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Abstract

By the late 1970s, beam-column joints (BCJs) were typically designed to withstand only gravity
loads, with little consideration for seismic forces. This oversight was a major contributor to both
local and global structural collapses worldwide. Extensive research has since highlighted the
critical importance of accounting for seismic forces in the design of new reinforced concrete (RC)
structures. However, older structures designed without these considerations remain vulnerable
to collapse. Today, various retrofit techniques can be applied to BCJs to enhance their shear
strength and restore their integrity after seismic damage. However, the use of materials such as
HPFRC/UHPFRC to improve the shear behavior of BCJs needs to be deeply explored. This study
investigates the behavior of exterior BCJs, both with and without HPFRC/UHPFRC retrofitting,
under cyclic loading representative of seismic action. To achieve this, a comprehensive review
of analytical models for predicting the shear strength of RC BCJs was conducted. Additionally;,
a new analytical methodology was developed to estimate the ultimate bending moment in the
beam and the shear capacity of retrofitted exterior BCJs. Furthermore, numerical simulations
of exterior joints with and without retrofit were performed using the computational software
ATENA, incorporating interface models. The analytical and numerical results demonstrated good
accuracy with experimental data in terms of peak column load (V.), hysteresis curve, and crack
patterns, showing the retrofit efficiency in the joints with HPFRC/UHPFRC to prevent the diagonal
shear failure. Finally, a parametric study was conducted to evaluate the influence of key factors,
including beam reinforcement ratio, thickness and the compressive strength of HPFRC/UHPFRC.
The results indicated that increasing any of these parameters enhanced joint shear strength.
However, the greatest improvement in column force (V) was observed when increasing the beam
reinforcement ratio, compared to increasing the compressive strength of HPFRC. Additionally;
joints with beam reinforcement ratios of 0.4% and 0.7% exhibited V. values similar to those
obtained with compressive strengths of 110.5 MPa and 165.8 MPa, respectively. However, a
reinforcement ratio of 1.2% resulted in higher V. values compared to those achieved with a

compressive strength of 221.0 MPa.

Keywords: reinforced concrete; non-linear analysis; finite element method; ultra-high perfor-

mance concrete, analytical method.



Resumo

Até o final da década de 1970, as liga¢des viga-pilar (LVPs) eram geralmente projetadas para
resistir apenas as cargas gravitacionais, com pouca consideragdo para as forcas sismicas. Essa
negligéncia foi um dos principais fatores que contribuiram para colapsos estruturais locais e
globais em todo o mundo. Diversas pesquisas tém destacado a importancia fundamental de
considerar as forcas sismicas no projeto de novas estruturas de concreto armado (CA). No
entanto, estruturas mais antigas, projetadas sem essas consideragdes, continuam vulneraveis ao
colapso. Atualmente, diversas técnicas de reforco estrutural (retrofit) podem ser aplicadas as LVPs
para aumentar sua resisténcia ao cisalhamento e restaurar sua integridade apés danos sismicos.
No entanto, o uso de materiais como HPFRC/UHPFRC para melhorar o comportamento ao
cisalhamento das LVPs ainda precisa ser mais explorado. Este estudo investiga o comportamento
de LVPs externas, com e sem reforco de HPFRC/UHPFRC, sob carregamento ciclico representativo
da acdo sismica. Para isso, foi realizada uma revisdo bibliografica de modelos analiticos para
prever a resisténcia ao cisalhamento das IVPs de concreto armado. Além disso, foi desenvolvida
uma nova metodologia analitica para estimar o momento fletor tltimo na viga e a capacidade ao
cisalhamento de LVPs externas reforcadas. Foram também realizadas simula¢oes numéricas de
ligacOes externas, com e sem reforco, utilizando o programa computacional ATENA, incorporando
modelos de interface. Os resultados analiticos e numéricos apresentaram boa semelhanca com
os dados experimentais em termos de carga maxima no pilar (V,), curva de histerese e padrao
de fissuracdo, mostrando a eficiéncia do reforco com HPFRC/UHPFRC na prevencao da falha
diagonal por cisalhamento. Por fim, foi conduzido um estudo paramétrico para avaliar a influéncia
de importantes fatores, incluindo a taxa de armadura da viga, a espessura do reforco e a resisténcia
a compressao do HPFRC/UHPFRC. Os resultados indicaram que o aumento de qualquer um
desses parametros melhorou a resisténcia ao cisalhamento da ligacdo. No entanto, a maior
melhoria na forca do pilar (V) foi observada com o aumento da taxa de armadura da viga, em
comparac¢do com o incremento da resisténcia a compressdo do HPFRC. Além disso, ligacoes com
taxas de armadura na viga de 0,4% e 0,7% apresentaram valores de V. semelhantes aos obtidos
com resisténcias a compressio de 110,5 MPa e 165,8 MPa, respectivamente. Entretanto, uma taxa
de armadura de 1,2% resultou em valores de V. superiores aos alcancados com uma resisténcia a

compressao de 221,0 MPa.

Palavras-chave: concreto armado; andlise nio-linear; método dos elementos finitos; concreto de

ultra-alto desempenho reforcado com fibras; método analitico.
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Non-dimensional function

Thickness of UHPFRC jacket

Angle of inclination of the concrete strut

Mean diameter of beam longitudinal bars in tension

Compressive strain in the confined concrete at the peak stress

Axial stress of the column

Effective mean lateral confining pressure produced by the jacket

Normal strain of the confined concrete strut in the horizontal plane

Initial value of the confined concrete strain used in the iterative process
Unconfined ultimate compressive strain of normal concrete at peak stress
Tensile strain in the top steel reinforcement

Transverse strain of the confined concrete strut in the presence of the UHPFRC
jacket

Poisson’s coefficient of concrete

Poisson’s coefficient of UHPFRC

Poisson’s coefficient utilized to calculate the transverse strain of the confined
concrete strut

Lateral pressure exerted by the UHPFRC jacket on the joint core acting in x
horizontal direction

Lateral pressure exerted by the UHPFRC jacket on the joint core acting in y
horizontal direction

Mean lateral confinement pressure

confining pressure orthogonal to the direction of the concrete diagonal strut
Compressive stress acting along the axis of the diagonal concrete strut
Compressive strain in the confined concrete strut at the peak stress
Non-dimensional interpolating function accounting for concrete softening

softening factor



1.1
1.1.1
1.1.2
1.2
1.3

2.1
2.2
2.2.1
2.2.2
2221
2.2.2.2
2223
2.2.2.4
2.2.2.5
2.2.2.6
2.2.2.7
2.3
2.3.1
2.3.2
2.3.3
2.3.4
2.3.5
2.3.6
2.3.7
2.3.8
2.3.9
2.3.10
2.3.11
2.3.12
2.3.13
2.3.14
2.3.15
2.3.16
2.3.17

Contents

INTRODUCTION . . . . ittt ittt e et e et e et e e e et e 26
Objectives . . . . . . . . . . e e e e 28
Main Objective . . . . . . . . . e e e e 28
Specifics Objectives . . . . . . . . . . e e e 28
Research significance . . . . . ... ... ... ... 29
Organizationofresearch . . . . ... ... ... ... ............. 29
LITERATURE REVIEW . . . . . . . ittt it ettt e et e e 31
Connections in frames subjected to monotonicload . . ... ... ... .. 33
Beam-column joints subjected to cyclicload . . . . . .. ... ........ 33
Historic review of reinforced concrete BCJs . . . . . . . ... ... ... .... 33
Principal parameters studied in experimental tests of BCJs . . . . . . ... .. 35
Transverse reinforcement . . . . . . . . . . . ..ttt e e e e e e 35
Hooks and anchorage length of the beam’sbars . . . . . . . . ... ... ...... 36
Slipping in the beam and column longitudinal bars . . . . . . . .. ... ... ... 37
Axial compressive forceinthecolumn. . . . . . . .. ... oo 0oL 37
Transversal beam and compressive strength of concrete . . . . . . .. . .. ... .. 38
Shearstrength . . . . . . . . . . L e e e e e e 39
Typeofload . . . . . . . . . . . e e e e e e 39
Joint shear strengthmodels . . ... ... ... ................ 42
Paulay and Priestley (1992) Model . . ... ... .. ... ... ........ 42
NZS 3101 (1995) Model . . . . . . . . . . . . . e 43
Priestley (1997) Model . . . . . . . . . . . . . . e 43
Tsonos (1999) Model . . . . . . . . . . . @ e 44
Pampanin et al. (2002) Model . . . . . .. ... .. ... ... .o 44
Hwang and Lee (2002) Model . . . . . . ... ... ... ... ... . ..... 44
ASCE SEI/41 (2007) Model . . . . . . . . . . it 46
Kim et al. (2009) Model . . . . . . . . . . . . . e 47
Wang et al. (2012) Model . . . . ... ... ... ... 48
Park and Mosalam (2012a) Model . . . . . . . . . . .. . .. ... ... . ... 48
ACI 318 (2014) Model . . . . . . . . . e 49
Tran et al. (2014) Model . . . . . . . . . . . . . e 50
Metelli et al. (2015) Model . . . . . . . . . . . . . e 50
Pauletta et al. (2015) Model . . . . . . . . . . . . . e 50
Kassem (2016) Model . . . . . . . . . . . e 51
Parate and Kumar (2018) Model . . . . . . . . . . . . . . e 51

Hassan and Moehle (2018) Model . . . . . . . . . . . . . . .. . ... . .... 52



2.3.18
2.3.19
2.4
2.5
2.6
2.6.1
2.6.2

3.1

3.1.1
3.1.2
3.1.3
3.1.4

4.1
4.2

5.1
5.1.1
5.1.1.1
5.1.1.2
5.1.1.3
5.1.1.4
5.1.1.5
5.1.1.6
5.1.2
5.1.2.1
5.1.3
5.2
5.2.1
5.2.2
5.2.3
5.3
5.3.1
5.3.2
5.3.3
5.4
5.4.1
5.4.2

Parate and Kumar (2019) Model . . . . . . . . . . . . . . . . 53

Other guidelines . . . . . . . . . . . . . . e 54
Beam-column joints retrofitted with UHPFRC subjected to cyclicload . . . 57
Shear strength models of joints retrofitted with UHPFRC . .. ... .. .. 59
Numerical simulationsof BCJs . . . . . ... ... ... ... ......... 60
Reinforced concrete BCJs . . . . . . . . . . . e 60
Reinforced concrete elements retrofitted with UHPFRC . . . .. ... ... .. 62
EXPERIMENTAL TESTS USED INREFERENCE . . . . . ... ... ... ... 63
Casestudies . . . . . . . . . . . . 63
Case 1 - Reinforced concrete frame: Vecchio and Emara (1992) . ... .. .. 63
Case 2 - Exterior beam-column joint: Kusuhara and Shiohara (2008) . .. .. 65
Case 3 - Exterior beam-column joint: Tsonos (2005) . . . . .. ... ... ... 67
Case 4 - Exterior beam-column joint: Beschi et al. (2015) . . .. ... ... .. 69
PROPOSED ANALYTICAL MODELS . . . . . . . . i i ittt v v 72
Flexural model . . . . . ... .. . ... . ... .. 72
Shearmodel . .. ... ... ... . ... e 78
NUMERICAL ANALYSES . . . . . i i i i e e e e et e e et e et o e e e e 87
Constitutive Models of materials . . . . . .. ... ... ............ 87
Constitutive model for concrete . . . . . . . . ... ... ... 87
Tensile pre-cracking . . . . . . . . ... L. L e 87
Tensile post-cracking . . . . . . . . . . ... e e e 88
Compression before reaching the maximum stress (pre-peak) . . . . . . .. ... .. 89
Compression after reaching the maximum stress (post-peak) . . . ... . ... ... 90
Criteria of rupture under biaxial stress . . . . . . . . . . . . ... ... 90
Failure criteria in triaxial state . . . . . . . . . . . .. ... e e e 92
Constitutive model for reinforcement . . . . ... ... ... ... ....... 95
Constitutive model of cyclic reinforcement . . . . . . . . ... ... ... ..... 96
Bond-slip constitutive model . . . . . ... ... ... L oL 97
Numerical simulation of frame - Vecchio and Emara (1992) .. ... ... 102
Finite element - Vecchio and Emara (1992) . . . .. .. .. .. ... ... ... 102
Boundary conditions - Vecchio and Emara (1992) . .. ... .......... 103
Materials’ properties - Vecchio and Emara (1992) . .. ... ... ....... 104
Numerical simulation of BCJ A2 - Kusuhara and Shiohara (2008) . . . .. 106
Finite element - Kusuhara and Shiohara (2008) . ... ... ... ... .... 106
Boundary conditions - Kusuhara and Shiohara (2008) . . . ... ... ... .. 107
Materials’ properties - Kusuhara and Shiohara (2008) . . ... ... ... ... 108
Numerical simulation BCJ A1 -Tsonos (2005) . . . . . . .. ... ... ... 109
Finite element - Tsonos (2005) . . . . . . . .« v v v v i i e e e 109

Boundary conditions - Tsonos (2005) . . .. ... ... ... ... ...... 109



5.4.3
5.5

5.5.1
5.5.2
5.5.3
5.5.4
5.5.5

6.1
6.2
6.2.1
6.2.2
6.2.3
6.2.4
6.3
6.3.1
6.3.2
6.4

6.4.1

7.1
7.2
7.3
7.3.1
7.3.2
7.3.3

Materials’ properties - Tsonos (2005) . . . . . . . . . . .. ... 110

Numerical simulation of retrofitted BCJ - Beschi et al. (2015) . . . . . . .. 112
Finite element - Beschi et al. (2015) . . . . . . . . . . .« o v v i i v v i i 112
Boundary conditions - Beschietal. (2015) . ... ... ... ... ....... 113
Materials’ properties - Beschietal. (2015) . ... ... ... ... ....... 114
Tensile behavior of HPFRC - Beschi et al. (2015) . . . . . . . ... ... .... 115
Concrete-HPFRC interface . . . . . . . . . . . . i i it i i 117
RESULTS AND DISCUSSIONS . . . . . i i i i e e e e e e e e e e e e e a 119
Comparative study: Analytical models and experimental tests . . . . . . . 119
Comparative study: numerical and experimental . . .. ... ... ... .. 124
Reinforced concrete frame - Vecchio and Emara (1992) . .. ... ... .... 124
Model A2 - BCJ of Kusuhara and Shiohara (2008) . ... ... ... ... ... 129
Model A1 - BCJ of Tsonos (2005) . . . . . . . . o o i i i i e 133
Model CJ2 - BCJof Beschietal. (2015) . . . . . . . . . . . v v v 134
Analytical models validation . . . .. ... ... ... ... ... ... .... 137
Flexural model . . . . . . . . . . . . . e 137
Shearmodel . . . . . . . . . e 138
Comparative study: Numerical, experimental and analytical of retrofitted

BICS . . . e e 140
Model RCJ2 - BCJ of Beschietal. (2015) . . . . . . . . . . . ... 140
PARAMETRIC STUDY . . . . . . i i i e e e e e e e e e e e e e e e e e e e 143
Numerical models . . . . . . . . . . . . .. 146
Analytical models . . . .. ... ... ... ... . 150
Results of parametricstudy . . . . . . ... ... ... .. ... ... ... 151
Numerical results . . . . . . . . . . . . e 151
Cracking Pattern . . . . . . . . . . o v i i ittt e e e e 157
Analytical results . . . . . . . .. e 157
CONCLUSIONS . . i it e e e e e e e e e e e e e e e e e e e e e e a 159
SUGGESTIONS FOR FUTURE WORK . . . . . . . . i i it it et e e e v 161
BIBLIOGRAPHY . . . . . i i i i e e e e e e e e e e e e e e e e e e e e e 162
APPENDIX 175
APPENDIX A — . . . i e e e e e e e e e e e e e e e e e e e e e e e e 176
APPENDIX B — . . . . i i i i i i e e e e e e e e e e e e e e e e e e 182

APPENDIX C — . . . ot i e e e e e e et e it e e 213



26

1 Introduction

Reinforced concrete (RC) structures can present several damages under seismic events
(e.g., earthquakes), risking human lives. Due to this, a high interest in studying structural elements
subjected to cyclic loads has increased in the last decades, particularly for beam-column joints
(BCJs), which are considered critical structural regions and are subjected to brittle failure if not

adequately designed.

BCJs can cause failures during seismic events, mainly in the case of systems designed
only with gravitational loads or with designed failures, such as inadequate anchorage in the
joints, low ductility, low strength in the concrete, insufficient longitudinal reinforcement, and
loss of bonding between the materials (PAMPANIN et al., 2002). Braga et al. (2009) and Vaghani
et al. (2015), observed that those structural characteristics cause failures in the joints, slipping
in the beam longitudinal bars, and loss of capacity and flexibility. Frequently, those aspects are
more evident in exterior than interior joints. Figure 1.1 shows examples of failures in exterior
BClJs caused by seismic events. Thus, the analysis of BCJs is fundamental in the design of new
structures (including seismic action) and the verification of old structures, which did not consider
seismic action, as in the case of Italian constructions built before the 1970s (PAMPANIN et al.,
2002).

Figure 1.1 — Failure in corner BCJ caused by earthquakes: a) Earthquake Izmir in Turkey 1999,
b) Earthquake Abruzzo in Italy 2009.
Font: Adapted from Park and Mosalam (2013)

ACI 352R (2002) defines beam-column joint as the portion of the column localized within
the depth of the deepest beam. The connections between beams and columns are essential to
provide ductility in the structural frames and to transfer loads between the elements. The joints

can be classified as interior, exterior, and corner according to their geometry.

Several experimental tests of BCJs subjected to cyclical load were developed to evaluate
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this behavior, and diverse analytical models were proposed to determine the shear strength of
RC beam-column joints, considering mechanical and geometrical parameters of the elements.
In addition, some guidelines and codes present requirements to determine the shear strength,
which depends on the confinement effect given by the adjacent members of the joint, (NZS 3101,
1995; FEMA 273, 1997; ACI 352R, 2002; Eurocodigo 8-Part I 1998, 2004; ASCE SEI/41, 2007;
ACI 318, 2014).

Given the unpredictability of natural phenomena such as earthquakes, diverse retrofit
techniques have been developed, both for strengthening and structural repair of existing struc-
tures, enhancing their shear capacity during seismic events. Some examples of retrofit material
are steel jacketing (NOYAN, 2014), RC jacketing (KARAYANNIS et al., 2008), epoxy resin in-
jections (KARAYANNIS et al., 1998), application of steel plates (LI et al., 2017; EBANESAR et
al., 2022), Fiber Reinforcement Polymers of carbon or steel (FRP) (MUKHERJEE; JOSHI, 2005;
PAMPANIN et al., 2007; BEYDOKHTY; SHARIATMADAR, 2016), and High-Performance Fiber
Reinforced Concrete/Ultra High-Performance Fiber Reinforced (HPFRC/UHPFRC) (SHANNAG;
ALHASSAN, 2005; BESCHI et al., 2015; KHAN et al., 2018; SAHARAN et al., 2023),

The Ultra-High Performance Concrete (UHPC) is characterized by its exceptional com-
pressive and tensile strength, as well as its high stiffness. However, due to its brittle nature, fibers
are often added to improve its ductility, resulting in what is known as Ultra-High Performance
Fiber-Reinforced Concrete (UHPFRC) (FEHLING; SCHMIDT, 2014). UHPFRC combines the su-
perior mechanical properties of UHPC with enhanced ductility and crack resistance provided
by the fibers. It is also highly flowable, comparable to or even exceeding the workability of
Self-Compacting Concrete (SCC), and typically achieves compressive strengths of no less than
150 MPa (AFGC, 2002; NF P 18-710, 2016; WILLE et al., 2014; HUANG et al., 2022a). In
contrast, High-Performance Fiber-Reinforced Concrete (HPFRC) refers to a broader category of
fiber-reinforced concretes that exhibit the mechanical characteristics of High-Strength Concrete
(HSC) combined with SCC-like workability. HPFRC typically reaches compressive strength values
ranging from 100 MPa to 150 MPa (KAIKEA; KARTHALOO, 2014; WALRAVEN, 2009; SOHAIL et
al., 2021).

The application of HPFRC and UHPFRC jackets in retrofitting strategies has proven
effective in preventing shear failure. These advanced materials offer a promising solution for
enhancing the structural performance of beam-column joints, particularly in terms of stiffness,
shear capacity, and energy dissipation (SCHMIDT; FEHLING, 2005; BAHRAQ et al., 2021;
MATSAGAR, 2015).

