each corresponding experiment. From the pattern of values
presented in Fig. 5.9, the function that describes the evolution of ¢, was obtained, as it is described
in Eq. 5.21. For both the first and second cycles of the performed experiments, it was determined
that the plastic strain values were practically identical, thus the same function was assumed for

subsequent cycles.

The function displayed in Eq. 5.21 can be applied for the effectively confined part of a UHPFRC-

confined concrete cross section.

= _0.018- (8—“)3 +0.14 - (8—")2 +0.68 - Zen (5.21)

Ecc Ecc Ecc Ecc

For factor y,, the pattern of evolution throughout the tests of all specimens is displayed in Fig.

5.10. The results are expressed in reference to the axial strain €., normalized to the strain at peak
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&cc, for each specimen, and Eq. 5.22 was defined according to the pattern of the experimental

response. The maximum value of y, is 1, and therefore, Eq. 5.22 was separated in two components,

as they are shown respectively in Eq. 5.22a and 5.22b.

Normalized Plastic Straing,/¢,,

Plastic Strain ¢, Evolution - All Specimens

4.5
4.0 Pattern of experimental
35 reSponse A

o = bhbbw
o no o

0 05 1 15 2 25 3 35 4 45 5
Normalized Axial Straing,, /e,

Figure 5.9. Pattern of plastic strain ¢, evolution for all specimens.

Factor y, Evolution - All Specimens

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Normalized Axial Strain ¢,,/¢,,

Figure 5.10. Pattern of factor y, evolution for all specimens.

The following function is valid for all types of specimens included in this study, with circular or

rectangular sections.

Yu=1 fore./ecc <0.7 (5.22a)

Een

Vo= 14-e "%, for on/€cc > 0.7 (5.22b)
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5.4 Application of the model

Two examples of application of the model are provided, to illustrate the process of calculation. A
schematic of the sections for each example is shown in Fig. 5.11. For the first case, a circular
section with diameter D = 500mm, is assumed, confined with a UHPFRC jacket of ¢, = 37.5mm.
The section is composed of normal strength concrete with °c = 25MPa, E = 31000MPa and &, =
0.0021. The UHPFRC has a tensile strength of f; = 11MPa. It is assumed that the inner core
undergoes cyclic axial strains with increments of strain g;,, = 0.0001, and unloading, with two

cycles, commencing at the following strains &., = [0.0025, 0.005, 0.075, 0.01, 0.0125, 0.015].

For the second case, a square section with b = h = 450mm, is assumed, confined with a UHPFRC
jacket of #; = 25mm. The section is composed of normal strength concrete with f°. = 30MPa, E. =
33000MPa and €., = 0.0022. The UHPFRC has a tensile strength of f; = 11MPa. It is assumed that
the inner core undergoes cyclic axial strains with increments of strain ¢;, = 0.0001, and unloading,
with two cycles, commencing at the following strains e., = [0.0025, 0.005, 0.075, 0.01, 0.0125,

0.015]. The pertinent calculations are shown below.

Y
4
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v
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E
+
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AL R

R s T
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Figure 5.11. UHPFRC-confined section for examples: a) Circular; b) Square.

Case 1: UHPFRC-confined cylindrical section:
ker=1 (Eq.5.7)
Gt = 2-0.99-1-11- (375/50) = 1.65 (Eq. 5.6)

K=1+15-22=11 (Eq.54)

Kstrain = 142072 = 2.32 (Eq.5.5)
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fi =25-11=27.5MPa (Eq.5.2)
£cc = 0.0021-2.32 = 0.0049 (Eq. 5.3)

1.65

€cco = 0.0049 - (1 +0.5- (E)) = 0.00506 (Eq. 5.8)

1.65

£, = 0.0049 - (1 +2- (E)) — 0.00555 (Eq.5.9)

fros = 25% - 27.5MPa = 6.875MPa
£y = 4+0.0049 = 0.02 (Table 5.1)

Plastic strains ¢., were calculated based on Eq. 5.21, for each strain increment listed in ... Factor
7. was calculated based on Eq. 5.22, also for each strain increment listed in €.,. The envelope curve

was defined as described in Section 5.1. The final result is illustrated in Fig. 5.12.

Case 1: Confined Circular Section
30.0

25.0 /A Cyclic Model

/ |\ - - -Envelope Curve
20.0 / \

15.0 A \
10.0 / \

Stress (MPa)

W
o
~

[}

I
0 0.005 0.01 0.015 0.02 0.025
Axial Shortening (mm/mm)

Figure 5.12. Envelope curve and hysteretic loops for the first example.

Case 2: UHPFRC-confined square section:

_ 4 _ (200%+200%)
key=1—2""220 = 0.33 (Eq. 5.7)
Gjtae = 2-0.33-1-11-(25/,50) = 0.4MPa (Eq. 5.6)
K=1+105-2 =114 (Eq. 54)

Kstrain = 1+ 140 - 2> = 2.87 (Eq. 5.5)
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fec =30-1.14 = 34.2MPa (Eq.5.2)

£, = 0.0021-2.87 = 0.006 (Eq.5.3)

Ecco = 0.006- (1 +1- (%)) = 0.00608 (Eq. 5.8)

£, = 0.006 - (1 +10- (%)) = 0.0068 (Eq.5.9)

fres = 25% - 34.2MPa = 8.55MPa
Euie = 3°0.006 = 0.018 (Table 5.1)

Similar to the previous example, plastic strains €., were calculated based on Eq. 5.19, for each
strain increment listed in ... Factor y, was calculated based on Eq. 5.20, also for each strain

increment listed in &.,. The envelope curve was defined as described in Section 5.1. The final result

is illustrated in Fig. 5.13.

Case 2: Confined Prismatic Section

35.0 A Cyclic Model
=300 A\ - - -Envelope Curve

e o e ————

0.00E+00 5.00E-03 1.00E-02 1.50E-02 2.00E-02 2.50E-02
Axial Shortening (mm/mm)

Figure 5.13. Envelope curve and hysteretic loops for the second example.

5.5 Summary

In this chapter, an analytical model was developed and applied, based on the experimental data
obtained from the Confined Cylinder and Confined Prism tests of Chapter 4. The model used the
compression envelope proposed by Thorenfeldt, Tomaszewicz & Jensen (1987), as it was shown
in Mohammed et al. (2022), while the hysteresis loop coordinates, and cyclic parameters were

defined based on the approach shown in Darwin and Pecknold (1974). The model was applied to
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both the monotonically and cyclically loaded specimens. Parameter definition and proposed values

were described, such that the model can be used to simulate the compressive behavior of UHPFRC-

confined concrete. It should be noted here that the model should be validated with data from an

independent experimental investigation pertinent to this study — this will be performed when such

data become available.

1.

For the monotonically loaded specimens, the envelope was distinguished into four main
branches, the ascending, the peak plateau, the descending and the residual. The ascending
was defined up to the peak stress coordinates, as obtained in the experimental curves, where
the peak plateau extended until the start of the descending branch. The end of the
descending branch was reached at 25% of the peak stress, in the post-peak range, and the
residual branch extends until the end of the experiments presented in this study. Adjustment
of the curves was matched with the experimental data, by determining each branch
separately.

For the cyclically loaded specimens, the envelope was defined as in the monotonic tests,
with the inclusion of the hysteretic loops in the corresponding location. The loops were
defined based on the common points and turning points curves, as described in Eqgs. 5.10-
5-19, as they were presented in the work of Darwin and Pecknold (1974). The coordinates
of the unloading and reloading paths were obtained from the experimental data, specifically
the location of the plastic strain ¢,. The slope of the first unloading path from the envelope
to the intersection with the turning points curve was manually adjusted to match the
hysteresis loops of the experimental data.

The plastic strain ¢, showed dependency on the magnitude of axial shortening, requiring
alteration from the original formula, to the one described in Eq. 5.19, which was defined
based on the present experimental data. The equation proposed is suitable for both circular
and rectangular sections.

Parameter y, was introduced to modify the slope of the unloading path from the envelope
curve to the turning points curve, to better match the hysteretic response from the
experimental data, and thus adjusting the width of the hysteresis loops. For all specimens,
the proposed equation was given from Eq. 5.20, which was derived from the pattern of the

experimental response.
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5. Two examples were provided, containing one circular and one rectangular section of
normal concrete confined with UHPFRC jackets, and the compressive stress -strain

relationship under cyclic axial deformations were provided.
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6 Design of Structural Component Tests

The structural-scale experimental part of the thesis was conducted in the strong floor / strong wall
system of York’s High Bay Structural Lab. The program is described in the present and the
following chapter, in three main stages: 1) The design and casting of RC columns, using older
seismic design principles and sections with deficient reinforcement detailing, 2) The first phase of
testing to cause initial damage of a number of the column specimens by subjecting them to
combined axial load and reversed cyclic lateral displacement of increasing magnitude, simulating
earthquake action, and 3) The main phase of the experimental program comprising repair or
strengthening of the columns with thin UHPFRC cover-replacing jackets and testing them under
axial load and reversed cyclic lateral displacement histories of increasing amplitude, to failure.
Details of the experimental program that are strictly relevant to the third stage are discussed further
in Chapter 7. For the use of the UHPFRC jackets, the same type of prepackaged cementitious
material that was used in conducting the confinement investigation of Chapter 4 (Densit®) is used
in the structural component tests. The aim of this series of tests was to provide tangible evidence
regarding the performance of cover-replacement with UHPFRC jackets in retrofitting and
strengthening applications, and to evaluate the potential of the material for incorporation in seismic

retrofitting design provisions.

6.1 Preparation and Design of RC Column Specimens

Two section types are investigated for the column specimens, both in rectangular form with equal
external dimensions (cross section of 300mm x 300mm), one containing 4 x 20M bars (=1200
mm?) for longitudinal reinforcement and one containing 6 x 15M bars (same total bar area =1200
mm?), lap spliced above the footing, over a length of 24D} in order to represent detailing practices
used in pre-1980°s construction (Franz 1972). The difference in the bar sizes was meant to
investigate the effect of different bond demands along the lap splices under cyclic loading. Stirrups
were provided using the same arrangement for both section types, comprising 8 mm diameter (8)

smooth bars spaced at 250mm. The first stirrup was placed at 100mm from the upper surface of
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the footing. Two clear column heights were considered, designed to induce different types of
failure: equal to Ls=1450 mm and 850 mm; thus, shear demand in the shorter columns was almost
double that of the taller columns. The footing and cap beam sections were 300mm wide, i.e., equal
to the column dimensions. The footing length was 900 mm, encompassing two vertical openings
symmetric with respect to the column axis, with center to center spacing of 600 mm which is the
dimension of the grid of openings in the High Bay Strong Floor. Footing thickness was 500 mm.
The cap beam was 300 mm wide, 400 mm thick and 500 mm long symmetric to the column axis.
Footings and cap beams were heavily reinforced to ensure rigidity in their response and the same
cross-sectional properties were used in all specimens. Specimen details are shown in Figs. 6.1-6.3.

Table 6.1 lists the characteristics and identification code of each specimen.
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Figure 6.1. Geometry and reinforcement details of CT1-15M. (a) plane of action; (b) transverse to the
plane of action; (c) sectional arrangement. Note: These details concern specimens CT1-15M-R and CT1-

15M-S prior to any intervention.

Identification nomenclature was as follows: specimen “CT1-15M-R” corresponds to a column
with a clear height of 1250 mm (“CT”), prepared in batch ”1”, containing “15M” longitudinal
reinforcement bars; the last letter, (R or S), if it exists, it refers to either retrofitted or strengthened
specimens with cover replacement using UHPFRC material. Columns with the clear height equal

to 650 mm are symbolized with “CS”. During testing, all columns were subjected to a constant
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axial load ratio equal to v = 15%, which corresponds to approximately 300kN. (The axial load ratio
is defined as the ratio of the axial load magnitude divided by the gross sectional area and by the

concrete uniaxial compressive strength: v = P/ (A g fc’).
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Figure 6.2. Geometry and reinforcement details of CT2-20M. (a) plane of action; (b) transverse to the
plane of action; (c) sectional arrangement. Note: These details concern specimens CT2-20M-R and CT2-

20M-S prior to strengthening or repair.
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Figure 6.3. Geometry and reinforcement arrangement of (a.1) specimen CS3-15M(in the plane of action

of the test), (a.2) transversally to the plane of action; Note that CS3-15M-R column had these details in

the initial state; (b.1) specimen CS3-20M in the plane of action, (b.2) transversally to the plane of action.
These are also the initial details of CS3-20M-R columns.
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Table 6.1. Column specimen identification and parameters.

Column Retrofit Long. Bars Lap Splice Aspect

ID Type (mm) Length (mm)  Ratio
CT1-15M Initial State 15M (16) 384 4.2
CT1-15M-R Repair 15M (16) 384 4.2
CT1-15M-S Strengthening  15M (16) 384 4.2
CT2-20M Initial State ~ 20M (19.9) 480 4.2
CT2-20M-R Repair 20M (19.9) 480 4.2
CT2-20M-S Strengthening 20M (19.9) 480 4.2
CS3-15M Initial State 15M (16) 384 2.1
CS3-15M-R Repair 15M (16) 384 2.1
CS3-20M Initial State ~ 20M (19.9) 480 2.1
CS3-20M-R Repair 20M (19.9) 480 2.1

*All stirrups were smooth wires having 7.8 mm diameter; Shear reinforcement ratio was 0.133%.
The flexural capacity of the RC columns was calculated using Response 2000 (Bentz (2000)).
Cover was 25 mm to the surface of the stirrup, and the material properties were f°c = 25 MPa and
fy =400 MPa, for the concrete and steel, respectively. The concrete model implements the base
curve as defined by Popovic (1973), with the modifications proposed by Porasz (1989); default
properties were used for the steel model. For all cases, the axial load ratio was v = 0.15f":4,. The
complete moment curvature response curve is shown in Fig. 6.4, where the maximum calculated
flexural moments were 92 kNm and 97.7 kNm, for the section types with 15M (D, = 16mm) and
20M (D» = 20mm) longitudinal reinforcement, respectively. The section types with 20M bars
showed the highest curvature at peak, at a value of 32.8 x 10 rad/m (61% higher than the D; =

16mm case).

The resistance curves were also estimated for each case, using the Response 2000 software, as
shown in Fig. 6.4- without, however, taking into account the limitation on the post yielding strain
development capacity of the lap splices imparted by the short lap length. Column specimen series
such as the CT1-15M and CT2-20M (L, = 1450mm) showed a more ductile response, with the
maximum shear force up to 67kN, while series CS3-15M and CS3-20M (L, = 850mm) showed

brittle behavior, with the maximum shear force up to 108kN. The total expected drift was obtained
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by considering the contribution of lateral displacement owing to bar slip at the plastic hinge
location, which was obtained using the graphs proposed by Tastani and Pantazopoulou (2013), as

shown in Eq. 6.1.

J— 1 !
Aslip - ShP/(d —d ) (6.1)
Moment - Curvature Response Resistance Curves
120.0 ——15M 120.0 C1-15M Series
100.0 100.0 C2-20M Series
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< g
S 60.0 ] T . g 60.0
g id~. Curvature limits owing =
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= ' 4 to short lap splices &
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Figure 6.4. Moment-curvature (a) and resistance curves (b) for the RC column specimens.

For the CT1-15M and CT2-20M columns, the total drift at the ultimate stage was 2.7% and 3.3%,
respectively. In the same fashion, for the CS3-15M and CS3-20M columns, the expected drift at
peak was at 1.5% and 1.1%, respectively.

When considering the limit imposed by the short lap splice on the strain development capacity of
the reinforcement based on the design charts developed by Tastani and Pantazopoulou (2015) as
depicted in Fig. 6.5(b) it follows that the bar can hardly support a strain that is /.2¢, for a low bond
strength of 5SMPa, and 2.4 to 4.8¢, for reinforcement with high to low slope of strain hardening.
The corresponding limiting values of curvature, for low bond strength, are 11.51 x 10~ rad/m and
12.65 x 1073 rad/m, for the 15M and 20M cross sections, respectively (shown in Fig. 6.4). Beyond
these limiting values, the bars within the short lap spliced connection have reached their maximum
sustainable slip, at which point the plastic and residual branches of the bond stress — slip

relationship have been exhausted, and no higher strains are developed.
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Figure 6.5. Charts for the definition of a) the slip at loaded-end of the bar anchorage and b) the
corresponding strain capacity of the anchored bar versus the embedded length for several values of steel
hardening modulus (Ey: 5, 10, 15% E;) and two values of bond strength (f; mw=5, 10MPa). For a specific
bar anchorage geometry and given the imposed strain at the loaded-end c) the corresponding slip and d) the
debonded length are calculated (charts obtained from Tastani and Pantazopoulou (2015)).

The shear capacity of the web of the RC columns was also estimated using the recommended
equations by ACI 318 (shown in Eq. 6.2), which are also recommended by ASCE/SEI 41-17, by
EN1998 Part-I1I (Eq. A.12 in original document), and the expression proposed by Pardalopoulos
and Pantazopoulou (2019), as shown in Eq. 6.3. The detailed calculations are shown in tabulated
form in Appendix C. Based on these equations, the column specimens with the large shear span
(L, = 1450mm) showed web capacities of approximately 98kN, 88kN and 76kN, according to ACI
318, EN1998-3, and Pardalopoulos and Pantazopoulou (2019), respectively. In the same fashion,
the short shear span specimens (L, = 850mm) showed web capacities of 98kN, 82kN and 103kN,

respectively.
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Voact = 0.66 - A5 A-p, 23 - \[fl + N, J(6-45)-b-d+A,-f,-d/s (6.2)
V,=v-b-d-f'.-tana+ Ay - for-d- (1 —04-&)-cotb,/s (6.3)

Considering the presence of the lap-spliced connection, at the column-footing interface,
calculation of the lateral capacity of the lap-spliced portion was performed. The set of equations
were adapted from Pardalopoulos and Pantazopoulou (2019), as described in Egs. 6.4-6.6. The
detailed calculations and parameters are included, in tabulated form, in Appendix C. For the
column specimens with the large shear span (L, = 1450mm), the obtained lateral capacity of the

lap-spliced connection was 77kN; the same property for the short span (L, = 850mm) was 130kN.

Vi = (Cnin - d- (1= 04 4 v b £ (052 = 0.4-) ) /(Her/2) (6.4)
Cin = min {(Cuap)i No - Ap - £} (6.5)
Clap = ,Llfr ' Llap[Atr ' fst/s +ap-(b- Nb ' Db) ' ft] (66)

6.2 Preparation of Specimens and Lab facilities for Testing

For installation of the specimens on the Strong Wall-Strong Floor facility, two hollow PVC tubes
had been used in the footing during casting to create the necessary openings. To fasten the
specimens on the Strong Floor, two threaded steel rods were used, with steel nuts placed on the
top footing surface and under the floor (Fig. 6.6). The steel nuts were placed to bear on separately-
cast, UHPFRC plates, one on each side of the footing top face, which served to distribute the
bearing forces throughout the footing surfaces. The UHPFRC-plates were ground to ensure

leveling of their surfaces, using a high-power grinding tool.
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Figure 6.6. a) Overview of specimen design with connection details; b) Top view of steel plate

connection; ¢) Attachment of axial actuator.

The axial and cyclic lateral loads were imposed by a set of two MTS® hydraulic actuators, one
with 250kN and one with 1000kN capacity. The latter actuator was used for axial loading. Due to
size restrictions, an external mechanical attachment was designed for the columns, to ensure
fastening to the actuators. For the axial actuator, the mechanical attachment contained two bearing
plates, one rectangular plate (t = 25.4mm) attached to the actuator head and one “cross-shaped”
plate (t = 50.8mm), placed on the top of the cap beam (Fig. 6.6). The latter plate was designed to
allow room for the fastening nuts on the underside of the former plate. For the lateral actuator, two
steel plates were placed on each side of the cap beam and were fastened using threaded steel rods.
The openings for the rods for the lateral actuator were included during casting of the column, using

PVC tubes in the cap beam formwork. The complete mechanical attachment is shown in Fig. 6.6.

In addition, to obtain the strain development on the reinforcement bars within the spliced region,
instrumentation was placed on both the longitudinal and transverse bars in that region. Twelve
strain gauges were installed in columns containing 15M bars for longitudinal reinforcement, and
eight for the columns containing 20M. To prepare the surface of the bars for placement of the

strain gauges, a high-speed grinding tool was used, and the smoothened surface was cleaned to
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remove debris. The strain gauges were placed using superglue and the connecting wires were
separated to protect the gauge from short-circuits. Lastly, to prevent damage to the strain-gauges
during casting, a mix of epoxy and sand was prepared and placed above each gauge at least one

day prior to casting, to create a protective layer.

Casting of all specimens was completed in three separate batches. During each batch, two column
specimens were cast, using commercial low-strength concrete, at a target strength of 25MPa so as
to emulate old construction. Formwork was removed after two days, and the columns were kept
under humid conditions for 28 days using wet burlap. During casting, a vibrating tool was used to
ensure proper placement of the concrete in the formwork. Additional lateral supports were
provided to the formwork, along with clamps placed on the top sides of the plywood walls. Plastic
sheets were used to cover the top surface after casting. At demolding, the formwork was carefully
removed, in order to be re-used for the subsequent casts. Figures to illustrate the above processes

are included in Appendix C.

To prepare for testing, the lab facilities were adjusted, and the pertinent equipment was placed on
the Strong Wall - Strong Floor (SW-SF) system of the High-Bay Lab. Initially, the blue mounting
steel component was placed on the Strong Wall, on which the MTS actuator for the lateral cyclic
loading was supported (Fig. 6.7). The mounting unit was moved using the crane mechanism of the
lab and was fastened to the wall via four threaded steel rods. Upon fastening, the MTS actuator
was also lifted using the crane and fastened to the middle of the mounting unit. The arrangement
of the openings in the SW-SF system allowed for alignment of the actuator with the middle plane

of the column specimens.

Figure 6.7. Placement of mount for lateral MTS actuator.
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Figure 6.8. Placement of mount for vertical MTS actuator.

Secondly, the cantilever mounting unit for the axial actuator was placed on the wall segment
parallel to the horizontal actuator, using the crane mechanism. To account for the height of the
column specimens, the cantilever was fastened to the wall at an elevated position (Fig. 6.8), such
that it enabled the maximum available space under the combined mounting unit and actuator
system. The steel cantilever was attached to the wall via threaded steel rods; side flanges were also

attached afterwards, which were provided by design, to eliminate sway on the cantilever.

Prior to lifting the axial actuator, the already fastened horizontal actuator was lifted to the elevated
position shown in Fig. 6.9, to ensure adequate working space around the cantilever mounting area.
The axial actuator was lifted in a vertical position using the crane mechanism and the metallic
plate, which served as connection to the column cap beams and was attached to the bottom head,
using four threaded rods. To enable proper grip on the actuator handles, a spreader beam was used
(Fig. 6.9) on which two hooks were attached, on each side of the actuator. To attach the actuator
on the cantilever mount, the Sky-Jack lift was used, with two researchers on top, to ensure proper
fastening of the steel rods. During fastening, the crane was used to lift the actuator slightly, in
order for the actuator surface to be aligned with the cantilever. After fastening, the crane was
slowly lowered, and the bottom head of the actuator was rotated, such that the swivel movement

was in the same direction as the lateral loading of the columns.
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Figure 6.9. Placement of MTS axial actuator on the Strong Wall mount.