In addition, with the advance of computational tools, numerical analysis using the
Element Finite Method (MEF) has been used more frequently to study the shear response in
beam-column joints (MOURLAS et al., 2017; DEATON, 2010). Up to now, numerical simulations
of beam-column joints strengthened with UHPFRC jackets have been conducted only by Bahraq et
al. (2021) and Fayaz et al. (2022). Through numerical simulations, it is possible to consider the
non-linearity of the materials, which helps determine the cracking behavior of the elements and

the key parameters that influence the joint’s shear behavior, both with and without retrofit.The



Chapter 1. Introduction 28

advantages of this method are the low cost and short computation time to obtain results.

Thus, due to the lack of analysis on this topic, the present work studies the structural
behavior of exterior joints under cyclic load, strengthened and non-strengthened with HPFR-
C/UHPFRC jackets. For this, diverse analytical models of RC BCJs were investigated, and a
new methodology to determine the shear force and shear strength of exterior BCJs retrofitted
with a UHPFRC jacket was developed, which is also presented in Palomo et al. (2024). Further-
more, numerical models of exterior BCJs retrofitted and non-retrofitted with UHPFRC also were

developed.

1.1 Objectives

1.1.1 Main Objective

The main objective of this research is to study the shear behavior of exterior beam-
column joints (BCJs) both unretrofitted and retrofitted with UHPFRC jackets under cyclic loading
conditions through novel analytical methodology and numerical simulations using the Finite

Element Method (FEM), which are validated with experimental results available in the literature.
1.1.2 Specifics Objectives

* To develop a bibliographic revision of analytical models that determine the shear strength

of exterior reinforced concrete BCJs subjected to cyclic load, available in literature.

* To propose an analytical model to predict the ultimate bending moment in the beam and
the shear strength of exterior BCJs retrofitted with UHPFRC jackets subjected to cyclic load,
considering the confinement effect of UHPFRC jacket on the concrete and geometric and

mechanical parameters of the elements.

* To simulate exterior BCJs both unretrofitted and retrofitted with UHPFRC jacket, using the
Finite Element Method under cyclic loads, implementing constitutive laws to represent the

non-linear behavior of the materials.

* To develop a parametric study to verify the influence of the beam’s reinforcement ratio,
compressive strength and thickness of UHPFRC material on the shear capacity of exterior

beam column joints retrofitted with UHPFRC jackets.
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1.2 Research significance

The significance of this research lies in its contribution to understanding the shear
behavior of beam-column joints (BCJs), particularly those strengthened with UHPFRC jackets.
Given the increasing demand for more efficient and durable structural solutions, this study
provides a comprehensive analysis, including a review of available experimental tests, numerical
model simulations, and the development of a new analytical model. The findings of this research
not only expand knowledge on the performance of strengthened BCJs but also offer valuable
guidelines for structural design, fostering advancements in civil engineering and contributing to

the improvement of structural safety and longevity.

1.3 Organization of research

This work investigates the shear behavior of beam-column joints (BCJs), focusing on
those strengthened with UHPFRC jackets. This study includes a summary of experimental tests
available in literature, simulation of numerical models, and the purpose of a new analytical

model. Figure 1.2 outlines the research structure and activities conducted throughout the thesis.
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2 Literature Review

Reinforced concrete (RC) beam-column joints play a crucial role in the structural behavior
of buildings. This connection is an essential factor in providing ductility to structural frames,
ensuring the effective transfer of loads between beams and columns (Figure 2.1). Cases where
gravity loads, wind loads, earthquake loads, or other forces induce moments in the connections
must be considered in the resulting shear force and, consequently, in the joint design (ACI 318,
2019).

Transversal Beam
beam

Joint core

g — Column

Figure 2.1 — Scheme of beam-column joint (BCJ).

ACI 352R (2002) defines a beam-column joint (BCJ) as the portion of the column located
within the depth of the deepest beam. In contrast, transverse beams are orthogonal to the
direction of the applied seismic load. Similarly, ACI 318 (2019) defines a BCJ as the common

region at the intersection of structural elements.

The beam-column joints can be classified according to their geometry. They are labeled as
exterior, interior, and corner joints, as shown in Figure 2.2. Other researchers also have analyzed

the joints with transversal joints and slabs to obtain results closer to reality.

The standard ACI 352R (2002) classifies the beam-column joints in two categories, which

are based on the load conditions and element’s strains:

* Type 1: connections without significant inelastic deformation, e.g., joints subjected to gravity

loads and wind loads (without seismic loading).

* Type 2: connections designed to resist deformation reversal into the inelastic range, with
energy dissipation, e.g., beam-column joints subjected to cyclic loads, which are derived

from earthquake loads.

Old constructions designed without seismic requirements have caused total or partial

collapse in diverse structures worldwide. For this reason, diverse studies have been necessary to



Chapter 2. Literature Review 32

predict the shear strength of joints, proposing diverse alternatives that help enhance the structural

response of the joints subjected to cyclic loads.

Horizontal
force

T~

AN

Interior/
Exterior

Corner

Exterior Corner

a7 =

Corner with
transversal beam

Exterior with Interior with
transversal beam transversal beam

Exterior with Interior with Corner with
transversal beam and slab transversal beam transversal beam
and slab and slab

a) b)

Figure 2.2 — Classification of beam-column joints a) Exterior, b) Interior, ¢c) Corner.
Font: Obtained from ACI 352R (2002)
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2.1 Connections in frames subjected to monotonic load

Over the years, researchers have studied the behavior of reinforced concrete (RC) to
develop adequate formulations that guarantee the safety and reduction of cost in structures.
Some of these studies have focused on beam-column joints, since they frequently control the
behavior of frames subjected to seismic loads. The joints can be analyzed from a general or local
point of view (frames or isolated joints). The structural response of both cases can be studied
through non-linear analysis, which considers the material’s cracking and plasticity, which are

essential properties to obtain results closer to reality.

Initial studies of elements subject to shear forces have been evidenced in reinforced
concrete frames under incremental lateral monotonic load conditions. Guner (2008) restructured
and verified the numerical algorithm of Vector5 software, used for the non-linear analysis of
frames based on Modified Compressive Field Theory (MCFT) (VECCHIO; COLLINS, 1986b).
This new methodology allowed a better capture of the shear behavior and bending in the
elements. Moreover, it could be applied to different conditions, such as monotonic loads, cyclic
loads, dynamic loads, impact loads, and others. On the other hand, the work of Alfarah (2017)
studied the performance of reinforced concrete frames subjected to monotonic load, proposing an
analytical methodology with damaged models in tension and compression, as a function of their

strains. This methodology was applied in numerical simulations using the ABAQUS software.

2.2 Beam-column joints subjected to cyclic load

The study of beam-column joints (BCJs) under cyclic loading, particularly in seismic
conditions, has been extensively investigated in the pursuit of structural resilience. Researchers
have evaluated various parameters influencing joint behavior, aiming to enhance performance
and prevent failure. The following section presents a historical review of key parameters studied

in past research.

2.2.1 Historic review of reinforced concrete BCJs

One of the first studies on BCJs was performed by Wallace (1996), who analyzed interior
joints subjected to seismic loads with splices in the plastic region of the beam; since there were
no requirements to use splices in critical regions of plastic hinges by that time. The authors
tested the connections using both smooth (typical constructions in the 1960s) and deformed
steel bars, following the recommendations of NZS 3101 (1982). The results showed that the
connections with deformed bars presented low ductility and loss in load capacity during the first
negative displacements and observed a significant reduction in the horizontal capacity load in
joints with high-length splices (in the tensile longitudinal reinforcement). In contrast, connections
with smooth bars presented bond loss during the first cycles, due to insufficient anchorage, low

stiffness, and low ductility.

Liu and Park (1998) and Liu (2001) studied the joint behavior (interior and exterior) of

typical 1950s constructions in New Zealand, with smooth bars and a small quantity of transverse
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reinforcement. Results showed a significant loss in stiffness and bending strength, which could
be attributed to the slipping of the smooth bars into the joint core. However, it was evidenced

improvements in the shear strength of the BCJs.

Hakuto et al. (2000) studied the behavior of exterior joints (typical constructions before
the 1970s) with deformed bars and small quantities of transverse reinforcement (stirrups) in the
joint core. In this work, the authors evidenced the influence of the hooks regarding the joint’s
behavior, since beam bars bent in the joint region presented higher values of shear strength,

bending strength, and ductility.

Pantelides et al. (2002) studied BCJs’ exterior behavior with smooth steel bars, with
beam bars bent away from the joint region, and small quantities of transverse reinforcement
(stirrups) in the joint core (typical Italian constructions between the 1590s and 1970s). The
results evidenced shear failure due to the opening of the hooks, showing again the influence of

the hooks on the joint’s structural response.

Dhakal and Maekawa (2002) observed that joints designed based only on gravity loads
can present a reduction in the shear capacity up to 20% during three consecutive cycles. In
addition, Braga et al. (2009) and Vaghani et al. (2015) stated that old structures (designed
only for gravity loads) have typical characteristics: smooth beam bars, insufficient transverse
reinforcement, and inadequate anchorage. These features can cause brittle shear failures, slipping
in the beam’s bars, loss in the load capacity, and degradation in the ductility and stiffness, which

occur frequently more in exterior than interior joints.

Shafaei et al. (2017) observed that the absence of transverse reinforcement in the joint
and poor bond between the bars and concrete decreased the stiffness as the cyclic displacements
increase, due to insufficient confinement and inadequate anchorage at the bottom longitudinal
reinforcement of the beam. These tests represented typical Iranian constructions in the 1970s.
Furthermore, the hysteresis curve evidenced a significant "pinching" effect and low capacity of

energy dissipation, Figure 2.3.
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Figure 2.3 — Example of hysteresis curve with pinching effect.
Font: Adapted from Shafaei et al. (2017)
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Authors such as Anderson et al. (2008) and Wong (2005) claimed that joint’s strength
and failure mode depended on joint shear stress demand or the amount of beam reinforcement
rather than joint shear capacity. Sabah and Harba (2021) described the failure modes that can
occur in RC BCJs of old buildings, as shown in Table 2.1. In addition, Park and Mosalam (2012b)
described that exterior joints also can fail by beam flexural failure (BF) and column flexural
failure (CF).

Table 2.1 — Summary of failure modes in BCJs

Failure mode Brief description

J - Failure Mode Occurs when the connection reaches maximum shear force before the longitudinal reinforcement of

the column or beam yields.

BJ - Failure Mode Occurs when the bottom or top longitudinal reinforcement of the beam yields, followed by reaching

the maximum resisting shear force in the connection.

P - Failure Mode In this case, the maximum shear force is not reached due to the pullout of the bottom reinforcement
of the beam. This mechanism is typical of inadequate joints because of the straight and short
anchorage inside the joint (without hook anchorage). This situation is evidenced when the forces
acting on the bottom reinforcement of the beam on the face of the column are greater than the

bond strength (bond-slip failure).

2.2.2 Principal parameters studied in experimental tests of BCJs

This section investigated the influence of diverse parameters on the joint’s behavior.

2.2.2.1 Transverse reinforcement

The presence of stirrups (transverse reinforcement) in the joint core has many advantages
in the joint’s cyclic behavior, such as the beneficial effect in the confinement of concrete, im-
provements of the anchorage in the longitudinal beam bars, and post-peak behavior (MEINHEIT;
JIRSA, 1977; DURRANI, 1982; GAO et al., 2021). The first studies that investigated the influence
of stirrups in the joints were developed by Hanson and Connor (1967) and Kaku and Asakusa

(1991), which affirmed that exterior joints with small quantities of stirrups had a reduced ductility.

Meinheit and Jirsa (1977) observed that an adequate number of stirrups in the joints
improved the shear strength and cyclic behavior and helped to delay the shear cracking. Uzumeri
(1977) considered the transverse reinforcement as an essential parameter to increase the shear
strength and help in the anchorage of the beam’s bars. Transverse reinforcement was also needed
to resist the shear and torsion caused by the transversal beams (DURRANI, 1982). Nevertheless,
Ehsani and Wight (1985) concluded that transverse reinforcement did not cause a significant

improvement in joints with transversal beams and slabs.

According to Durrani (1982), three layers of horizontal stirrups in the joint core were
considered as minimum quantity of reinforcement. Kim et al. (2020) stated that non-seismic
exterior joints, with hooks bent at 90 degrees and stirrups spaced every h/3 (h: height of
the beam), contributed to preventing diagonal cracking in the concrete and increasing shear

strength. Alameddine (1990) showed that by increasing transverse reinforcement the concrete
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deterioration decreased; however, when joints were subjected to high shear stresses, a high
quantity of stirrups did not necessarily prevent the BCJs deterioration. Durrani and Wight (1985)
noted that in interior joints, stirrups were more effective when they had low ductility levels
(less than two), defined as the relation between the yield and ultimate displacement of the joint,
helping to maintain the joint’s strength rather than reducing stiffness loss. Other researchers like
Kamimura et al. (2000) argued that by increasing stirrups slightly the bond behavior between

the reinforcement and concrete improved, and it had a low influence on the level of story drift.

Alameddine (1990) observed in exterior joints with High Strength Concrete (HSC) and
low shear stresses that only a few stirrups must be used to not affect the structure’s ductility.
Hwang et al. (2005) described that stirrups worked as a tension tie and helped restrict crack
opening. Other research considered even a transverse reinforcement ratio of 0.4% was a beneficial
value in hysteresis behavior and shear strength of exterior joints with seismic deficiency (KAUNG;
WONG, 2011). Authors like Choi et al. (2017) noticed a slight improvement in lateral load
capacity. However, they evidenced a reduction in shear strains. Gao et al. (2021) noted that
a transverse reinforcement ratio of 0.687% prevented brittle shear failures in seismic exterior

joints.

2.2.2.2 Hooks and anchorage length of the beam’s bars

Megget (1974) observed the ineffectiveness of the horizontal anchorage length of the
beam’s bars in cycles after reaching the maximum load joint. Uzumeri (1977) described that the
quality of anchorage had a greater influence on energy dissipation. Joh et al. (1991) observed
improvements in hysteresis behavior and energy absorption capacity when hooks were bent at 90
degrees, as seen in Figure 2.4. Pampanin et al. (2002) studied the joint’s behavior with different
types of anchorage using smooth bars. They observed, in contribution to studies performed by
Hakuto et al. (2000), that smooth bars with end-hooks could cause bond deterioration, slipping of
beam bars in the initial stages of loading, and an additional concentrated force at the compressed
bars, which, after reaching the first diagonal crack in exterior joints, could cause the expulsion of
a "wedge" of concrete. This situation was also evidenced in experimental tests developed by Risi
and Verderame (2017).

]

stirrups / transverse reinforcement

Figure 2.4 — Beam-column joints with 90 hooks.
Font: Obtained from Joh et al. (1991)

Hakuto et al. (2000) and Kuang and Wong (2006) observed low shear strength in exterior
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joints with seismic deficiency and hooks bent away from joint core (Figure 2.5.a), or with hooks
in the compressed bar bent away from joint core and tensile bar bent in joint region (Figure
2.5.b). Nevertheless, this situation can be improved by using hooks bent in the joint core, Figure
2.5.c. Other authors like Cosgun et al. (2020), described the anchorage type as an essential factor

in both the capacity and failure mode of joints, mostly in the case of exterior joints.

a) b) c)
Figure 2.5 — Types of anchorage in BCJs a) Beam bars bent away from joint core, b) Tension
beam bars bent away from the joint and compression beam bars bent in the joint

core, ¢) Beam bars bent in the joint.
Font: Obtained from Kuang and Wong (2006) and Hakuto et al. (2000)

2.2.2.3 Slipping in the beam and column longitudinal bars

Slippage in beam bars influences the behavior of joints. Soleimani et al. (1979) described
the loss of bond between the beam bars and concrete as one cause of premature anchorage
failure and inelastic strains concentrated at the beam fixed-ends of interior joints. Beckingsale
(1980) considered this phenomenon as one of the reasons for reducing the capacity to absorb
energy. Meanwhile, Ehsani et al. (1987) affirmed that slippage caused stiffness degradation in
both interior and exterior joints. However, Alameddine (1990) said that transverse reinforcement

in the joint core reduced slippage in exterior BCJs.

On the other hand, Zerbe (1985) found that bond loss in the longitudinal bars during the
initial cyclic loads may occur due to loss of cover in the column, which is caused by plastic hinges

in the column’s interface.

2.2.2.4 Axial compressive force in the column

In recent years, the effect of the axial force applied in the column on the joints has been
a topic of study in diverse investigations. Authors as Beckingsale (1980), Birss (1978), Park
and Milburn (1983), and Paulay (1989), considered beneficial the presence of axial force in
the joint’s compression behavior, increasing its shear strength. However, Liu (2001) observed
insignificantly beneficial effects in the shear strength for interior joints with smooth bars and few
column bars. Experimental tests conducted by Clyde et al. (2002), Pantelides et al. (2002), and
Park (1988) observed improvements in the shear capacity of non-seismic exterior connections

with high values of axial force; however, it was unfavorable for energy dissipation and ductility.
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This same phenomenon was evidenced in the study developed by Gao et al. (2021) in exterior

joints designed with seismic criteria.

Park and Mosalam (2012b) claimed that in the case of weak column-strong beam design,
increasing the column axial load up to the balanced point improved the joint shear strength
because the column moment capacity was positively affected by the axial load. Conversely, in the
case of strong column-weak beam design (case of most tests), high values of column axial load

given joint shear strength both favorable and unfavorable effects to the joint’s shear strength.

From the strut mechanism in the joint region, it is known that the compressive diagonal
strut width is determined by the compression block depth of the column and the beam. Thus,
the column compression block depth increases with the increase of the column axial load, which
has a positive effect on improving joint strength. In addition, high column axial load improves
bond strength between the beam reinforcing bars and the surrounding concrete, leading to
improvements in the joint shear strength because the horizontal shear force is transferred into
the joint by bond and anchorage of the beam reinforcement, (PARK; MOSALAM, 2012b).

However, because most joint shear failures occur after cracking in the joint, the crack
width is usually transformed into an average principal tensile strain to be used in softening
a concrete constitutive, such as the Modified Compression Field Theory (MCFT) (VECCHIO;
COLLINS, 1986a). Thus, the acceleration in the crack propagation is caused by Poisson’s effect
as the column axial load increases, and consequently, the joint has less shear strength (PARK;
MOSALAM, 2009). In a similar way, Minami and Nishimura (1985) evidenced increments in
the anchorage strength of the hooked bar in the joint region with column axial load, which was

rapidly deteriorated under high axial load.

2.2.2.5 Transversal beam and compressive strength of concrete

Studies affirm that transverse beams helped to improve the joint’s confinement (MEIN-
HEIT; JIRSA, 1977; JOH; GOTO, 2000; KUSUHARA; SHIOHARA, 2008; KAM et al., 2010),
increasing significantly their shear capacity with lateral beams on two sides (PARK et al., 2012).
In addition, the research conducted by Hanson and Connor (1967) and Durrani (1982) empha-
sized the need for transverse reinforcement in joints confined only on two faces, as they asserted
that connections with transverse beams on a minimum of three of their faces would not require
stirrups. Transverse beams caused plastic hinges in the principal beam, delays in the concrete
deterioration, and delays in the joint core cracking (MEGGET, 1974; ALAMEDDINE, 1990).

Regarding concrete compressive strength (f.), Melo et al. (2015) observed improvements
in the shear capacity for non-seismic interior joints, as the compressive strength increased.
Meanwhile, the studies of Vandana and Bindhu (2017) described other beneficial effects in

connections with high values of f., such as shear strength, stiffness, and energy dissipation

capacity.
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2.2.2.6 Shear strength

Many studies have been conducted to propose analytical, numerical, and experimental
models to determine the joint’s shear strength (V;,). One of the first works on this was developed
by Paulay (1989) and Paulay and Priestley (1992), in which a beneficial effect on strength was
observed when intermediate bars in the column were considered. Alva et al. (2007) observed
that the concrete compressive strength had a bigger influence than the amount of transverse
reinforcement in the core in joints with equal cross-sectional dimensions. Other more recent
research conducted by Meas et al. (2014), De Risi et al. (2016), and Verderame et al. (2018)

evidenced an increase in V;; when the joints had high longitudinal beam bars ratios.

Alameddine (1990) observed a significant delay in the deterioration of the joint concrete
and stability in the cyclic load-carrying capacity in joints with low shear stress, which was caused
by the members connected to the joint and the load intensity. Otherwise, early joint shear failure

could happen before the yielding of the beam’s bars.

Kim and LaFave (2007) reported that the joint aspect ratio (h h.) from 1.0 to 1.6 for
exterior joints, had little influence on the joint shear stresses and strains for the case of joint
failure following beam yielding. Moreover, Kim and LaFave (2007) stated that the increase of
the joint aspect ratio slightly reduced the joint shear strength for the case of joint shear failure

without beam reinforcement yielding.

However, Chun and Shin (2014) analyzed BCJs with a joint aspect ratio (beam depth to
column depth ratio) greater than 1.5. The results showed flexural yielding in the beam bars and
extensive diagonal cracking within the joint, producing spalling of the joint cover concrete only
at the end of testing. This happened due to an increase in the joint ratio that promoted severe
distortions in the joints and a reduction in the beam’s damage. For this, the authors proposed
a reduction factor in the joint’s shear strength ( ). Hence, the shear strength of unreinforced

exterior joints was inversely proportional to its aspect ratio.

2.2.2.7 Type of load

Numerous studies have examined the behavior of the BCJ to better understand its
structural response to seismic events. In experimental tests, the horizontal loads applied to the
connections are typically modeled using either incremental monotonic forces or cyclic forces that

simulate the effects of earthquakes.

The experimental investigation developed by Yang et al. (2018) analyzed BCJs subjected
to cyclic loading in both the column and the beam. The results showed greater shear force
transfer capacity in joints with cyclic loading applied at the beam than in the column, with
smaller diagonal cracks in the joint core; however, with faster yielding beam bars. The joint’s
strains varied depending on the position of the cyclic load, as observed in Figure 2.6. Although
the deformed position of BCJ with load applied to the column exhibits a more realistic behavior,
the experimental method under cyclic loading on the beam is easier to develop. However, the

authors asserted that BCJs with cyclic forces on the column are more recommended for studying
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their behavior under seismic conditions.
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Figure 2.6 — Beam-column joint deformed configuration: Interior with cyclic load a) In the
column, b) In the beam; Exterior subjected with cyclic load c¢) In the column, and d)

In the beam.

Font: Adapted from Yang et al. (2018), Ma et al. (2020), and Bahragq et al. (2021)

Consequently, several analytical methodologies have been developed to determine the

joint shear strength V. Frequently, the models consider Vj, as the sum of two contributions,

derived from concrete V., and steel V;,, Equation 2.1.

Vi Ve Ve

2.1
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One of the earliest studies is attributed to the work of Paulay and Priestley (1992), in
which they proposed the mechanism of strut and tie. The strut acted diagonally between the edges
of the joint core, while the tie mechanism depended on the horizontal and vertical reinforcement
of the joint, as presented in Figures 2.7 and 2.8. Thus, the formation of plastic hinges in the
beams connected to the edges of the columns was expected in exterior beam-column joints under
seismic actions. Therefore, high shear stresses from the longitudinal bars of the column and the

beam occurred in the joint core.

Where T corresponded to the resultant force of the tensile reinforcement in the beam, C
the resultant force of the compressive reinforcement in the beam, T and T the resultant forces
of the tensile reinforcements in the column, C; and C; the resultant forces of the compressive
reinforcements in the column, C, the resultant of the compressive stress in the concrete, V. the
shear force acting on the column, N, the axial force applied to the column, and V), the shear

force acting on the beam.

Through the equilibrium of horizontal forces, it was possible to calculate V, for exterior
beam-column joints by Equations 2.2 and 2.3. The parameter , was an over-strength factor
governed by the yield strength of the beam bars f,;, with values of 1.25 and 1.40 for f; of 275
MPa and 400 MPa, respectively.
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Figure 2.7 — a) Strut mechanism, b) Truss mechanism (Interior BCJ).
Font: Adapted from Paulay and Priestley (1992)
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Figure 2.8 — a) Idealization of distribution of seismic and gravity loads, b) Diagonal strut mecha-
nism, c) Strut mechanism, and d) Truss mechanism (exterior joint).
Font: Adapted from Paulay and Priestley (1992), Tsonos (2008), and Kassem (2016)

2.3 Joint shear strength models

A review of joint shear strength models with and without retrofitting was developed
to be used as a background for creating a new analytical shear methodology of strengthened
joints with UHPFRC. The following methods were developed through empirical and/or analytical
equations obtained from experimental results, which depended on the geometric and mechanical
properties of the elements.

2.3.1 Paulay and Priestley (1992) Model

The theoretical model of Paulay and Priestley (1992) adopted the strut-and-tie mechanism,
expressed by Equations 2.4 and 2.7 that were governed by the contribution of concrete and the
stirrups at the joint, respectively. The analytical proposal considered the influence of various
parameters such as concrete compressive strength (f.), column geometry (b, h.), axial force of
the column (N.), beam and joint reinforcement (A, A jn)> as well as mechanical properties of

the steel. The parameter represented the ratio between the bottom and top reinforcement of
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beam Aspot Asitop »and , can range from 1.25 to 1.40.
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2.3.2 NZS 3101 (1995) Model

The standard NZS 3101 (1995) presented a model to determine the shear strength based
on the truss mechanism, Equation 2.8. This model can be applied to joints subjected to seismic

(cyclic) loads and gravity forces or both.
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In exterior joints 1, C; was a non-dimensional factor expressedas C; Vi, Vi V.

2.3.3 Priestley (1997) Model

Priestley (1997) studied the seismic performance of RC elements, such as beam-column
joints. In this model, the width and height of the column (b, i), axial force of the column (Nc),
compressive strength of concrete (f.), and axial stress of the column (N, Ag) were considered,

as shown in Equation 2.13.

N.

vV, 042 fA, 1 ——5%
h feds 0,424, f.

(2.13)

The value of 0.42 referred to the principal tension stress (p;), where the hooks of the

longitudinal beam bars were bent into the joint.
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2.3.4 Tsonos (1999) Model

Tsonos (1999) proposed an equation to predict the shear strength in the joints. The
shear forces acting on the joint core were resisted by the strut mechanism (which acted between
opposite edges diagonally across the joint) and by the truss mechanism (formed by vertical and
horizontal reinforcement and a compression strut). Both mechanisms depended on the strength
of the concrete. It assumed that the concrete was subjected to biaxial stress (Mohr’s Circle), and
the confinement effect in the concrete was considered through the model developed by Scott et
al. (1982), as follows:

5
hy, th 4h, 5hy, th 4h,
e 1 1 2 . 2.1
2012f, W bR o @14
fo kfe (2.15)
ko1 S;yfh (2.16)

The parameter ; refered to the horizontal reinforcement ratio of the joint.

2.3.5 Pampanin et al. (2002) Model

Pampanin et al. (2002) proposed a new analytical method as a sequence of Priestley
(1997) work. This method considered the principal tension stress p;, which was a function of the
story drift or the shear strain joint. The shear strength of exterior joints with seismic deficiency

can be determined through Equation 2.17.

_ N,
Vi 020 fA, 1 — ¢ 2.17
" feAsg 0,20A, f; (217

2.3.6 Hwang and Lee (2002) Model

Hwang and Lee (2002) proposed a simplified model to calculate the shear strength of
joints subjected to diagonal compression failure mode. The proposed formulation was associated
with the work developed by Hwang and Lee (1999), which considered force equilibrium, compati-
bility of strains, and constitutive laws of materials when the ultimate load was reached. The model
was governed by the diagonal strut mechanism, horizontal truss mechanism (horizontal tie),
and vertical truss mechanism (vertical tie), as shown in Figure 2.9. Thus, the model considered
the loss of bond between the reinforcement of the beam and the column, where its principal
stress was concentrated in the diagonal strut, causing shear failure. The shear strength can be

determined by Equation 2.18.

V]h KchstrCOS h (2.18)
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Fpo  Asjnfyin (2.25)
Fyv As]'vfij (226)
Fy 1K feAstrcos (2.27)
fv ’UE chstrSin h (2-28)
Fn, K, 1 _
K, S (2.29)
Fy
Fp Ky 1
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Figure 2.9 — Joint shear resisting mechanisms: (a) Diagonal mechanism, (b) Horizontal mecha-
nism (horizontal tie), and (c) Vertical mechanism (vertical tie).
Font: Adapted from Hwang and Lee (1999)

Where corresponded to a softening factor, and K was a factor that considered the
favorable effect of vertical and horizontal reinforcement in the joint (HWANG; LEE, 1999; TRAN
et al., 2014). Ay, was the effective area of the diagonal strut determined by the product of
the width of the compression diagonal strut (assuming that a;  a., depending on the joint
geometry, axial force in the column N, and compressive strength of concrete f., Equation 2.5),
and the width of the diagonal strut, which was equal to the effective width of the joint, following
the criteria of ACI 318 (1995). The parameter ; was the fraction of diagonal compression
transferred by the horizontal tie in the absence of a vertical tie and , corresponded to the
fraction of diagonal compression taken by the vertical tie in the absence of a horizontal tie. K},
and K, were the indices of the horizontal and vertical ties of the joint. F,, and F,, were the
yielding forces of the horizontal and vertical ties of the joint, where K;, and K, were determined

by Equations 2.29 and 2.30. j, was the angle of the diagonal compression strut.

2.3.7 ASCE SEI/41 (2007) Model

The joint shear model proposed by the standard ASCE SEI/41 (2007) is expressed
in Equation 2.31. Where was 0.75 for lightweight aggregate concrete and 1.0 for normal
weight aggregate concrete, and the parameter b; was the effective joint width, following the
recommendations of ACI 318 (2002).

Vin feAj (2.31)

A bih (2.32)
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b]' bb hc; bb 2x (233)

Where A; was the effective area of the joint, was equal to 0.062 and 0.083 for concrete
with lightweight and normal aggregate, respectively. The parameter x was the orthogonal length
from the longitudinal axis of the beam to the exterior face of the column. The parameter was

determined from Table 2.2.

Table 2.2 — Values of (Joint shear strength)

sjh Value of
Interior Joint with  Interior Joint without Exterior Joint with  Exterior Joint without Knee Joint with
Transverse Beams Transverse Beams Transverse Beams Transverse Beams or without Transverse Beams
0.003 12 10 8 6 4
0.003 20 15 15 12 8

sjn = volume ratio of horizontal confinement reinforcement in the joint.
Font: Obtained from ASCE SEI/41 (2007)

2.3.8 Kim et al. (2009) Model

Kim et al. (2009) developed an analytical model to assess the shear capacity in joints
of both old and new structures. The method used an experimental database of both exterior
and interior joints (reinforced and unreinforced). The authors used a probabilistic method to
predict the joint shear strength (Equation 2.34). The model considered the influence of beam
width (b), column width (b.), beam depth (/), column depth (%), concrete compressive strength
(fo), longitudinal reinforcement beam (Ag;), reinforcement ratio of beam ( ;), and volumetric
joint horizontal reinforcement ratio ( in)s obtained from the relationship between the volume of
transverse reinforcement of the joint located between the top and bottom reinforcement of the
beam and the joint volume (product of column height, beam width, and the distance between the
longitudinal beam reinforcements), Equations 2.38 and 2.39, respectively. The method can be
applied to joints with eccentricity, inadequate confinement, and out-of-plane elements. However,

the effect of the axial load was not considered.

i ;j;:c ¢t ¢ J1 015 B 030 £ 075 MPa (2.34)
b  be ; b 2b“ (2.35)

JI fhffwh 0.0139 (2.36)

BI bj{y" (2.37)

Asb,bottom Asb,top

b E (2.38)
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Asjnhe

sjh —hb 2 ., hib (2.39)

The parameter ; described the in-plane geometry in the joint (equals 1.0, 0.7, and 0.4
for interior, exterior, or corner joints, respectively). ; considered the out-of-plane geometry
(equal to 1.0 for joints with up to one transverse beam and 1.18 for joints with two transverse
beam, ;expressedas ; 1 e b. %%’ corresponding to a value of 1.0 for joints without
eccentricity, and ; was equal to 1.31. The joint transverse reinforcement index JI and the beam

reinforcement index BI were determined by Equations 2.36 and 2.37.

2.3.9 Wang et al. (2012) Model

The methodology proposed by Wang et al. (2012) can be used in joints with transverse
reinforcement in the joint core and intermediate bars in the column. A special feature of the model
was the consideration of the bi-dimensional rupture envelope of Kupfer-Gerstle to determine the

shear strength, expressed in Equation 2.40.

1 y Sin hzftn 0.8cos hZbeh
jhe

Vi, (2.40)
! J% % sin 2
fin  fie  sfymcos 2 afyjsin 2 (2.41)
N,
y Tg (2.42)
fo 0556 f. (2.43)
Asjh Asjv
ih ' (2.44)
* bih 57 bih.

The value of was equal to 1.0 or 0.8 for interior or exterior joints, respectively. j was
the inclination of the concrete strut, , was the axial stress of column, b; was the effective width
of the joint following the criteria of NZS 3101 (1995), s and ¢, were the horizontal and vertical
reinforcement ratio of the joint, respectively, and f.; was the contribution of concrete to nominal
tensile strength. In the model, the authors assumed that both the concrete tensile strength and

the yield strength of the steel were reached, which is considered an unlikely scenario.

2.3.10 Park and Mosalam (2012a) Model

The model by Park and Mosalam (2012a) determined the shear capacity only in un-
reinforced exterior joints (without transverse reinforcement), governed by the mechanism of
two diagonal struts, truss analogy, and deterioration of bond strength. The simplified model
considered the influence of geometric parameters of the beam and the column, as well as some

mechanical properties of the reinforcements, Equation 2.45:
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— cos
Vi ke febjhe h4 (2.45)
s X
k 04 0.6 X, X 1.0 (2.46)
A .
s Asfw g 085 (2.47)
bjhc fc H
cos
X1 o1 ——— (2.48)
cos 4
cos
XZ ext h (249)
cos 4
b b
b; 5 ¢ (2.50)

Where k was a resistance factor, .,; was the upper limit of shear strength normalized to a
ratio of /i, he 1.0 (equals to 12 Psi®> or 1.0 MPa"®), b; was the width of the joint, j was the
angle of the diagonal compression strut, and SI; was the shear index of the joint, representing
the shear demand of the joint at the onset of yielding of the tension reinforcement in the beam.
The factor s7; had a value of 4 £, Psi%5 or 0.33  f.MPa’>.

2.3.11 ACI 318 (2014) Model

The proposal given by the standard ACI 318 (2014) did not consider the contribution of
the truss mechanism (V). Therefore, the shear strength was governed only by the geometry of

the joint and the compressive strength of the concrete (f.), Equation 2.51.

Vin feA; MPa (2.51)
Aj  bjh (2.52)
b] bb hc; bb 2x (2.53)

Where A; was the effective area of joint, and was defined as the factor considering
the confinement effect on the joint, Table 2.3 . The variable was equal 0.062 and 0.083 for
lightweight and normal aggregate concrete, respectively. x was the horizontal distance measured

between the beam’s outer face and the column’s outer face.
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2.3.12 Tran et al. (2014) Model

The empirical model of Tran et al. (2014) can be applied to interior and exterior connec-
tions without slabs, transverse beams, and eccentricity. The model was based on the strut-and-tie
mechanism, where the bond conditions was considered through the parameter ,, which de-
pended on the number of beam bars the beam and the diameter of tensile beam reinforcement
(ny, dg), Equation 2.54:

N,
Vin 1 12 AfYY 2 Agufyin Asiofyio (2.54)
bchcfc
A bih, (2.55)
b b
by el (2.56)
pdsphe
bolty 0,4 (2.57)

The factor 1 was equal to 0.81 and 0.34 for interior and exterior joints, respectively. »

was equal to 0.34 for interior and 0.22 for exterior joints.

2.3.13 Metelli et al. (2015) Model

Metelli et al. (2015) proposed two analytical models for predicting Vj, for exterior beam-
column joints without seismic criteria, labeled PSLM and SSTM. The PSLM model (Principal
Stress Limitation Model) was limited by the tensile stress of the joint, while the SSTM model
(Modified Softened Strut-and-Tie Model) was governed by the strut-and-tie mechanism. The
shear strength using the PSLM model was determined by Equation 2.58.

Vin Ki fo 1 fa heby, (2.58)

Klfc

Where f, corresponded to the average compressive stress in the column, and k; was equal

to 0.2 for joints with smooth bars and no transverse reinforcement.

2.3.14 Pauletta et al. (2015) Model

Pauletta et al. (2015) developed an analytical model for exterior joints subjected to
seismic loading, considering the strut-and-tie mechanism. The model considered the contribution
of two diagonal struts, horizontal joint reinforcement, and intermediate bars in the column. The
formulation was governed by both geometric and mechanical parameters of the exterior joint
(Equation 2.59).

febjaccos 0.52 A0 fyjo

(2.59)
tan

Vi 071 0.079 Agjp fyji
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2L Ly | b fe

_ 1,0 (2.60)
2L:Ly, 2Ly, he jap b fo

Where b; was the width of the ST1 diagonal strut determined as the minimum value
between the width of the beam and the column (b and b.), j was the slope of the first ST1 strut,
a. corresponded to the height of the compressed zone in the column (Equation 2.5), was a
non-dimensional interpolating function accounting for concrete softening, and was a factor
that depends on the tensile stress f;. The horizontal projection of the ST2 diagonal strut was I,

and j;; was the internal moment arm of the beam’s cross-sectional area.

2.3.15 Kassem (2016) Model

Kassem (2016) developed a shear capacity prediction model for interior and exterior
joints using the strut-and-tie model. The shear strength can be determined by the generalized
Equation 2.61, or specifically for exterior and interior joints through Equations 2.62 and 2.63,
respectively. The proposed method considered parameters such as the geometry of the joint,

effective width of the joint (b j b.), and axial force in the column (N,).

Vip  hebj ¢ acfecos 1 Asjnfyin Asppot  Asvrop fo - v Asjofyjp ot
(2.61)
th hcb]021 acfccos h 0.09 Asjhfyjh Asb,bot Asb,top fyb 0.22 Asjvfij cot h
(2.62)

V]'h hcb]026 acfccos h 0.44 Asjhfyjh Asb,bot Asb,top fyb 0.07 Asjvfij cot
(2.63)

fe
550 (2.64)

The parameter was equal to 0.6 or 0.48 for interior or exterior joints, respectively. In
exterior joints, . had a value of 0.21, ; of 0.09, of3.47,and , of 0.22.

2.3.16 Parate and Kumar (2018) Model

The proposal developed by Parate and Kumar (2018) may be used for both exterior
and interior joints, where the transverse reinforcement can be in horizontal or diagonal (Ag;,c)
direction. The model considered geometric parameters of the elements and mechanical properties

of the materials 2.65.

ﬁ b 0.15 1 NC Agfc
Vin ; 0.15 Aj Asinfyin (2.65)
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A; bk (2.66)
s 1.0 0.15

1.0 5 20 0.20 (2.67)
s 20 0.25

was a factor that depends on the horizontal reinforcement ratio of the BCJ .

2.3.17 Hassan and Moehle (2018) Model

Hassan and Moehle (2018) developed two prediction proposals for exterior joints without
transverse reinforcement. The first one used the strut-and-tie model, while the second one
was determined based on empirical analyses. According to ACI 318 (2014), the strut-and-
tie model required the consideration of the concrete softening factor, denoted as ;, with
values of 0.6 for struts that had bottle-shaped. This proposal considered the joint geometry, the
steel ratio for compressive and tensile reinforcement beam ( , ), and the distances from the
extreme compressed concrete fiber to the centroid of the compressed and tensioned longitudinal
reinforcement ( _,, d}), respectively, (Equation 2.68). The second proposal was an empirical
model, which was considered as an alternative to the first proposal for joints that exhibit shear

failure before the reinforcement in the column or beam yields (J - failure) (Equations 2.73-2.74).

Vin feuasbjcos (2.68)
b b mh
b; b I e (2.69)
feu 0.85 sfc (2.70)
y  tan ! b as az a2 (2.71)
d. d, b ¢
a, kd, 22 2 T;h dy, (2.72)
h. — .
hc —
Vip 091 ikbjhc fe MPa (2.74)
4 N,
k1 = 0,15 1,0 k 2,0 (2.75)
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The effective joint width b; was calculated following the criteria of ACI 352R (2002),
where f., was the effective strength of the compressed strut, j, and a; were the angle and depth
of the diagonal compression strut, respectively. The height of the compressed zone in the column
a. must be less than 0.4k, (a. 0.4h.), and was the ratio between the elasticity modulus of
the materials. The kappa factor (k) considered the influence of the axial force in the column, and

the ¢ factor was equal to 0.6.