Prior to placement of the columns, it was necessary to test the functionality of the actuators, by
extending them to approximately the full stroke, for a few times. This step was also beneficial in
releasing entrapped air throughout the shaft of the actuator, which might lead to faulty readings

during testing.

Prior to placement of the columns in the test zone, a layer of plaster was cast under each column,
to ensure leveling of the footing surface. To cast the plaster, a custom rectangular wooden base
was fabricated, which was placed under a plastic sheet (Fig. 6.10). Strain gauge cables were also
covered for protection. The plastic sheet ensured no spilling of the plaster during casting. To

protect the steel rod openings from being filled with plaster, wooden pieces were attached around
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the openings and were glued under the footing prior to placement on the casting base. In addition,
to ensure alignment of the column axis with the axial actuator, the columns were connected to an
adjacent vertical steel column via straps, which were adjusted until leveling of the top surface was
achieved. Plaster was poured from all sides of the column, so that the plaster was adequately
distributed throughout the bottom surface. Once the layer was solidified, the columns were lifted
with the crane system, and the plastic sheet was removed. The column specimens were then placed

immediately on the test zone and under the axial actuator, with the plaster layer attached.

Figure 6.10. Placement of plaster layer under the column footings for leveling.

To place the columns in the test zone, the crane mechanism of the lab was utilized. The same
spreader beam was used to enable placement of the columns in alignment with the actuator. Once
the column was placed under the axial actuator, and aligned with the openings of the Strong Floor,
the UHPFRC hollow plates were placed on the footing top surfaces, and the specimen was fastened
using threaded steel rods, one on each side of the footing (Fig. 6.11). The steel nuts were tightened
manually, using steel wrenches, until the footing was sufficiently fastened to the floor, to eliminate
displacement at testing. At rest, the horizontal actuator was maintained in the elevated position, as
shown in Fig. 6.11, and the axial actuator was supported with a wood column, when there were no

specimens in the test zone.
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Figure 6.11. Setup of column specimens with only the axial actuator (left) and with both actuators (right).

After fastening of the base, the columns were attached to the double actuator system, as shown in
Fig. 6.11. The horizontal actuator was extended, using the MTS proprietary software for control,
and the threaded steel rods were fastened through the two steel plates, on each side of the cap
beam. For the axial actuator, the bottom head was lowered and fastened to the cap beam, using the

threaded rods and plate connection shown in Fig. 6.11.

External instrumentation was placed on the column hinge region and throughout the footing and
cap beam of the specimens, as shown in Fig. 6.12. Three string potentiometers were placed on
each side of the column, at successive levels of 150 mm, to obtain the curvature along the height
of plastic hinge region. Two pairs of string potentiometers were also placed diagonally on the front
face of the column, at levels of 150 mm apart, height-wise. To account for potential uplift of the
footing, two linear potentiometers were placed vertically on the front face of the footing, one on
each axis of the supporting rods. Additionally, to measure the potential slip of the footing in the
lateral direction, two linear potentiometers were placed on the sides of the footing and were
connected to the strong floor. On the back face of the column, and along the central axis, one string
potentiometer was placed vertically, from which the axial elongation or shortening of the column
was measured. The lateral displacement of the cap beam during testing was measured with a pair

of string potentiometers, attached laterally to the middle of the side surface, and fixed on a
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stationary steel column. An additional potentiometer was placed on the middle of the clear height

and extended laterally up to the steel element.
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Figure 6.12. Schematic of instrumentation placement in any specimen along with name IDs for strain

gauges.

All connections of the external instrumentation were ensured with hot glue. After placement of
the instrumentation, the front face of the column was as shown in Fig. 6.13. The potentiometers
were connected to one of three DAQ systems, also shown in Fig. 6.13, with conventional

connecting wires.

Prior to testing, the area around the columns was cleaned and the instrumentation calibration
secured. To record the experiments, a digital single-lens reflex camera (DSLR) and video
recording camera were used, facing the front face of the column specimens. The former was set to
capture pictures at time intervals of 10 sec, using an external attachment and controller on the
camera, as shown in Fig. 6.14. To ensure adequate lighting, the front face of the columns was

brightened using portable light projectors, also shown in Fig. 6.14.
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Figure 6.14. Complete setup of column specimens with actuators and instrumentation attached.

After testing, the actuators were reverted to zero load position and the mechanical attachments
were released. The instrumentation was disconnected from the columns and debris around the
column due to delamination of the cover was cleaned. To relocate the column specimens to their
original position, the spreader beam was connected to the crane mechanism of the lab and the
columns were lifted from the cap beam. The spreader beam was connected to two steel chains, that
were extended with straps, and were used to transfer the columns, in the arrangement shown in
Fig. 6.15. The columns were subsequently prepared for repair, the procedure of which is discussed

in the next chapter.
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Figure 6.16. Complete modified setup for short column specimens (left); Attached formwork to improve
leveling of side surface (right).

The same process was performed for both the tall and short column specimens. For the latter, the

horizontal actuator and mounting unit were moved to a lower elevation, to be aligned with the cap
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beam axes (Fig. 6.16). Since the axial actuator was not long enough to reach the shorter specimens,

a steel plate was also placed on the cap beam to provide adequate height to the specimen.

In specimen CS3-20M, where one of the side surfaces of the cap beam was not leveled, an
additional layer of plaster was cast, so that the horizontal actuator surface was evenly connected.
To cast the vertical layer, a custom formwork was fabricated, with the top surface exposed, and
was attached to the cap beam via mechanical clamps and tightened with rope (Fig. 6.16). Once the
plaster was solidified, the formwork was removed and the steel connecting plate for the actuator

was placed on top of the layer.

6.3 Experimental Parameters

Prior to each test, the compressive strength of concrete was confirmed by testing sets of three 100
mm x 200 mm cylinder specimens, on the Pilot Controls testing frame (Fig. 6.17). The results of
each cylindrical tests are listed in Table 6.2, in tabulated form along with the average compressive

strength for each case.

Figure 6.17. Compression testing of cylinders (left); Samples of cylinder specimens for testing (right).

Table 6.2. Cylinder compressive strength for normal concrete in column specimens.

Cylinder | f.’ J’ (MPa)
ID (MPa) | - Average
Cl-1 20.4
Cl1-2 20.2 20.4
Cl1-3 20.6
C2-1 25.77
C2-2 24.33 24.35
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C2-3 22.94
CS3-1 28.11
CS3-2 25.7 27.24
CS3-3 2791

For the cyclic loading, a displacement-controlled scheme was programmed into the MTS
proprietary software, with cycles repeated at pre-selected lateral displacement increments defined
in terms of drift ratio, with three cycles performed at each increment; exception of specimen CT1-
15M which was tested using two cycles per increment. The maximum drift level of the first set of
cycles was set at 0.25%, the drift amplitude of the next set of three cycles was set at 0.5% and was
increased by 0.5% for each set of three cycles after that (Fig. 6.18). This scheme was selected
based on ACI 307 (2008), with the aim of simulating the softening effects of repeated seismic
loading on reinforced concrete structures. For specimen CT1-15M the two-cycle loading scheme
was implemented, to ensure the safety of the loading frame. The targeted drift levels and
corresponding displacements are shown in Table 6.3, in tabulated form. The axial load was

imposed at a fixed value of 0.15f":A,.

Of the four specimens tested in this experimental phase (intended to cause initial damage to the
columns), two were tall columns, having a shear span L, = 1450 mm, and two were short columns
with L, = 650 mm. The tests were conducted until loss of lateral strength was evident, and extensive
damage had developed on the specimens. Damage was manifested as “flattening” on the force-
displacement curves at a reduced load level as compared with the strength, with the increase of
lateral displacement, indicating a frictional dragging along the tension reinforcement. Overall, both
loading directions exhibited similar behavior and symmetry, however, with occasionally the
pushing side (positive) showing greater resistance (load) than the pulling side (negative). This
could be attributed to initial damage in the compression side of the lap-splices during the previous

cycle which might have rendered the bond more compliant and weaker for the reversed load.

Table 6.3. Drift ratios for tall and short column specimens and equivalent lateral translation.

Drift Ratios | Top Displacement (mm): Tall Top Displacement: Short
(%) Columns - (L, = 1450 mm) Columns - (L, = 850 mm)
0.25 3.625 2.125
0.5 7.25 4.25

1.0 14.5 8.5
1.5 21.75 12.75
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Figure 6.18. Loading protocol adopted for intact column specimens.

6.4 Results

6.4.1 Force-Displacement Response Curves

The complete force-displacement responses of the tall (L, = 1450mm) and short (L, = 850mm)
column specimens are shown in Figs. 6.19 and 6.20, respectively. Specimen CT1-15M was tested
until a maximum drift level of 2.0%, where reduction in the maximum lateral load capacity was
observed, whereas specimen CT2-20M was tested to 3.0% drift, which was pushed to the stage of
significant loss of strength. Both short column specimens, CS3-15M and CS3-20M, were tested
until the 2.0% drift level, and the tests were terminated to avoid collapse of the specimens. Pictures

of the observed cracking during the tests are shown in Figs. 6.21-6.25.

The results shown in Figs. 6.19 and 6.20 were obtained from the force applied by the horizontal
actuator and the measured lateral displacement of the cap beam, using the string potentiometer
setup, as shown in Fig. 6.12. To obtain the lateral resistance of the column, V., , the lateral actuator
force was adjusted to account for the contribution of the axial actuator, due to deflection from the

column axis, as in Eq. 6.7:
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Vies = Hpiston + P-6-cos(fgc) + P-sin(fyc) (6.7)

In Eq. 6.7, Hpision 1s the force measured by the horizontal actuator, P is the axial load of the vertical
actuator, 6 is the rotation at the base of the column and 8, is the rotation of the actuator from the

top connection to the tip of the column cantilever.
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Figure 6.19. Force — Displacement curves for CT1-15M and CT2-20M specimens.
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Figure 6.20. Force — Displacement curves for CS3-15M and CS3-20M specimens.

Specimen CT1-15M reached a maximum lateral load of 70kN, at the drift level of 1.5% and the
test was terminated at the second cycle at 2.0% drift, with a residual lateral load of 34kN (~50%

of strength). Until reaching 1.0% drift, the loss of strength between successive cycles at the same
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drift level was not substantial (less than ~5kN), while the strength dropped significantly between

the drift ratios from 1.5% to 2%. The negative side showed lower strength than the positive.

Throughout the test, lateral cracks appeared on the surface of the column with increasing drift
magnitudes. The first horizontal cracks appeared close to the location of the stirrups and the crack
spacing was reduced as the displacement increased. Inclined cracks appeared as well, indicating
the increased presence of shear, although they appeared at higher displacements of the column.
Severe cracking was observed at the base of the column, where the connection to the footing
showed the most damage. After reaching a drift of 2%, vertical cracks in alignment with the
longitudinal bars were observed on the sides of the column, within the lap-spliced zone. The latter
observation indicates the exhaustion of the deformation capacity of the lap-spliced connection and

increased strain on the longitudinal reinforcement.

Specimen CT2-20M reached a maximum lateral load of 73.5kN, at the drift level of 1.5%, similarly
to specimen CT1-15M. The test was initially terminated at the first cycle of 2.0% drift, with a
lateral load of 62kN (83% of capacity), as the column showed increased signs of crack propagation
and loss of integrity (Fig. 6.22). However, the test was continued, after removal of the external
instrumentation in the plastic hinge zone, until the strength was reduced to less than 1/3 of the
maximum load. The column was tested until a drift ratio of 3%, at which stage severe cracking
and loss of strength occurred (at 3.0% drift the lateral resistance was reduced to less than 1/3 of

the strength) and the experiment was terminated (Fig. 6.23).

Similar to specimen CT1-15M, flexural cracks (lateral orientation) appeared throughout the
column, particularly in the plastic hinge zone, with increasing lateral displacements. The spacing
of the cracks was slightly larger at drift levels below 1.5%, compared to CT1-15M, however, the
density of cracking increased substantially at higher drift ratios. Failure localized at the column-
footing connection, where large cracks developed at the corner of the column base, indicating the
penetration of strain within the bottom lap-spliced bars. In this specimen, the inclined cracks within

the column were more pronounced than in the previous case.
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Figure 6.22. CT2-20M: a) Pristine Condition ; b) 1%; ¢) 1.5%; d) 2%.
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Figure 6.23. CT2-20M: a) 2.5%; b) 3%.

Of the short span specimens, the maximum lateral loads attained were 132.2kN and 114.8kN, for
specimens CS3-15M and CS3-20M, respectively. Despite the reduced deformation capacity, the
tests were continued to 2% drift ratio, with specimen CS3-15M reaching up to 33.1kN (25% of
capacity), at the maximum lateral displacement, and specimen CS3-20M reaching 51.8kN (45%
of capacity), similarly, during the first cycle at that level of drift.

Figure 6.24. CS3-15M: a) Pristine Condition ; b) 1%; ¢) 1.5%; d) 2%.
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Figure 6.25. CS3-20M: a) Pristine Condition ; b) 1%; c) 1.5%; d) 2%.

At drift levels lower than 1%, minor flexural cracks were observed on the sides of each specimen,
while, at peak load a larger shear crack appeared on the front surface, on both specimens. Failure
localized on the shear crack, during the cycles exceeding 1% drift, with multiple damage states
appearing on the specimens such as cover delamination, crushing of the concrete at the column
base, pullout failure of the column-footing interface, and longitudinal cracking along the lap splice
bars. Closer to the termination of the test, the shear crack width increased almost to the point of
complete separation of the surfaces. At this stage, both the cover and core concrete were

significantly damaged.

6.4.2 Curvature Distribution

The external instrumentation shown in Fig. 6.12 was used to obtain the rotation and curvature, at
the base of the specimen. The rotation was calculated as in Eq. 6.8, where J; and . correspond to
the displacements measured from the string potentiometers, on the tension and compression side
of the column, respectively, /. is the vertical gauge length, and /. is the horizontal center-to-center

distance between the measurements.
@ =(6;—6)/Uc - he) (6.8)
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Based on the arrangement of Fig. 6.12, the curvature was obtained on three regions along the
column height: at 0-150mmm, 150-300mm and 300-450mm. The curvature distribution diagrams
are also shown in Figs. 6.26-6.27. The magnitudes of the curvature along the column height for
the drift ratios of £0.5% and £2%, for each of the intact specimens. The curvatures of the short
columns are not shown due to inconsistent data. The dashed lines correspond to specimens with

the 15M longitudinal reinforcement and the continuous line to the 20M case.

For the tall columns (Fig. 6.26) it was observed that the curvatures of specimen CT1-15M, were
of lower magnitude than the CT2-20M case. In both cases both the negative and positive sides of
loading showed an almost symmetric response. The maximum curvature was obtained at the lower
segment of column height (Om — 150m), with 0.059 1/m and 0.089 1/m for columns CT1-15M and
CT2-20M, respectively. The distribution of curvature, for both cases, captures the response
observed in the experiment, where the curvatures of the larger magnitude were located within the

plastic hinge region.

Curvature Profiles: Tall Columns
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Figure 6.26. Curvature — Time Step history for specimen CS3-15M.

6.4.3 Strain Gauge Measurements

Strains on the embedded reinforcement were obtained according to the arrangement shown in Fig.
6.12. The strains at peak load are shown in this chapter, in Tables 6.4 and 6.5, for strain gauges
(SGs) placed on the longitudinal and transverse reinforcement, respectively. In addition, diagrams

of strain versus time step diagrams are shown in Fig. 6.27.
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Figure 6.27. Strain — Time Step history for various locations in column reinforcement: a) Corner Upper
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Bar — Bottom of Lap Splice; g) Top Stirrup — Within Lap Splice (front face of column); h) Bottom Stirrup
— Within Lap Splice (front face of column).

Based on the strain measurements on the longitudinal reinforcement, there was indication of
yielding of the bars, with strains approaching the value of 2200 pe. In particular, locations MB-
TC and MB-MC on specimen CT1-15M reached 2000 pe and 1860 pe, respectively, while on
specimen CT2-20M, location SB-MC reached 2326 pe. Strains on the shorter specimens were
higher, with specimens CS3-15M and CS3-20M reaching values of 3249 pe and 3277 pe,

respectively.

Table 6.4. Strain gauge measurements at peak load on longitudinal reinforcement on various locations.

Column | MB-TC MB-MC SB-TC SB-MC MB-ML MB-BL SB-ML SB-BL
ID (ne) (ne) (ne) (ne) (ne) (ne) (ne) (ne)
CT1-15M -2001 -1860 -630 0 -16703 -516 0 0
CT2-20M 0 0 434 681 0 0 1291 2326
CS3-15M 1903 1380 3249 1245 1467 1455 963 0
CS3-20M 0 0 1118 579 0 0 3277 658

*MB-TC: Intermediate Upper Bar — Above Lap Splice; MB-MC: Intermediate Upper Bar — Middle of
Lap Splice; SB-TC: Corner Upper Bar — Above Lap Splice; SB-MC: Corner Upper Bar — Middle of Lap
Splice; MB-ML: Intermediate Starter Bar: Middle of Lap Splice; MB-BL: Intermediate Starter Bar:
Bottom of Lap Splice; SB-ML: Corner Starter Bar — Middle of Lap Splice; SB-BL: Corner Starter Bar —
Bottom of Lap Splice.

Table 6.5. Strain gauge measurements at peak load on transverse reinforcement.

Column S-TM  S-TS S-BM  S-BS
ID (ne) (ne) (ne) (ne)
CT1-15M 271 16 32 566
CT2-20M 0 198 209 256

CS3-15M 4260  -3813 412 -3657
CS3-20M 266 516 363 652

*S-TM: Top Stirrup — Side Face of Column; S-TS: Top Stirrup — Front Face of Column; S-BM: Bottom

Stirrup — Side Face of Column; S-BS: Bottom Stirrup — Front Face of Column.

Strains measured on the stirrups were markedly lower for the taller specimens, with the maximum

values reaching up to 566 pe and 256 pe, for specimens CT1-15M and CT2-20M, respectively.
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For the short specimens, higher values were obtained for specimen CS3-15M, with strains reaching

a maximum of 4260 pe. Specimen CS3-20M showed lower strains, at values of 652 pe.

6.4.4 Shear Strains and Drift

Based on the configuration of diagonal string potentiometers, the surface shear strains were

calculated by averaging the displacement measurements over the inclined distance, as shown by

Eq. 6.9:
Vshear = (6left - aright)/lincline (69)

In the above equation, &sear1s the shear strain, die; and dyigns are the displacement measurements of
the intersecting inclined potentiometers and /inciine 1 the hypotenuse defined by the center-to-center
horizontal distances between the potentiometers and the vertical gauge length, as it is shown in
Fig. 6.12. The calculations are performed for the two sets of intersecting potentiometers, placed at
two levels, with the first at 300mm from the footing surface and the second at 150mm, so that the
second level is closer to the critical section, also shown in Fig. 6.12. For each level, the shear drift

was calculated, as it is shown in Eq. 6.10.

gshear = Vshear * lc/(Lv) (610)

Where Gyiear 1s the shear drift, /. is the vertical gauge length, and L, the shear span. The total shear
drift was calculated by the summation of the corresponding values of the two levels of

potentiometers, and the diagram of total shear drift versus drift ratio is shown in Fig. 6.28.

Compared to the tall columns, it is evident that the short columns resulted in significantly larger
shear drift ratios. The CS3-15M and CS3-20M specimens exceeded the CT1-15M and CT2-20M
cases by approximately 5.6 and 17 times, respectively. The maximum values of the short columns

were 0.054% and 0.072%, for the cases of CS3-15M and CS3-20M, respectively.
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Figure 6.28. Shear drifts versus drift ratios for intact columns.

6.4.5 Axial Elongation of the Columns

The axial displacement was measured with the vertical string potentiometer that was placed on the
cap beam and along the column axis, as was shown in Fig. 6.12. The elongation is plotted against

the applied lateral drift ratio in Fig. 6.29.

For all specimens, the displacement was negligible at very low drift ratios of 0.25%. Of the taller
columns, specimen CT1-15M showed compressive axial displacement (shortening) up to 0.5%
drift, with the maximum value being 0.12mm, while, at the same drift magnitude, specimen CT2-
20M showed 0.45mm. In the former case, for drift ratios exceeding the magnitude of 0.5%,
displacement in tension (elongation) was also observed, on both directions of loading, and reached
values of 1.5mm at 2% drift. Specimen CT2-20M showed only shortening throughout the test,
with the maximum attained value of 0.52mm obtained at 1%, whereas, for higher magnitudes of

drift the compressive axial displacement was reduced to 0.24mm.

Specimens CS3-15M and CS3-20M showed comparatively low compressive axial displacement,
with values reaching 0.26mm and 0.83mm, at 1.5% drift. Prior to failure and the termination of
the experiment, the compressive displacement reached 6.07mm and 2.86mm for the former and

latter cases, respectively.
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Figure 6.29. Axial elongation versus drift ratio for: a) Tall Columns; b) Short Columns.
6.5 Summary

In the structural-scale experimental program of this chapter, a total of four NSC column specimens
were tested in combined constant axial and cyclic lateral loading. Tests were conducted in the
Strong Wall — Strong Floor structural facility, using two high-capacity hydraulic actuators. The
specimens comprised two columns with a clear height of L, = 1450mm (designated at “flexural”
columns) and two with L, = 650mm (designated as “shear” columns), with each specimen in both
cases being detailed with 6 x 15M bars and 4 x 20M bars, lap spliced above the footing over a lap
length of 24D5. Transverse reinforcement was sparse, with 8mm smooth wires at 250mm spacing,
to represent older seismic design procedures. Loading was applied using displacement control,
with two and three cycles performed at preselected drift increments. The outcomes of this study
are aimed to be utilized in correlation with cyclic tests on the same specimens, after being
retrofitted with UHPFRC jackets, which are described in the following chapter. Among the

observations of the above tests are the following:

1. Column specimens with conventional concrete of f.” = 25MPa and mild reinforcement
detailing reached their strength at lateral drift ratios of 1.5%. Loss of strength was rapid in
the post-peak branch, reducing by approximately 1/3 of the load capacity in the first cycle
to the next drift increment. Tests were terminated at 2% drift, to avoid brittle failures of the
specimens. Flexural columns showed an average of 71.5kN, which was half the average
peak load of the shear columns, at 125kN. Despite the difference in clear span, all

specimens performed until the 2% drift milestone.
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Failure in all specimens appeared on the column-footing interface, with a horizontal crack
localized at the base of the columns. Multiple flexural cracks appeared throughout the
column span, with more dense propagation on the flexural specimens. Shear columns
showed both flexural and shear cracks, with the latter appearing at higher drift ratios and
governing the failure of the specimens. In addition, vertical cracks along the lap-splice axes
appeared on the sides of the columns, at drift ratios exceeding 1.5%, indicating failure of
the spliced connection. Lastly, crushing of the concrete was observed closer to the failure
of the specimens and severe cover spalling appeared prior to the termination of the
experiments.