2.3.18 Parate and Kumar (2019) Model

Parate and Kumar (2019) developed an analytical model to determine shear strength
based on a hybrid approach. The model combined the strut-and-tie method with an empirical
method. The authors considered that under diagonal compression, the action of the strut was
derived using the strut-and-tie method, while under tension, the influence of the transverse

reinforcement was obtained from experimental results, as shown in Equations 2.77 and 2.80.

Vin o Ven Vi kf Astrurcos Asinfyin - Asjofyjo  Asjifyji (2.76)

Vch kfco'éAstrutCOS h (277)
Astrut bejdstrut (2. 78)
Astrut a% “z% (2.79)

The variables and were determined based on the longitudinal reinforcement of the
beam and the column. The presence of a transverse beam and/or slab was represented by the
parameter (equal to 1.2 for joints with a transverse beam and 1.0 without a transverse beam),
and the factor k encompassed the effect that joints with wide beams may have on strength
(kb b).

Van Asj fyj Asinfyin — Asjofyjo  Asjifyji (2.80)
1004, 0321 100A.. 0505
00 sb 00 sco (281)
A Aq

be b bi b h;b 2x
bc bb b] bc

(2.82)

To consider the contribution of transverse reinforcement in the joint strength, the authors
proposed a formulation based on experimental results (empirical model), where As; represented

the area of reinforcement located in the joint core in the horizontal (Asjn) and vertical (Asjo)
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directions. The factor represented the influence of joint reinforcement with empirical values of
0.2 for a reinforcement ratio less than 0.5%, 0.3 for a reinforcement ratio between 0.51% and
1.0%, 0.3 for a reinforcement ratio between 1.0% and 2.0%, or 0.35 for a reinforcement ratio

greater than 2.0%.

2.3.19 Other guidelines

The standards ACI 352R (2002), Eurocodigo 8-Part I 1998 (2004), and FEMA 273 (1997)
also provided formulations to calculate the joint shear strength. Most of them are based on the
strut-and-tie model (HAACH, 2005).

The American standard ACI 352R (2002) may be applied for joints localized in seismic
and non-seismic regions. It considers the action of multidirectional forces that the members
transmit to the joint, including axial load, bending, torsion, and shear. The model can be applied
to joints of high-strength concrete, with slabs, eccentric beams, and beams wider than the column
(Equation 2.83).

Vi 0.083  fbih, MPa (2.83)

b b

_ mh,
Z'bZZ

Where is determined by the classification of the joint, as shown in Table 2.3. The

bj b (2.84)

parameter m is equal to 0.3 for joints with eccentricity between the beam and the column higher

than b. 8, and 0.8 for other cases.

Table 2.3 — Values of [MPa%?]

Joint type
1 2

Classification

A. Joints with a continuous column
A.1. Joints effectively confined on all four vertical faces 24 20
A.2. Joints effectively confined on three vertical 20 15
faces or on two opposite vertical faces

A.3. Other cases 15 12
B. Joints with a discontinuous column

B.1. Joints effectively confined on all four vertical faces 20 15
B.2. Joints effectively confined on three vertical

15 12
faces or on two opposite vertical faces

B.3. Other cases 12 8
Font: Obtained from ACI 352R (2002)

Due to the axial force of the column, the ACI 352R (2002) recommends an adequate
confinement in the joint core, which can be provided by transverse reinforcement or transverse

elements. The transverse reinforcement for Type 1 joints must have at least two layers of stirrups
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(located between the top and bottom reinforcement of the beam) and spacing less than 30 cm

(300 mm). For Type 2 joints, the transverse reinforcement must be at least equal to:

subcfe Ag
Asin 0.3 —= 1 (2.85)
sjh fyjh A,

However, it should not be less than:

0.095hbcfc
fyjn

Where A, is the area of the joint core of the connection confined by the stirrups, s;, is the

Agjy (2.86)

spacing between hoops, and b, is the joint width.

The FEMA 273 (1997) considers the presence of plastic hinges in the elements adjacent
to the connection. However, without exceeding the design values obtained by the combination of
gravity force and seismic force. It uses the same expressions as the ACI 318 (1995) (Equations
2.51 and 2.53).

Eurocodigo 8-Part I 1998 (2004) allows to calculate the shear strength for interior and
exterior joints through Equations 2.87 and 2.91, respectively.

Vit fa 1 —2bjh; (2.87)
0.6 1 fo 250 MPa (2.88)
N
(2.89)
! Agfcd

bc b b]' bc,' b O.5hc
bc b b] b; bc OShC

(2.90)

Vinext 0.8V int (2.91)

where f; is the design compressive concrete strength, and /. is the distance between

the faces of the longitudinal bars of the column.

Currently, the Brazilian Standard, Associacdo Brasileira de Normas Técnicas - ABNT
(2023) does not have any analytical prediction model for the joint shear strength. It only specifies
requirements for the bond strength between concrete f;; (item 9.3.2.1) and the anchorage length

of longitudinal bars of the beam [, (item 9.4.2.4).

A database of experimental tests was built and applied to the previous analytical models
(see Appendix A). Table 2.4 summarizes the contribution of geometric and mechanical parameters

of the models above mentioned.



Table 2.4 — Parameters used in analytical models to determine the joint shear strength V,

 Model [ LT [CT [Reinf [fe [b [be [h [ he | Ne| Aw [ Aseo [ Asjn | Asio [ fyin | fyio | fop [Ne Ag | o[ o]
Paulay and Priestley (1992) C |E R - UR — — - - - - - | -
NZS 3101 (1995) C |E R - - - - - |-
Priestley (1997) C |E UR - - - - - - - - - - | -
Tsonos (1999) C |E-T|R-UR - - |- - - - - - - |-
Pampanin et al. (2002) C |E UR - - - - - - - - - - | -
Hwang and Lee (2002) C |[E-T|R - - - - |-
ASCE SEI/41 (2007) C |E-T|R-UR - - |- - - - - - - - - | -
Kim et al. (2009) C |E-T|R-UR - - - - - -
Wang et al. (2012) C |[E-I|R-UR - — - - | -
Park and Mosalam (2012a) C |E UR — - - - - - - - | -
ACI 318 (2014) C |[E-T|R-UR - - - - - - - - - - | -
Tran et al. (2014) C |[E-T|R-UR - - - - - | -
Metelli et al. (2015) - PSLM C |E UR - | - - - - - - - - - - | -
Pauletta et al. (2015) C |E R -UR - - | -
Kassem (2016) C |E-I |R-UR - -
Parate and Kumar (2018) C |[E-T|R-UR - -

Hassan and Moehle (2018) -STM C |E UR — - - — - - - | -
Hassan and Moehle (2018) -EMPIR | C | E UR - - - - - - — - | -
Parate and Kumar (2019) C |[E-I|R-UR - -

LT: Load type; C: Cyclic load; CT: Connection type; E: Exterior Joint; I: Interior Joint; R: Reinforced joint; UR: Unreinforced joint; f.: Compressive
concrete strength; b: beam width; b.: Column width; #: Beam depth; h.: Column height; N,: axial force in the column; A,: Area of the beam longitudinal;
Asco: Area of the column longitudinal; Agj,: Area of horizontal joint reinforcement; Asj,: Area of vertical joint reinforcement; f,j,: Yield strength of
horizontal joint reinforcement; f,,: Yield strength of vertical joint reinforcement; f,;: Yield strength of beam tensile reinforcement; N. Ag: Axial stress in
the column; .: Reinforcement ratio of column; ,: reinforcement ratio of beam.
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2.4 Beam-column joints retrofitted with UHPFRC subjected to cyclic
load

Numerous retrofit techniques for strengthening and repairing BCJs have been developed,
enhancing their shear capacity during seismic events. Such as RC jacketing (KARAYANNIS et
al., 2008); epoxy resin injections (KARAYANNIS et al., 1998); steel jacketing (NOYAN, 2014);
steel plates (LI et al., 2017; EBANESAR et al., 2022); steel braces (SAID; NEHDI, 2008); fiber-
reinforced polymers (FRP) (MUKHERJEE; JOSHI, 2005; PAMPANIN et al., 2007; BEYDOKHTY;
SHARIATMADAR, 2016; MA et al., 2017; POHORYLES et al., 2018; OBAIDAT et al., 2019;
ILIA et al., 2020; LEE et al., 2010; ATTARI et al., 2010; PARVIN et al., 2010; ILKI et al., 2011;
SEZEN, 2012; CHOUDHURY et al., 2013; REALFONZO et al., 2014; VECCHIO et al., 2014); High-
Performance Fiber Reinforced Concrete (HPFRC) (SHANNAG; ALHASSAN, 2005; SHANNAG et
al., 2002; BESCHI et al., 2015); and Ultra High-Performance Fiber Reinforced (UHPFRC) (KHAN
et al., 2018; SHARMA; BANSAL, 2019; SAHARAN et al., 2023)

The Ultra-High Performance Concrete (UHPC) is characterized by its exceptional com-
pressive and tensile strength, as well as its high stiffness. However, due to its brittle nature, fibers
are often added to improve its ductility, resulting in what is known as Ultra-High Performance
Fiber-Reinforced Concrete (UHPFRC) (FEHLING; SCHMIDT, 2014). UHPFRC combines the su-
perior mechanical properties of UHPC with enhanced ductility and crack resistance provided
by the fibers. It is also highly flowable, comparable to or even exceeding the workability of
Self-Compacting Concrete (SCC), and typically achieves compressive strengths of no less than
150 MPa (AFGC, 2002; NF P 18-710, 2016; WILLE et al., 2014; HUANG et al., 2022a). In
contrast, High-Performance Fiber-Reinforced Concrete (HPFRC) refers to a broader category of
fiber-reinforced concretes that exhibit the mechanical characteristics of High-Strength Concrete
(HSC) combined with SCC-like workability. HPFRC typically reaches compressive strength values
ranging from 100 MPa to 150 MPa (KAIKEA; KARIHALOO, 2014; WALRAVEN, 2009; SOHAIL
et al., 2021). UHPFRC material has higher tensile strength compared with the HPFRC, due to
the higher fiber volume (usually higher than 2%). However, both HPFRC and UHPFRC develop
the hardening and microcracking states, represented by a trilinear stress-strain tensile curve
(elastic-hardening-softening branches) (AL-OSTA et al., 2017; NAAMAN; REINHARDT, 1996;
WILLE et al., 2014; NAAMAN; REINHARDT, 2006).

The French Building Code NF P 18-710 (2016) defines UHPFRC as a material with high
post-cracking tensile strength and high compressive strength, which guarantee a ductile behavior
in tension. This results in structural elements with higher energy absorption capacity, durability,
flexural strength, and shear strength (HUANG et al., 2022a). Whereas the AFGC (2002), describes
the UHPFRC as a material with tensile strength values between 7 and 15 MPa.

The strengthening with HPFRC and UHPFRC jackets not only helps to shift the failure
region away from the typical shear failure region but also improves the joint’s behavior with
seismic deficiency in terms of stiffness, shear strength, and energy dissipation capacity (FEHLING;
SCHMIDT, 2014; BAHRAQ et al., 2021; MATSAGAR, 2015). Several experimental studies on
BClJs retrofitted with HPFRC/UHPFRC jackets have been carried out in the last decades. Table
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2.5 summarizes some experimental tests of beam-column joints strengthened with UHPFRC.

Table 2.5 — Summary of experimental tests of BCJs retrofitted with UHPFRC/HPFRC under

conditions of cyclic load

Author

Brief description

Shannag and Alhassan
(2005) and Shannag et
al. (2002)

Beschi et al. (2015)

Sharma and Bansal

(2019)

Saharan et al. (2023)

Khan et al. (2018)

BCJs retrofitted with HPFRC jackets of thickness 15 mm and 25 mm were investigated. In the
retrofitted joints, the authors observed a ductile failure mode, increase in the load capacity, energy

dissipation and ductility, and less stiffness degradation.

The effectiveness of a HPFRC jacket with thickness of 30 mm in the beam and 40 mm in the column
as retrofit intervention for exterior non-seismic BCJs was investigated. The results showed increase
of the joint shear strength, lateral displacement capacity and energy dissipation capacity, and ductile

flexural failure at the beam.

Exterior BCJs retrofitted with Ultra-High Performance Hybrid Fiber Reinforced Concrete (UHP-
HFRC) jackets of thickness 25 mm were analyzed, obtaining improvements in the load capacity,

ductility, energy dissipation, and stiffness.

BCJs were exteriorly retrofitted with a UHPFRC jacket of thickness 25 mm. It was verified the

increase in the lateral load, ductility, and energy absorption.

BCJs were exteriorly retrofitted with 30 mm thick UHPFRC plates. Two different alternatives for
the bond between the concrete and the retrofit material were tested. The first one consisted of
using sandblasting (Figure 2.10.a) and the second one was carried out attaching pre-fabricated
UHPFRC plates using epoxy resin and special fillers (Figure 2.10.c). The experimental results
showed improvement in the shear capacity, stiffness, energy dissipation capacity, and ductility. In
addition, a change from diagonal cracks in the joint core to flexural vertical cracks at the interface

between the beam and the joint was observed, a desired configuration, Figure 2.11.

d)

Figure 2.10 — Scheme of exterior BCJ retrofitted with UHPFRC a) Before sandblasting, b) After
sandblasting, ¢) Demolding of UHPFRC in the conventional concrete, d) Attachment
of pre-fabricated UHPFRC plates in the conventional concrete.

Font: Obtained from Khan et al. (2018)
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Figure 2.11 — Cracks at rupture load in a) Unretrofitted BCJ, b) BCJ retrofitted with UHPFRC,
and c) BCJ retrofitted with pre-fabricated UHPFRC plates.
Font: Obtained from Khan et al. (2018)

2.5 Shear strength models of joints retrofitted with UHPFRC

Despite the effectiveness of UHPFRC as a retrofit material, there is a lack of analytical
models to predict the shear strength of exterior joints retrofitted with UHPFRC jackets. Be-
low is presented the only analytical model available to determine the shear capacity of joints
strengthened with UHPFRC, which was developed by Bahraq et al. (2021).

In this model, the joint shear strength is a function of the contribution of the concrete V.
and UHPFRC Vinr, (Equation 2.92). The authors assumed that the contribution of the UHPFRC
jacket to the BCJ shear strength could be determined with the formula provided by ACI 352R
(2002) for normal concrete (Equation 2.94). The contribution of the concrete may be determined
through the empirical model developed by Sarsam et al. (1985), even though the model was
proposed for joints subjected to monotonic loading (Equation 2.93). However, the simplification
of using the formulation of normal concrete for UHPFRC may not lead to reliable results, instead

an analytical expression specific for UHPFRC retrofit should be used.

Vie Vie Vi (2.92)
Vie  2.4f33bch, faur 70N mm? (2.93)
Vg 0.083  figA;j (2.94)

where f.r is the compression strength of UHPFRC, is determined using Table 2.3, and
Aj is the effective area of UHPFRC, as shown in Figure 2.12.
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Figure 2.12 — Scheme of effective area of UHPFRC jacket.
Font: Obtained from Bahraq et al. (2021)

2.6 Numerical simulations of BCJs

2.6.1 Reinforced concrete BCJs

To represent the nonlinear behavior of the materials, various numerical techniques and
constitutive models have been implemented through commercial software developed via the
Finite Element Method (FEM), such as ATENA, DIANA, ABAQUS, ANSYS, and others. The use of
computational simulations to study the behavior of RC joints is considered an important tool in

cases involving cyclic loading.

Experimental analyses have helped to understand the behavior of RC joints; however,
these studies require a high cost and time. Nevertheless, in many cases, they do not capture
the influence of many variables that can affect the behavior of the connections. Therefore, the
implementation of numerical simulations is considered an effective alternative to complement

experimental research and expand the knowledge on joints.

In many cases, simulating RC BCJs is considered complex due to the need for calibrated
models and the consideration of the bond between reinforcement and concrete. A review of the
most important studies related to numerical strategies to simulate the behavior of BCJs under

conditions of cyclic load is presented in Table 2.6.
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Table 2.6 — Summary of studies with FE analysis of BCJs under conditions of cyclic load

Author

Brief description

Sharma et al. (2008)

Haach et al. (2008)

Najafgholipour et al.
(2017)

Arowojolu and Ibrahim
(2020)

Shirai (2006)

Li and Kulkarni (2010)

Deaton (2010)

Sasmal et al. (2011)

Haris and Roszevak
(2019)

The behavior of non-seismic exterior joints under cyclic and monotonic loading was studied. The
results showed that models with cyclic loading and using a bond-slip relationship were more
critical in obtaining good calibration in terms of cracking patterns and failure modes. The authors
considered a specific formulation to represent the bond-slip relationship of the reinforcements.
(ABAQUS SOFTWARE)

The influence of the axial force of the column on the behavior of exterior joints, through numerical
analyses with monotonic horizontal loading was investigated. The results showed large deformations
in the transverse reinforcement with low axial force, higher shear strength with high axial force
values, and no significant effect on the joint stresses when the applied load is eccentric. The
modeling considered a perfect bond between reinforcement and concrete. (ABAQUS SOFTWARE)

The behavior of exterior BCJs (ductile and non-ductile) was investigated to evaluate the influence
of shear failure mode on shear strength, ductility, and stability in reinforced concrete frames. Shear

failures in connections without seismic criteria were efficiently simulated. (ABAQUS SOFTWARE)

Simulations of exterior joints with secondary reinforcement in the critical regions of plastic hinges.
The results showed that the addition of horizontal stirrups in the joint core was not sufficient to
prevent its failure because the plastic hinges still occur in the interface beam-joint core, and yielding
of longitudinal reinforcement causes loss of bond. However, the methodology used to shift the
plastic hinge region was satisfactory, with improvement in the ductility, energy dissipation, load
capacity, and stiffness degradation. (ABAQUS SOFTWARE)

Bi-dimensional (2D) and three-dimensional (3D) simulations of interior BCJs with shear failure
mode were carried out. The 3D results showed a good representation of damage distribution in
the elements and joint failure. The authors used the bond model proposed by fib Model Code
(1990). However, some models showed higher shear capacity than the ones experimentally obtained.
(DIANA SOFTWARE)

Joints with wide beams was analyzed to assess the influence of the concrete strength, axial force in
the column, and anchorage length of beam reinforcement. The results showed that compressive
concrete strength did not have a significant effect on this type of connection. In addition, due to
the beam width, shear stresses are lower, hence the need for transverse reinforcement is reduced.
However, the axial force had an advantageous effect on the shear strength. The reinforcement bond
was simulated according to the criteria of fib Model Code (1990). (DIANA SOFTWARE)

Numerical simulations of exterior BCJs were developed. The author studied the seismic performance
of exterior (corner) joints with slabs and seismic deficiencies subjected to cyclic loading in two
directions (bi-axial loading). The results exhibited the hysteresis characteristics (e.g., pinching
effect) of the joints and rupture modes close to experimental ones. However, it was recommended
to introduce new models for the bond-slip relationship because the relationship used did not show
significant effects on the behavior of the joints. (DIANA SOFTWARE)

Exterior BCJs designed only for gravity loads were simulated. Numerical results displayed anchorage
failure in the reinforcement beam and shear cracks in the joint core. The bond model used was the
one proposed by fib Model Code (1990).(ATENA SOFTWARE)

The seismic behavior of corner joints subjected to cyclic loading was simulated. The authors
highlighted that it is necessary to consider the real characteristics of the reinforcement as, in some
cases, linear models of reinforcement are not close to experimental results. However, the proposed
methodology can be applied only up to story drifts of 1%. The bond between reinforcement and
concrete was simulated using the relationship of fib Model Code (1990). (ATENA SOFTWARE)
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2.6.2 Reinforced concrete elements retrofitted with UHPFRC

Table 2.7 summarizes finite element analysis of columns and BCJs retrofitted with

UHPFRC jackets.

Table 2.7 — Summary of studies with FE analysis of elements retrofitted with UHPFRC

Author Brief description

Sakr et al. (2020) The behavior of RC columns retrofitted with UHPFRC jackets was investigated through finite element

analysis. The authors observed the increase in the load capacity with the increase of the UHPFRC

jacket thickness. In this model, the interface between the concrete and the jacket was simulated

by multi-zero-length connectors, which are two-node connectors placed at the interface, with one

node on the concrete and the other on the jacket. (ABAQUS SOFTWARE)

Fayaz et al. (2022) Numerical analyses of BCJs retrofitted with 30 mm thick UHPFRC jacket confined by CFRP sheets
were developed. The models considered the perfect bond between concrete and UHPFRC, while the

bond between UHPFRC and CFRP was modeled as a tie-bond. The numerical results displayed the

improvement in the shear strength, energy dissipation capacity, and structural stiffness, due to the

retrofits. (ABAQUS SOFTWARE)

Bahragq et al. (2021) Numerical investigations of exterior BCJs strengthened with UHPFRC jackets, through finite element

analysis were carried out. The contact between the concrete and the UHPFRC jacket was simulated

with cohesive elements, using the constitutive model Traction-Separation Approach, which can be

used for materials of thin thickness. The results showed increments in the load-bearing capacity

and failure mode in the interface beam-joint core, as obtained in the experimental tests. (ABAQUS

SOFTWARE)
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3 Experimental Tests Used in Reference

3.1 Case studies

This thesis was developed using the following experimental tests as a reference, which
consist of one low-high reinforced concrete frame under monotonic load and four beam-column

joints subjected to cyclic loading.

3.1.1 Case 1 - Reinforced concrete frame: Vecchio and Emara (1992)

The first case corresponds to a reinforced concrete frame, tested by Vecchio and Emara
(1992) at the University of Toronto. The authors studied the influence of the shear effects on the
frame’s structural behavior, specifically on parameters such as frame strain, load capacity, and

rupture mode.

The frame had two stories 1800 mm and 1600 mm high and a span of 3100 mm. The
beams and columns had cross-sections of 300x400 mm? and 400x300 mm?, respectively. The
structure was fixed to a rigid base represented by hinge support in the column base, as shown in
Figures 3.1 and 3.2.

Loading
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Steel
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LVTD= Linear Variable Differential Transformer

a) b)

Figure 3.1 — a) Experimental test of frame, b) Test setup.
Font: Adapted from Vecchio and Emara (1992)
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Figure 3.2 — Details of the reinforced concrete frame.
Font: Adapted from Vecchio and Emara (1992)

The variables V; and V; correspond to the beams of the first and second floor, while
C1-C3 and C,-C4 correspond to the columns of the left and right face, respectively. The beams
and columns were reinforced with eight bars of 20 mm diameter, four at the top and four at the
bottom face. In addition, the structure was reinforced with stirrups of 10 mm diameter, spaced
by each other by 125 mm. The rigid base was reinforced with 21 bars of 20 mm diameter and

stirrups, placed at each 250 mm.

A constant vertical load of 700 kN was applied to the top of the columns C3 and C4, which
represents the weight of the upper floors (gravity forces). Subsequently, a monotonic horizontal
loading was applied through a hydraulic actuator, until reaching the ultimate capacity of the
frame, starting with load intervals of 25 kN and ending with intervals of 10 kN. To measure
horizontal displacements and strains, displacement transducers (IVDTs) and electrical strain

gauges located at different points of the structure were used.

The concrete had a compressive strength f. of 30 MPa (Figure 3.3.a) and a tensile
strength f; of 1.81 MPa. The 20 mm steel bars had a yield strength of 418 MPa, an ultimate
strength of 454 MPa, a Young’s modulus of 192500 MPa, and a hardening modulus of 3100 MPa,
as shown in Figure 3.3.b. The stirrups of 10 mm diameter had a yield strength of 454 MPa and
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an ultimate strength of 690 MPa.
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Figure 3.3 — Stress-strain curve in a) Compression of concrete and b) Tensile of reinforcement.
Font: Adapted from Vecchio and Emara (1992)

3.1.2 Case 2 - Exterior beam-column joint: Kusuhara and Shiohara (2008)

This case corresponds to an exterior beam-column connection tested by Kusuhara and
Shiohara (2008) at the University of Toronto (Canada). The test investigated the joint’s strength,
ductility, and failure mode when subjected to a significant demand of seismic forces. The authors
used the theoretical model proposed by Kusuhara and Shiohara (2006) to calculate the relative
displacements at the ends of the elements, rotations in beams and columns, and stresses in the

longitudinal steel bars.

The exterior BCJ, named A2, had a cross-section of 300x300 mm?, as observed in Figure
3.4. The beam was divided into two sections: the first vertically supported at its end, and the

second in cantilever. During the experimental test, the displacements at the base of the column
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were restricted in all directions, leaving only the rotations free. The base for the column and the

end of the beam had hinge and roller supports, respectively.
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Figure 3.4 — Details of BCJ A2.
Font: Adapted from Kusuhara and Shiohara (2008)

The beam was reinforced with sixteen longitudinal bars of 16 mm diameter, eight localized
at the bottom and eight at the top. The column was reinforced with sixteen longitudinal bars
of 16 mm diameter. The beam and the column had stirrups of diameter of 6 mm, spaced each
50 mm. The joint core had a transverse reinforcement of 6 mm diameter, composed of three
horizontal layers corresponding to the minimum value required by AIJ Structural Committee
(1990).

The top of column was initially loaded with a constant vertical axial force on the column
of 216 kN, through a hydraulic actuator of capacity 500 kN. Subsequently, a cyclic and quasi-
static horizontal load was applied to the top of the column, through a hydraulic actuator with a
capacity of 200 kN. The applied load gradually increased until reaching a story drift (SD) of 6%,
determined by Equation 3.1.

100A

D

(3.1)

where L. represents the total height of the column and A is the horizontal displacement

measured at the top of the column.
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In the experimental test, BCJ A2 was subjected to a cyclic displacement history, as shown

in Figure 3.5, demonstrating a progressive increase in displacement with each cycle.
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Figure 3.5 — Cyclic displacement history BCJ A2.
Font: Adapted from Kusuhara and Shiohara (2008)

The concrete material had a cylindrical compressive strength of 28 MPa, a Young’s
modulus of 25900 MPa, and a tensile strength of 2.67 MPa. The longitudinal reinforcement of
the beam and the column had a Young’s modulus of 176000 MPa, hardening modulus of 962
MPa, yield strength of 456 MPa and 357 MPa, and ultimate strength of 582 MPa and 493 MPa,
respectively. The transverse reinforcement had a Young’s modulus of 151000 MPa, hardening
modulus of 3775 MPa, yield strength of 326 MPa, and ultimate strength of 488 MPa.

3.1.3 Case 3 - Exterior beam-column joint: Tsonos (2005)

The third case corresponds to the exterior joint tested by Tsonos (2005) at the structural
engineering laboratory of the Aristotle University of Thessaloniki (Greece), labeled as Al. The
study aimed to evaluate the seismic behavior of beam-column connections designed with seismic
criteria from recent standards. The authors considered that, in some cases, the safety of framed
structures can be compromised during strong seismic events, such as earthquakes, due to

premature shear failures that occur in the joint core.

The beam and column had cross-sections of 200x300 mm? and 200x200 mm?, respectively,
Figure 3.6. Like the previous case, at the base of the column, displacements were restricted in all
directions while their rotations were free. Thus, the top and base of the column were restrained

with roller and hinge support, respectively.
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Figure 3.6 — Details of BCJ Al.
Font: Adapted from Tsonos (2005)

The beam was reinforced by eight longitudinal bars of 10 mm diameter, four localized at
the top and four at the bottom. The longitudinal reinforcement of the column was composed of
eight bars of diameter 10 mm. The beam and column were reinforced with stirrups of diameter
6 mm, spaced each 65 mm and 50 mm, respectively. In the less confined region of the beam,
a spacing of 200 mm was used. Similarly, the joint core was reinforced by five layers of closed
stirrups. In addition, the column and the joint core had 45deg rotated closed stirrups, as shown
in Figure 3.6. The joint A1 was designed following the requirements of standards ACI 352R
(2002) and ACI 318 (2005).

A vertical axial force of 200 kN was applied to the top of the column, which was constant
throughout the test. Afterward, a cyclic load at the end of the beam was applied until reaching a
story drift of 6%, determined by Equation 3.2. L, represents the total length of the beam and A

is the vertical displacement measured at the end of the beam.

100A

D
SDy L,

(3.2)

Figure 3.7 exhibits the history displacement of the cyclic load, with displacements of 15,
20, 25, 30, 35, 40, 45, 50, 55, and 60 mm, and story drifts of 1.5%, 2.0%, 2.5%, 3.0%, 3.5%,
4.00/0, 4.50/0, 5.00/0, 5.5% e 6.0%.
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Figure 3.7 — Cyclic displacement history BCJ Al.
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The concrete had a compressive strength of 35 MPa at 28 days. The longitudinal re-
inforcement of the beam and column had a yield strength of 500 MPa, while the transverse

reinforcement presented a yield strength of 540 MPa.

3.1.4 Case 4 - Exterior beam-column joint: Beschi et al. (2015)

The next specimen analyzed in the current thesis corresponds to the exterior beam-column
joint tested by Beschi et al. (2015). The authors tested two identical joints, one without retrofit
and the other retrofitted with an HPFRC jacket named specimens CJ2 and RCJ2, respectively.

Both specimens had the same geometry but with different concrete compressive strengths.

The dimensions of the beam and column cross-sections were 300x500 mm? and 300x300
mm?, respectively. The total height for the column (L.) and the length of the beam (L) corre-
sponding to the contra-flexure points placed in the beam mid-span and column mid-height of a

real building frame, were 3000 mm and 2100 mm, respectively, as observed in Figure 3.8.
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Figure 3.8 — Geometrical details of: a) Beam-column joint, b) Sections of joint CJ2, and c)
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The longitudinal reinforcement of the beam was composed by four smooth steel bars of
diameter 12 mm (two localized at the bottom and two at the top) and three bars of diameter
16 mm with end-hooks in the region of the joint core, as shown in Figure 3.8. The longitudinal
reinforcement of the column was composed of four steel bars of 12 mm diameter with a lap-
splice in the superior column. Regarding the transverse reinforcement, the beam had stirrups
of diameter 8 mm, spaced 200 mm (50 mm in the beam end), and the column had stirrups of
diameter 6 mm, spaced 150 mm (50 mm in the column ends). No transverse reinforcement was

placed in the joint core.

Two hydraulic jacks were used to apply a vertical load of 210 kN to the column top to
simulate the gravity load. The horizontal cyclic displacement was applied using an electrome-
chanical jack fixed to a strong wall and the column top. The load was considered positive in the
left-to-right direction. The beam-column joint presented free rotation at the top and the base
of the column (hinge supports). The beam end was restricted only vertically through a roller
support. These boundary conditions were applied to both specimens. The history displacement
applied during the experimental test, with horizontal displacements of 15, 22.5, 30, 45, 60, and
75 mm, corresponding to story drifts of 0.5%, 0.75%, 1.0%, 1.5%, 2.0%, and 2.5,% as shown in
Figure 3.9.
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Figure 3.9 — Cyclic displacement history of BCJs CJ2 and RCJ2.
Font: Adapted of Beschi et al. (2015)

The steel bars of 12 mm and 16 mm diameters presented yield strengths of 365 MPa
and 445 MPa, ultimate strengths of 558 MPa and 546 MPa, and ultimate strains of 15.9% and
13.7%, respectively. Stirrups with 6 mm and 8 mm diameter had yield strengths of 493 MPa and
337 MPa, ultimate strengths of 556 MPa and 440 MPa, and ultimate strains of 16.1% and 21%,

respectively. The Young’s modulus of steel was assumed to be equal to 200000 MPa.

The normal concrete of CJ2 and RCJ2 specimens had a cylinder compressive strength
of 38.7 MPa and 27 MPa, respectively, and a Young’s modulus of 29238 MPa and 24421 MPa,
respectively. The HPFRC material had a compression strength of 110.5 MPa, a Young’s modulus
of 36000 MPa, and a tensile strength of 6.6 MPa. The thickness of the HPFRC jacket was 30 mm
in the beam and 40 mm in the column (Figure 3.8).
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4 Proposed analytical models

In this chapter, an analytical model to calculate the beam flexural strength of RC BCJs
retrofitted with UHPFRC jacket, called flexural model, and an analytical model to calculate
the shear strength of exterior BCJs retrofitted with UHPFRC jackets, named shear model, are
proposed. These methods were published by Palomo et al. (2024).

4.1 Flexural model

The proposed flexural model is used to calculate the beam ultimate bending moment
converging to exterior RC BCJs retrofitted with UHPFRC jackets. It is based on the model of
Bahragq et al. (2021), assuming a different stress distribution on the cross-section and a different
failure mode. In the proposed model the distribution of the tensile stresses in the jacket is
continuous along the height and the failure is due to UHPFRC crushing. Conversely, in Bahraq et
al. (2021), the distribution of the tensile stresses in the jacket is not continuous along the jacket’s
height and the failure is due to both UHPFRC crushing and UHPFRC behavior under tension.
The proposed analytical model’s value lies in the possibility of calculating the ultimate bending

moment of the retrofitted cross-section without using software.

The proposed equations can be easily implemented in a spreadsheet or using programming
in software such as MathCad or Matlab. Once this is done, the design of the UHPFRC jacket for
the flexural strengthening of a beam can be quickly carried out. The model does not apply to BCJs
with pre-deformations before the construction of the strengthening jacket. This methodology is
based on the assumption of plane sections, as the condition of perfect bond between UHPFRC
and plain concrete can be achieved by using different techniques of substrate surface preparation,
as shown in Habel et al. (2006), Safdar et al. (2016), Paschalis and Lampropoulos (2021), Huang
et al. (2022b), Nagib et al. (2022), and Al-Osta et al. (2020).

Three possible intervals for the neutral axis depth (x.) in the beam cross-section were
considered, corresponding to Cases 1, 2, and 3. Case 1 occurs when the neutral axis falls within
the UHPFRC layer (Figure 4.1), of thickness g; Case 2 occurs when the neutral axis is localized
between the inner face of the retrofit layer and the centroid of the top longitudinal reinforcement.
Finally, Case 3 occurs when the neutral axis is localized below the centroid of the top longitudinal

reinforcement.

The equations proposed in this methodology were derived for the case in which the
flexural failure in the cross-section is due to UHPFRC crushing. Accordingly, it must be checked
that, at UHPFRC crushing the strains, in the plain concrete and in steel reinforcements do not
exceed the ultimate strains. In the following formulation, subscript c refers to the conventional

concrete, while R to the retrofit material.

Figure 4.1 shows the distributions of stresses, strains and internal forces on the beam
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cross-section at joint interface for Case 1. In this case, for convenience of calculation the tensile
resultant force is divided in seven components, labelled Tg; - Tr7. The meaning of the symbols
used in Figure 4.1 is the following: ,r is the maximum compressive strain in the UHPFRC layer
(Equation 4.1), 4 crack is the strain corresponding to the tensile cracking strength f,; of UHPFRC
(Figure 4.2); the strains ,; and ,; and stresses f,; and f,; correspond to the horizontal
edges of the beam original cross-section (Figure 4.2), expressed by Equations (4.2)-(4.3) and
(4.8)-(4.9) reported in Table 4.1, respectively.

The parameters .4 and f,; correspond to the ultimate tensile strain and stress in UH-
PFRC. The strains ¢ and .. represent those in the bottom and top longitudinal reinforcements,
respectively, as given by Equations (4.4) and (4.5). The distance y denotes the distance from
the neutral axis to the strain ;4 (Equation 4.7). The parameter d refers to the distance
between the centroid of the top longitudinal reinforcement and the extreme compressed concrete
fiber in the beam section without the jacket. The parameters b and / are the width and depth
of the beam section without the jacket, while B and H are the beam’s width and depth with
the jacket. CR; represents the compressive force in the UHPFRC layer (Equation 4.11). The
internal tensile and compressive forces acting on the UHPFRC material can be calculated through
Equations (4.14)-(4.25). The forces, strains, and areas of the bottom and top longitudinal steel
reinforcements are represented by Cs. (Equation (4.26)), Cs. (Eq. (4.27)), s, s, Asc, and
Asc , respectively. The parameter ;.0 can be determined directly from the tensile strain-stress

diagram of UHPFRC, while ,;; corresponds to the strain associated with f,;.

The yield strength and Young’s modulus of steel bars are indicated with symbols f;, and
E,, respectively. Regarding the tensile behavior of UHPFRC, the simplified stress-strain diagram
shown in Figure 4.2 was adopted, which does not consider the hardening branch, represented as
a bi-linear diagram composed by a linear and softening stage. This simplification was adopted
also in other analytical models developed by other researchers (AL-OSTA et al., 2017; BAHRAQ
et al., 2021; LAMPROPOULOS et al., 2016).
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Figure 4.1 - Distributions of stresses, strains, and forces on the beam cross-section at the interface
with the joint retrofitted with UHPFRC jacket — Case 1: x, R-
Font: Obtained from Palomo et al. (2024)
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Figure 4.2 — UHPREFC tensile stress-strain diagram.
Font: Adapted from Palomo et al. (2024)



Chapter 4. Proposed analytical models 75

Table 4.1 — Analytical equations for strains and stresses in Cases 1, 2, and 3

Case 1 (x. R) Case2(r x r 4) Case 3 (x. R d)

cuR H“’}‘C Xc (4.1) Ascasel As Case 1

u T R X (4.2) ut u (Case 1) As case 2

ut H”;f H «x R (4.3) Not present Not present

sc ﬁ H x R d (4.4) AsCasel As Case 1

s H“‘}Yc R Xc d (4.5) AsCasel s H“‘}{c Xe R d
y ”’#’f“" H x (4.7) AsCasel As Case 1
fur fur % ut ut crack (4.8) AsCasel As Case 1
fut fut % ut ut crack (4.9) Not present Not present
Not present ' Ce ¢ Xc R fo cb (4.10) As Case 2
Cr1 R R RfcrB (4.11) Cgi R RferRB (4.12) AsCase?2
Not present Cr2 R¥e R Rrfr2 r (4.13) AsCase2
Try  [4YB (414 Tri  fuy R (4.15) As Case 2
Te e o x. yB (416) Tro fu fu H Rr %% y r (417) AsCase2
Trs  fur R X Yy B 418) Trzs fu H Rr x y2r (4.19) AsCase 2
Tre  fu fu H 2R & (4.20) Tgy Jufur gp (4.21)  As Case 2
Trs fu H 2Rr2& (4.22) Trs fun rB (4.23) As Case 2
Tre M rB (4.24) Not present Not present
Try  fun rB (4.25) Not present Not present
Cse scEsAsc  Ascfsy (4.26) AsCasel As Case 2
Csc sc EsAse  Age foy (4.27) AsCasel As Case 2

Font: Obtained from Palomo et al. (2024)

The factors g and g appearing in the equivalent rectangular compressive stress block
of UHPFRC are expressed by Equations 4.28 and 4.29 (MERTOL et al., 2008), respectively.

0.85 or 69MPa
K for fex (4.28)
r 085 0.0029 f.r 69 0.75 for  fir  69MPa
R 0.85 or R 28MPa
for Je (4.29)
r 0.85 0.007252 f.r 28 0.65 for for  28MPa

where f. and f.r are the cylindrical compressive strength of normal concrete and of
UHPFRC material. The depth of the beam cross-section referents to Figure 4.1 can be determined

from the equilibrium of the internal and external axial forces, expressed as:

N 0 Crt Tri Tre Trz Tra Trs Tre Try GCs¢ Cs (4.30)

the values of each term can be calculated through Table 4.1.
Consequently, the beam flexural capacity can be obtained with the equilibrium of internal and

external bending moments calculated respect to the neutral axis, as follows:
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Xe 2y R X Y R X Y
M Cg > Tr1 3 TR 3 y Tr3 > v TRa
H 2 H 2 2
R R Xc Ty ———X R Xc Tre —X H x. g (431)
3 2 3
Try 7R H x R Coe H x R d Coe R Xc d

The illustrations of Cases 2 and 3 are presented in Figures 4.3 and 4.4, respectively. The
parameter f, is the cylindrical compressive strength of normal concrete and C, is the compressive
force in the normal concrete, determined by Equation 4.10; Cg; and Cg, are the compressive
forces in the UHPFRC, determined by Equations (4.12) and (4.13), respectively; and the internal
tensile forces of UHPFRC (Tgr; Try) are estimated by Equations (4.15)-(4.23). Finally, the
factors .and . are determined through Equations (4.32) and (4.33), respectively, following
the recommendations of ACI 318 (2019).