Based on the curvature measurements, in the flexural specimens, the values were mostly
symmetric in the positive and negative directions of loading, for drift ratios up to 2%.
Curvature distributions in both flexural columns were similar, with larger magnitudes of
measured curvature closer to the plastic hinge region. In the short columns, curvatures were
of lower magnitudes, compared to the tall columns, and the curvature distributions more
pronounced the upper segments throughout the column height.

Input from strain gauges placed on the reinforcement shows that longitudinal bars reached
yielding at the peak load, in all specimens.

Shear drift ratios on the surface of the columns showed the maximum values for the short
columns. which significantly exceeded the shear drift ratios of the tall columns.

All specimens showed shortening behavior in the first stages of the experiment, as shown
by the vertical string potentiometer, with the flexural specimens reverting to elongation for
increasing drift ratios. Specimen CT1-15M was subjected to tension upon reaching 1%
drift, while specimen CT2-20M remained in compression until the end of the test. Both
shear columns remained in compression and at 2% drift sudden reductions of the column
length were observed, reaching -6.07mm and -2.86mm for columns CS3-15M and CS3-
20M, respectively.

Overall, the specimens were tested until severe damage and complete reduction of strength
occurred. Failures were noted on the column-footing interface, with simultaneous
extensive cracking on the columns. At the end of the experiments all columns were

inoperable, with the damaged concrete reaching up to the cores of some of the specimens.
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The next step for the specimens, which is discussed in the next chapter, is the repair with

UHPFRC jackets, after removal and cleaning of the damaged parts.

154



7 Testing of UHPFRC-Retrofitted Columns

This chapter describes the third stage of the structural-component experimental program,
consisting of testing the column specimens of the previous chapter, after these were retrofitted
with thin UHPFRC jackets in the plastic hinge region. Reparation of the damaged specimens, as
well as retrofitting of the previously untested specimens was performed using the prepackaged
cementitious material Densit® which had been used also in the previous experimental components
of this thesis. Prior to application of the jackets, the concrete surrounding the plastic hinge zone
was mechanically removed, including both the previously tested and untested specimens, and
casting was performed in separate batches. All specimens were tested in the same combination of
constant axial and cyclic lateral load. Load cycles were performed at higher drift ratios than the
control specimens, to obtain insights and practical evidence on the improvement of performance
imparted by the UHPFRC jackets. External and internal instrumentation were used to measure the
displacements and deformation of the column components. The performance of the retrofitting
method with thin jackets to avoid alteration of the geometric details of the structural components
and the required commensurate details in order to control the localization of failure are discussed

in detail in the following sections.

7.1 Preparation of NSC Columns for Retrofit

The design schematics and technical characteristics of the column specimens in their pristine
condition were described in Chapter 6 of this thesis. Figures 7.1-7.3 describe the updated column
geometry details, after placement of the UHPFRC jackets. A characteristic of this retrofitting
approach is casting of very thin jackets — for the size of columns of the study this corresponds to
a thickness equivalent to the existing cover. To avoid alteration of the component geometry, the
retrofitting procedure aims at cover replacement with UHPFRC material in the critical region of
the member (around the plastic hinge region), up to the extent of the lap-spliced bar connection.
Where prior damage had led to disintegration of the core concrete, then this was also replaced with
UHPFRC material. To discourage formation of a single crack at the critical section, as is often

seen in columns jacketed by other systems (e.g. FRP wraps), the jacket was extended to the upper
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part of the footing, reaching down to a depth of up to 2:D and 5-Dy, in the lateral and axial

directions, respectively.
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Figure 7.1. Geometry and reinforcement details of CT1-15M-R/S. (a) plane of action; (b) transverse to

the plane of action; (c) sectional arrangement.
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Figure 7.2. S Geometry and reinforcement details of CT2-20M-R/S. (a) plane of action; (b) transverse to

the plane of action; (c) sectional arrangement.
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Figure 7.3. Geometry and reinforcement arrangement of (a.1) specimen CS3-15M(in the plane of action
of the test), (a.2) transversally to the plane of action; (b.1) specimen CS3-20M in the plane of action, (b.2)

transversally to the plane of action.

The Identification Codes of the specimens described in this chapter were included in Table 6.1 of
Chapter 6; the last letters (R or S) correspond to Repaired (i.e., previously damaged column), and
Strengthened (column in pristine condition) cases, respectively. In the repaired specimens, CT1-
I5M-R, CT2-20M-R, CS3-15M-R, and CS3-20M-R the damaged concrete was removed first,
which included the cover and where needed, the disintegrated core of the specimens. Similarly,
the cover around the longitudinal reinforcement on specimens CT1-15M-S and CT2-20M-S was
removed and the intact core was maintained. Due to the magnitude of the damage sustained by the
pre-damaged specimens, as well as the inherent brittleness of conventional concrete, the final
dimensions of the cores were eventually defined by the total undamaged concrete body of the
column. In addition, the largest portion of the strain gauges on the embedded reinforcement was
rendered inoperable, as a result of the damage imparted by the mechanical impact of the retrofitting
tools, and information was gathered from the remaining intact instruments. The embedded
reinforcement was left as it was (no alterations) and the footing connection to the floor remained

intact.
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7.1.1 Determination of bond breaker location with preliminary FEA model

Prior to application of the UHPFRC jackets, the option to install bond breakers at the starter bars
of the lap-spliced connection was considered. As it was shown in the literature (Stojadinovic et al.
2019) the use of the bond breakers may improve the spread of longitudinal strains in the lap-spliced
connections of flexural members, by alleviating the tendency of strain localization in the critical
section on the starter bars of the footing and enabling broader distribution of longitudinal strains

in shear span reinforcement. This topic was discussed in Chapter 2 of this study.

A preliminary FEA model was made, using geometric properties similar to the CT2-20M
specimen, on the ATENA 3D/ATENA Studio combined platform. The schematic of the non-
retrofitted model is shown in Fig. 7.4a). The jacket was modeled by dividing the macroelement
topology to contain separate elements for the jacketed and the non-jacketed column sections. The
jacket macroelement extended within the footing at the appropriate length. For this version of the

FEA model, the footing was assumed to be of complete thickness, to ensure adequate stiffness.

Figure 7.4. Preliminary FEA model for column a) without the UHPFRC jacket and b) with UHPFRC

jacket and bond “breaker” openings.
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For normal strength concrete, the 3DNonLinCementitious2 User model was used (ATENA Manual
2019), with compressive strength f°.= 25MPa, modulus of elasticity £ = 30000MPa and Poisson’s
ratio v = 0.2. All other parameters were left at default values. For UHPFRC, the
3DNonLinCementitious2 material model was used f°. = 120MPa, f; = 12MPa, E = 45000MPa, and
Poisson’s ratio 4 = 0.2. The fracture energy Grwas assumed to be 1.5kN/m for this material
(Pantazopoulou et al. 2019; ATENA Program Documentation 2019) — about 15 times the value
used for normal strength concrete. For the reinforcement, a bilinear material model was assumed
with f, = 400MPa and E; = 200GPa. The bond stress — slip laws were activated for the
reinforcement, as it is shown in Fig. 7.5. For the UHPFRC material, the bond stress — slip law was

obtained from the work of Tsiotsias (2019).
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Figure 7.5. Bond stress-slip law for a) footing reinforcement and b) shear span reinforcement.

For the needs of the preliminary investigation of the jacketing/bond breaker scheme four case
studies were prepared: 1) the column model with no jacket, ii) the column model with the UHPFRC
jacket, iii) the column model with the UHPFRC jacket and a bond breaker on the starter bar, at
5Dy length within the column shear span (case B1), and iv) the column model with the UHPFRC
jacket and a bond breaker on the starter bar, at 5D, length within the footing (case B2). The bond
breakers were modelled by modifying the macroelements to contain a “gap” at the desired length
of the bars; this approach was recommended by the ATENA 3D manual for the modeling of
unbonded segments on reinforcement (ATENA Program Documentation 2019). A schematic of
this macroelement topology is shown in Fig. 7.4b, and the unbonded segments, for the case of the
bond breakers within the shear span are shown in Fig. 7.6. The column models were analyzed
using the default solver properties (Newton-Raphson iterative solver) and the post-processing

procedure was conducted in the ATENA Studio platform.
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Unbonded Segments
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Figure 7.6. Schematic of unbonded segments on the starter bars, within the shear span.

Strength Curves - Preliminary FEA Model
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Figure 7.7. Strength curves of the preliminary FEA models.

The results of the analyses are shown in Fig. 7.7, in the force — displacement curves of the columns.
The first two diagrams correspond to the models with no jacket and with the UHPFRC jacket,
whereas models B1 and B2, correspond to the columns with UHPFRC jackets with bond breakers
placed within the column shear span and within the footing, respectively. It was shown that all
cases of columns containing the UHPFRC jacket reached greater strength by as much as 43%
higher than that of the same column with no jacket. The model with the UHPFRC jacketed and
without any bond breakers, reached the peak load at slightly lower lateral displacement and the

analysis was terminated at the peak. Both cases of the jacketed columns with bond breakers showed

greater ductility, albeit small, with approximately the same peak load.
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In Fig. 7.8, the distributions of the longitudinal strains on the reinforcement are shown, for each
model case described above. For the control case, containing only conventional concrete, it was
seen that yielding occurred within the plastic hinge region, at approximately 50mm above the
column-footing interface (displayed with cyan color on the tension side). On the compression side,
the longitudinal strains of the reinforcement reached values up to approximately 0.0015. For all
the jacketed cases, it was observed that the yielding of the reinforcement was attained further away
from the column-footing interface and above the jacketed region. In the case of no bond breakers,
the strains in the footing reinforcement were observed to be larger, than the cases with bond
breakers, particularly on the transverse reinforcement. However, the strains on the tension side of
the shear span reinforcement, were double in the cases where bond breakers were present; the
UHPFRC with no bond breakers reached a tensile strain of 0.004 in the shear span reinforcement
and the UHPFRC with bond breakers reached tensile strains up to 0.0088. Lastly, in the UHPFRC-
jacketed specimens the longitudinal strains on the compression side were significantly reduced,

compared to the non-jacketed case, without exceeding the value of 0.0005.

Strain Strain Strain Strain
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Figure 7.8. Axial strain and cracking distributions for preliminary FEA models for a) the column without

jacket, b) the column with the UHPFRC jacket, c) the jacketed column with bond “breakers” placed

within the shear span, and d) the jacketed column with bond “breakers” placed within the footing.

161



Between cases B1 and B2, the distribution of the longitudinal strains was virtually identical, with
the strains on the tension side of the shear span to be slightly higher in the former case. As such, it

was selected that bond breakers would be placed within the shear span.

7.1.2 Pre-Damaged Specimens for Repair

Of the specimens included in the pre-damage stage, the surface concrete was removed initially
with power drills, until the reinforcement was revealed. To ensure stability of the specimens,
vertical wooden studs were placed, on each side of the column, by resting under the armpit of the
cap beam — column connection. The specimens were also connected with lateral straps that were
placed around the cap beams and wooden beams which were placed between them for additional

stability. Pertinent pictures illustrating these processes are included in Appendix C.

To reduce the effect of strain concentration on the bottom bars of the lap-splice connection, the
segment at the upper end of the starter bars was covered with plastic tape, at a length of
approximately 5Dp. Only the starter bar was covered with the tape. This method was selected in
order to eliminate the bond connection between the bottom bar and the concrete, within the taped
segment, allowing for the spread of strains to occur on the column bar and further away from the

footing.

The same process was applied on all pre-damaged specimens, including CT1-15M-R, CT2-20M-
R, CS3-15M-R, and CS3-20M-R (pertinent figures in Appendix C). The concrete in the column-
footing connection was sufficiently removed, until the embedded reinforcement was revealed.
The damaged core was dislocated and removed, and the intact concrete was cleaned using the
power drills. Sufficient space was allowed for the UHPFRC jacket to be poured around and behind
the bars. The inner surface of the column-footing connection was also cleaner, in order to create a
consistent surface for the placement of the UHPFRC jacket. The sides and front and back surfaces
of the footing were also removed, in the aforementioned distances, and with sufficient care to avoid
sudden delamination of the cover. Prior to casting, the surface concrete was cleaned for residual
particles and the surface concrete was lightly wetted, to facilitate the cohesion to the UHPFRC

jacket.
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7.1.3 Cover Removal in Pristine Specimens for Strengthening

The preparation of the intact specimens was similar to the process followed for the pre-damaged
specimens. Cover concrete was removed up to a depth of ~1D;, while the core was maintained
throughout the length of the retrofitted region. The surface of the core was cleaned from loose
fragments, to ensure consistent connection with the UHPFRC jacket. Concrete removal for these
specimens required greater effort, due to the undamaged state of the material. Sufficient care was
required such that no sudden spalling occurred penetrating into the core of the column. The
column-footing connection was also constructed to be in the same manner as in the repaired
specimens. Both the sides and front and back surfaces were removed to the depth dimensions

mentioned in the preceding.

The starter bars were covered with plastic tape as a bond breaker, in the same manner as in the
pre-damaged specimens, to ensure better strain spreading and avoiding strain localization. Strain
gauges were maintained where possible, and the connecting wires were placed outside the jacket

zone. Residual components and dust were cleaned, and the exposed concrete was wetted.

7.2 Casting of UHPFRC Jackets

For casting of the UHPFRC jackets, customised plywood formworks were constructed, which
were fastened on the columns with mechanical grips (Fig. 7.9). The formwork consisted of 18mm
thick plywood panels, placed on each side of the column, on which custom openings were provided
for pouring of the UHPFRC jacket. Mechanical clamps were placed on the sides of the columns,
two pairs on each side, to ensure stability of the formwork during casting. This arrangement
allowed for versatile placement and removal of the formwork, on account of the restricted access

to the lab facilities at the time of completion.

Casting of the UHPFRC jackets was completed in four separate batches. During each batch, the
UHPFRC was prepared in a high-capacity mixer, with a 40L rotating drum. The mix design used
is described in Table 7.1. During the preparation process, the prepackaged dry mix was initially
placed in the mixer for up to 2 minutes. The water content divided into two proportions (half each),
and each portion was poured slowly, and mixing continued for 5 minutes, for each case. After

mixing with the water was complete, the steel fibers were slowly added, and were manually
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dispersed, to ensure even distribution in the mixture. Finally, after all the fibers were added, mixing

was continued until the optimal material consistency was achieved.

Figure 7.9. Attached plywood formwork panels, using mechanical grips, and custom openings for
concrete pouring.

Figure 7.10. Retrofitted specimen with UHPFRC jacket, after removal of formwork, at two days.
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Table 7.1. Material Mix Design for Densit© UHPFRC mixture.

Material Proportions by | Density
Type Mass (kg) (kg/m?)
Prepackaged
packag 0.84
Dry-Mix (Densit)
Steel Fibers
2860
(dr=0.2mm; /= 0.11
13mm)
Water 0.055

The UHPFRC jackets were cast immediately after mixing, through the openings provided on the
formwork. Pouring was terminated once the level of the UHPFRC within the formwork reached
the capacity of the formwork. After casting, the formwork was inspected to ensure no leakage
occurred. The formwork was maintained for two days, as per the optimal curing instructions for
the material (Fig. 7.10). At removal of the formwork, the jackets were covered with soaked burlap,
which was wrapped around the columns. To maintain moisture, the burlaps were covered with
plastic sheets (Fig. 7.11), and the columns remained covered until 28 days had passed. Additional

water was added to the burlap throughout this time to ensure adequate moisture on the jacket.

Figure 7.11. Covering of UHPFRC jacket with soaked burlap and plastic sheets for moisture retention.
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7.3 Preparation of UHPFRC-Retrofitted Columns for Testing

At removal of the jacket coverings, the surfaces of the specimens were cleaned and subsequently
painted white, using the white primer paint, as mentioned in Chapter 6. The procedure following
the preparation of the jackets was the same as in the phase I testing of specimens: firstly, the
specimens were aligned in the axial direction by casting a layer of plaster under the footing. Then,
using the crane mechanism, the specimens were transferred in the test zone and under the axial
actuator, where they were fastened to the Strong Floor using threaded steel rods. The rods were
fastened by steel nuts that bore on the UHPFRC plates used in the previous tests. Once fastening
of the footing was completed, the cap beam was connected to the horizontal and axial actuators,
using the threaded rods and metallic plates, as described in Chapter 6, respectively.
Instrumentation was also added in the similar arrangements as shown in Fig. 6.12; string
potentiometers were placed in the same locations, as in the conventional concrete specimens, on
the jacket surface. Tests were repeated, in the same process as with the specimens of the previous

chapters.
7.4 Experimental Parameters

Prior to each test, a set of 7Smm x 150mm UHPFRC cylinders were tested in the Pilot Controls
testing frame, to measure the compressive strength of the material. Four sets of cylinders were
tested, each set containing three cylinders. The cylinders were shown to fail abruptly and with a
loud noise, which was owing to the high compressive capacity of the UHPFRC material. Failure
was characterized with distinct near vertical cracks along the cylinder surface with cone formation
at the top, as shown in Fig. 7.12. The cumulative results of the compressive tests on the UHPFRC

cylinders are shown in Table 7.2.

Due to the expected improved performance of the retrofitted specimens, the loading regime was
updated to reach drift ratios to 5%. The corresponding target values for the drift increments are
listed in Table 7.3 and a schematic of the loading protocol is shown in Fig. 7.13. It was noted,
however, that due to restrictions of the geometry of the experimental testing frame, only the
specimens of the shorter shear span (H, = 850mm) were able to reach drift ratios higher than 4%.
The column specimens of the larger shear span (L, = 1450mm) reached up to a maximum of 3.5%

drift, corresponding to ~ 50mm, at which stage the tests were terminated.
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Figure 7.12. Cracked 75mm x 150mm UHPFRC cylinder after compression test.

Table 7.2. Cylinder compressive strengths for UHPFRC cylinders.

Cylinder i .’ (MPa) -
Column ID y J Je( )
ID (MPa) Average
CU1-1 175.05
Ctl-15M-R CuU1-2 166.51 172.48

CUI1-3 158.23
CU2-1 169.44
Ct2-20M-R CuU2-2 171.83 169.23
CU2-3 166.69
CU3-1 143.03
CS3-15M-R Cu3-2 145.13 142.36
Cu3-3 138.93
CU4-1 152.31
CS3-20M-R CU4-2 147.08 152.54
CU4-3 158.23

Similar to the tests performed on the pre-damaged specimens, three complete cycle reversals were
completed at each target displacement increment, manually triggered on the software interface.
The tests were recorded using the combined camera and light projector setup described in Chapter

6. Both the DSLR and video cameras were used. Results were obtained through the attached
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instrumentation and the response of the specimens was measured via the string potentiometers

attached on the specimens.

Loading Protocol - Retrofitted Columns

QAP O =D WA
Soocoocoooooooo

Drifts (%)

0 10 20 30 40 50 60 70
Number of Cycle Components

Figure 7.13. Loading protocol for the retrofitted columns.

Table 7.3. Drift ratios for tall and short column specimens and equivalent lateral translation, updated for
tests on the UHPFRC-enhanced specimens.

Drift Tall Columns | Short Columns

Ratios (L, =1450 (L, = 850 mm)
(mm)

0.25 3.625 2.125

0.5 7.25 4.25

1.0 14.5 8.5

1.5 21.75 12.75

2.0 29 17

2.5 36.25 21.25

3.0 43.5 25.5

35 50.75 29.75

4.0 - 34

5.0 - 42.5

7.5 Results

In this section, the results from the experimental testing are presented. The data are discussed based

on the results obtained from the attached instrumentation.
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7.5.1 Force-Displacement Response Curves

The complete force-displacement curves of the CT1-15M-R/S and CT2-20M-R/S specimen series
are shown in Figs. 7.14 and 7.15, respectively. The same curves for the specimen series of CS3-
I15M-R and CS3-20M-R are also shown in Figs. 7.16 and 7.17, respectively. Both the curves of
the conventional and retrofitted columns were included in the graphs, to compare the contribution
of the jacket to the specimen performance. With the exception of specimen CT1-15M-S, all
experiments were conducted in one continuous curve, up to the maximum value of drift; specimen
CT1-15M-S was tested in two separate sessions, due to the presence of off-plane eccentricity in
the axial actuator. In this particular case, the first session was terminated at 2% drift, at which point
the specimen was reconnected to the testing frame and external instrumentation at a later date, and
the second session was conducted between the drift ratios of 2.5% and 3.5%. The first and second
sessions were denoted by the ending letters “-A” and “-B”, respectively. The tabulated data of the
force-displacement curves are shown in Tables 7.4 and 7.5, and the load measurements at the

various drift levels were included.

Force - Displacement Curves: CTFISM-R/S Series

220 CT1-15M-R
-40 CT1-15M-SA
-60 CT1-15M-SB
-80 CT1-15M

-4 -3 ) -1 0 1 2 3 4
Drift (%)

Figure 7.14. Force — Displacement curves for the CT1-15M-R/S specimen series.

In the case of the CT1-15M-R/S specimen series, the load capacity was increased by 36% and
21%, in the repair and strengthening retrofitting scenarios, respectively. In the former case, the
peak load was attained at the drift of 1.5%, while in the latter case, the peak was obtained at a drift
of 3%, during the second session of the experiment. Both specimens showed comparable strengths
at drift levels exceeding the 2% milestone. In both cases, both directions of loading showed almost

completely symmetrical responses, with the strength being reduced significantly at drift ratios
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exceeding 2%. In addition, it was shown that until the final drift of 3.5%, strength reduction was
not more than 10%, between successive drift magnitudes, in both UHPFRC-enhanced specimens,
while in the non-retrofitted specimen the strength was reduced by approximately 25%, at the final
drift ratio of 2%. Lastly, between successive cycles at the same drift magnitude, the strength

reduction was on average 5% and 13%, in the UHPFRC-enhanced and non-retrofitted specimens,

respectively.
Force - Displacement Curves: CT220M-R/S Series
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Figure 7.15. Force — Displacement curves for the CT2-20M-R/S specimen series.

The behavior described above was also in accordance with the CT2-20M-R/S specimen series. In
this series, the maximum load attained for the repair and strengthening retrofit scenarios was 29%
and 16% higher than the non-retrofitted specimen, respectively. For the repaired specimen, peak
load was obtained at 1.5% drift, while for the strengthened case, the peak load was obtained at 2%.
In both cases, the load was symmetrical in both directions of loading, even at drift magnitudes
exceeding 2%. Strength reduction between successive cycles did not exceed 12% in the repair and
retrofitted specimens, for up to 3.5% drift, however, the initial specimen showed loss of strength
by 25% in the final drift level of 3%. Between successive cycles of the same drift magnitude, the
loss of strength was 5% for the UHPFRC-enhanced specimens, while, for the non-retrofitted

specimen the load dropped up to 40% prior to the termination of the experiment.