¢ 085 (4.32)
¢ 085 for 17MPa  f. 28MPa
0.05 28
¢ 085 f% for 28MPa f. 55MPa (4.33)
¢ 0.65 for f. 55MPa

For Case 2 (Figure 4.3), the neutral axis depth and the ultimate bending moment of the

cross-section can be determined by Equations (4.34) and (4.35), respectively.

B a
L ,Rf—CR, C @ E.ur
) RI oa, fc
R ﬂRxc}r CRZ \i{. | — X
d <SIE=—"
fl:l[‘ i T RI y + 8ut,crack
. Asc’ . TRZ SSC, Cvc'
h H ] T, R3
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. . gsc Csc
+ d j:;t' T / S
0 L
= fmJE Tys L Eui
O b 5

Figure 4.3 — Distributions of stresses, strains, and forces on the beam cross-section at the interface
with the joint retrofitted with UHPFRC jacket — Case 2: r  x. R d.
Font: Obtained from Palomo et al. (2024)
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N 0 C Cri Crr Tr1i Tro Trz Tra Trs GCse Cq (4.34)
M C. x R < xc2 R Cr1 xc 7R Cr2 x R Rxcz R Tr1
2y H r x y H r x vy
T T T
3 R2 3 y R3 5 y R4
R R
? H R Xc Trs 7 H R Xc Ce H x R d
Csc R Xc d
(4.35)

For Case 3 (Figure 4.4), the neutral axis depth and the ultimate bending moment of the
cross-section are given by Equations (4.36) and (4.37), respectively. In this case, is important to

highlight that the strain . is a compressive strain, differently from that of other cases, expressed

by Equation 4.6.
B | aR.f;R &
5 _  e— CR[ a f cuR
R % cJc
dl ® Av - ® ﬁRXL CR2 {I{I Cc Ye Eer [T Csc,
sc <
fb‘;t 7 TRI y - 8ut,crack
h H T R2
T Tys
. ASC . C
. d] Al I, / j
LT T L
I 5R- b -5R 1

Figure 4.4 — Distributions of stresses, strains, and forces on the beam cross-section at the interface
with the joint retrofitted with UHPFRC jacket — Case 3: x, R d.
Font: Obtained of Palomo et al. (2024)

N 0 C Cri Crr Tr1i Tro Trz Tra Trs GCse Cq (4.36)
X X
M C. x &R ° CZ R Cr1 xc TR Cr2 xc R R Cz R Tr1
Zy H R X y h R Xc y R
— T T T —_— H
3 R2 3 y R3 2 y Rt 3 R Xc
Trs 7R H R Xc Cee H x R d Cse R Xc d
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The previous formulations allow to determine the ultimate bending moment and conse-
quently the acting shear load in the beam (V},) and the column (V,). The results obtained for the

analyzed specimens are presented in Chapter 6.

4.2 Shear model

This section presents the proposed shear model, which aims to estimate the shear strength
of exterior RC BCJs strengthened with UHPFRC jacket. The model assumes that joint failure
is due to the attainment of the peak compressive stress in the joint core, taking into account
the confinement effect produced by the UHPFRC jacket on the joint core through the confined
concrete strength (f..), as shown in Figure 4.5. By considering a strut and tie resisting mechanism
for the joint, the principal direction of the compression stresses is along the concrete strut, which
develops inside the joint core inclined by an angle j with respect to the horizontal plane (Figure
4.5.a). Thus, the compressive strain in the confined concrete at the peak stress ( . ) is attained

along this direction.

To calculate the strength f.. according to the requirements of the Italian Building Code
(NTC, 2018) and Eurocode 2 EN 1992-1-1 (Eurocode 2, 2004) an iterative process was developed,
shown in the flowchart of Figure 4.6. Since the UHPFRC jacket is in contact with the joint vertical
surfaces, to determine the effective mean lateral (horizontal) confining pressure produced by the
jacket on the concrete core ( ), the horizontal component of the confined concrete strain ( )

is considered.

The iterative process starts by assuming an initial value of . , which can be made equal
to the unconfined ultimate compressive strain of normal concrete at peak stress o ( 2 = 2.0%o0
for NTC (2018), Eurocode 2 (2004)). The transverse strain of the confined concrete strut in the
presence of the UHPFRC jacket ( ), is determined by using Poisson’s ratio. For concrete under
compression at peak stress, the adopted value of the Poisson’s ratio, ( was 0.5, as suggested by
Samani and Attard (2014). This value was obtained considering that the axial compressive strain
at the instant of zero volumetric strain is approximately equal to the axial compressive strain at

which the concrete reaches its peak compressive axial stress.
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0,'=0,/2 +

(0,/2)cos(180+26,)
0,%=0,/2 +
(0,/2)cos(26,

Figure 4.5 — Confining pressure exerted by UHPFRC jacket on exterior RC beam-column joint: a)
Front view, b) X-direction, ¢) Y-direction, and d) 3D-view of confinement produced
by the UHPFRC jacket.

Font: Adapted from Palomo et al. (2024)

By assuming a perfect bond at the interface between the joint core and the external jacket,
the horizontal strain in the jacket is equal to the normal strain of the confined concrete strut in
the horizontal plane ( ;). Consequently, the tensile stress in the UHPFRC jacket at the interface

with the joint core is obtained from the tensile curve of UHPFRC with the strain value ;.

Since the value of tensile stress on the external surface is unknown and the real distri-
bution of tensile stresses across the UHPFRC jacket is also unknown, to account for the fact
that tensile stress decreases across the jacket thickness, it is assumed that tensile stress linearly
decreases from the inner to the outer surface of the jacket, becoming null on the outer surface.
Hence, a triangular distribution of tensile stresses within the jacket thickness was adopted. The
value of tensile stress in the jacket at the interface with the joint core (f,; ) can be calculated

from the experimental tensile strain-stress curve.

Figure 4.5.a represents the scheme of confining caused by the lateral pressures exerted
by the UHPFRC jacket on the joint core, which depends on pressures ;, and ,,, acting in x and

y horizontal directions, respectively, which can be determined by the following expressions:
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fut

Ix ]
b]

(4.38)

fut R

(4.39)

where b; and h; are the width and the depth of the joint core, respectively.

Equations 4.38 and 4.39 are derived assuming that the confinement provided by the

UHPFRC jacket and by the beam is uniform on each side of the joint core.
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Initialize €, .. with the unconfined
compressive strain in the concrete

at the peak stress, €, =€,

l

Calculate the corresponding

transverse strain €= Uy, .«

'

Calculate the horizontal component of
the strain,

€= (Ecz,c*+5t)/2+[(fcz,c*-ft)/zlCOS(Zeh)

Calculate the tensile stress in
UHPFRC jacket f,,.

'

Calculate the confinement pressures in x

and y directions, 6,, and o, , (Eqs. 4.38-4.39)

Calculate the mean lateral confinement

pressure, o; (Eq. 4.40)

'

Calculate the effective lateral confinement

pressures, 6, and ¢,' (Eqs. 4.41-4.42)

'

Calculate the compressive strength
of confined concrete, f,. (Eqs. 4.43-4.44)

> Tee

'

Calculate the ultimate compressive
strain of the confined concrete, €, . (Eq. 4.46)

> “c2,¢

End

Figure 4.6 — Iterative process to determine the confined compressive strength of the diagonal
strut in exterior BCJs retrofitted with UHPFRC jackets.
Note: f,; is the tensile stress corresponding to the strain ;, which is obtained from
the tensile curve of UHPFRC.
Font: Adapted from Palomo et al. (2024)
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According to NTC (2018) and Eurocode 2 (2004), the mean lateral confinement pressure,

1, can be calculated as the geometrical mean between the two above lateral stresses, following:

I Lx Ly (4.40)

The effective mean lateral confining pressure is calculated by

2 I n s (4.41)
where the coefficients , and ; can be assumed equal to 1, being the UHPFRC jacket
continuous and uniform in thickness on the lateral surfaces of the joint.

To calculate the confining pressure orthogonal to the direction of the concrete diagonal

strut ( ,) showed in Figure 4.5.a, the Mohr’s circle was used:

5 72 ?Zcos 180 2 4 (4.42)

The confined concrete strength can be calculated following the standards of NTC (2018)
and Eurocode 2 (2004), expressed as:

5.0

fee  fa 1.0 sz for , 0.05f4 (4.43)
C
2.

Jee  fae 1125 sz for , 0.05f4 (4.44)
C

where f is the characteristic value of the compressive strength of concrete.

The Mohr’s circle was also used to determine the compressive stress arising along the

axis of the diagonal concrete strut ( ,), due to the confining action of the jacket:

2 72 726052 h (4.45)

This stress is added to that induced by the lateral load, reducing the maximum stress
bearable by the joint. To take account of this, the compressive strength of the strut is calculated
by subtracting , to the compressive strength of the strut confined concrete f., as observed in
Equation 4.47 .

Finally, the compressive strain in the confined concrete strut at the peak stress ( ) was
determined by the following equation (NTC, 2018; Eurocode 2, 2004):

c2,c c2 & (446)
f ck

The iterative procedure represented in Figure 4.6 ends when the absolute value of the

difference between .and . is 10 5,
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Thus, the shear strength of the retrofitted joint (V]-h) was calculated as the sum of the
joint core contribution (Vj,.) and the UHPFRC jacket. The parameter Vj, is obtained by the
formulation of Pauletta et al. (2015), replacing the concrete strength f. by the confined concrete

strength f.. (MPa) and the presence of stress ,

b:a.cos Agipfyi
Vie 071 Jeo 2 bjaccos 0.79 Asji fy i 0.50 sivfuiv (4.47)
tan
where
foe ° foe fee
74 1.2 22 87 .
0 105 8 105 0 105 0.8 (4.48)
a 0.25 085i h (4.49)
. . 85y he .
2L.L, 4kl fe
- 1 — 1.0 (4.50)
2LcLy 2Ly he jpa b foi

where is a non-dimensional interpolation function that accounts for concrete softening
(PAULETTA et al., 2015), a. is the depth of the compression zone in the column; A, and f, ; are
the area and the yield strength of joint horizontal longitudinal reinforcement, respectively; Ay,
and f,;, correspond to the area and the yield strength of joint vertical reinforcement, respectively.
Ayg is the gross area of the column section; k. is the height of the column cross-section; jy, is the
internal moment arm of the beam cross-section, which can be calculated as suggested in Pauletta
et al. (2015); I, is the horizontal projection of the diagonal concrete strut, which is equal to
he ac; kis a experimental factor equals to 0.25;  is the mean diameter of beam longitudinal

bars in tension; and f,; is he stress of beam bars in tension, given in MPa.

In this condition, the acting shear force Vﬁ‘l is distributed between the joint core and the

UHPFRC jacket in relation to their shear stiffness, expressed as:

G:A

A A clle

V? | V47 i — .51
GRrA

va  ya _ GRAR

jhR ih Gcl lc GR‘ lR (4.52)

where G, and Gy are the shear modulus of the normal concrete and UHPFRC material,
respectively; A, is the joint core horizontal area and Ay is the UHPFRC jacket horizontal area at
mid-height in the joint, as shown in Figure 4.7.b. The shear moduli of normal concrete, G, and
UHPFRC, Gg, can be calculated by means of Equation (4.53), using the values of the Young’s
modulus and Poisson’s ratio of the materials. Concrete and UHPFRC Young’s modulus, E. and
ER, respectively, can be obtained from experimental results. Alternatively, E. can be calculated
according to the recommendations of ACI 318 (2019) (Equation (4.54)), while Er through the
formula developed by Guo et al. (2018), expressed by Equation (4.55) (f. and f.r in MPa).
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Regarding the Poisson’s ratios ( ), the value of 0.2 is adopted both for normal concrete
and UHPFRC, as recommended by ACI 318 (2019), NF P 18-710 (2016) and in the studies of
Russell et al. (2013).

E
G ST (4.53)
E. 4700 f. (4.54)
Er 3837 f=x (4.55)

The contribution of the UHPFRC jacket to shear strength is determined in function of the
contribution provided by the concrete strut, assuming that both the jacket and the concrete core
are in the elastic field. Assuming that the jacket percentage contribution to joint shear strength is

that considered in Equations (4.51) and (4.52), the joint shear strength is calculated as follows:

GrAR

Vi Vine thcm

(4.56)

In order to avoid joint shear failure, the joint shear strength must be greater than the
shear force on the joint acting at beam flexural failure. In this condition, the acting shear force
(V]‘-z) can be calculated from the equilibrium of the top half part of the joint, as shown in Figure
4.7.a. Considering that a negative bending moment acts on the beam cross-section, V]f;‘1 is given by
the sum of the tensile force on the retrofit material (Tg), the tensile force on the top reinforcement

(Ts), and the shear force on the column (V,), following:

V;,‘; " T, V. (4.57)
where
Ts  Asfy (4.58)
L,V,
y, —b’b (4.59)
L.

where A; is the area of the top steel reinforcement; ; is the tensile strain in the top steel
reinforcement (at the ultimate bending moment); V,, is the shear acting on the beam; L, and L,

are the lengths of the beam and the column, respectively (Figure 4.8).

To provide adequate ductility to the joint, the UHPFRC layer should be designed to
promote the beam’s flexural failure. For this, the value of shear force acting in the beam (V})
shown in Equation (4.59 ) can be determined considering the attaining of the ultimate bending

moment in the beam, calculated as described in Section 4.1.
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The total shear force acting in the joint can also be expressed as the sum of two contribu-
tions: the joint shear force acting in the joint core (V]f?l .), and the joint shear force acting in the
UHPFRC jacket (V]‘.;‘IR), expressed as:

Vi Vie Vig (4.60)
VC
Ty
4—
X A
T, | Vi
|
Vb
a) b)
Figure 4.7 — Scheme of the retrofitted joint: a) Vertical section, b) Horizontal section at mid-
height.

Font: Obtained from Palomo et al. (2024)

UHPFRC jacket

Figure 4.8 — Scheme of exterior beam-column joint retrofitted with UHPFRC.
Font: Obtained from Palomo et al. (2024)

Thus, the previously mentioned methodology allows the calculation of the shear strength
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of exterior BCJs strengthened with UHPFRC layer. The results obtained are presented in Chapter
6.
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5 Numerical analyses

Two-dimensional (2D) and three-dimensional (3D) numerical analyses were developed
in this work. The structure’s geometry and its preprocessing were performed in the GID program
Version (version 10.0.9), which easily adapts to numerical simulations and transfer information
to the numerical program. The processing and post-processing of the models were carried out
using the ATENA program (version 5.9.1) through Finite Element Method (FEM) (CERVENKA et
al., 2021).

The numerical models developed in this thesis correspond to one reinforced concrete
frame subjected to incremental monotonic horizontal load and four exterior BCJs subjected to
cyclic loading. Below are described the constitutive models used in the simulations, available in
the ATENA program.

5.1 Constitutive Models of materials

5.1.1 Constitutive model for concrete

The constitutive models represents the nonlinear mechanical behavior of concrete ele-
ments through stress-strain relationships as a function of applied loads. The nonlinear behavior
for a biaxial stress state is described by effective stress Cef and equivalent uniaxial strain 7 .
The latter is considered to avoid the Poisson effect on the plane stress state. Figure 5.1 presents
the stress-strain relationship of concrete subjected to uniaxial load, where for the linear regime,
strain and stress is a fuction of Young’s modulus, expressed in Equation 5.1.

AO 7

C
s
t

A
c

4 3 L, 2
! I I 1

Figure 5.1 — Uniaxial stress-strain curve of concrete.
Font: Adapted from Cervenka et al. (2021)

5.1.1.1 Tensile pre-cracking

The tensile behavior of concrete with the absence of cracks can be considered an elastic

linear material, as shown in Equation 5.1.
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SOEM 0< (<fY (5.1)

where f; f corresponds to the effective tensile stress, which can be determined from the curve of

Kupfer for concrete under biaxial loading (KUPFER et al., 1969), as observed in Figure 5.4.

5.1.1.2 Tensile post-cracking

After reaching its maximum tensile strength, indicated by cracks, concrete is introduced
in the post-cracking regime. In this phase, the tensile strength begins to decrease as the strain
increases, which is governed by the crack opening w . In uniaxial state, the first cracks appear
when the tensile stress reaches its maximum strength f;. However, for a multi-axial stress study,
the first cracks occur when it reaches the effective tensile strength fff , (CERVENKA et al.,
2021).

The ATENA program presents two types of formulations to consider crack opening. The
first one consists of a fictitious crack model related to the fracture energy Gy . In this formulation,
it is possible to simulate crack propagation in concrete through the crack band theory proposed
by Bazant and Oh (1983). The second formulation corresponds to a stress-strain relationship
given at a point in the material, used in unusual cases to describe crack propagation in concrete,
such as in the case of Steel Fiber Reinforced Concrete (SFRC). In this work, the fictitious crack
model was used, described by the softening function developed by Hordijk (1991), as shown in
Figure 5.2.

Finite element

"

O,/ Lt

O

filer

I
We w

Figure 5.2 — Softening curve developed by Hordijk (1991).
Font: Adapted from Cervenka et al. (2021)

Figure 5.2 shows the energy dissipated until the material reaches the crack opening w. ,
where the area under the curve corresponds to the fracture energy Gy . The curve is described
by Equation 5.2, where cracks are numerically represented in the finite element mesh through

the smeared crack formulation developed by Bazant and Oh (1983).

— 1 c1— exp  c— p_~ 1 clexp ¢ (5.2)
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where  is the tensile stress normal to the crack band, f; / is the effective tensile strength, w is
the crack opening, and w, is the crack opening when the energy has been completely dissipated.
The variables ¢; and ¢, are coefficients obtained from experimental tests, with values of 3 and
6.93, respectively. The parameter w, can be determined by Equation 5.3, showing that the energy
dissipated in cracking does not depend on the finite element mesh used in the models,
(CERVENKA et al., 2021).

Gy
we. 5.14— (5.3)

ft
Different methods have been developed to determine the crack band width, initially
proposed by Bazant and Oh (1983). In the ATENA program, the crack band width in tension
L; is calculated as the projection of the finite element in a direction parallel to the crack. This
calculation method is recommended for analyses with linear elements, as shown in Figure 5.2,

(CERVENKA et al., 2021).

5.1.1.3 Compression before reaching the maximum stress (pre-peak)

Just before the concrete reaches its maximum compressive strength fff (ascending
branch), the stress-strain relationship of the material can be represented by Equation 5.4, a

formulation proposed by fib Model Code (2013), as shown in Figure 5.3.

o ”
w, ‘o

of
Je

Figure 5.3 — Stress-strain curve of concrete in compression.
Font: Adapted from Cervenka et al. (2021)

gf ef kx x2

c c m c k EO EC (54)

/ is the effective "stress" of concrete, fff is the effective "stress" of concrete in

where Ce
compression, x is normalized strain, . is the strain at peak stress fff , k is a shape parameter, E,

is the initial elastic modulus, and E. is the secant elastic modulus at peak stress, Equation 5.5.

ef
E. & (5.5)

c
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5.1.1.4 Compression after reaching the maximum stress (post-peak)

After reaching the maximum strength of concrete, the post-peak behavior can be repre-
sented by a linear softening curve (descending branch), as shown in Figure 5.3. ATENA presents
two models to represent softening in compression: one based on dissipated energy and the other
based on local strain (CERVENKA et al., 2021).

In this work, the analyses conducted were elaborated using the model based on dissipated
energy, known as Fictitious Compression Plane Model. In this model, compression failure is located
on a plane normal to the direction of the principal compression stress. In addition, displacements
are independent of the structure size, as assumed in the experiments developed by Van Mier
(1986).

Figure 5.3 shows that the softening curve is conditioned by a plastic displacement w; (a
recommended value of 0.5 mm for conventional concrete) (Van Mier, 1986). Furthermore, the
slope of the softening branch in the stress-strain curve is composed of two specific points, the
maximum peak stress and the plastic displacement w,, reached when the compressive stress is

zero. The displacement w, can be calculated through Equation 5.6.

wg Le 4 (5.6)

where w, is the post-peak plastic displacement, L. is the crack band width in compression, , is
the strain limit when stress is zero, and . is the strain corresponding to the peak compressive

stress.
5.1.1.5 Criteria of rupture under biaxial stress

(a) Compressive failure

When concrete material is in a biaxial state, the failure criteria will be conditioned by the

failure envelope proposed by Kupfer et al. (1969), as shown in Figure 5.4.
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(b)

0-02

Tensile failure

Compressive failure

Figure 5.4 — Biaxial failure function for concrete.
Font: Adapted from Cervenka et al. (2021)

In the compression-compression state, the effective compressive concrete strength is de-
termined by Equation 5.7. Here, . and (, correspond to the principal stresses of the

concrete, and f, is the cylindrical uniaxial strength of the material.

o 13650 . a

5 fe 5.7)

c2

For the compression-compression state, the rupture function has a linear behavior repre-

sented by Equation 5.8.