170



Load - Displacement Curves: CS3 -15M-R Series
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Figure 7.16. Force — Displacement curves for the CS3-15M-R specimen series.

Load - Displacement Curves: CS3-20M-R Series

Load (KN)
(]

—CS3-20M-R
—CS3-20M

6 5 4 3 2 1 0 1 2 3 4 5 6
Drift (%)

Figure 7.17. Force — Displacement curves for the CS3-20M-R specimen series.

In the CS3-15M-R specimen series, the strength was increased by 15%, with the addition of the
UHPFRC jacket, after repair. In the repaired case, the peak load was observed at the drift
magnitude of 1%, while in the non-retrofitted case, the peak was attained at a drift of 1.5%. While
in the initial specimen the load was reduced by approximately 30% after the maximum value, the
repaired specimen showed gradual strength deterioration, without exceeding more than 8% in the
load reduction between successive drift magnitudes. In addition, between successive cycles of the
same drift magnitude, the strength reduction of the UHPFRC-repaired specimen remained under
10%, even after reaching the drift of 4%. The non-retrofitted specimen showed abrupt reduction
of strength in the post-peak range, particularly after reaching the drift of 2%, where the strength

was reduced to less than 50% of the previous magnitude.
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In the CS3-20M-R specimen series, the strength was increased by approximately 25%, with the
addition of the UHPFRC jacket, after repair. In both cases, the peak load was observed at the drift
ratio of 1.5%. Strength deterioration was gradual in the repaired specimen of this series as well,
with load reduction not exceeding 7% between successive drift ratios, even after attaining the ratio
of 5%. On the contrary, in the initial specimen, the strength was reduced by 25%, at the maximum
drift of 2%, which was the cycle immediately after the attainment of the peak load. Between
successive cycles of the same drift ratios, the UHPFRC-enhanced specimen did not exceed 5% in

strength reduction, while the non-retrofitted specimen showed strength reduction up to 15%.

It was evident of the specimens described above, that the addition of the UHPFRC jacket, both in
the repair and retrofitting scenarios, significantly contribute to the performance of the columns
under cyclic loading. Of the specimens constructed with the normal shear span (L, = 1450mm),
the deformation capacity was effectively doubled, with the final drift ratios for all specimens
reaching up to 3.5% (the maximum available for this experiment) and, similarly, the short shear
span specimens (L, = 850mm) could be safely tested until the drift of 5%. Strength improvements
were also noted in both cases, with strength reduction between successive cycles being gradual
and stable. Failure in all specimens was localized in the column-footing interface; in particular,
the interface defined by the extended UHPFRC jacket and footing surfaces. Flexural cracks were
minimal, with sparse and fine cracking being developed throughout the jacket surface, as well as

within the column, at the termination of the jacket. Shear cracking was absent from all specimens.

In the following figures (Figs. 7.18-7.23) the cracking patters throughout the experiment are
shown, as captured by the dedicated DSLR camera. In specimen CT1-15M-R, in the second
session of the experiment, no external instrumentation was attached on the UHPFRC jacket, on
account of the existing damage at the end of the first session. The force-displacement response

was obtained via the string potentiometers attached to the cap beam of the specimen.
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Figure 7.18. CT1-15M-R at drift ratios: a) 0.25%; b) 0.5%; ¢) 1%; d) 1.5%; ¢) 2%; f) 2.5%; g) 3%; h)
3.5%.
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Figure 7.19. CT1-15M-S at drift ratios: a) 0.25%; b) 0.5%; c¢) 1%; d) 1.5%; €) 2%; f) 2.5%; g) 3%; h)
3.5%.
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Figure 7.20. CT2-20M-R at drift ratios: a) 0.25%; b) 0.5%; ¢) 1%; d) 1.5%; ¢) 2%; f) 2.5%; g) 3%; h)
3.5%.
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Figure 7.21. CT2-20M-S at drift ratios: a) 0.25%; b) 0.5%; c¢) 1%; d) 1.5%; e) 2%; f) 2.5%; g) 3%; h)
3.5%.
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Figure 7.22. CS3-15M-R at drift ratios: a) 0.5%; b) 1%; c) 1.5%; d) 2%; ) 2.5%; f) 3%; g) 3.5%; h) 4%.
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Figure 7.23. CS3-20M-R at drift ratios: a) 1%; b) 1.5%; c) 2%; d) 2.5%; e) 3%; f) 3.5%; g) 4%; h) 5%.
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It is observed that, in most of the tests, the spacing between the flexural cracks was sparse, in
comparison to the non-retrofitted specimens. In addition, no cracks indicating crushing of the
concrete or longitudinal cracking along the lap-spliced bars were observed near the final drift ratio,
as it was observed in the previous chapter. Lastly, the short shear span specimens showed virtually
no other cracks, with the exception of the column-footing interface, at the end of the UHPFRC
jacket. Thus, it can be safely concluded that the shear mechanism was mitigated to a great extent

by the UHPFRC material.

7.5.2 Curvature Distribution

Curvatures were calculated using the method described in Chapter 6. The curvature distributions,
along the column height, are shown for the CT1-15M-R, CT2-20M-R, CS3-15M-R and CS3-20M-
R cases, in Figs. 7.24-7.27, respectively. Comparisons with the non-retrofitted corresponding cases
are also shown in the figures on both the positive and negative sides of loading. On account of
similarity of results, the strengthened cases are not shown, for clearer presentation. In Figs. 7.24-
7.27, the dashed lines correspond to initial specimens and the continuous lines to the repaired

counterparts.

Curvature Profiles: Tall 15M Columns
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Figure 7.24. Curvature distribution along column height for the CT1-15M-R specimen series.

In the CT1-15M-R specimen series, at 0.5% drift, curvatures on the bottom segment of the column
(0 mm — 150 mm) were shown to be approximately double than those of the initial case, on the
positive side, 0.012 rad/m. For the upper segments of the column, a similar pattern was observed,

however, with smaller magnitudes of curvature. On the negative side, throughout the column
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height, both the repaired and initial cases showed similar values, with the curvature in the bottom
segments obtaining values up to -0.005 rad/m. For 2% drift, in the bottom segment of the column,
the positive side showed larger curvatures for the repaired specimen case, exceeding the non-
retrofitted specimen by 70%. On the negative side, the curvature of the repaired specimen was less
than the non-retrofitted case. This was attributed to the localization of failure under the jacketed
region, on the column footing interface. For the upper segments of the column (150mm and higher)
the curvature on both sides of the repaired specimen were similar, with maximum curvature values
of 0.02 rad/m, and reducing for higher column height, which exceeded the values of the non-

retrofitted case.

For specimen CT2-20M-R, the curvature response was virtually symmetrical, in the positive and
negative sides at both the 0.5% and 2% drift ratios. In the bottom segments, the curvature of the
repaired specimen exceeded the non-retrofitted case on the positive side but showed lower
curvature on the negative side. It was also shown that, for 2% drift, the repaired specimen showed
76% of the curvature observed in the non-retrofitted specimen, indicating that the repaired

specimen showed a prolonged flexural response.

Curvature Profiles: Tall 20M Columns
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Figure 7.25. Curvature distribution along column height for the CT2-20M-R specimen series.

For specimens CS3-15M-R and CS3-20M-R, the curvatures in the bottom segment (Omm —
150mm) were larger on both the positive and negative sides, than the remainder of the column
height. At 2% drift, the maximum curvature was 0.031 rad/m and 0.042 rad/m, for the former and

latter case, respectively. This pattern shows that the failure mode in the short retrofitted columns

180



was similar to that of the tall columns (flexural), as the shear resistance provided by the UHPFRC
jacket eliminated shear failure completely — thus the distribution of curvature was not affected by
cracking patterns characteristic of shear failure. This is a critical finding, as the UHPFRC jacket
provided substantial resistance that compensates for the sparse transverse reinforcement of the

original intact specimen.

Curvature Profiles: Short 15M Column
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Figure 7.26. Curvature distribution along column height for the CS3-15M-R specimen series.

Curvature Profiles: Short 20 MColumn
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Figure 7.27. Curvature distribution along column height for the CS3-20M-R specimen series.

7.5.3 Strain Gauge Measurements

For the strain gauge measurements, the same instrumentation on the embedded reinforcement as

shown in Fig. 6.12 was used. The majority of the gauges were damaged, during the pre-damaging
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phase of the experiment, while in the strengthened specimens, some of the strain gauges were
removed during the concrete removal process. Based on the available data, some conclusions were

drawn regarding the strain development on the longitudinal and transverse reinforcement.

For the normal shear span specimens (L, = 1450mm), higher strains were observed on the corner
longitudinal column bars. Strains did not exceed the value of 1000 ue on the top end of the lap-
splice, whereas in the middle of the lap splice, higher strains were developed on the column bar,
reaching up to 1500 we. On the starter bars, the strains towards the portion of the bar above the
unbonded zone were negligible. On the contrary, on the portion of the bar under the unbonded
zone, the strains exceeding yielding values (2000 ue), even at the drift ratio of 2%; for even higher
values of drift, the strain gauges reached their maximum capacity. On the transverse reinforcement,
it was shown that strains did not exceed the values of 1000 ue throughout the duration of the

experiments.

For the short shear span specimens (L, = 850mm), the same pattern of behavior was observed, with
strains on the longitudinal bars above the unbonded zone not exceeding 500 we. Under the
unbonded zone, the strain gauges exceeded yielding limits, and exhausted their capacity towards

the end of the experiment.

7.5.4 Shear Strains and Drift

The configuration to obtain the shear strains was the one shown in Fig. 6.12, and the final values
for the shear strains and shear drift were obtained from the measurements based on Egs. 6.12-6.13.

The shear drift versus the lateral drift diagram is provided in Fig. 7.28.

Based on Fig. 7.28, it is evident that the shear drift is dramatically reduced in the repaired and
strengthened specimens, thanks to the presence of the UHPFRC jacket. All cases of retrofitted
specimens do not exceed the shear drift of 0.01%, while the largest value of shear drift is obtained
from the CT1-15M-R specimen, at 0.0084%. Compared to the non-retrofitted specimen, the CT1-
I15M-R and CT1-15M-S showed a reduction in shear drift of 62% and 68%, respectively, at 2%
lateral drift. In similar fashion, the reduction in shear drift at 2% was 32% and 72%, for the CT2-
20M-R and CT2-20M-S, respectively, and for specimen CS3-20M-R the reduction was 96%. It is
also seen that the strengthened specimens showed greater reduction in shear drift that the repaired
specimens. As such, the presence of the UHPFRC jacket greatly reduced overall shear drift in both

the repair and retrofitting scenarios.
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Figure 7.28. Shear drift versus lateral drift ratio for all column specimens.

7.5.5 Axial Elongation of the Columns
The axial displacement was measured using the vertical string potentiometer that was placed on
the cap beam and along the column axis, as it is shown in Fig. 6.12. Plots of the displacement in

respect to the drift ratios, for the repair and strengthened specimens are shown in Figs. 7.29-7.30.

For the tall columns, the repaired specimen of the CT1-15M-R series, reached an axial shortening
value of 0.6mm. Throughout the experiment, the axial shortening measurements increased
gradually, up to the maximum value at the drift ratio of 3.5%. This was contrary to the non-
retrofitted specimen, which showed an elongation of 1.5mm, at the maximum drift of 2%. The
specimen of the CT2-20M-R series reached a value of 4.4 mm, on the negative side, in the third
cycle of the 3.5% drift ratio. In the initial case, the specimen had shown only axial shortening

behavior.

The strengthened specimens, with shear span L,=1450, showed axial elongation throughout the
experiment, with maximum values reaching 0.85 mm and 0.25 mm, for the CT1-15M-S and CT2-
20M-S series respectively. It is worth noting that for the CT1-15M-S specimen series, this value
was measured for the drift ratio of 2%, in the first session of the experiment. Therefore, it was
shown that in the strengthening scenario, both columns increase in length, until the termination of

the experiment; however, this elongation is very small as compared with the repaired counterparts
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Figure 7.29. Axial Displacement — Drift curves for CT1-15M-R/S and CT2-20M-R/S specimens.

For the short shear span specimens, axial shortening was observed, with the CS3-15M-R and CS3-

20M-R specimens series reaching up to 1.22 mm and 1.88 mm respectively. Compared to the

initial columns, which reached corresponding values of 6.07mm and 2.86mm, the presence of the

UHPFRC jacket substantially reduced the axial shortening of the columns. In both the UHPFRC-

enhanced and non-retrofitted specimens, the columns of the short shear span geometry show

reduction of length in the axial direction during the cyclic tests.
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Figure 7.30. Axial Displacement — Drift curves for CS3-15M-R and CS3-20M-R specimens.

7.6 Summary

In this chapter, the second part of the structural scale experimental program was discussed,

including the combined axial and cyclic lateral loading tests, of six NSC columns reinforced with

thin UHPFRC jacket at the lap-splice locations. The tests were conducted using the same structural

arrangement as in the first part of the experiment, utilizing the Strong Wall — Strong Floor



structural facility and two high-capacity hydraulic actuators. The specimens comprised the four
columns included in the previous chapter, in addition to two column specimens having shear span
(Ly = 1450mm). Two retrofitting scenarios were investigated: one where the pre-damaged
specimens of the previous chapter were repaired using the UHPFRC jacket, to replace the critically
damaged concrete at the column base, and one where two intact specimens were strengthened by
adding the UHPFRC jacket around the lap-spliced zone, while preserving the undamaged NSC
core. Mechanical tools were used to remove the disposable concrete, with additional openings
created for the jacket to expand to the footing. Bar segments of the footing bars in the lap-spliced
zone were covered to eliminate the bond with the added concrete and reduce the concentration of
strains closer to the footing. Casting was performed on-site, using the commercial material Densit
for the UHPFRC jackets, which were poured through custom plywood formworks, mechanically
attached on the columns. External instrumentation included string potentiometers and remaining
strain gauges from the previous experimental phase, and the arrangement used was identical to the

pre-damage tests. The following observations were made from the analysis of the acquired data:

8. The presence of thin UHPFRC jackets in the repaired specimens significantly improved
the overall performance the columns, contributing to both strength and deformation
capacity. The load at peak was increased by 36% and 29% for the CT1-15M-R and CT2-
20M-R specimens, respectively, while for the short shear span specimens, the strength was
increased by 15% and 25%, for series CS3-15M-R and CS3-20M-R, respectively. In all
cases of repair scenarios, the ductility of the UHPFRC-enhanced specimens exceeded that
of the initial specimens, with the taller shear span columns reaching up to 3.5% drift ratio
(owing to geometrical limitations of the testing frame) and the short shear span columns
reaching up to 5%. Strength degradation beyond the 2% drift, which corresponded to the
upper limit of the pre-damaging phase, was gradual and stable, with reduction in strength
between successive drift increments not exceeding 10%. The reduction in strength between
successive cycles of the same load increment were less than 5%.

9. In the strengthening scenario, the addition of the UHPFRC showed similar improvement
in performance as in the repair case. In comparison with the non-retrofitted specimens, the
strengthened specimens reached maximum loads that were 21% and 16% higher, for the
CT1-15M-S and CT2-20M-S specimen series, respectively. The strengthened specimens

were also tested up to the maximum drift ratio of 3.5%. Strength degradation was shown
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10.

11.

12.

13.

14.

to be gradual and stable, with reduction of strength between successive drift ratios up to
12%. Similar to the repaired specimens, the reduction in strength between successive
cycles of the same load increment were less than 5%.

Failure was localized below the UHPFRC jacket, at the column-footing connection, in all
specimens of both geometries and shear spans. The taller columns showed sparse flexural
cracks throughout the jacket surface, while cracks also formed at the top end of the jacket.
No evidence of shear cracking was observed or crushing and longitudinal cracking along
the lap-splice bars. In the short shear span specimens, virtually no cracks appeared except
for the bottom major crack at the column-footing connection.

Curvature distributions also showed similar patterns among the UHPFRC-retrofitted
specimens, with the greater magnitudes of curvature located in the lower segments along
the column height, in the proximity of the column-footing interface. In the shorter columns,
the curvature distribution was altered from the one obtained in the non-retrofitted
specimens, illustrating the elimination of the shear failure mode in both the CS3-15M-R
and CS3-20M-R specimens.

Strain gauge measurements showed higher strains on the lower end of the lap-spliced
connection and under the unbonded segment. Within the UHPFRC jacket length, none of
the bars reached yielding, as per the measurements obtained in this experiment. Strains on
the transverse reinforcement within the jacket reached up to 1500me.

The fraction of the rotation capacity of the columns that was owing to shear deformation
was drastically reduced in the case of the UHPFRC-retrofitted columns. Reductions among
all cases were on average 66%, while for drift ratios exceeding 2% the shear distortions in
the retrofitted specimens showed no further increase. It was concluded that the presence of
the UHPFRC jacket virtually eliminated the development of shear distortions in the
retrofitted columns.

Of the taller specimens, all cases showed axial elongation throughout the tests, with the
exception of specimen CT1-15M-R. The values of the axial deformation did not exceed 5
mm, with specimen CT2-20M-R reaching the higher value at the maximum drift of 3.5%.
Of the short shear span specimens, both cases were shortened, even at drift ratios reaching

the value of 5%, but did not exceed 2 mm, among the two specimens.
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8 Numerical Analysis of UHPFRC-retrofitted
Columns using FEA Modeling

In this chapter, the experimental responses are investigated further using advanced nonlinear finite
element simulation, with the objective to obtain insights regarding the actual behavior of the
retrofitting scheme. The chapter begins with a detailed description of modelling the intact and the
UHPFRC-retrofitted column specimens. The specimens are modeled in the commercial software
package ATENA, in combination with the general-purpose modeler GiD®. For the simulation of
concrete, solid three-dimensional elements were used, with the properties of the UHPFRC material
model being based on experimental values. The reinforcement was modeled with one-dimensional
(truss) elements and the bond properties were accounted for using contact springs throughout the
reinforcement. Various parameters were considered in the analysis, including the column cross-
section size, the thickness of the UHPFRC jacket, the depth of the jacket-footing interface and the
presence of unbonded segments. Results are compared with the experimental values obtained from

the previous chapters.

8.1 Material Models

For the concrete elements, the “SOLID Concrete” material option was selected, using the models
with codenames CC3DNonLinCementitious?2 and CC3DNonLinCementitious2SHCC, for NSC
and UHPFRC, respectively. These materials were applied directly to the volume elements
representing the concrete. For the reinforcement, the material model “1D Reinforcement” was
used, which was applied to the line elements representing the bars. Lastly, the steel loading plates

were modeled using the “SOLID Steel” option, with the 3DSteel VonMises option selected.

8.1.1 Concrete: CC3DNonLinCementitious2

For conventional concrete, the mechanical properties were defined based on the compressive
strength of the cylinder tests given in Table 6.3. The modulus of elasticity and tensile strength

were defined based on Eq. 8.1 and 8.2, below and Poisson’s ratio was set to the value of 0.2.
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E = 4500,/f. (8.1)

fi=01-f' (8.2)

An example of the compressive and tensile functions used by the model is shown in Fig. 8.1. The
ascending branch on the compression side follows a curved path until the peak stress /¢, while
softening is represented by a linear branch until complete loss of strength. On the tension side, the
ascending branch is assumed to be linear elastic, until the tensile strength f;, where the softening

branch commences (idealized by the corresponding points on the curve).

Oref

A

v

Eref

Figure 8.1. Compression and tension qualitative functions for concrete model (ATENA Program

Documentation 2019).

In the “Tensile” properties tab, the fracture energy (Gy) was calculated based on Eq. 8.3, as shown

in Model Code 2010:
Gr =73 (f,Ho1s (8.3)

For the analysis of the pre-damage tests, the fixed crack factor was set to the value of 0.7, which
enables the rotating crack option to take over, after the post-peak reduction of the stress to 70% of
the peak. Aggregate interlock was enabled, with the maximum size of the aggregate set to 0.015m.
The unloading factor was also enabled, with the value of 0.1; this controls the reduction of
unloading stiffness in the hysteretic cycles relative to the elastic value, and the amount of residual

compressive strain (unloading path shown in Fig. 8.1). In the “Compressive” properties tab, the
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default properties were used, and the crush band minimum value was activated, at 0.05m. All other

material model properties were maintained at default values.

8.1.2 UHPFRC: CC3DNonLinCementitious2SHCC

For the UHPFRC material, a variation of the material model that was originally developed for
conventional concrete case was used; in this modified version, the model is adjusted for the
presence of fiber reinforcement. In addition, this model enables the definition of the post-fracturing

and plastic constitutive relationships, with user-defined stress-strain values.

The mechanical properties were defined based on the cylinder tests described in Chapter 7, with
the compressive strengths of Table 7.4. Similar to the conventional concrete model, the modulus
of Elasticity and tensile strength were defined by Eqgs. 8.1 and 8.2. Poisson’s ratio was set to the

value of 0.2.

In the “Tensile” properties tab, the tensile function, in the post-elastic range, the coordinates were
defined as shown in Table 8.1, which are based on the work shown in Chapter 3. The tension
characteristic size was set to be 0.05m and the tension localization onset was selected to be 0; the
former parameter was selected to be equal with the finite element size and the latter denotes the
strain where the softening branch commences (the value of zero corresponds to the end of the
ascending, or hardening, branches). Aggregate interlock was not used in this model on account of
the absence of coarse aggregates. The unloading factor was also activated, with the value of 0.1.
In the “Compressive” properties tab, the compression, in the post-elastic range, the coordinates of
the curve are the ones shown in Table 3.4, of Chapter 3. The compression characteristic size was

selected to be 0.05m and the compression localization onset was set to 0, as described above.

Table 8.1. Tension function for UHPFRC material model.

Coordinate ID & o/ft
1 0 1
2 0.0005 0.125
3 0.3 0.0

For the fiber reinforcement, the volume fraction value was set to 0.02 since this was used in the
actual tests. The fiber modulus of Elasticity and diameter were 200GPa and 0.2mm, respectively.

The cross-section factor was selected to be 0.9.
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8.1.3 Reinforcement: CCReinforcement

For the embedded reinforcement used during the experiments of Chapter 6 and 7, bar segments
from the 15M and 20M bars were tested at the MTS Universal Testing Machine, to obtain the
material properties (one segment for each, due to absence of bars). The tests were performed by
placing the bar segment between the machine anchors and attaching an MTS extensometer on the
coupon tested. For this extensometer model, the gauge length was 50mm. The resulting
constitutive stress — strain laws, obtained for each type of bar are shown in Fig. 8.2, whereas a
multilinear material law was used for the model input (as shown in the same figure). A similar
multilinear material model was assumed for the stirrups, as the material were provided from the

same quarry. In all cases, the modulus of Elasticity was 200GPa.

The bar elements were defined based on the topological and geometrical properties of the
reinforcement. Bar properties such as cyclic parameters and bond stress — slip relationships are
discussed in the following sections. To account for model symmetry, bars that were placed on the

plane of symmetry were reduced to half the bar profile by changing the corresponding factor to
0.5.