S fure fo 1 5.3278]%1 (5.8)
c
where 7, is a reduction factor applied in the concrete compression stress, which can vary

between 0.9 and 1.0.

Tensile rupture

In a state of tension-tension, the effective stress of concrete in tension will be equal to the
uniaxial tensile stress f;, as presented by Equation 5.9. On the other hand, for the biaxial
state of tension-compression, the tensile strength will be reduced and may vary linearly
or hyperbolically (as shown in Figure 5.5), using the reduction factor r,.;, Equation 5.10.
The factor r,; can be determined by Equations 5.11 and 5.12, corresponding to a linear
or hyperbolic function, respectively. The parameters K and A will define the hyperbolic

function, see Table 5.1.

Iof (5.9)
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Figure 5.5 — Tension-compression failure function for concrete.
Font: Adapted from Cervenka et al. (2021)

Two predefined shapes of the hyperbola are given by the position of an intermediate point
1, X. Constants K and A define the shape of the hyperbola. The values of the constants for

the two positions of the intermediate point are given in the following table:

Table 5.1 — Parameters that define the hyperbola shape of failure function in
tension-compression failure function for concrete

Type Point Parameters
r X A K

a 0.5 04 0.75 1.125
b 0.5 0.2 1.0625 6.0208

Font: Adapted from Cervenka et al. (2021)

5.1.1.6 Failure criteria in triaxial state

One of the constitutive models available in ATENA is the Fracture-Plastic Constitutive
Model. This model considers the material’s fracture under tension and plasticity under compres-
sion (CERVENKA; PAPANIKOLAOU, 2008).

The concrete fracture model under tension is based on the smeared crack model formula-

tion and the crack band model proposed by Bazant and Oh (1984). It uses the Rankine failure
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criterion and a cohesive model represented by the exponential softening curve of Hordijk (1991),
which can be used with either a fixed or rotated crack model. Regarding concrete behavior under
compression, it uses a hardening/softening plastic model based on the Menétrey-William rupture
surface (MENETREY; WILLIAM, 1995).

Many material models are available in the ATENA software. All the material models
described are based on the fracture-plastic constitutive model. In this thesis, the concrete was
simulated with the CC3DNonLinCementitious2 model. The model assumes that strains are com-
posed of an elastic component ( fj), plastic component ( fj), and fracture component ( {j), as
shown in Equation 5.13 (DEBORST, 1986).

P f (5.13)

feo  fo feo 1 £ (5.14)

where f; is the compressive stress, f., is the compressive stress at the onset of material
plasticity, and ? corresponds to the plastic strain. Cervenka et al. (2021) states that the plastic
strain ? can be determined by subtracting the elastic strain ,; ( fc E) from the total strain,
Equation 5.15. The strain ; corresponds to the compression strain when the compressive

strength f. is reached.

o

1 % (5.15)

The behavior of concrete after reaching its maximum compressive strength exhibits
softening, as observed in Figure 5.6.b., where the area under the curve represents the energy
dissipated during compression failure. The parameter w, is the plastic displacement, which
governs the brittleness of the material after its rupture. Similarly to uniaxial concrete, a value of

0.5 mm for w, is considered appropriate for normal strength concretes (Van Mier, 1986).
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Figure 5.6 — Compressive models of concrete a) Hardening b) Softening based on experimental
tests of Van Mier and Vonk (1991).
Font: Adapted from Cervenka et al. (2021)
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The parameter f., corresponds to the stress at the onset of nonlinear behavior, and L, is
the crack band width in compression. As above mentioned, the concrete plasticity model is based
on the Menétrey-William failure criterion (MENETREY; WILLIAM, 1995), which depends on the
level and state of the applied stress, described by Equation 5.16.

2
p v 7 1[5 m 771’ ,e - = O (5.16)

/ ko fe 6k  f. 3k fe

k fc 2 tft 2 e
m 3 (5.17)
k  fo tfe e 1
41 2 2 2
roe e- cos 2¢ 1 (5.18)
21 €2 cos 2¢ 1 41 e2cos 2?2 5e2 4e

where:

* , , :coordinates of Haigh-Westergaard to describe the rupture surface (Figure 5.7)

* f.: compressive concrete strength

ft: tensile concrete strength
* m: cohesion parameter of material (Equation 5.17)

» ,: parameter that helps to intersect the surface failure of Rankine and Menetrey-William

in the fracture and plastification state.

e: describes the roundness of the rupture surface 0.5 and 1.0

: coefficient that denotes the softening/hardening law.

e r e : elliptic function (Equation 5.18)

When eccentricity e is equal to 0.5, deviatory cross-section of failure surface is in the
shape of an equilateral triangle, while for a value equal to 1.0, curves forming the deviator cross

section take on a shape of circle, as shown in Figure 5.7.c.
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Figure 5.7 — Failure surface of Menétrey-William: a) 3D view of stresses b) Axial view of stresses
¢) Deviatoric sections.
Font: Adapted from Cervenka et al. (2021) and Menetrey and Willlam (1995)

5.1.2 Constitutive model for reinforcement

The reinforcement constitutive model is based on the multilinear stress-strain relationship,
where the steel behavior is defined by several points on the stress-strain curve, as shown in Figure
5.8. This same function can be adopted for bars subjected to compressive stress. The points in the
curve define whether only reinforcement yield stress is considered or if there is also hardening
behavior. The bars behavior is defined by three parameters: Young’s modulus E; , the yield stress

fy > and the coordinates of the rupture point, which will define the hardening modulus of the

material Eg;, . In the ATENA program, this model is named Reinforcement.
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Figure 5.8 — Stress-strain relationship of steel.
Font: Adapted from Cervenka et al. (2021)

5.1.2.1 Constitutive model of cyclic reinforcement

In addition to considering the multilinear stress-strain curve in the reinforcement, the
models under seismic conditions used the constitutive model based on the work by Menegotto
(1973). In the ATENA program, this model is named CCCyclingReinforcement, which represents a
uniaxial material model that can be used for reinforcement within concrete, and its formulation
is suitable for cyclic loading. The normalized material model is described by Equation 5.19
(GIUFFRE, 1970).

b S EE— (5.19)

where and  correspond to the normalized strain and stress, determined by Equations

5.20 e 5.21, respectively.

! (5.20)
0 r

4 (5.21)
0 r

Equation 5.19 determines the stress for a given strain from the transition curve of the
asymptotic line with slope E, to another asymptotic line with slope E;  bEy, corresponding to
the lines and in Figure 5.9, respectively. The parameters ( and ( are the stress and strain at
the point where the two asymptotes of the considered region intersect (point A in Figure 5.9),
similarly, , and , correspond to the stress and strain at the point where the last reversal of
strain with the same sign of stress occurred (point B in Figure 5.9). The parameter b represents
the strain hardening ratio, expressed as the ratio between the slopes Ejy and E;. The shape of
the transition curve represents the Bauschinger effect. This relationship is also a function of the

curvature parameter R, which depends on the difference in strain between the current asymptotic
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intersection point and the previous load reversal point. The values of , ¢, and ,, ( are updated

after each strain reversal, as shown in Figure 5.9.
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Figure 5.9 — Stress-strain relationship of Menegotto-Pinto.
Font: Adapted from Menegotto (1973)
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The value of R can be determined by Equation 5.22, where } is the plastic precursor
of the current semicircle defined by Equation 5.23. Additionally, the factor R, represents the
value of R during the first loading, and c¢; and ¢, are experimentally determined parameters. The
hardening relationships are functions of three parameters: yield stress , , Young’s modulus

Ey , and hardening rate b . In ATENA, the CCCyclingReinforcement model is a function of the

parameters R, ¢y, and c;.

7 (5.22)

o (5.23)

5.1.3 Bond-slip constitutive model

An adequate formulation of the bond-slip relationship between reinforcement and con-
crete under monotonic and/or cyclic loads is of great importance to obtain results closer to reality.
The bond-slip relationship defines the bond stress ( ), which is a function of slip (s) between
the steel and surrounding concrete. In the ATENA program, the bond-slip relationships proposed
by fib Model Code (1990), fib Model Code (2013), and Bigaj (1999) are available.
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The bond-slip relationship described in fib Model Code (1990) is determined by Equations

5.28 - 5.31, as shown in Figure 5.10.
max S S1 for 0<s<s (5.24)
max  for 51 <s< s (5.25)
s s
max max f 2 fOT’ SH) <8< 83 (5.26)
53 52
fofor sz s (5.27)
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Tmax T b
=
an : :
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& z z
W H H
o) : :
= : :
o : :
as] : :
T et
B B ;S
S 82 S'3
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Figure 5.10 — Bond-slip diagram (monotonic load).
Font: Adapted from fib Model Code (1990)

The bond-slip relationship is obtained from the cubic compressive concrete strength f,,
the diameter, and type of reinforcement, as well as the confinement conditions and concrete

quality, according to the parameters presented in Tables 5.2 and 5.3.

Table 5.2 — Parameters used in the bond stress-slip relationship for ribbed bars

2 3 4 5
Value | Unconfined concrete | Confined concrete
Bond condition Bond condition
Good ther cases Good  Other cases
S1 0.6 mm 0.6 mm 1.0 mm
S7 0.6 mm 0.6 mm 3.0 mm
S3 1.0 mm 2.5 mm Clear rib spacing
0.4 0.4
max 20 fo 10 fou |25 fu 125 fy
f 0.15 ax 0.40 yax

Font: Adapted from fib Model Code (1990)
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Table 5.3 — Parameters used in the bond stress-slip relationship for smooth bars

2 3 4 5
Valor Cold drawn wire Hot rolled bars
Bond condition Bond condition
Good Other cases | Good  Other cases
S1=5p=S3 0.01 mm 0.1 mm
0.5 0.5
max=_f | 0.1 fou 0.05 feu 0.3 fou 0.15 feu

Font: Adapted from fib Model Code (1990)

The bond-slip relationship described in fib Model Code (2013) is determined by Equations
5.28 - 5.31, as shown in Figure 5.11.

b bmax S S1 for 0<s<s (5.28)
b bmax fOT 51 < S < 52 (5-29)
S S>
b bmax bmax bf fO?’ Sy < S< 83 (5.30)
S3 S»
b bf for s3 s (5.31)
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Figure 5.11 — Bond-slip diagram (monotonic load).
Font: Adapted from fib Model Code (2013)

The bond stresses between the concrete and reinforcement bar for pull-out and splitting
failure are calculated as a function of relative displacement, mean cylinder compressive concrete

strength f.,,, and bond and confinement conditions, as presented in Table 5.4.
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Table 5.4 — Parameters used in the bond stress-slip relationship for ribbed bars

1 \ 2 3 \ 4 \ 5 \ 6
Pull-out (OP) Splitting (SP)
s,y S,y
Good All other Good b(')t_mdary All other .
boundary | boundary conditions boundary conditions
conditions | conditions | Unconfined | Stirrups | Unconfined | Stirrups
pmax | 25 fem | 1.25 fom | 2.5 fom 2.5 fom 1.25 fon | 1.25 fou
busplit | — _ 7.0 % 025 | g0 % 025 | 5 % 025 | 55 % 0.25
S1 1.0 mm 1.8 mm S bu,split S bu,split S bu,split S bu,split
So 2.0 mm 3.6 mm S1 S1 S1 S1
53 Cclear Cclear 1.2s1 0-5Cclear 1.25 O-Sccleur
0.4 0.4 0.4 0.4 0.4 0.4
bf 0.4 ax 0.4 ymax 0 0.4 bu,split 0 0.4 bu,split

Font: Adapted from fib Model Code (2013)

where c.j,, is the distance between ribs fib Model Code (2013), and s, is the peak

value of bond strength function in a splitting failure mode.

The equations of columns 1-2 are applied for well-confined concrete (concrete cover

5 4, clear spacing between bars 10 10 ).

On another hand, the equations of columns 3-6 are applied assuming a uniform bond
stress over the length [, , 5, with a diameter bar ;,  25mm, cuax Cmin 2.0, Ciuin bs
and K;; 0.02or K;, 0.0 for cases where the bars are confined by stirrups or where no stirrups
are provided, respectively. For other conditions, the value of p, s, is determined by the Equation
5.32:

0.25 0.2 0.33 0.1
fem 25

Crmin Cmax
; 6.5 — — KK 5.32
bu,split 2 25 ) ) o mANty ( )

where [, is the bond length, , is 1.0 and 0.7 for good and all other bond conditions, K,
express the efficiency of the confinement derived from transverse reinforcement (this value is 12
when bars are confined within bend bars circulating them in an angle of at least 90 , and 0 when
no confining reinforcement is provided), , is the diameter of the anchored bar, c,,;, is the lowest

value between c¢s 2, cy, and ¢y, and cyqy is the highest value between ¢ 2, and c, (Figure 5.12).
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Figure 5.12 — Details of covers and bar spacing.
Font: Adapted from fib Model Code (2013)

In numerical simulations with cyclic loading, the adhesion model between reinforcement
and concrete was simulated with the Memory Bond material model, which can more efficiently
capture the response during loading and unloading cycles. This model can be used in conjunction
with the bond-slip relationship proposed for fib Model Code (1990), fib Model Code (2013), or

Bigaj (1999). The model’s response differs from these previous relationships only when the bond

stress changes direction.
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T-1(s)

Bond strength

T(0)

Figure 5.13 — Bond stress-slip relationship with Memory Bond model.
Font: Adapted from Cervenka et al. (2021)

In the model described, the allowed values are restricted to ;05 < 1 < jax, Where e
is the residual bond stress (the last value of the bond-slip function), ,,, corresponds to the

maximum bond stress (the highest value of the bond-slip function), and f s represents
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the bond stress function. The simulation of the reinforcement was discretely performed, where
the elements were embedded within the concrete elements. Finally, perfect bond between the

concrete and transverse reinforcement (stirrups) was considered in all analyses.

5.2 Numerical simulation of frame - Vecchio and Emara (1992)

To study the structural response of beam-column connections in a frame structure, the
first numerical simulation developed in this work corresponds to a reinforced concrete frame
subjected to a monotonic horizontal displacement, representing the initial cyclic behavior stage.
The analysis was carried out using a two-dimensional (2D) model in the ATENA program and
compared to the experimental results obtained by Vecchio and Emara (1992). The numerical
results not only allow the observation of vulnerable regions but also enable the identification of

cracking pattern of the structure.

5.2.1 Finite element - Vecchio and Emara (1992)

The choice of the finite element is an important step to obtaining closer results to the ex-
perimental ones. The concrete was simulated with the material model CC3DNonlinCementitious2,
using a linear quadrilateral finite element called CCIsQuad <xxxx>. The finite element is com-
posed of four nodes with three degrees of freedom, integrated through the Gauss integration
technique with four integration points, as illustrated in Figure 5.14.a. Regarding the longitudinal
and transverse reinforcement of the frame, the material model CCReinforcement and a linear
truss-type finite element named CCIsoTruss <xx> were used. The truss element is composed of
two nodes and one integration point, as shown in Figure 5.14.b. The steel plates were simulated

using the material model CC3DElastIsotropic and the finite element CCIsQuad <xxoc>.

a) b)

Figure 5.14 — a) Concrete: finite element CCIQuad <xxxx> b) Reinforcement: finite element
CClIsoTruss<xx>.
Font: Adapted from Cervenka et al. (2021)

To assess the sensitivity of finite element size and obtain an adequate size to represent
the experimentally obtained results, three models were developed, corresponding to coarse,
medium, and fine meshes. The coarse mesh model used elements with a size of 100x100 mm?,
corresponding to 824 quadrilateral elements, 994 linear elements, and 2186 nodes. The medium

mesh model was simulated with elements of size 80x80 mm?, composed of 1262 quadrilateral
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elements, 994 linear elements, and 2670 nodes. The fine mesh had finite elements of size 50x50
mm?, generating 3272 quadrilateral elements, 994 linear elements, and 4845 nodes. The final
model with the fine mesh was adopted, which presented better the results, as seen in Chapter 7.

The mesh of the structure’s reinforcement is presented in Figure 5.15.
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Figure 5.15 - Finite element discretization a) Coarse mesh b) Medium mesh c) Fine mesh, and
d) Reinforcement.

5.2.2 Boundary conditions - Vecchio and Emara (1992)

Two load intervals were used to simulate the experimental test’s boundary conditions. In
the first interval, two vertical loads of 700 kN were applied to the upper face of columns C3 and
C4, respectively, through a force-controlled static analysis. For this, two steel plates of thickness
40 mm were used. In the second interval, incremental lateral displacement was applied to the
metal plate connected to column Cz, through a quasi-static displacement-controlled analysis. The
applied horizontal displacement was 140 mm, with a step of 0.8 mm for each iteration. The steel
plates were fixed to the concrete surface using the master-slave condition, as shown in Figure
5.16.
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Figure 5.16 — Scheme of boundary conditions used in the numerical model.

The iterative procedures of the numerical simulation were carried out following the
Modified Newton-Raphson method. In addition, several convergence parameters were considered
during the nonlinear analysis. In the ATENA program, four convergence criteria are available:

* Relative error in displacement: 0.01

¢ Relative error in residual forces: 0.01

Absolute error in residual forces. 0.01

* Relative error in energy: 0.0001

The error value corresponds to the maximum value that each criterion can reach in the
numerical simulation. Therefore, if any of the criteria have their smallest error greater than 10%

(0.01), the numerical analysis will be terminated.

5.2.3 Materials’ properties - Vecchio and Emara (1992)

To achieve a good approximation of the real behavior in the numerical simulation of
the frame, various parameters were utilized, such as: the shear factor Sy , which defines the
relationship between normal stiffness and shear stiffness; the plastic strain at peak compressive
stress ., ; and the bond-slip relationship between concrete and reinforcement, following
the relationship presented in Figure 5.11 (FIB MODEL CODE, 2013). The values of the shear

strength reduction factor and the onset stress of nonlinear behavior f,, correspond to those



Chapter 5. Numerical analyses 105

recommended by the ATENA program, (CERVENKA et al., 2021). Tables 5.5 and 5.6 present the

parameters used in the numerical simulation.

Table 5.5 — Concrete properties used in the numerical model of RC frame

Parameter Concrete Reference

Young’s modulus E. 23674 MPa Vecchio and Emara (1992)
Fracture energy Gy 90 N/m fib Model Code (2013)
Shear factor Sy 50 -

Compressive strength f; 30 MPa Vecchio and Emara (1992)
Tensile strength f; 1.81 MPa Vecchio and Emara (1992)
Poisson coefficient 0.20 -

Strength at the onset of nonlinear behavior f,, 3.6 MPa -

Plastic strain at compressive strength 4 0.00185 Van Mier (1986)
Reduction factor of compression 7. 0.8 Dyngeland (1989)

Crack orientation Fixed Cervenka (1985)

Table 5.6 — Steel properties used in the numerical model of RC frame

Parameter Long. Reinf. Transv. Reinf. Reference

Young’s modulus E; 192500 MPa 200000 MPa Vecchio and Emara (1992)
Hardening modulus E;, 3100 MPa 3100 MPa Vecchio and Emara (1992)
Yield strength fy 418 MPa 596 MPa Vecchio and Emara (1992)
Ultimate strength f, 454 MPa 640 MPa Vecchio and Emara (1992)
Yield strain 0.00217 0.00298 Vecchio and Emara (1992)
Hardening strain 0.0095 0.0095 Vecchio and Emara (1992)
Ultimate strain 0.0669 0.0695 Vecchio and Emara (1992)

The condition of good bond and confined by stirrups was adopted in the model. The bond
strength curves for beam and columns used in the model are presented in Figure 5.17 , with
values of maximum bond strength by splitting failure ( 4 s,;) of 9.52 MPa and 9.16 MPa for the

beams and columns, respectively.
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Figure 5.17 — Bond-slip relationship used in the frame.

5.3 Numerical simulation of BCJ A2 - Kusuhara and Shiohara (2008)

The second numerical simulation refers to an exterior beam-column joint subjected to
cyclic loading, denoted as A2. The experimental results were obtained from the work conducted
by Kusuhara and Shiohara (2008). For this, a three-dimensional (3D) numerical model was

developed.