Constitutive Law - 15M Bar Constitutive Law - 20M Bar
700.0 700.0
600.0 600.0
From Lab Test From Lab Test
= 500.0 =500.0
& Model Input & Model Input
= 400.0 = 400.0
é 300.0 é 300.0
@ 200.0 @ 200.0
100.0 100.0
0.0 0.0
0 005 01 015 02 025 03 0 005 01 015 02 025 03
a) Strain (mm/mm) b) Strain (mm/mm)

Figure 8.2. Non-linear functions for HPFRC: a) Tension; b) Compression.

8.1.3.1 Cyclic Reinforcement

To consider the effects of the cyclic loading regime, the model subcategory
CCCyclingReinforcement was activated, which utilizes the Menegotto (1973) model for the
constitutive properties of reinforcement. In the “Menegotto-Pinto” tab, for the column specimens

described in Chapter 6, the Bauschinger factor R, was set to the value of 20, and factors ¢; and c;
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were selected to be 0.925 and 0.15, respectively — these are the default optimal values of the
parameters as defined by the ATENA program manual (ATENA Program Documentation 2019).
For the column specimens described in Chapter 7, factors R,, c;, and ¢z were altered to values 22,
0.8 and 0.08, respectively; the selection of these values was based on the work of Carreno et al.
(2019). The above factors determine the curvature of the unloading and reloading paths defined
by parameter R, as per Eq. 8.4. An example of the influence of this parameter is shown in Fig. 8.3,
where the default values are the ones provided by the ATENA recommendations, described above.

R=R, -2t (8.4)

ct+é

Menegotto-Pinto Model for Reinforcement

400 —Default values
300 Modified R
200 Increased R

Stress (MPa)
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S 33
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Figure 8.3. Influence of curvature parameter R for the Menegotto-Pinto model for cyclic reinforcement.

8.1.3.2 Bar With Bond

For the longitudinal reinforcement of the columns, the model subcategory “Bar With Memory
Bond” was activated, which enables the introduction of bond springs along the embedded bars;
bond stress — slip relationships including the unloading path are specified in this model. These
were defined based on the guidelines of Model Code 2010, as follows: for the bars within the shear
span of the column specimen, the curves based on Splitting Failure type, with good bond
conditions and accounting for the presence of stirrups were considered; for the bars within the
footing, the curves based on Pullout Failure, with good bond conditions and presence of stirrups,

were considered. An example of the bond stress — slip curves for the concrete strength of 7. = 25.5
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MPa is shown in Fig. 8.4, whereas the bond strength values for the various column specimens are

listed in Table 8.2.

To account for the presence of the UHPFRC jacket, the location dependency parameter was
activated, which enables modification of the bond strength of the embedded reinforcement at
different locations of the bar. Within the UHPFRC jacket height, the bond strength was modified
was set equal to 1.3Vf..uupc, as per the findings of the DTP bond tests shown in Chapter 3 of this
study. In addition, at the locations of the bond breakers, as shown in Chapter 7, the bond strength
modifier was set to 0, to account for the unbonded segment. The bond strength values in the
presence of the UHPFRC jacket, for the various column specimens, are listed in Table 8.3. To
account for the cyclic loading, the unloading/reloading paths defined by the Bond with Memory
model were activated, as shown in Fig. 8.5. In this model, the unloading path follows a vertical
drop until the bond stress value equal to 7 = 71, where 71 is the bond stress on the residual branch

of the constitutive bond stress — slip law.

Bond Curves - MC2010

14.0
12.0 —Splitting Failure
<10.0 Pullout Failure

Bond Stress
» O 00
o O O

0 0.004 0.008 0.012 0.016
Bar Slip (m)

Figure 8.4. Constitutive bond stress — slip relationships for splitting and pullout failures.

Lastly, to consider the presence of the hooks in the footings and cap-beam of the specimens, the

options “FIXED START” and “FIXED END” were selected, for the corresponding points of the

bars.
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Table 8.2. Bond strength values for FEA models.
_ﬁr,mux - Splitting _ﬁ;,max — Pullout _ﬁ;,max — UHPFRC

Specimen Series (MPa) (MPa) (MPa)
CT1-15M-R/S 7.6 11.3 17.1
CT2-20M-R/S 8.04 12.62 16.9
CS3-15M-R & CS3-20M-R 8.18 13.1 15.5 & 16.1
Bond with Memory Model
Thond+
)
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Figure 8.5. Bond with Memory model for cyclic loading on reinforcement (ATENA Program

Documentation 2019).

8.1.4 Steel: 3DSteelVonMises
For the supporting steel plates, a bilinear material law was used, with the yield strength and
modulus of Elasticity to be 800MPa and 200GPa, respectively. Poisson’s ratio was selected to be

0.3. The remaining parameters were maintained at default values.

8.2 Geometry of the Model

The column models were initially generated in the GiD® modeler. The coordinates of the
geometrical entities were defined in accordance with the models shown in the companion study
conducted by El-Joukhadar (2022). The columns were modelled at half their original thickness, to
account for symmetry. All concrete and loading plate elements were modelled with 3D solid
elements, whereas the reinforcement was modelled with 1D truss elements, using bond-links. A

schematic of the modelling interface between element blocks is shown in Fig. 8.6a.
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Figure 8.6. Schematic of C-15M column: (a) Definition of Element blocks; (b) Overall Geometry of the
Mesh.

The models were meshed with hexahedral elements, of 0.05 m size. This size was selected as an
optimum value for accuracy and computational load. Meshing of the reinforcement elements was
performed automatically by the program. An overview of the mesh is shown in Fig. 8.6b. This
modelling approach has been calibrated through comparison of benchmark tests by Tsiotsias and
Pantazopoulou (2021) and by Dameh and Pantazopoulou (2022); successful correlation is
established by comparing the calculated and experimental load displacement hysteretic responses

of the modelled specimens.

8.2.1 Interval Properties

To apply the loading sequence and boundary conditions, the model was subjected to separate
intervals for the axial loading and the subsequent lateral displacement cyclic reversals. All
intervals contained the same support conditions and restrictions due to symmetry. The first interval
contained the application of the axial load, whereas each subsequent interval contained 1/4 of the

lateral displacement cycles, which were applied until all cycles were completed.
8.3 Results

The results of the analyses are obtained by application of monitor points for force and displacement
at the loading point. Force-displacement curves are compared with the ones obtained from the

experimental program and the longitudinal strains on the concrete and reinforcement are discussed.
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The force-displacement responses of the models, in comparison with the responses obtained from
the experimental program, are illustrated in Figs. 8.7-8.12, whereas the cracking distribution and
longitudinal strains on the surfaces of the models are shown in Fig. 8.13-8.18. To account for P-
Delta effects, the lateral resistance obtained from the finite element models was adjusted, as shown
in Eq. 8.5. This equation corrects the lateral resistance by adding the term P-6, where P is the axial
load and @ is the corresponding drift ratio. For the column models, the axial load was simulated
with a constant external force acting on the cap beam, in the Z (vertical) direction; the correction

accounts for the second order moment generated by the constant force parallel to the column axis.

Vies=M/L, +P -0 (8.5)
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Figure 8.7. Force — Displacement curves for CT1-15M-R model.

It was observed that, in all cases, the models showed similar responses to the experimental curves.
Both the models of the UHPFRC-repaired and -strengthened specimens show similar responses
with the ones obtained experimentally, with the differences between peak lateral loads never
exceeding 10%. From Figs. 8.13 and 8.14, it was seen that in both the repaired and strengthened
specimens, flexural cracks develop in the shear span, at peak load, whereas further cracking
activity is shown in the footing. Throughout the jacketed section, higher strains are observed in
the proximity of the column-footing interface, whereas mild horizontal cracking developed in the
remainder of the jacket length. Flexural cracks were also shown at the end of the jacketed section,
within the shear span, which was also observed in the experimental response. At the end of the
analysis, both column models showed significant cracking in the proximity of the column-footing

interface and on the edges of the footing around the shear span. Overall, the cracking patterns in
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the models were similar with the experimental responses, with localization occurring at the

column-footing interface and sparse flexural cracking on the shear span.

Force - Displacement Curves: CTF15M-S Series
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Figure 8.8. Force — Displacement curves for CT1-15M-S model.

Force - Displacement Curves: CT220M-R Series
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Figure 8.9. Force — Displacement curves for CT2-20M-R model.

From Figs. 8.15 and 8.16, the distributions of longitudinal strains for the repaired and strengthened
specimens of the CT2-20M-R/S series are shown. For these specimens, flexural cracks appeared
throughout the shear span, as it was also shown in the experimental response, while cracking was
more pronounced in the proximity of the column-footing interface. Within the jacket length,
flexural cracks were observed closer to the footing, whereas further horizontal (flexural) cracks
appeared in the shear span, above the jacketed section. At the end of the analysis, the cracking was
more pronounced at the bottom end of the shear span, with significant cracking at the column-

footing interface and on the footing sides, around the shear span length. The response and cracking
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with the experimental response.

patterns of these specimens was very similar to the CT1-15M-R/S series, which is in accordance

Force - Displacement Curves: CT220M-S Series
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Figure 8.10. Force — Displacement curves for CT2-20M-S model.
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Figure 8.11. Force — Displacement curves for CS3-15M-R model.
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Figure 8.12. Force — Displacement curves for CS3-20M-R model.

Figure 8.13. Distribution of longitudinal strains for column CT1-15M-R: (a) Drift 1%, at peak; (b) Drift
3.5%, at end.
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Figure 8.14. Distribution of longitudinal strains for column CT1-15M-S: (a) Drift 1%, at peak; (b) Drift
3.5%, at end.

198



Strain

Eps Z7

[]

0.2000
0.0500
0.0414
0.0329
0.0243
0.0157
0.0071
-0.0014
-0.0100

.

a)

Figure 8.15. Distribution of longitudinal strains for column CT2-20M-R: (a) Drift 1%, at peak; (b) Drift
3.5%, at end.
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Figure 8.16. Distribution of longitudinal strains for column CT2-20M-S: (a) Drift 1%, at peak; (b) Drift
3.5%, at end.
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From Figs. 8.17 and 8.18, the distributions of longitudinal strains for the repaired specimens of the
CS3-15M-R and CS3-20M-R series are shown. In these specimens, the flexural cracks are less
pronounced. Higher longitudinal strains can be observed in the proximity of the column-footing
interface, within the jacketed section, whereas cracking was less pronounced in the shear span
beyond the jacket length. At the end of the analysis, cracking was more pronounced at the column-

footing interface and at the footing sides, around the shear span.

z z
a)‘ b)‘
Y Y

Figure 8.17. Distribution of longitudinal strains for column CS3-15M-R: (a) Drift 1%, at peak; (b) Drift
4%, at end.

Figure 8.18. Distribution of longitudinal strains for column CS3-20M-R: (a) Drift 1%, at peak; (b) Drift
5%, at end.
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8.3.1 Reinforcement strains

In this section, the reinforcement strains of all the specimen series are shown. Comparisons

between the original and retrofitted specimens are made and the results are discussed.

8.3.1.1 CT1-15M-R/S Series

From Figs. 8.19-8.21, the longitudinal strains of the reinforcement for the original and retrofitted
specimens of series CT1-15M are shown. In the original column (Fig. 8.19), it can be observed
that up the 0.5% drift, the reinforcement remains below yielding limits. For drifts from 1% and
higher, the starter bars in the lap-splice connection have exceeded the yielding strain of 0.002, at
the location of the column-footing interface. The length of the post-yield region was approximately
110mm and remained virtually the same for larger drift ratios. As the lateral displacement
increases, the longitudinal strains were accumulated at the location of the column-footing
interface, whereas the bars within the shear span showed reduced contribution to the lateral
response; no stirrup was yielding (which underscores the fact that bond degradation probably
occurs too early leading to reduced resistance in the column. At this point, it was shown that the

plastic hinge has formed at this location.
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Figure 8.19. Distribution of longitudinal strains of reinforcement for column CT1-15M: a) 0.5%; b) 1%;
c) 1.5%; d) 2.0%.

For the repaired CT1-15M-R (Figs. 8.20-8.21), it is observed that at 1% drift, the greater portion

of the shear span longitudinal reinforcement is engaged in strains even in compression. While the
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bars within the jacketed section, at the column-footing interface, have reached or exceeded the
yielding strain of 0.002, at a length of approximately 110mm, the main bars develop longitudinal
strains of approximately 0.0015, beyond the length of the jacket. For larger drift levels, up to
magnitude of 2%, it is observed that a greater portion of the starter and main bars have developed
strains greater than 0.0015, while the length of the yielded portion on the starter bars, at 2% drift,
was increased to 240mm. At this point, a small region of the main bars has reached yielding, at a
length of 50mm, which is located approximately 600m away from the column-footing interface. It
was also observed that the footing stirrups and longitudinal reinforcement also develop
longitudinal strains that exceed the yielding limit. Lastly, at the termination of the analysis, at a
drift ratio of 3.5%, the starter bars and footing bars have exceeded the yielding strain, whereas the
strain on the shear span longitudinal bars remained at the same strain magnitudes as previously.
The length of the yielded region on the starter bars increased to approximately 320mm. At this
point, the failure was localized at the column-footing interface, with both the longitudinal and
stirrups bars of the footing being activated. It should be noted that, even at the 3.5% drift, the
columns maintained substantial flexural resistance, as was observed in the experimental response

curves as well.
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Figure 8.20. Distribution of longitudinal strains of reinforcement for column CT1-15M-R: a) 1.0%; b)
1.5%; ¢) 2.0%; d) 2.5%; E) 3.5%.

For the strengthened CT1-15M-S column, the longitudinal strain distributions were similar to the
repaired specimen case, however, the lengths of the post-yield regions on the reinforcement were

substantially reduced. At 1% drift, the start bars exceeded the yielding strain for a length of 60mm,

202



within the footing, starting at a distance of 50mm. At 2% drift, the main bars attained yielding over
a small length of 60mm, located at approximately 600mm from the column-footing interface.
Finally, at the end of the analysis, at 3.5% drift, the majority of the starter and main bar regions
are below the yielding limits. This shows that in the strengthened case, the reinforcement sustained

overall lower magnitudes of longitudinal strain, even through the pattern of strain distribution was

similar to the repaired specimen case.
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Figure 8.21. Distribution of longitudinal strains of reinforcement for column CT1-15M-S: a) 1.0%; b)
1.5%; ¢) 2.0%; d) 2.5%; E) 3.5%.

8.3.1.2 CT2-20M-R/S Series

The axial strains of the reinforcement for the original and retrofitted column specimens of the CT2-
20M series are shown in Figs. 8.22-8.24. In the original case (Fig. 8.22), it is observed that the
starter bars, at the column-footing connection, reach the yielding limit at 1% lateral drift, over
length of approximately 110mm. For larger magnitudes of lateral displacement, at a 2% drift ratio,
the yielded region increased to a length of 140mm, illustrating the formation of the plastic hinge

at the column-footing connection.

For the retrofitted columns (Figs. 8.23 and 8.24), it was seen that in the repaired column, the starter
bars in the column-footing connection reach longitudinal strain values up to 0.0015, at 1% lateral
drift ratio, whereas the starter bars of the strengthened column reached yielding over region of
140mm, at the same location. For greater magnitudes of the lateral displacement, up to 2.0% drift,

it is shown that the main bars were activated to a larger extend (approximately half the shear span
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height), indicating the greater participation of the reinforcement at locations away from the
column-footing connection. It can be also seen that, in both the repaired and strengthened columns
the starter bars yielded over a region of approximately 250mm. Lastly, towards the end of the
analysis, at the 3.5% drift, greater values of the longitudinal strain are shown in the footing
reinforcement and stirrups, where the bars have exceeded the yielding limit; this was observed on
both the repaired and the strengthened columns, however, the extent of yielding in the footing
bars was less in the case of the strengthened specimen. At the same time, the starter bars on the
compression side attained yielding over a length of 130mm and the main bars, showed reduced
values of the longitudinal strain, to approximately 0.001; this was true for both the repaired and
strengthened cases. In this stage, the longitudinal strain had localized in the footing and dowel

bars.
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Figure 8.22. Distribution of longitudinal strains of reinforcement for column CT2-20M: a) 0.5%; b) 1%;
¢) 1.5%; d) 2.0%.

Strain
Eps XX
3
0.00200

0.00150
0.00100
0.00050

0.00000
-0.00050
-0.00100

-0.00150
-0.00200

Strain

Eps XX

[l
0.00200
0.00150
0.00100
0.00050
0.00000
-0.00050
-0.00100
-0.00150
-0.00200

Strain

Eps XX

[
0.00200
0.00150
0.00100
0.00050
0.00000
-0.00050
-0.00100
-0.00150
-0.00200

Strain

Eps XX

g
0.00200
0.00150
0.00100
0.00050
0.00000
-0.00050
-0.00100
-0.00150
-0.00200

Strain

Eps XX

g
0.00200
0.00150
0.00100
0.00050
0.00000
-0.00050
-0.00100
-0.00150
-0.00200

oL

g

ol

g

]

204



Figure 8.23. Distribution of longitudinal strains of reinforcement for column CT2-20M-R: a) 1.0%; b)
1.5%; ¢) 2.0%; d) 2.5%; E) 3.5%.
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Figure 8.24. Distribution of longitudinal strains of reinforcement for column CT2-20M-S: a) 1.0%; b)
1.5%; ¢) 2.0%; d) 2.5%; E) 3.5%.

8.3.1.3 CS3-15M-R & CS3-20M-S Series

The axial strains on the reinforcement for the original and retrofitted column specimens of the
CS3-15M-R series are illustrated in Figs. 8.25-8.26. In the original case (Fig. 8.25), it was found
that the starter bars reached the yielding strain 0.002, at 1% drift, over a length of 100mm, at the
column footing interface. At this stage, the lap-splicing extension bars had not developed strains
greater than 0.001. For greater lateral displacements, up to 2% drift ratio, the longitudinal strains
localized at the starter bars, in the proximity of the column-footing connection, while the stirrups
within the lap-splicing zone had developed strains greater than 0.0015. At this stage, the plastic

hinge had formed at the column-footing connection.
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Figure 8.25. Distribution of longitudinal strains of reinforcement for column CS3-15M: a) 0.5%; b) 1%;
¢) 1.5%; d) 2.0%.
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In the retrofitted case (Fig. 8.26), it was seen that at 1% drift, the starter bars had exceeded the
yielding limit over length of 190mm. It was also observed that a greater portion of the bars had
exceeded the longitudinal strain of 0.0015, in comparison to the original column, while the footing
bars and stirrups had also exceeded the yielding limit. For greater lateral displacements, up to 2.0%
drift, the yielding strain was exceeded in a greater portion of the footing bars, while strains
exceeding 0.002 had developed in the starter bars, over a length of 260mm. At this stage, the
extension bars developed longitudinal strains up to 0.001. At the end of the analysis, at 4% drift,
the majority of the footing bars, including the longitudinal reinforcement and stirrups, had
exceeded the yielding strain, as well as the starter bars over the lap-length in the shear span, on the
tension and compression sides; the length of the post-yield region on the starter bars was

approximately 280mm. For this column, greater damage was observed in the footing.
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Figure 8.26. Distribution of longitudinal strains of reinforcement for column CS3-15M-R: a) 1.0%; b)
1.5%; ¢) 2.0%; d) 2.5%; E) 4.0%.
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Figure 8.27. Distribution of longitudinal strains of reinforcement for column CS3-20M: a) 0.5%; b) 1%;
¢) 1.5%; d) 2.0%.

Axial strains for all the bars of the series CS3-20M (both initial and retrofitted) are plotted in Fig.
8.27-8.28. In the initial case (Fig. 8.27), it can be seen that the starter bars reached the yielding

strain of 0.002, at 1% drift, over a length of 110mm. For larger lateral displacements, up to 2%
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drift, the longitudinal strains were localized on the starter bars, on the column-footing connection;

the inelastic strains were distributed over a length of 130mm.
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Figure 8.28. Distribution of longitudinal strains of reinforcement for column CS3-20M-R: a) 1.0%; b)
1.5%; ¢) 2.0%; d) 2.5%; E) 5.0%.

In the retrofitted case (Fig. 8.28), at 1% drift, the longitudinal strain in the dowel bars had exceeded
the yielding limit, over a length of 140mm, whereas the strain in the footing bars, had reached
values up to 0.0015. For larger lateral displacements, up to 2.0% drift ratio, a greater portion of
the starter bars had exceeded the yielding strain of 0.002, over a length of 240mm. At this stage,
the footing bars, including longitudinal reinforcement and stirrups, had exceeded the yielding limit.
At the end of the analysis, at 5% drift, a greater portion of the footing bars had reached yielding,
whereas, on the starter bars, the region where the longitudinal strain had exceeded the yielding
limit was reduced to a length of 180mm, on both the tension and compression sides. No stirrup

yielding was observed in the column shear span.

8.4 Summary

Results of detailed FEA of the original and UHPFRC-retrofitted column specimens of Chapters 6
and 7 are presented. The models were assembled using the combined GiD/ATENA Studio
software package, using 3D elements for the concrete and 1D elements for the reinforcement. The
concrete materials were based on a fracture-plasticity model, while for the UHPFRC the same
model was used with custom non-linear functions for tension and compression. Explicit
consideration of the bond conditions using the Model Code 2010 provisions were used to model
the interaction of the reinforcement with the surrounding concrete cover. Loading and boundary

conditions were applied such that the exact experimental response was simulated.
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1.

The UHPFRC-retrofitted column models adequately simulated the response obtained from
the experimental program. It was shown that significant damage developed under the
jacketed section and on the footing sides, around the shear span column, where a sliding
“cradle” was formed and governed the failure of the specimens; this was observed in the
experimental response. Flexural cracks within the shear span were sparse, whereas no sign
of shear failure was observed. At the end of the analyses, greater damage was observed on
the footing and localization of longitudinal reinforcement strains at the column-footing
interface.

The distribution of the longitudinal strains showed greater activation of the main
reinforcement, particularly above the UHPFRC-jacketed sections, showing that the
presence of the jacket improves the performance of the embedded reinforcement. This
observation was made only for the large shear span (L, = 1450 m) columns. However, in
all cases, shear failure was suppressed entirely, whereas both repaired and strengthened
columns with identical details showed no differentiation in their response. This suggests
that the shear strength provided by the jacket sufficed to resist the increased demands
resulting from the enhanced flexural resistance of the columns.

Reinforcement yielding of the footing bars and corresponding damage was observed in all
UHPFRC-retrofitted models. However, the column models showed substantial increase in
lateral resistance and ductility, as was observed in the experiments. That was because with
the replacement of cover after retrofitting, the entire layer of UHPFRC material participates
in sectional equilibrium, by developing significant tensile and compressive forces over the
entire area — whereas in the conventional cover concrete case, the region of the cover in
tension would be neglected and would not contribute to the equilibrium of sectional forces.
Based on the above results, it can be concluded that the cyclic performance of UHPFRC-
retrofitted columns can be adequately simulated using the combined GiD/ATENA Studio
platform. The assumptions of the model include the bond stress — slip constitutive
properties; here the Model Code 2010 modelling approach was used. Adjustment of the
bond strength for reinforcement embedded in the UHPFRC jacket was sufficient to
reproduce the desired effects. Consideration of the location dependency of the bond

properties included the unbonded segments on the starter reinforcement.
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9 Conclusions

The goal of this study was to evaluate the cyclic performance of UHPFRC material for application
in seismic retrofitting of conventional concrete columns in the form of cover replacing jackets. A
series of experimental investigations were conducted, including a) small-scale experiments with
UHPFRC-confined concrete cores subjected to cyclic axial loading, and b) large-scale experiments
on UHPFRC-retrofitted reinforced concrete columns, designed based on detailing preceding
modern seismic codes and tested under combined axial and cyclic lateral load. The contribution of
the UHPFRC material on the bond behavior of embedded reinforcement was thoroughly
investigated by assembling a database of experiments from the literature and conducting detailed
FEA on the various bond test setups. The critical outcomes of this study included: 1) the verification
of the effectiveness of UHPFRC jackets, in the repair and strengthening repair methodologies,
where both approaches resulted in significant improvement of the seismic performance of impaired
and damaged RC columns, ii) the quantification of the bond strength between reinforcement and
HPFRC matrices, which was confirmed through extensive investigation of previous experimental
studies and computational simulation, and iii) the determination of the constitutive properties of
UHPFRC-confined concrete under cyclic compression, where the contribution to deformation
capacity, imparted from the UHPFRC jacket, was illustrated. In more detail, the outcomes of this

study were the following:

1. Based on the bond test database, a pattern of overestimation of the measured bond strength
was observed in some experimental studies, depending on the presence of unaccounted for
lateral stresses on the bar generated spuriously by test boundary conditions. Conventional
test setups such as the Standard Pullout (SP) or Beam Test (BE) showed contribution of
the confining stresses and flexural response of the test bar on the obtained bond strength.
Test setups that eliminate, or reduce, the magnitude of compressive lateral stresses around
the reinforcement, such as the Direct Tension Pullout (DTP), Contact Lap-Splice DTP
(CLP), and Non-Contact Lap-Splice DTP (NCLP), resulted in the lowest bounds of bond

strength measurements.

209



2. The database revealed the same sensitivity of UHPFRC bond test specimens to parameters
such as test setup, anchorage length and cover thickness. It was shown from the database
that, at the benchmark anchorage length value of 5Dy, the average value for local bond
strength from all specimens was 1.8Vf. whereas the corresponding magnitude in the case
of DTP was only 1.3Vf.. The same pattern was observed in the case of the ECC materials,
where the average value from the SP and BE tests was 1.55Vf., whereas for the DTP test,
this value was 0.7f.. This discrepancy in measured local bond strength was attributed to
the different boundary conditions between the various test setups and sensitivity of bond
behavior to spurious confining stresses.

3. Experimental findings on the bond behavior of reinforcement embedded in UHPFRC,
conducted in previous studies, using both DTP (Tsiotsias 2019) and anchored four-point
beam (AFPB) specimens (Saikali 2019), were compared to obtain the values of bond
strength. Both tests correlate with the lower bound for short anchorage lengths (5D5), and
two cover thicknesses of 1D, and 2Dy, respectively, where the local bond can be averaged
without significant error across the anchorage length. The two tests resulted in comparable
values, with the former and latter being in the range of 1.3Vf; and 1.45Vf;, respectively, and
across all materials. The AFPB specimens showed higher tensile resilience, particularly in
the post-peak range, compared to the DTP specimens, which was attributed to the curvature
of the beam at large levels of deflection. This is one of the most critical findings obtained
in this study.

4. The parametric FEA analysis of the various bond test setups, included in the database,
investigated the effect of spurious stresses generated by boundary conditions on the
specimen model. The specimen models included were for the SP, BE, CLP, NCLP,
restrained NCLP (R-NCLP), and DTP tests. Models that were restrained laterally, due to
the presence of restrictive boundary conditions, such as the SP and R-NCLP, resulted in
the least conservative bond strength values. The BE test was also shown to be less
conservative than the CLP, NCLP and DTP tests, which was attributed to the contribution
of the flexural effects and arching action of the compressive strut that may confine the
bonded bar perimeter over the support point. Based on the relationship between lateral
stress and bond stress, it was shown from the FEA simulations that the CLP test showed

the least sensitivity to the change of anchorage length and cover thickness, whereas the
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NCLP test showed more sensitivity to the cover thickness increase. The DTP test was, on
average, on the lowest bound of bond strength values for all cases. It is noted here that
owing to the very high value of f:, the bond value calculated from this lower bound is
significant — suggesting that anchorage lengths as low as 8D; suffice to yield standard GR
60 (400 MPa) bars. (Note that Ls/Dy = (1/4)(f;/1.3\f.’) = 7.6 for f: =100 MPa).

Based on experimental testing of NSC cores confined with UHPFRC jackets, the
compressive performance of the encased concrete showed performance of passively
confined concrete, with moderate improvements in strength but with significant
enhancement of ductility. For monotonic axial loading, applied directly to the inner cores,
the stress and strain at peak for cylindrical specimens increased by 30% and 100%, for
jacket thicknesses at /= 25mm and ¢ = 37.5 mm, respectively. In the case of the prismatic
section, the improvements in stress and strain at peak, for the jacket thickness of #; = 25
mm were 25% and 153%, respectively. As such, the mechanical performance of NSC was
significantly improved in the presence of the UHPFRC jacket.

When subjected to cyclic loading, the UHPFRC confined cores showed substantial
improvement in ductility, compared to the unconfined NSC cores, under the same history
of loading. The contribution of the UHFPRC jackets enabled the cylindrical confined
specimens to reach 4.4 and 6.1 times the strains of the unconfined NSC cores, for jacket
thicknesses #/= 25mm and t;= 37.5mm, respectively. The compressive strength was also
improved, however, at lower magnitudes compared to the monotonic type of loading, while
for the prismatic type sections, the contributions in strength and ductility were of similar
values as with the cylindrical specimens. Despite the reduced contribution to the stress and
strain at peak, it was shown that, in the presence of the UHPFRC jackets, deformation in
the confined NSC cores was ductile at the application of cyclic loading. This outcome
highlights the significance of UHPFRC in the improvement of the seismic performance of
conventional concrete for retrofitting and rehabilitation scenarios.

Expansion measurements showed that the total circumferential expansion of the cylindrical
UHPFRC-confined cores was reduced, albeit slightly, in comparison to the unconfined
NSC specimens. While for monotonic loading, this observation was made for both jacket
thicknesses of ;=25 mm and #;= 37.5 mm, in the case of cyclic loading, the total measured

expansion at peak for confined specimens exceeded the one obtained from the unconfined
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10.

specimen. For the prismatic section specimens, it was shown that, based on digital image
correlation (DIC) analysis of the outer jacket surface, the total measured crack width for
the jacket with = 37.5 mm was reduced, compared to the specimen with # = 25 mm.
Therefore, the increase of the jacket thickness showed reduction of the lateral deformations
on the jacket surface.

Application of a combined analytical model, based on the works of Thorenfeldt et al.
(1987) and Darwin and Pecknold (1974) sufficiently captures the axial stress — axial strain
response of the monotonic and cyclically loaded UHPFRC-confined NSC cores. The model
was based on the common points and turning points curves definitions to determine the
coordinates of the unloading/reloading hysteretic cycles for unloading from / reloading
towards the monotonic envelope curve. Parameters for the various envelope and cycle
branches were defined using the data from the corresponding experiments. Pertinent
equations compatible with both the cylindrical and prismatic section types were
considered.

An experimental program comprising column specimens with conventional concrete
having a uniaxial compressive strength f.’ = 25MPa and mild reinforcement detailing was
conducted. The specimens contained lap-spliced connections at the column-footing
interface, and they were designed to be tested under combined constant axial and cyclic
lateral loading. The damaged specimens were then repaired by cover replacement using
thin UHPFRC jackets, while a number of intact specimens were also strengthened using
the same method, and all specimens were tested with the same type of loading. Comparison
of unretrofitted and retrofitted column specimens showed that the presence of the UHPFRC
jacket improved the flexural performance of the columns, both in strength and ductility.
The specimens prior to retrofitting, having old-type detailing that represented construction
practices prior to the 1980°s showed significant loss of strength and severe concrete
damage at the plastic-hinge region, reaching drifts of up to 2%, and 3% for one specimen
only. The retrofitted specimens, however, were tested with drifts up to 3.5%, and up to 5%
for the short aspect ratio specimens, showing significantly increased lateral strength,
reduced strength degradation and a considerably more ductile response.

In the initial, non-retrofitted specimens, failure was characterized by flexural cracking in

the taller specimens and splitting along the lap splice lengths, followed by cover
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12.

delamination and crushing of the concrete at the latter stages of applied lateral drift. The
longitudinal cover splitting indicated bond failure of the lap-spliced connection. In the
shorter shear span specimens, severe shear cracking was observed, as well as damage to
the inner concrete cores, at the end of the experiments. After application of the UHPFRC
jacket by replacement of cover and any fragments of the core, flexural cracking was
minimized, with sparse horizontal cracks developing on the jacket and on the concrete
column above the jacketed section. Shear failure was eliminated, despite the sparsely
placed transverse reinforcement, while failure was transferred under the jacketed section,
at the column-footing interface. No longitudinal splitting over the lap-splice was observed
during the tests thanks to the improved bond performance of the reinforcement within the
UHPFRC jacket. Both the repaired and strengthened specimens showed comparable
responses in the cyclic tests, with similar types of failure in all cases.

Overall, the outcomes of the cyclic tests of the UHPFRC-retrofitted columns demonstrate
the efficiency and practicality of UHPFRC cover replacement for the improvement of
seismic performance of deficient and damaged columns. All retrofitted specimens showed
significant strength enhancement, almost double the ductility of the non-retrofitted
specimens, as well as gradual strength deterioration and reduced concrete damage. Bond
failure phenomena, such as longitudinal splitting over the shear span and cover
delamination, were eliminated, whereas the improved bond strength between the UHPFRC
and reinforcement reduced the effect of strain penetration within the starter bars of the lap
splice, even for the repaired specimens. As such, this material can provide very effective
retrofit solutions that are based on confinement on grounds of its significant tensile
resilience to seismic rehabilitation of older structures.

UHPFRC-retrofitted columns were modeled using detailed 3D-FEA in the combined
GiD/ATENA platform. Results from the analyses show adequate replication of the
experimental responses, particularly at the force — lateral displacement curves. Failure
phenomena were captured, with the retrofitted cases showing displacement of the failure
region beyond the jacketed section, at the jacket interface with conventional concrete in
the footing. Longitudinal strain profiles reveal that the starter bars reached yielding during

the unretrofitted column specimen testing, while at the retrofitted column specimens,
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13.

14.

yielding of the bars was found both for the starter bars of the lap-spliced connection and
the footing reinforcement.

Based on the results of this study, it becomes possible to estimate the contribution of a thin
UHPFRC jacket, as a Cover Replacement strategy, for the seismic retrofitting of
conventional RC columns. A schematic for this calculation is shown in Fig. 9.1a. The
confining stresses imparted by the UHPFRC jacket were obtained through equilibrium with
the core confining stress ai,r with the jacket tensile stress, as described by Eq. 9.1, where
beore 1s the width of the confined core concrete and the cover (thus the jacket thickness) was
assumed to be 35mm. For the geometry of the column specimens included in this study the
value of o1, was approximately 2.4MPa.

2t fe

bcore

Olat =

(9.1)

Following the above, the shear resistance V; of the UHPFRC jacket was also provided as
shown in Eq. 9.2, which was based on the pertinent work by loannou et al. (2021), who
described the shear resistance imparted by ECC jackets on flexural members. For the
specimens of this study, the angle of the shear sliding plane with the longitudinal was
estimated to be 40°, as per the works of Pardalopoulos and Pantazopoulou (2019), to
account for the constant axial load of N (Fig. 9.1b). As such, the value of V; was
approximately 126 kN, which consists of a significant contribution to the total shear
resistance of the RC columns specimens; note that the shear resistance of the column

specimens in pristine condition was calculated to be up to 108 kN.

Vi= 2t f,- (h—t;) tanf 9.2)
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Figure 9.1. a) Confining stresses imparted by the UHPFRC jacket; b) Contribution of UHPFRC jacket to

shear resistance of axially loaded column.

15. Lap splices encased in the jacketing cover develop enhanced bond strength which is
estimated based on the model depicted in Eq. 9.3, proposed by Megalooikonomou et al.
(2018). In this model, the value of 4 is determined based on the direction of the governing
splitting crack (shown schematically in Fig. 9.2), - is the coefficient of friction, fi; is the
tensile strength of the jacket, and N is the number of intercepted longitudinal bars in the
spliced region on the splitting crack path. Based on the geometries utilized in this study,
the maximum bond stress of the UHPFRC-confined lap-splices was approximately
17.4MPa and 14MPa, for sections containing 15M and 20M longitudinal reinforcement,

respectively, in the arrangement depicted in Fig. 9.2.

2: Uy
max — i . (A * tj - fct + 033 ) Ast ' fy,st/(Nb ’ S)) (93)

b - T['Db
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Figure 9.2. Possible splitting crack paths with corresponding number of intercepted longitudinal bars.

9.2 Recommendations for Future Work

The present research may be extended further, in order to address some of the topics of interest

that emerged from the investigations conducted in this study, as follows:

1.

The assembled database on bond test setups contains experimental evidence from the
literature, on tests conducted using UHPFRC and ECC materials up to the date of
publication of the current study. Additional tests added after the time of publication of this
study should be considered in future studies. In addition, distinction between crucial
parameters contributing to bond behavior is recommended, such as bar diameter,
reinforcement rib profile and corrosion condition of the bar surface. Lastly, classification
of the cementitious materials is recommended according to strength and tension
hardening/softening types, based on newly established code definitions (e.g. see Annex 8
of CSA-S6 (2019), which will improve the accessibility of the database in the scientific
community.

Extensive experimental investigation on bond of reinforcement in UHPFRC, considering
alternative test setups in parallel (same batch), is recommended. In particular, further tests
using the DTP and AFPB tests, as well as spliced pullout setups such as the CLP and NCLP
tests, should be conducted, considering additional parameters such as varying anchorage
lengths, different fiber orientations by means of casting direction, cover thicknesses and
bar profiles. This is necessary in order to obtain more tangible evidence regarding the
parametric sensitivity of bond behavior of reinforcement in UHPFRC materials, with

specimens fabricated under identical laboratory conditions.
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The effect of bond under cyclic loading conditions comprises a pivotal topic for seismic
design using UHPFRC, for which the experimental evidence is limited. Pertinent bond
tests, following the test setup configurations discussed above are thus recommended, which
consist of the next step of the work presented in this study.

Further experimental tests, such as the ones conducted in this study, comprising cores of
NSC confined with UHPFRC-jackets, and tested under monotonic and cyclic load, are
recommended. These tests should include additional parameters, namely, the geometries
of the NSC cores (i.e., dimensions and shape), jacket material types, jacket thicknesses and
cyclic loading protocols. Different sizes of the inner cores should be considered to account
for size effects in the material strength. Jacket thicknesses should include larger thickness,
such as # = 50mm, to obtain further experimental evidence on the confinement
effectiveness of the UHPFRC jackets. The protocols of cyclic loading should include
unloading/reloading loops at varying increments (i.e., 0.25mm), as well as varying number
of cycles per loop (i.e., 3 hysteresis loops at each unloading point) and pattern of load
increase per step.

Modification of the experimental setup mentioned above that includes embedded
reinforcement within the UHPFRC jacket, is recommended. Due to the prominence of
UHPFRC in applications for retrofit and seismic rehabilitation of existing structures, the
experimental investigation of the compressive behavior of the confined cores, in the
concurrent presence of reinforcement, is essential towards the objective to define the
constitutive properties of the material. As such, experimental tests considering the effect
of reinforcement detailing are proposed as a priority in further documentation of the retrofit
methodology.

Based on the above recommendations for the cyclic compressive testing of UHPFRC-
confined NSC cores, further application of the analytical model proposed in this study
should be performed using future experimental data. The model should be updated to the
newest experimental parameters, such as larger jacket thicknesses, core material strength,
jacket material type, as well as cyclic loading protocols, to improve accuracy and
compatibility to a greater range of experimental cases.

Structural-scale tests involving the application of UHPFRC in the repair and strengthening

of older components are critical to obtain tangible evidence of the potential of the material
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in seismic design. As such, further retrofitting scenarios and structural member types are
strongly recommended for such tests. Such cases include: i) the replacement of the
damaged reinforcement in the plastic hinge region prior to application of the UHPFRC
jackets, ii) the increase of the UHPFRC jacket length within the damaged footing to
account for the strain penetration effect in the starter bars of the lap-spliced connection, iii)
pre-damaging of the intact specimens under higher axial loads (v = 30%-40% range), iv)
application of the UHPFRC jacket without removal of the axial load, to more closely
emulate realistic scenarios in practice, v) application of debonded segments in the starter
bars of the lap-spliced connections at varying lengths and locations during the jacketing
process, and vi) consideration of alternate geometrical properties, section types and
reinforcement detailing arrangements.

To more reliably predict and capture the seismic behavior of UHPFRC-retrofitted
components, computational tools capable of large-scale simulations and detailed modeling
are necessary. These tools should include the pertinent analytical material models, which
have been calibrated based on experimental evidence, such as the ones described in this
study. Further preparation of computation simulations is thus recommended to validate the
accuracy and reliability of such analyses.

In preparation for the tests, it was necessary to operate the high-capacity crane mechanism
and sky-jack cart, to install the pertinent equipment and move the specimens. It was also
required to make considerable use of high-power mechanical equipment and tools (i.e.,
power drills, cutting saws, grinders) for the preparation of test components. It is advised to

include the training for such operations prior to commencing these experiments.

218



References

AASHTO (2020). AASHTO LRFD Bridge Design Specifications, 9th ed. Washington, DC.

Abbasnia, R., P. Godossi, and J. Ahmadi. 2005. “Prediction of restrained shrinkage based on
restraint factors in patching repair mortar.” Cem.Concr. Res. 35 (10): 1909-1913.
https://doi.org/10.1016/j.cemconres.2004.11.020.

Aboukifa, M., Moustafa, M.A., and Ahmad, 1. (2020). Comparative Structural Response of UHPC
and Normal Strength Concrete Columns under Combined Axial and Lateral Cyclic

Loading. ACI Symposium Publication, 341. https://doi.org/10.14359/51727025

ACI Committee 307. (2008). Code requirements for reinforced concrete chimneys (ACI 307-08)

and commentary. American Concrete Institute. Farmington Hills, MI, USA.

ACI Committee 318. (2019). Building code requirements for structural concrete (ACI 318M-19)

and commentary. American Concrete Institute. Farmington Hills, MI, USA.

ACI Committee 408. Bond and Development of Straight Reinforcing Bars in Tension, ACI 408R-
03; American Concrete Institute: Farmington Hills, M1, USA, 2003; pp. 1-49.

AFNOR (Association Francaise de Normalisation). 2016a. National addition to Eurocode 2:
Design of concrete structures: Specific rules for ultra-high performance fibre-reinforced

concrete (UHPFRC). NF P18-710. La Plaine Saint-Denis, France: AFNOR.

AFNOR (Association Francaise de Normalisation). 2016b. Ultra-high performance fibre-
reinforced concrete: Specifications, performance, production and conformity. NF P 18-

470. La Plaine Saint-Denis, France: AFNOR.

American Concrete Institute. (2018). Guide to Design with Fiber-Reinforced Concrete (ACI
544.4R-18). Farmington Hills, MI: American Concrete Institute.

American Concrete Institute. (2018). Ultra-High-Performance Concrete: An Emerging
Technology Report (ACI 239R-18). Farmington Hills, MI: American Concrete Institute

219



Annex 8.1 of CSA-S6 (2019) Canadian Highway Bridge Design Code: Fibre-reinforced concrete
(FRC). Canadian Standards Association. Toronto, Canada.

Annex U of CSA-A23.1 (2019) Ultra-high performance concrete (UHPC). Canadian Standards

Association. Toronto, Canada.

Alkaysi M, El-Tawil S. Factors affecting bond development between Ultra High Performance
Concrete (UHPC) and steel bar reinforcement. Construction and Building Materials

2017;144:412-422. https://doi.org/10.1016/j.conbuildmat.2017.03.091

Antoniades, K. K., T. N. Salonikios, and A. J. Kappos. 2007. “Evaluation of hysteretic response
and strength of repaired R=C walls strengthened with FRPs.” Eng. Struct. 29 (9): 2158—
2171. https://doi.org/10.1016/j.engstruct.2006.11.021.

Asano K, Kanakubo T. Study on Size Effect in Bond Splitting Behavior of ECC. RILEM
Bookseries 2, 2012. https://doi.org/10.1007/978-94-007-2436-5_17

Association Francaise de Génie Civil (AFGC), French Interim Recommendations of Ultra-High
Performance Fiber Reinforced Concrete (UHPFRC), French association of civil

engineering, 2002.

ASTM C1856 / C1856M-17 (2017). Standard Practice for Fabricating and Testing Specimens of
Ultra High Performance Concrete. ASTM International, West Conshohocken, PA.

ATENA Program Documentation. Cervenka Consulting, Prague, Czech Republic, 2020.

Aviram, A., Stojadinovic, B., & Parra-Montesinos, G. J. (2014). High-performance fiber-
reinforced concrete bridge columns under bidirectional cyclic loading. ACI Structural

Journal, 111(2),303-312. https://doi.org/10.14359/51686522

Azmee, N. M., and Sha, N. (2018). Case Studies in Construction Materials Ultra-high performance
concrete : From fundamental to applications. https://doi.org/10.1016/j.cscm.2018.e00197

Baby, F., Gaybeal, B., Marchand, P. and Toutlemonde F. ‘UHPFRC tensile behavior
characterization: inverse analysis of four-point bending test results’, Materials and

Structures, vol. 46 (8) (2013) 1337-1354.

220



Bache H. H. (1981). Densified cement ultrafine particle-base materials. 2nd International

Conference on Superplasticizers in Concrete 185-213.

Bandelt MJ, Billington, SL. Impact of Reinforcement Ratio and Loading Type on the Deformation
Capacity of High-Performance Fiber-Reinforced Cementitious Composites Reinforced
with  Mild Steel. J.  of Structural  Engineering  2016;142(10):4016084.
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001562

Bandelt MJ, Frank, TE, Lepech MD, Billington SL. Bond behavior and interface modeling of
reinforced high-performance fiber-reinforced cementitious composites. Cement and
Concrete Composites 2017;83:188-201.
https://doi.org/10.1016/j.cemconcomp.2017.07.017

Beschi, C., A. Meda, and P. Riva. 2011. “Column and joint retrofitting with high performance
fiber reinforced concrete jacketing.” J. Earthquake Eng. 15 (7): 989-1014.
https://doi.org/10.1080/13632469.2011.552167.

Blaber J, Adair B, Antoniou A. Ncorr: Open-Source 2D Digital Image Correlation Matlab
Software. Exp. Mech. 2015;55:1105-1122. https://doi.org/10.1007/s11340-015-0009-1.

Bournas, D., Triantafillou, T., Zygouris, K., and Stavropoulos, F. (2009). “Textile-reinforced
mortar versus FRP jacketing in seismic retrofitting RC columns with continuous or lap-
spliced deformed bars.” J. Compos. Constr., 10.1061/(ASCE)CC.1943-5614.0000028,
360-371.

Briihwiler, E., and Denarie, E. (2013). “Rehabilitation and strengthening of concrete structures

using ultra-high performance fibre reinforced concrete.” Struct. Eng. Int., 23(4), 450-457.

Cai J, Pan J, Tan J, Li X. Bond behaviours of deformed steel rebars in engineered cementitious
composites (ECC) and concrete”. Construction and Building Materials 2020;252:119082.
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2020.119082

Chan, T., Mackie, K. R., & Haber, Z. B. (2020). Precast seismic bridge column connection using
ultra-high-performance concrete lap splice. ACI Structural Journal, 117(1), 217-229.
https://doi.org/10.14359/51718021

221



Chang, G.A. and Mander, J.B. (1994). Seismic Energy Based Fatigue Damage Analysis of Bridge
Columns: Part [ — Evaluation of Seismic Capacity. NCEER Technical Report No. NCEER-
94 0006, State University of New York, Buffalo.

Chang, W., Zheng, W., & Hao, M. (2020). Lateral response of ultra-high performance concrete
columns confined with high-strength spiral stirrups. Structural Concrete, 21(6), 2408—
2419. https://doi.org/10.1002/suco0.201900335

Chao SH, Naaman AE, Parra-Montesinos GJ. Bond behavior of reinforcing bars in tensile strain-

hardening fiber-reinforced cement composites. ACI Struct J 2009;106(6):897-906.

Chanvillard, G., and S. Rigaud. 2003. “Complete characterization of tensile properties of Ductal
UHPFRC according to the French recommendations.” In Proc., 4th Int. RILEM Workshop
(UHPFRCC4), 21-34. Ann Arbor, MI: RILEM.

ChenY, YulJ, Younas H, Leung CKY. Experimental and numerical investigation on bond between
steel rebar and high-strength Strain-Hardening Cementitious Composite (SHCC) under
direct  tension. @ Cement and  Concrete = Composites  2020;112:103666.
https://doi.org/10.1016/j.cemconcomp.2020.103666

Cho, C. G., Kim, Y. Y., Feo, L., & Hui, D. (2012). Cyclic responses of reinforced concrete
composite columns strengthened in the plastic hinge region by HPFRC mortar. Composite

Structures, 94(7), 2246-2253. https://doi.org/10.1016/j.compstruct.2012.01.025

Choi W, Jang S, Yun H. Bond and cracking behavior of lap-spliced reinforcing bars embedded in
hybrid fiber reinforced strain-hardening cementitious composite (SHCC). Composites Part

B 2017;108:35-44. https://doi.org/10.1016/j.compositesb.2016.09.086

Dadvar, S., Mostofinejad, D., & Bahmani, H. (2020). Strengthening of RC columns by ultra-high
performance fiber reinforced concrete (UHPFRC) jacketing. Construction and Building

Materials, 235, 117485. https://doi.org/10.1016/j.conbuildmat.2019.117485

Dagenais, M.-A., Massicotte, B., & Boucher-Proulx, G. (2018). Seismic Retrofitting of
Rectangular Bridge Piers with Deficient Lap Splices Using Ultrahigh-Performance Fiber-
Reinforced Concrete. Journal of Bridge Engineering, 23(2).
https://doi.org/10.1061/(asce)be.1943-5592.0001173

222



Dameh, F., Pantazopoulou, S.J. (2022). A Comparative Study: Seismic Deformability and Strength
of Non-conforming Columns. Proceedings of the Canadian Society of Civil Engineering
Annual Conference 2021. CSCE 2021. Lecture Notes in Civil Engineering, vol 244.
Springer, Singapore. https://doi.org/10.1007/978-981-19-0656-5_14

Darwin, D.; Pecknold, D.A. (1974): Inelastic model for cyclic biaxial loading of reinforced
concrete. Civil Eng. Studies SRS No. 409, Univ. of Illinois at Urbana-Champaign, Urbana.

Del Zoppo, M., di Ludovico, M., Balsamo, A., & Prota, A. (2018). Comparative analysis of
existing RC columns jacketed with CFRP or FRCC. Polymers, 10(4).
https://doi.org/10.3390/polym10040361

Denarié, E. 2004. “Structural behaviour of bonded concrete overlays.” In Proc., Int. RILEM TC
193-RLS Workshop on Bonded Concrete Overlays, 27-34. Paris: RILEM.

ElGawady,M., Endeshaw,M., Mclean, D., and Sack, R. (2010). “Retrofitting of rectangular
columns with deficient lap splices.” J. Compos. Constr.,10.1061/(ASCE)CC.1943-
5614.0000047, 22-35.

El-Joukhadar, N., Tsiotsias, K., and S. J. Pantazopoulou, (2019), "Consideration of the state of
corrosion in seismic assessment of columns", International Journal of Structural Integrity,

Vol. 11, No. 2, pp. 239-247. https://doi.org/10.1108/1JSI-07-2019-0065

El Joukhadar, N. (2022). Seismic Assessment, Repair and Retrofit of Existing Corroded Structures.
PhD Dissertation, Lassonde School of Engineering, Department of Civil Engineering,
York University; 2022.

CEN, “Eurocode 2. Design of Concrete Structures—Part 1-1: General Rules and Rules for
Buildings”; European Standard EN 1992-1:2003, Comité Européen de Normalisation,
Brussels, 2003.

CEN, “Eurocode 8: Design of Structures for Earthquake Resistance. Part 1: General Rules, Seismic
Actions and Rules for Buildings,” European Standard EN 1998-1:2004, Comité Européen

de Normalisation, Brussels, 2004.

223



CEN, “Eurocode 8: Design of Structures for Earthquake Resistance. Part 3: Assessment and
retrofitting of buildings”. European Standard EN 1998-3:2005, Comité Européen de

Normalisation, Brussels, 2005.

Fantilli, A. P., Nishiwaki, T., Lisi, V., & Longo, M. (2020). The behavior of concrete columns
confined by UHP-FRCC jacketing, 432—441. https://doi.org/10.35789/fib.bull.0095.ch44

Fardis, M. & Biskinis, Dionysis. (2010). Flexure-controlled ultimate deformations of members
with  continuous or lap-spliced bars. Structural Concrete. 11. 93-108.

10.1680/stc0.2010.11.2.93

Farzad, M., Shafieifar, M., & Azizinamini, A. (2019). Retrofitting of Bridge Columns Using
UHPC. https://doi.org/10.1061/(ASCE)BE.1943

Fehling E, Lorenz P, Leutbecher T. Experimental Investigations on Anchorage of Rebars in
UHPC. Proceedings of Hipermat 2012 3rd Intnl. Symp. on UHPC and Nanotechnology for
High Performance Construction Materials. Ed. Schmidt M, et al. Kassel, Germany, 2012;
533-540.

fib Bulletin No. 40: FRP reinforcement in R.C. structures, 2007, ISBN 978-2-88394-080-2.

fib Bulletin 72. Bond and Anchorage of Reinforcement — Background to the fib Model Code 2010,
authored by: Cairns, L., Balazs, G., Eligehausen, R., Lettow, S., Metelli, G,
Pantazopoulou, S., & Plizzari, G. Federation Internationalle du Beton 2014, p.170.
Lausanne, ISBN: 978-2-88394-112-0.

Fischer, G.; Li, Victor C.(2003). "Deformation Behavior of Fiber-Reinforced Polymer Reinforced
Engineered Cementitious Composite (ECC) Flexural Members under Reversed Cyclic
Loading Conditions," ACI Structural Journal, ACI Structural Journal, Vol. 100, No. 1,
January, 2003, pp 25-35.

FHWA-HRT-13-060 (2013). Ultra-High Performance Concrete: A State-of-the-Art Report for the
Bridge Community. Technical Report. Federal Highway Administration. McLean, U.S.

FHWA-HRT-18-030 (2018). Example Construction Checklist: UHPC Connections for
Prefabricated Bridge Elements. Federal Highway Administration. McLean, U.S.

224



FHWA-HRT-19-011 (2019). Design and Construction of Field-Cast UHPC Connections. Federal
Highway Administration. McLean, U.S.

Franz, G. (1972). Beton Kalender, Teil I. Wilhelm Ernst, Berlin. (In German)

Georgiou, A. V., & Pantazopoulou, S. J. (2018). Experimental investigation on the confining effect
of fibers in SHFRCC. Composite Structures, 202(September 2017), 29-37.
https://doi.org/10.1016/j.compstruct.2017.09.110

Georgiou, A., & Pantazopoulou, S. (2018). Performance of SHFRCC-RC concrete members under

cyclic displacement reversals. In 16th Euro. Conf. on Earthq. Engin. Thessaloniki.

Gholampour, A., Hassanli, R., Mills, J. E., Vincent, T., & Kunieda, M. (2019). Experimental
investigation of the performance of concrete columns strengthened with fiber reinforced

concrete  jacket.  Construction and  Building  Materials, 194, 51-61.

https://doi.org/10.1016/j.conbuildmat.2018.10.236

Graybeal, B. A. 2006. Material property characterization of ultra-high performance concrete. No.
FHWA-HRT-06-103. McLean, VA.

Graybeal, B., and J. Tanesi. 2007. “Durability of an ultrahigh-performance concrete.” J. Mater.
Civ. Eng. 19 (10): 848-854. https://doi.org/10.1061/(ASCE)0899-1561(2007)19:10(848).

Graybeal, B. 2011. Ultra-high performance concrete. Rep. No. FHWAHRT-11-038. Washington,
DC: Federal Highway Administration.

Graybeal, B. 2012. Compression Response of a Rapid-Strengthening Ultra-High Performance
Concrete Formulation. FHWA-HRT-12-064, Federal Highway Administration, 6 pp.

Habel, K., E. Denarié¢, and E. Brithwiler. 2006a. “Structural response of elements combining
ultrahigh-performance fiber-reinforced concretes and reinforced concrete.” J. Struct. Eng.

132 (11): 1793-1800. https://doi.org/10.1061/(ASCE)0733-9445(2006)132:11(1793).

Habel, K., M. Viviani, E. Denarié, and E. Brithwiler. 2006b. “Development of the mechanical
properties of an ultra-high performance fiber reinforced concrete (UHPFRC).” Cem.
Concr. Res. 36 (7): 1362—1370. https://doi.org/10.1016/j.cemconres.2006.03.009.\

225



Harajli, M. (2009). “Bond strengthening of lap spliced reinforcement using external FRP jackets:
An effective technique for seismic retrofit of rectangular or circular RC columns.” Constr.

Build.Mater., 23(3), 1265-1278.

Harajli MH, Hamad BS, Karam, K. Bond-slip response of reinforcing bars embedded in plain and
fiber concrete. Journal of Materials in Civil Engineering 2012; 14(6): 503-511.

Hognestad, E. (1951). A study of combined bending and axial load in reinforced concrete. Bulletin

series 339, Illinois (USA), University of Illinois Experiment Station.

Hong, S.-G., Lee, J.-H., Choi, Y., & Gu, 1.-Y. (2021). Seismic Strengthening of Concrete Columns
by Ultrahigh-Performance Fiber-Reinforced Concrete Jacketing.
https://doi.org/10.1061/(ASCE)

Hota S, Naaman AE. Bond stress-slip response of reinforcing bars embedded in FRC matrices
under monotonic and cyclic loading. ACI Structural Journal 1997; 94(5): 525-537.
https://doi.org/10.14359/502

Ichikawa, S., Matsuzaki, H., Moustafa, A., ElIGawady, M. A., & Kawashima, K. (2016). Seismic-
Resistant Bridge Columns with Ultrahigh-Performance Concrete Segments. Journal of

Bridge Engineering, 21(9). https://doi.org/10.1061/(asce)be.1943-5592.0000898

Imran I, Pantazopoulou SJ. Experimental study of plain concrete under triaxial stress. ACI

Materials Journal 1996; 93(6), 589—601. https://doi.org/10.14359/9865

Ioannou, A. I., Pantazopoulou, S. J., Petrou, M. F., & Charmpis, D. C. (2021). Experimental
investigation of ecc jackets for repair of pre-damaged r.C. members under monotonic

loading. Buildings, 11(5). https://doi.org/10.3390/buildings 11050180

Jansson A, Lofgren I, Lundgren K, Gylltoft K. Bond of reinforcement in self-compacting steel-
fbre-reinforced concrete. Magazine of Concrete Research 2012; 64: 617-630.
https://doi.org/10.1680/macr.11.00091

Jia, Y., Zhao, R., Li, F., Zhou, Z., Wang, Y., Zhan, Y., & Shi, X. (2020). Seismic performance of
bridge piers constructed with PP-ECC at potential plastic hinge regions. Materials, 13(8).
https://doi.org/10.3390/MA 13081865

226



Jiang, S. F., X. Zeng, S. Shen, and X. Xu. 2016. “Experimental studies on the seismic behavior of
earthquake-damaged circular bridge columns repaired by using combination of near-
surface-mounted BFRP bars with external BFRP sheets jacketing.” Eng. Struct. 106: 317—
331. https://doi.org/10.1016/j.engstruct.2015.10.037.

Julio, E. S., F. Branco, and V. D. Silva. (2003). “Structural rehabilitation of columns with
reinforced concrete jacketing.” Prog. Struct. Eng. Mater. 5 (1): 29-37.
https://doi.org/10.1002/pse.140.

Jungwirth J, Muttoni A. Structural behavior of tension members in Ultra High Performance
Concrete. In Proceedings of the International Symposium on Ultra High Performance

Concrete, Kassel, Germany, 2004, p. 546-553.

Kanakubo T, Hosoya H. Bond-Splitting Strength of Reinforced Strain-Hardening Cement
Composite Elements with Small Bar Spacing. ACI Structural Journal 2015;112:189-198.
https://doi.org/10.14359/51687228

Karsan, I. D. and Jirsa, J. 0. (1969) "Behavior of Concrete Under Compressive Loadings," Journal

Struct. Div., ASCE, Vol. 95, No. ST12, Dec. 1969, pp. 2543-2563.

Kent, D. C., & Park, R. (1971). Flexural members with confined concrete. Journal of the Structural
Division, ASCE, 97(ST7), 1969—1990.

Konstantinidis, D., Tsonos, A. D. G., Kalogeropoulos, G. 1., & Iakovidis, P. E. (2017). Seismic
retrofitting of pre-1970 RC bridge columns using innovative jackets. International Journal

of Structural Engineering, 8(2), 133. https://doi.org/10.1504/ijstructe.2017.10005472

Krahl, P. A., Carrazedo, R. and EI-Debs, M. K. (2018) ‘Mechanical damage evolution in UHPFRC
: Experimental and numerical investigation’, Engineering Structures, 170, pp. 63-77.

doi:10.1016/j.engstruct.2018.05.064.

He, S., & Deng, Z. (2019). Seismic Behavior of Ultra-High Performance Concrete Short Columns
Confined with High-Strength Reinforcement. KSCE Journal of Civil Engineering, 23(12),
5183-5193. https://doi.org/10.1007/s12205-019-0915-3

227



Lagier F, Massicotte B, Charron J. Bond splitting strength of lap splice embedded in ultra high
performance fibre reinforced concrete under direct tension. Bond in Concrete 2012;351-

358.

Lagier F, Massicotte B, Charron J. Bond strength of tension lap splice specimens in UHPFRC.
October 2015. https://doi.org/10.1016/j.conbuildmat.2015.05.009

Lagier F, Massicotte B, Charron JP. Experimental investigation of bond stress distribution and
bond strength in unconfined UHPFRC lap splices under direct tension. Cement and
Concrete Composites, August 2016; 74: 26-38.
https://doi.org/10.1016/j.cemconcomp.2016.08.004

Lampropoulos, A. P., S. A. Paschalis, O. T. Tsioulou, and S. E. Dritsos. 2016. “Strengthening of
reinforced concrete beams using ultra high performance fibre reinforced concrete

(UHPFRC).” Eng. Struct. 106:370-384.

Lampropoulos AP, Paschalis SA, Tsioulou OT, Dritsos SE. Strengthening of reinforced concrete
beams using ultra high performance fibre reinforced concrete (UHPFRC). Eng Struct
2016;106:370-84.

Li, X., Wang, J., Bao, Y., & Chen, G. (2017). Cyclic behavior of damaged reinforced concrete
columns repaired with high-performance fiber-reinforced cementitious composite.

Engineering Structures, 136, 26-35. https://doi.org/10.1016/j.engstruct.2017.01.015

Malak, S. A., Krstulovic-Opara, N., & Sarieldine, R. (2021). Compressive stress-strain model for

laterally confined concrete columns with steel fibrous composites. ACI Materials Journal,

118(3), 15-16. https://doi.org/10.14359/51730419

Mander J.B., Prestley M.J.N., Park R. (1988). Theoretical stress-strain model for confined
concrete, Journal of Structural Engineering, 114(8), 1988, 1804-1825.

Marchand P, Baby F, Khadour A, Battesti T, Rivillon P, Quiertant M, Nguyen H, Genereux G,
Deveaud J, Simon A, Toutlemonde F. Bond behaviour of reinforcing bars in UHPFRC
Experimental investigation. 2016;1979-1995. https://doi.org/10.1617/s11527-015-0628-0

Marchand, P., Baby, F., Khadour, A., Rivillon, P., Renaud, J.-C., Baron, L., Généreux, G.,
Deveaud, J.-P., Simon, A., & Toutlemonde, F. (2019). Response of UHPFRC Columns

228



Submitted to Combined Axial and Alternate Flexural Loads. Journal of Structural
Engineering, 145(1). https://doi.org/10.1061/(asce)st.1943-541x.0002209

Megalooikonomou, K. G., Tastani, S. P., & Pantazopoulou, S. J. (2018). Effect of yield penetration
on column plastic hinge length. FEngineering Structures, 156, 161-174.
https://doi.org/10.1016/j.engstruct.2017.11.003

Menna, D. W., Genikomsou, A. S., & Green, M. F. (2022). Compressive and cyclic flexural
response of double-hooked-end steel fiber reinforced concrete. Frontiers of Structural and

Civil Engineering. https://doi.org/10.1007/s11709-022-0845-x

Mohammed, 1., Tsiotsias, K., & Pantazopoulou, S. J. (2022). Design of Bridge Pier Seismic
Retrofit Using THFRC. ACI Journal. (Under Review).

Mohammed, 1., (2023). Stress-Strain Models for UHPFRC and Application in Seismic Design and
Retrofit of Bridges. MASc Dissertation, Lassonde School of Engineering, Department of
Civil Engineering, York University; 2023.

Naaman, A. E., and H. W. Reinhardt. 1996. “Characterization of high performance fiber reinforced
cement composites (HPFRCC).” In Proc., Int. Workshop: High Performance Fiber
Reinforced Cement Composites 2, edited by A. E. Naaman and H. W. Reinhardt, 1-24.
London: E&FN Spon.

Naaman, A. E., & Reinhardt, H. W. (2003). High performance fiber reinforced cement composites
HPFRCC-4: International RILEM workshop Ann Arbor, Michigan, June 16-18, 2003.
Materials and  Structures/Materiaux et  Constructions, 36(264), 710-712.
https://doi.org/10.1617/14103

Naaman, A. E., & Reinhardt, H. W. (2006). Proposed classification of HPFRC composites based
on their tensile response. Materials and Structures/Materiaux et Constructions, 39(289),

547-555. https://doi.org/10.1617/s11527-006-9103-2

Nezerka, V. (2014). Ncorr_post-open-source Digital Image Correlation (DIC) post-processing tool
Instruction Manual Version 1.1 (7/2014).

229



Nozawa, T., J.-H. Choi, M. Hattori, and H. Otsuka. 2017. “Cyclic loading test for columns made
with ultra-strength fiber-reinforced concrete and trace analyses using finite element

analyses. Struct. Concr. 18(3): 433—443. https://doi.org/10.1002/suco.201600053

Paschalis, S. A., & Lampropoulos, A. P. (2016). Ultra-high-performance fiber-reinforced concrete
under  cyclic loading.  ACI  Materials  Journal, 113(4), 419-427.
https://doi.org/10.14359/51688928

Pantazopoulou, S. J., Tastani, S. P., Thermou, G. E., Triantafillou, T., Monti, G., Bournas, D., &
Guadagnini, M. (2016). Background to the European seismic design provisions for
retrofitting RC elements using FRP materials. Structural Concrete, 17(2), 194-219.
https://doi.org/10.1002/suco.201500102

Pantazopoulou, S.J.; Palermo, D.; Yuechen, Y.; Eshghi, N.; Saikali, R.; Chasioti, S. Development
of Specification for Determining the Tensile Behaviour of HPFRC Materials for Structural

Applications in Highway Bridges, Final Report; 2019.

Pardalopoulos, S. 1., & Pantazopoulou, S. J. (2019). Rapid seismic assessment of two four-storey
R.C. test buildings. Bulletin of FEarthquake FEngineering, 17(3), 1379-1406.
https://doi.org/10.1007/s10518-018-0500-z

Pereiro-Barceld, J., Bonet, J. L., Rueda-Garcia, L., & Albiol-Ibafiez, J. R. (2022). Cyclic response
of precast column-to-foundation connection using UHPC and Ni—Ti SMA reinforcements
in columns. Engineering Structures, 252(November 2021).

https://doi.org/10.1016/j.engstruct.2021.113624

Petrou, M. F., D. Parler, K. A. Harries, and D. C. Rizos. 2008. “Strengthening of reinforced
concrete bridge decks using carbon fiber-reinforced polymer composite materials.” J.

Bridge Eng. 13 (5): 455—467. https://doi.org/10.1061/(ASCE)1084-0702(2008)13:5(455).

Pishro AA, Feng X. Experimental Study on Bond Stress between Ultra High Performance
Concrete and Steel Reinforcement. Civ. Eng. J.2017;3:1235-1246.
https://doi.org/10.28991/cej-030953.

Popovics, S. (1973). A Numericasl Approach to the Complete Stress-Strain Curve of Concrete.
Cernent and Concrete Research, Vol. 3, No. 5, May, pp. 483-599.

230



Porasz, A. (1989). An Investigation of the Stress-Strain Characteristics of High Strength Concrete
in Shear. M.ASc. Thesis, University of Toronto.

Priestley, M. J. N., Seible, F., and Calvi, G. M. (1996). Seismic design and retrofit of bridges, John
Wiley and Sons, New York.

Rabehi, B., Ghernouti, Y., Li, A., & Boumchedda, K. (2014). Comparative behavior under
compression of concrete columns repaired by fiber reinforced polymer (FRP) jacketing and
ultra high-performance fiber reinforced concrete (UHPFRC). Journal of Adhesion Science
and Technology, 28, 2327-2346. https://doi.org/10.1080/01694243.2014.966885

Reggia, A., Morbi, A., & Plizzari, G. A. (2020). Experimental study of a reinforced concrete bridge
pier strengthened with HPFRC jacketing. Engineering Structures, 210(April 2019),
110355. https://doi.org/10.1016/j.engstruct.2020.110355.

Ren, L., Fang, Z., Zhong, R., & Wang, K. (2019). Experimental and Numerical Investigations of
the Seismic Performance of UHPC Box Piers. KSCE Journal of Civil Engineering, 23(2),
597-607. https://doi.org/10.1007/s12205-018-0567-8

Resplendino, J., & Toutlemonde, F. (2014). The UHPFRC revolution in structural design and

construction. Indian Concrete Journal, 88, 72—-83.

Richard, P., and M. Cheyrezy. 1995.“Composition of reactive powder con-cretes.”Cem. Concr.

Res.25 (7): 1501-1511. https://doi.org/10.1016/0008-8846(95)00144-2

Richart F.E., Brandtzaeg A., Brown R.L. (1928). The failure of plain and spirally reinforced
concrete in compression. Bulletin No. 19. Urbana: University of Illinois Engineering

Experiment Station.

RILEM/CEB/FIP. Bond Test for Reinforcing Steel. 2: Pullout Test; Recommendation RC6:
Bagneux, France, 1978.

RILEM TC TDF-162 (2001) Test and design methods for steel fiber reinforced concrete.

Recommendations for uniaxial tension test. Materials and Structures, 34:3-6.

Saatcioglu, M., et al. (2013). “Performance of reinforced concrete buildings during the 27 February
2010 Maule (Chile) earthquake.” Can. J. Civ. Eng., 40(8), 693—-710.

231



Saikali R. Bond Behavior of Steel Reinforcing Bars Embedded in Ultra-High- Performance Steel
Fiber Reinforced Concrete. MASc Dissertation, Lassonde School of Engineering,
Department of Civil Engineering, York University; 2019.
http://hdl.handle.net/10315/36270

Saikali, R. E., Pantazopoulou, S. J., & Palermo, D. (2022). Local Bond-Slip Behavior of
Reinforcing Bars in High- Performance Steel Fiber-Reinforced Concrete Beams. ACI

Structural Journal, 119(2), 139-153. https://doi.org/10.14359/51734334

Saleem MA, Mirmiran A, Xia J, Mackie K. (2013). Development Length of High-Strength Steel
Rebar in Ultrahigh Performance Concrete. August 2012;991-998.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000571

Schmidt, M. and Fehling, E. (2005). Ultra-High performance concrete: research development and
application in Europe. The 7th International Symposium on the Ultilization of High-
Strength/High-Performance Concrete 51-78.

Scott, B. D., Park, R., & Priestley, M. J. N. (1982). Stress-Strain Behavior of Concrete Confined
by Overlapping Hoops at Low and High Strain Rates.

SIA 2052 (2016) Béton Fibré Ultra-Performant (BFUP) - Matériaux, Dimensionnement et

Exécution. Swiss Society of Engineers and Architects, Zurich, Switzerland. (In French).

Sun, Z., Chen, B., & Si, B. (2015). Seismic Behavior of Reinforced Concrete Hollow Bridge Piers
Retrofit with ECC Jacket. Proceedings of the 2015 International Power, Electronics and

Materials Engineering Conference, 17(Ipemec), 1110-1113.
https://doi.org/10.2991/ipemec-15.2015.204

Tastani, S. P., & Pantazopoulou, S. J. (2013). Yield penetration in seismically loaded anchorages:
effects on member deformation capacity. Earthq. Struct 5 (5), 527-552.

Tastani, S.P.; Brokalaki, E.; Pantazopoulou, S.J (2014). State of Bond along Lap-Splices. ASCE
J. Struct. Eng., 141, 1-14.

Tastani, S.P.; Pantazopoulou, S.J (2013). Reinforcement and concrete bond: State determination

along the development length. J. Struct. Eng. (U.S.), 139, 1567-1581.

232



Tastani S.P. and Pantazopoulou S.J. (2013). “Yield penetration in seismically loaded anchorages:
effects on member deformation capacity,” Techno press Earthquake and Structures,

5(5):527-552

Thermou, G. E., & Elnashai, A. S. (2006). Seismic retrofit schemes for RC structures and local-
global consequences. Progress in Structural Engineering and Materials, 8(1), 1-15.

https://doi.org/10.1002/pse.208

Thermou, G. E., Pantazopoulou, S. J., & Elnashai, A. S. (2007). Flexural Behavior of Brittle RC
Members Rehabilitated with Concrete Jacketing. Journal of Structural Engineering,
133(10), 1373—-1384. https://doi.org/10.1061/(asce)0733-9445(2007)133:10(1373).

Thorenfeldt, E., Tomaszewicz, A. and Jensen, J. J. (1987): Mechanical Properties of High-Strength
Concrete and Application in Design. In Proceedings: Utilization of High Strength
Concrete, Symposium in Stavanger, Norway, 1987. (Tapir N-7034 Trondheim).

Tong, T., Yuan, S., Zhuo, W., He, Z., & Liu, Z. (2019). Seismic retrofitting of rectangular bridge
piers using ultra-high performance fiber reinforced concrete jackets. Composite Structures,

228(September 2018), 111367. https://doi.org/10.1016/j.compstruct.2019.111367

Toutlemonde, F., Bernadi S., Brugeaud, Y., Simon, A. (2018). Twenty years-long French
experience in UHPFRC application and paths opened from the completion of the standards
for UHPFRC. The 2nd International Conference on UHPC Materials and Structures
(UHPC2018-China), Nov 2018, FUZHOU, China. International Union of Laboratories and
Experts in Construction Materials, Systems and Structures - RILEM, The 2nd International
Conference on UHPC Materials and Structures (UHPC2018-China), 24 p., bibliogr., 2018.
<hal-01955204>.

Tsai, W.T. (1988). Uniaxial Compressional Stress-Strain Relation of Concrete, Journal of

Structural Engineering, Vol. 114, No.9, Sep-88, pp. 2133-2136.

Tsiotsias K. Bond Strength of Ultra-High-Performance Concrete Under Direct Tension Pullout.
MASc Dissertation, Lassonde School of Engineering, Department of Civil Engineering,
York University; 2019. http://hdl.handle.net/10315/36300

233



Tsiotsias, K.; Pantazopoulou, S. J. (2021). Bond behavior of high-performance fiber reinforced
concrete (HPFRC) under direct tension pullout. Engineering Structures, 243(June),

112701. https://doi.org/10.1016/j.engstruct.2021.112701

Tsiotsias, K.; Pantazopoulou, S.J. Analytical Investigation on the Effect of Test Setup on Bond
Strength. CivilEng 2021, 2, 14-34. https://doi.org/10.3390/civileng2010002

Wang, Z., Wang, J., Tang, Y., Gao, Y., Zhang, J., & Asce, A. M. (2018). Lateral Behavior of
Precast Segmental UHPC Bridge Columns Based on the Equivalent Plastic-Hinge Model.
https://doi.org/10.1061/(ASCE)

Wee S, Kang S, Hai K, Yang E. (2016). Experimental and analytical investigation on bond-slip
behaviour of deformed bars embedded in engineered cementitious composites.
Construction and Building Mat.; Nov. 2018;127:494-503,
https://doi.org/10.1016/j.conbuildmat.2016.10.036

Weisse D, Holschemacher K. Behaviour of lap splices in ultra high strength concrete. Bond in

Concrete, Budapest 2002.

Wille, K., Naaman, A.E. and Parra-Montesinos, G.J. (2011). ‘Ultra-high performance Concrete
with compressive strength exceeding 150 MPa (22 ksi): A simpler way’, ACI Materials
Journal. doi: 10.14359/51664215.

Wille, K., El-Tawil, S., and Naaman, A. (2014). Properties of strain hardening ultra high
performance fiber reinforced concrete (UHP-FRC) under direct tensile loading. Cement

and Concrete Composites, 48, 53-66.

Wu, C., Meng, S. and Pan, Z. (2016) ‘Cyclic constitutive model for strain-hardening cementitious

composites’, Magazine of Concrete Research, 68(22), pp. 1133-1142.

Wu, C., Pan, Z., Su, RK.L., Leung, C.K.Y., and Meng, S. (2017). Seismic behavior of steel
reinforced ECC columns under constant axial loading and reversed cyclic lateral loading.

Materials and Structures. 50. 78. 10.1617/s11527-016-0947-9.

Wu, X., Kang, T. H. K., Mpalla, I. B., & Kim, C. S. (2018). Axial Load Testing of Hybrid Concrete
Columns Consisting of UHPFRC Tube and Normal-Strength Concrete Core. International

234



Journal of Concrete Structures and Materials, 12(1). https://doi.org/10.1186/s40069-018-
0275-2

Yassin, M. H. M. (1994). Nonlinear analysis of prestressed concrete structures under monotonic

and cyclic loads. Dissertation, University of California, Berkeley, California.

Yoo D, Kwon K, Park J, Yoon Y. Local bond-slip response of GFRP rebar in UHPFRC.
2015;120:53-64. https://doi.org/10.1016/j.compstruct.2014.09.055

Yoo, D.Y. and Banthia, N. (2016). ‘Mechanical properties of ultra-high-performance fiber-
reinforced concrete: A review’, Cement and Concrete Composites. doi:

10.1016/j.cemconcomp.2016.08.001

Yoo, D., & Yoon, Y. S. (2016). A Review on Structural Behavior, Design, and Application of
Ultra-High-Performance Fiber-Reinforced Concrete. International Journal of Concrete

Structures and Materials, 10, 125-142.

Yu, R., Spiesz, P. and Brouwers, H.J.H. (2014) ‘Mix design and properties assessment of Ultra-
High Performance Fibre Reinforced Concrete (UHPFRC)’, Cement and Concrete
Research, 56, pp. 29-39. doi: 10.1016/j.cemconres.2013.11.002.

Yuan, W., Wang, X., Guo, A., Li, C., Dong, Z., & Wu, X. (2022). Cyclic performance of RC
bridge piers retrofitted with UHPC jackets: Experimental investigation. Engineering
Structures, 259. https://doi.org/10.1016/j.engstruct.2022.114139

Xu, S., C. Wu, Z. Liu, K. Han, Y. Su, J. Zhao, and J. Li. 2017. “Experimental investigation of
seismic behavior of ultra-high performance steel fiber reinforced concrete columns.” Eng.

Struct. 152 (Dec): 129—-148. https://doi.org/10.1016/j.engstruct.2017.09.007

Xue, J., Lavorato, D., Bergami, A. v., Nuti, C., Briseghella, B., Marano, G. C., Ji, T., Vanzi, L,
Tarantino, A. M., & Santini, S. (2018). Severely damaged reinforced concrete circular
columns repaired by turned steel rebar and high-performance concrete jacketing with steel
or polymer fibers. Applied Sciences (Switzerland), 809).
https://doi.org/10.3390/app8091671

235



Yassin, M. H. M. (1994), Nonlinear analysis of presetressed concrete structures under monotonic
and cyclic loads. PhD Dissertation, Department of Civil Engineering, University of
California, Berkeley.

Zhang, 7., Wang, Q., & Yang, J. (2017). Hydration mechanisms of composite binders containing
phosphorus slag at different temperatures. Construction and Building Materials, 147, 720—
732. https://doi.org/10.1016/j.conbuildmat.2017.04.202

Zhang, Y., Fan, W., Zhai, Y., & Yuan, W. (2019). Experimental and Numerical Investigations on
Seismic Behavior of Prefabricated Bridge Columns with UHPFRC Bottom Segments.
Journal of Bridge FEngineering, 24(8). https://doi.org/10.1061/(asce)be.1943-
5592.0001451

Zhou Z, Qiao P. (2018). Bond behavior of epoxy-coated rebar in UHPC. Construction and
Building Materials 2018;182:406—417. https://doi.org/10.1016/j.conbuildmat.2018.06.113

Zhou Y, Fu H, Li P, Zhao D, Sui L, Li L. Bond behavior between steel bar and engineered
cementitious composite (ECC) considering lateral FRP confinement: Test and modeling.

Composite Structures 2019;226:111206.https://doi.org/10.1016/j.compstruct.2019.111206

Zohrevand, P., & Mirmiran, A. (2012). Cyclic Behavior of Hybrid Columns Made of Ultra High
Performance Concrete and Fiber Reinforced Polymers. Journal of Composites for

Construction, 16(1), 91-99. https://doi.org/10.1061/(asce)cc.1943-5614.0000234

236



Appendix A: FEA Results of Bond Pullout
Tests

A.1 Model: Standard Pullout
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Figure A.1. Finite element model for SP-C2-LS5 test: a) Bar stress o.. at peak and b) analysis end; c)

Concrete Strain ¢ at peak; d) Concrete Stress oy at peak; ¢) Concrete Stress 7, at peak.
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Figure A.2. Finite element model for SP-C1-L10 test: a) Bar stress o.. at peak and b) analysis end; c)

Concrete Strain .. at peak; d) Concrete Stress o at peak; €) Concrete Stress 7. at peak.
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A.2 Model: Beam-End
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Figure A.6. Finite element model for BE-C5-L10 test: a) Bar stress o.. at peak and b) analysis end; c)

Concrete Strain ¢ at peak; d) Concrete Stress oy, at peak; ¢) Concrete Stress 7, at peak.
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A.3  Model: Direct Tension Pullout
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Figure A.7. Finite element model for DTP-C1-L10 test: a) Bar stress o:. at peak and b) analysis end; c)

Concrete Strain ¢ at peak; d) Concrete Stress oy at peak; ¢) Concrete Stress 7, at peak.
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Figure A.8. Finite element model for DTP-C2-LS5 test: a) Bar stress o.. at peak and b) analysis end; c)

Concrete Strain ¢ at peak; d) Concrete Stress oy at peak; e) Concrete Stress 7, at peak.
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Figure A.9. Finite element model for DTP-C2-L10 test: a) Bar stress o:. at peak and b) analysis end; c)

Concrete Strain ¢ at peak; d) Concrete Stress oy at peak; ¢) Concrete Stress 7, at peak.
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A.4 Model: Contact Lap-Splice Direct Tension Pullout
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Figure A.10. Finite element model for CLP-C1-L10 test: a) Bar stress o at peak and b) analysis end; ¢)

Concrete Strain ¢ at peak; d) Concrete Stress oy, at peak; ¢) Concrete Stress 7, at peak.
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Figure A.11. Finite element model for CLP-C2-LS5 test: a) Bar stress 0. at peak and b) analysis end; c)

Concrete Strain ¢ at peak; d) Concrete Stress oy, at peak; ¢) Concrete Stress 7, at peak.
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Figure A.12. Finite element model for CLP-C2-L10 test: a) Bar stress o at peak and b) analysis end; ¢)

Concrete Strain ¢ at peak; d) Concrete Stress gy, at peak; ¢) Concrete Stress 7, at peak.

248



A.5 Model: Non-Contact Lap-Splice Direct Tension Pullout
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Figure A.13. Finite element model for NCLP-C1-L10 test: a) Bar stress o.. at peak and b) analysis end; ¢)

Concrete Strain ¢ at peak; d) Concrete Stress oy, at peak; ¢) Concrete Stress 7, at peak.
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Figure A.14. Finite element model for NCLP-C2-L5 test: a) Bar stress o at peak and b) analysis end; c)

Concrete Strain ¢ at peak; d) Concrete Stress oy, at peak; ¢) Concrete Stress 7, at peak.
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Figure A.15. Finite element model for NCLP-C2-L10 test: a) Bar stress o.. at peak and b) analysis end; ¢)

Concrete Strain ¢ at peak; d) Concrete Stress oy, at peak; ¢) Concrete Stress 7, at peak.
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A.6  Model: Restrained Non-Contact Lap-Splice Direct Tension Pullout
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Figure A.16. Finite element model for R-NCLP-C1-L10 test: a) Bar stress o at peak and b) analysis end;

¢) Concrete Strain ¢.. at peak; d) Concrete Stress o,, at peak; €) Concrete Stress 7, at peak.
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Figure A.17. Finite element model for R-NCLP-C2-L5 test: a) Bar stress 0. at peak and b) analysis end;

¢) Concrete Strain ¢.. at peak; d) Concrete Stress o,, at peak; €) Concrete Stress 7, at peak.
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Figure A.18. Finite element model for R-NCLP-C2-L10 test: a) Bar stress o at peak and b) analysis end;

¢) Concrete Strain ¢.. at peak; d) Concrete Stress o,, at peak; €) Concrete Stress 7, at peak.
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Appendix B: Material-Scale Testing and
Analysis Results

Table B.1. Material Mix Design for UHPFRC Jackets.

Proportions by | Density
Material Type
Mass (kg) (kg/m?)
Prepackaged
P y 0.84
Dry-Mix (Densit)
Steel Fibers 2860
0.11
(dr=0.2mm; /y= 13mm)
Water 0.055
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Figure B.1. Expansion responses for the CP25-M1 specimen series.
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Figure B.3. Expansion responses for the CP25-CA2 specimen series.
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Figure B.5. Expansion responses for the CP25-CB1 specimen series.
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Figure B.7. Expansion responses for the CP25-CB3 specimen series.
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Figure B.8. Expansion responses for the CP375-C1 specimen series.

Figure B.9. Expansion responses for the CP375-C3 specimen series.
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Appendix C: Structural-Scale Testing Results

C.1 Lab Operations

Figure C.1. Preparation of specimen formwork and reinforcement cages.
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Figure C.3. Casting of specimens; total number of specimens completed.
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Figure C.5. Removal of damaged core from specimen CS3-15M-R: a-b) Front view; ¢) Back view.
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Figure C.7. Process of removal of damage cover and core concrete for specimen CT2-20M-R.
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Figure C.9. Process of removal of damage cover and core concrete for specimen CS3-20M-R.
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Figure C.11. Preparation of strengthened specimens for concrete removal.
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Figure C.12. Process of removal of cover and part of the core concrete for specimen CT1-15M-S.
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C.13. Process of removal of cover and part of the core concrete for specimen CT1-20M-S.
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C.2  Specimen CT1-15M

Figure C.14. Sides of specimen CT1-15M after termination of test.

268



C.3 Specimen CT2-20M

Figure C.15. Sides of specimen CT2-20M after termination of test.
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C.4 Specimen CS3-15M
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Figure C.16. Sides of specimen CS3-15M after termination of test.
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C.5 Specimen CS3-20M

Figure C.17. Sides of specimen CS3-20M after termination of test.
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C.6  Specimen CT1-15M-R

Figure C.18. Sides of specimen CT1-15M-R after termination of test.
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C.7 Specimen CT1-15M-S

Figure C.19. Sides of specimen CT1-15M-SA after termination of test.
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Figure C.20. Sides of specimen CT1-15M-SB after termination of test.
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C.8 Specimen CT2-20M-R

Figure C.21. Sides of specimen CT2-20M-R after termination of test.
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C.9 Specimen CT2-20M-S

Figure C.22. Sides of specimen CT2-20M-S after termination of test.
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C.10 Specimen CS3-15M-R

Figure C.23. Sides of specimen CS3-15M-R after termination of test.
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C.11 Specimen CS3-20M-R

Figure C.24. Sides of specimen CS3-20M-R after termination of test.
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C.12 Tables for Column Specimens

Table C.1. Parameters for the calculation of web shear capacity (ACI 318-19).

Specimen Series cri- cr- €53- €53-
1M 20M 1M 20M
fe (MPa) 25 25 25 25
y) 1 1 1 1
Pw,tension 0.77% 0.77% 0.77% 0.77%
Dy (mm) 16 20 16 20
Spacing (mm) 250 250 250 250
Ay (mm?) 50 50 50 50
Nu (kN) 300 300 300 300
fy (MPa) 400 400 400 400
b (mm) 300 300 300 300
d (mm) 259 257 259 257
As 0.27 0.27 0.27 0.27
Ay,min (mm?) 65.63 65.63 65.63 65.63
Ve (kN) 56.97 56.58 56.97 56.58
Vs (kN) 41.44 41.12 41.44 41.12
Vv (kN) 98.41 97.70 98.41 97.70

Table C.2. Parameters for the calculation of web shear capacity (EN1998-3).

Specimen Series - et €53 €53
1M 20M 1M 20M
fe (MPa) 25 25 25 25
yel 1.15 1.15 1.15 1.15
Prot 1.54% 1.54% 1.54% 1.54%
Pw 0.133%  0.133%  0.133%  0.133%
hcot (mm) 1450 1450 850 850
Dy (mm) 16 20 16 20

279



Spacing (mm) 250 250 250 250
Ay (mm?) 50 50 50 50
Nu (kN) 300 300 300 300

fy (MPa) 400 400 400 400

b (mm) 300 300 300 300

d (mm) 259 257 259 257

Vi (kN) 18 17 18 17

Vy (kN) 112.84 105.73 104.62 100

Table C.3. Parameters for the calculation of web shear capacity (Pardalopoulos and Pantazopoulou

2019).
Specimen Series cri- cr- €53- €53-
15M 20M 15M 20M
¢ 0.265 0.265 0.265 0.265
fe Mpa) 25 25 25 25
H. (mm) 1450 1450 850 850
Dy (mm) 16 20 16 20
Spacing (mm) 250 250 250 250
Ag (mm?) 50 50 50 50
v 0.15 0.15 0.15 0.15
fy (MPa) 400 400 400 400
b (mm) 300 300 300 300
d (mm) 259 257 259 257
0, (Degrees) 79.9 79.9 73.1 73.2
cotf, 0.179 0.177 0.305 0.302
tana 0.17 0.17 0.29 0.29
Vieb (kIN) 44.84 44.52 76.49 75.95
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Table C.4. Parameters for the calculation of lateral load capacity of lap-spliced connection

(Pardalopoulos and Pantazopoulou 2019).

Specimen CTI- CT2- CS3- CS3-
Series 15M 20M 15M 20M
¢ 0.265 0.265 0.265 0.265
fe (Mpa) 25 25 25 25
Hfr 1.5 1.5 1.5 1.5
Loy (mm) 384 480 384 480
ap 1 1 1 1
Np 3 2 3 2
Dy (mm) 16 20 16 20
Ap (mm?) 200 300 200 300
Spacing (mm) 250 250 250 250
A (mm?) 100 100 100 100
v 15% 15% 15% 15%
hcot (mm) 1450 1450 850 850
fst =fy (MPa) 400 400 400 400
ft (MPa) 2.56 2.56 2.56 2.56
fo (MPa) 4.02 4.02 4.02 4.02
b (mm) 300 300 300 300
d (mm) 259 257 259 257
Ciap (kN) 464 595 464 595
Cuin (kN) 240 240 240 240
Viap (kN) 77 76 131 130
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