5.3.1 Finite element - Kusuhara and Shiohara (2008)

In the numerical analysis, concrete elements were simulated using the material model
CC3DNonlinCementitious2, employing the linear hexahedral finite element CCIsoBrick <xooooooc>
(where each x represents a node). It is composed of eight nodes and integrated using Gauss
integration with eight integration points, as observed in Figure 5.18.a. Due structure’s cyclic
behavior, the longitudinal and transverse reinforcement of the beam and column were sim-
ulated with the material model CCCyclingReinforcement and linear finite elements type truss
(CCIsoTruss2), which is composed of two nodes and one integration point (Figure 5.18.b). The
steel plates were simulated using the material model CC3DElastIsotropic and the finite element

CClIsoBrick <xooooo0oc>.
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a) b)

Figure 5.18 — a) Concrete: finite element CCIBrick <xxxxxxxx> b) Reinforcement: finite element
CCIsoTruss<xx>.
Font: Adapted from Cervenka et al. (2021)

The simulation of the beam and the column had a mesh size of 30x50 mm?. However,
a finer discretization was performed in the joint core, and elements of 30x30 mm? were used.
Thus, the numerical simulation had 8500 hexahedral elements, 580 linear elements, and 11381

nodes, as shown in Figure 5.19.

5.3.2 Boundary conditions - Kusuhara and Shiohara (2008)

The boundary conditions of the BCJ A2 were modeled to represent the same experimental
setup used by Kusuhara and Shiohara (2008). In this model, the column base had a hinge support
(displacement restriction in all directions but free rotation). There was a roller support restricting
vertical displacement at one end of a section of the beam, while the other section of the beam was
left free. To avoid stress concentration and premature cracking in the connection, 40 mm thick
steel plates were added both at the point of load application and the support reaction, which

were fixed to the concrete through the master-slave condition, as observed in Figure 5.19.a.

Figure 5.19 - Finite element discretization a) Concrete b) Reinforcement.

To represent cyclic behavior, 20 load intervals were used. In the first interval, a vertical
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load of 216 kN was applied at the top of the column, which was constant throughout of simulation.
In the other 19 intervals, horizontal cyclic displacements were applied at the top of the column,
following the displacement history shown in Figure 3.5. Steps of 0.1 mm and 1.0 mm were

applied to the first and last displacement cycles, respectively.

The modified Newton-Raphson method was used in the analysis, limited to 200 iterations

in each load interval. The convergence criteria used in the model were:

* Relative error in displacement: 0.01

¢ Relative error in residual forces: 0.01

Absolute error in residual forces: 0.01
* Relative error in energy: 0.0001
5.3.3 Materials’ properties - Kusuhara and Shiohara (2008)

Tables 5.7 and 5.8 present the parameters used in the numerical simulation.

Table 5.7 — Concrete properties used in the numerical model of BCJ A2

Parameter Value Reference

Young’s modulus E, 30400 MPa Kusuhara and Shiohara (2008)
Fracture energy Gy 133 N/m fib Model Code (2013)

Shear factor S ¥ 20 Cervenka et al. (2021)
Compressive strength f; 28.30 MPa Kusuhara and Shiohara (2008)
Tensile strength f; 2.23 MPa Kusuhara and Shiohara (2008)
Poisson coefficient 0.20 -

Strength at the onset of nonlinear behavior f,, 4.6 MPa -

Plastic strain at compressive strength f 0.00134 Van Mier (1986)
Reduction factor of compression 7, 0.8 Dyngeland (1989)
Eccentricity 0.52 Cervenka et al. (2021)
Plastic flow 0.5 -

Unloading factor 0.2 -

Crack orientation Fixed Cervenka (1985)

Table 5.8 — Steel properties used in the numerical model of BCJ A2

Parameter Long. Reinf.  Transv. Reinf. Reference

Young’s modulus E; 176000 MPa 151000 MPa Kusuhara and Shiohara (2008)
Yield strength f, 456/357 MPa 326 MPa Kusuhara and Shiohara (2008)
Ultimate strength f,  582/485 MPa 488 MPa Kusuhara and Shiohara (2008)
Yield strain 0.0026/0.002 0.0022 Kusuhara and Shiohara (2008)
Hardening strain 4  0.029/0.027  0.0022 Kusuhara and Shiohara (2008)
Ultimate strain 0.16 0.045 Kusuhara and Shiohara (2008)
Menegotto-Pinto R 20 C1=0.925 C,=0.15 Menegotto (1973)

Bond-slip model Memory bond  Perfect Cervenka et al. (2021)
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The interaction between the longitudinal bars was simulated through the bond-slip
relationship of Memory Bond material of fib Model Code (2013) (Figure 5.11), adopting the
condition of good bond and confined by stirrups. Figure 5.20 presents the bond-slip laws used for
longitudinal beam and column bars. The values of 7j,s,);; for beam and column bars was 11.61
MPa 12.26 MPa, respectively.
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Figure 5.20 — Bond-slip relationship used in the BCJ A2.

5.4 Numerical simulation BCJ A1l - Tsonos (2005)

This simulation corresponds to an exterior beam-column joint under cyclic loading
conditions, denoted as Al. The beam-column joint was experimentally tested by Tsonos (2005)

and compared with the numerical results developed in this study:.

5.4.1 Finite element - Tsonos (2005)

The finite elements used to simulate the concrete material and the reinforcement of the
beam-column connection are the same as those used in the A2 joint, corresponding to linear
hexahedral finite element CCIsoBrick <xooooooc> and CCIsoTruss2, respectively, as shown in
Figure 5.18.

The mesh size used in the simulation was 25x25 mm?, corresponding to 7552 hexahedral

elements, 2170 linear elements, and 11768 nodes, as presented in Figure 5.21.

5.4.2 Boundary conditions - Tsonos (2005)

Regarding the support conditions of joint Al, at the base of the column hinge support
was applied (displacement restriction in all directions but free rotation), at the top of the column

roller support was applied (displacement restriction in the horizontal direction), and end-beam
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was left free. The cyclic load was applied at the end of the beam through a metal plate rigidly

connected to the concrete using the master-slave condition, as shown in Figure 5.21.

\l==Z=5222

3

z a) b)

Figure 5.21 — Finite element discretization a) Concrete b) Reinforcement.

In the numerical simulation, 22 load intervals were used. In the first interval, a constant
vertical load of 200 kN was applied at the top of the column. In the subsequent intervals,
displacements were applied according to the displacement history shown in Figure 3.7, with
step displacements of 0.1 mm. The iterative procedure used in the model was the Modified
Newton-Raphson method, limited to 300 iterations in each load interval. The convergence criteria

used were:

Relative error in displacement: 0.01

Relative error in residual forces: 0.03

Absolute error in residual forces: 0.01

Relative error in energy: 0.0001

5.4.3 Materials’ properties - Tsonos (2005)

Tables 5.9 and 5.10 present the values adopted in the simulation of BCJ Al.
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Table 5.9 — Concrete properties used in the simulation of BCJ Al

Parameter Concrete Reference

Young’s modulus E. 32600 MPa Tsonos (2005)
Fracture energy Gy 138 N/m fib Model Code (2013)
Compressive strength f; 35 MPa Tsonos (2005)

Tensile strength f; 2.7 MPa -

Poisson coefficient 0.20 -

Strength at the onset of nonlinear behavior f,, 5.6 MPa -

Plastic strain at compressive strength ? 0.00133 Van Mier (1986)
Reduction factor of compression 7. 0.8 Dyngeland (1989)
Excentricity 0.52 Cervenka et al. (2021)
Plastic flow 0.5 -

Crack orientation Fixed Cervenka (1985)

Table 5.10 - Steel properties used in the simulation of BCJ Al

Parameter Long. Reinf.  Transv. Reinf. Reference

Young’s modulus E; 210000 MPa 210000 MPa -

Yield strength f, 500 MPa 540 MPa Tsonos (2005)
Ultimate strength f, 700 MPa 540 MPa Tsonos (2005)

Yield strain 0.0024 0.0026 Tsonos (2005)
Ultimate strain 0.16 0.025 Tsonos (2005)
Menegotto-Pinto R 20 C1=0.925 C,=0.15 Menegotto (1973)
Bond-slip model Memory bond  Perfect Cervenka et al. (2021)

The interface between reinforcement and concrete was simulated with the Memory bond
material of fib Model Code (2013) (Figure 5.11), assuming good bond conditions and confined
concrete by stirrups. In addition, a perfect bond between the stirrups and the concrete was
considered. Figure 5.22 shows the bond-slip curves used in the reinforcement material for the
beam and column. The ,; values for beam and column bars were 11.00 MPa and 11.23 MPa,

respectively.
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Figure 5.22 — Bond-slip relationship used in the BCJ A2.

5.5 Numerical simulation of retrofitted BCJ - Beschi et al. (2015)

In order to provide a numerical model of BCJs retrofitted with UHPFRC jackets, a
numerical simulation of the exterior beam-column joints (corner) studied by Beschi et al. (2015)
was performed. As Beschi et al. (2015) tested two identical joints, one without retrofit and
the other retrofitted with an HPFRC jacket, specimens CJ2, and RCJ2, respectively, two models
corresponding to these specimens were implemented in this work. Both the BCJs’ numerical
models were subjected to the same cyclic displacement history, applied to the column during the
tests. In addition, to check the reliability of the simplified stress-strain diagram used to describe
the HPFRC tensile behavior, the tensile direct test of the material was simulated in the ATENA

program, through a 3D simulation of the “dog-bone” specimen.

5.5.1 Finite element - Beschi et al. (2015)

The concrete beam and column were modeled using hexahedral finite elements with
eight nodes and eight integration points (Figure 5.18.a). The steel longitudinal bars and stirrups
were modeled using truss finite elements with two nodes and two integration points. The steel
plates were modeled through the CC3DElastIsotropic material model, using linear hexahedral
finite elements with four nodes and four integration points (Figure 5.18.b.). To model the
HPFRC material, the CC3DNonlLinearCementitious2user model was used, which specifies defined
relationships for tensile and compression behaviors, combining the fracture and the plasticity
models of the material (CERVENKA et al., 2021).

The beam-column joints and the HPFRC jacket had a mesh of 50x50x50 mm?® composed
of 5085 and 16825 elements for CJ2 and 6885 elements and 20016 nodes for RCJ2, as shown
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in Figure 5.23. In the interface beam-joint was applied a finer mesh with the aim of obtaining

results with better accuracy in the cracking state and hysteresis behavior, Figure 5.23.a.
5.5.2 Boundary conditions - Beschi et al. (2015)

Two hydraulic jacks were used in the experimental test to apply a vertical load of 210
kN at the column top to simulate the gravity load. The horizontal cyclic displacement was
applied using an electromechanical jack fixed to a strong wall and the column top. The load was
considered positive in the left-to-right direction. The beam-column joint presented free rotation at
the top and the base of the column (hinge supports). The beam end was restricted only vertically
through a roller support. In these points, steel plates of thickness 40 mm were applied, which

were fixed through the master-slave condition. These boundary conditions were applied to both
specimens, Figure 5.23.
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Figure 5.23 — Discretization mesh of a) Concrete and restraints of CJ2, b) Reinforcement of CJ2,
and c¢) HPFRC of RCJ2.

In the simulation of CJ2 and RCJ2 joints, 13 interval loads were used. In the first step was
applied the axial load at the top of the column, and subsequently, the horizontal displacements
following the historic load of Figure 3.5, resulting in 3151 and 3401 steps for the CJ2 and RCJ2
joints, respectively. A high number of steps were used in the simulation of RCJ2 to obtain a better
model discretization with the UHPFRC jacket. The computational time for running the CJ2 model

was approximately 1.5 days (33 hours), while the RCJ2 simulation took approximately 13 days
(319 hours).

In the same way as the previous models, the Modified Newton-Raphson iterative solver
was used for simulations, with a maximum number of 300 iterations. Regarding convergence,
the next error criteria were fixed during the simulations:

* Relative error in displacement: 0.01

¢ Relative error in residual forces: 0.01
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¢ Absolute error in residual forces: 0.01
* Relative error in energy: 0.0001

5.5.3 Materials’ properties - Beschi et al. (2015)

Tables 5.11, 5.12, and 5.13 present the material properties used in the numerical simula-
tions of CJ2 and RCJ2 joints.

Table 5.11 — Concrete properties used in the numerical models of BCJ CJ2

Parameter Value Reference
Compressive strength (f.) 38.7 MPa Beschi et al. (2015)
Young’s modulus (E.) 4700 ]TC ACI 318 (2019)
Poisson’s ratio 0.2 ACI 318 (2019)
Tensile strength (f;) 0.23 f, 23 Committee et al. (2010)
Fracture energy (Gy) 73 f0-18 fib Model Code (2013)
Tension stiffening 0.05 fib Model Code (2013)
Aggregate size 20 mm -

Shear factor (S ) 60 -

Plastic strain at compressive strength ( 9! 0.00115 Cervenka et al. (2021)
Strength at the onset of nonlinear behavior (f,,) 5.6 MPa Cervenka et al. (2021)
Reduction factor of compression 0.8 Cervenka et al. (2021)
Eccentricity (e) 0.5 Cervenka et al. (2021)
Flow plastic ( ) 0.5 Cervenka et al. (2021)
Crack orientation Fixed Cervenka (1985)

Table 5.12 — Concrete properties used in the numerical models of BCJ RCJ2

Parameter Value Reference
Compressive strength (f;) 27 MPa Beschi et al. (2015)
Compressive strength of HPFRC (f.r) 110.5 MPa Beschi et al. (2015)
Young’s modulus of HPFRC (E.g) 36000 MPa  Beschi et al. (2015)
Young’s modulus (E.) 4700 f. ACI 318 (2019)
Poisson’s ratio 0.2 ACI 318 (2019)
Tensile strength (f;) 0.23 f, 23 Committee et al. (2010)
Fracture energy (Gy) 73018 fib Model Code (2013)
Tension stiffening 0.05 fib Model Code (2013)
Aggregate size 20 mm -

Shear factor (S £ 60 -

Plastic strain at compressive strength ( 9! 0.00137 Cervenka et al. (2021)
Strength at the onset of nonlinear behavior (f,,) 4.50 MPa Cervenka et al. (2021)
Reduction factor of compression 0.8 Cervenka et al. (2021)
Eccentricity (e) 0.5 Cervenka et al. (2021)
Flow plastic ( ) 0.5 Cervenka et al. (2021)

Crack orientation Fixed Cervenka (1985)




Chapter 5. Numerical analyses 115

Table 5.13 — Steel properties used in the numerical models of BCJs CJ2 and RCJ2

Parameter Long. Reinf. Transv. Reinf. Reference
=12mm/16mm =6mm/8mm

Young’s modulus (E;) 200000 MPa 200000 MPa -

Yield strength (f,) 365 MPa / 445 MPa 493 MPa / 337 MPa Beschi et al. (2015)

Ultimate strength (f,) 558 MPa /546 MPa 556 MPa / 440 MPa Beschi et al. (2015)

Ultimate strain ( ,) 0.159 / 0.137 0.161 /7 0.21 Beschi et al. (2015)

Menegotto-Pinto R=20, C1=0.925, C2=0.15 Menegotto (1973)

The cyclic behavior of steel reinforcement was reproduced through the Menegotto-Pinto
model (MENEGOTTO, 1973), which considers Bauschinger’s effect. Three parameters govern the
Menegotto-Pinto model: the curvature R, and the experimental coefficients ¢; and c; (CERVENKA

et al., 2021). These parameters are presented in Table 5.13.

In addition, a good bond between concrete and steel, and a maximum bond strength .
of 1.6 MPa, determined according to the design criteria of fib Model Code (2013) was adopted.

For the stirrups, a perfect bond with the concrete was assumed.

5.5.4 Tensile behavior of HPFRC - Beschi et al. (2015)

In the experimental test of Beschi et al. (2015) two direct tensile tests known as ‘dog-bone’
tests of dimensions 160x330x15 mm? were performed on HPFRC material to obtain the tensile
behavior of the material (Figure 5.24). These tests provided maximum tensile strength values
of 7.5 MPa and 5.7 MPa, with an average tensile strength of 6.6 MPa and a strain-hardening up
to 0.15% strain (BESCHI et al., 2015). Thus, to obtain good calibration in the simulation of the
retrofitted joint, the ’"dog-bone’ model was also simulated in the ATENA program.

NS L

30 mm

60 mm

85 mm 160 mm 85 mm

330 mm

Figure 5.24 — Dimensions of the ‘dog-bone’ specimen.

The ’dog-bone’ model was simulated through CC3DNonLinearCementitious2user material
model, with a mesh size of 80x15x15 mm?, as shown in Figure 5.25. Regarding boundary
conditions, the displacements at the bottom edge of the ’"dog bone’ model were restrained. In
contrast, a vertical displacement was applied to the top edge, similar to the experimental test. In
addition, two 5 mm thick steel plates were simulated and fixed in the top and bottom edge of the

specimen through the master-slave condition, Figure 5.25.
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f( * QJ

Figure 5.25 — Discretization mesh of ‘dog-bone’ specimen.

Figure 5.26 presents the comparison of the numerical and experimental tensile behavior
curves of the ‘dog-bone’ of HPFRC. The numerical model was able to predict the peak load quite
well, maintaining the safe side and a very good softening behavior, despite a little stiffer behavior

than the experimental specimen in the elastic regime. Thus, the function used in ATENA to

implement HPFRC can be considered satisfactorily reliable.

8
N /A/A\A/‘\A
At X
7 - P N
{ VR
Z a™a il
—~ \,
A
| oo v
I o S e
| o '—'~.—.—.—..\ . A a
54 | i / " '\'\.__.—o——./‘\o>‘=lxo\—z::—o\._.
a4 4

[
y —<— Dog Bone 2 -Exp
—— Dog Bone 1 -Exp
Average - Exp
ATENA - FEM

0 |
0.5

T
1.0

T
1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Strain [%o]

Figure 5.26 — Strain-stress curve of ‘dog-bone’ simulation compared with the experiment tests.
Font: Experimental results obtained from Beschi et al. (2015)
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The fracturing strain describes this function, e{ , which is calculated as shown by Equation
5.33, where: e{ is the fracturing strain calculated from the strain tensor at the finite element
integration points, e{) . is the strain after which strain localization can be expected, L; is the crack

band size, and L!, is the characteristic length. In the model, L!, was taken to be equal to 80 mm.

e{’ = e{ for E{ < ef

loc
(5.33)

r
E{ = E{oc loc

+(e - e{;c)f—:h for e >

The stress-strain curve presented in Figure 5.27 corresponds to the function used in
ATENA to simulate the tension behavior of HPFRC. This methodology has also been used by
Lampropoulos et al. (2016). However, in this thesis, the hardening branch was not considered,

since a significant hardening behavior was not observed in the experimental curves.
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Figure 5.27 — Tensile stress-strain curve adopted in the numerical model for the simulation of
UHPFRC material.

5.5.5 Concrete-HPFRC interface

In the numerical model of RCJ2 joint, the contact between concrete and HPFRC was
simulated through the Interface material model, which is formulated to reproduce both monotonic
and cyclic load conditions (PASCHALIS et al., 2018; SASMAL et al., 2011) (Figure 5.28). This
model is based on the Mohr-Coulomb criterion with a tension cut-off. After stress reaches this
condition, the surface collapses to a residual surface, representing a dry condition between the
materials (CERVENKA et al., 2021).

The Interface model is governed by the initial normal and tangential stiffnesses, K,,,, and

Ky, respectively, the minimal normal and tangential stiffnesses, K™" and K}}", respectively, the
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friction coefficient, , the tensile strength, f; ;,;, and the cohesion coefficient, c. The minimum
stiffness values K, and Kj; are used only for numerical purposes after the element failure, to
preserve the positive definiteness of the global system of equations. These stiffness values should
be chosen approximately 0.001 times the initial stiffness values (CERVENKA et al., 2021). In
cases where no experimental information on the interface material is available, can be assumed
between 0.3 and 0.5 (except for oiled surface), f;,,; between 0.25 and 0.5 times the tensile
strength of the material with the lowest strength and ¢ between 1 and 2 times the interface’s
tensile strength (CERVENKA et al., 2021). The parameters used in the numerical model presented

herein are reported in Table 5.14.

Concrete

Interface HPFRC retrofit

Figure 5.28 — Interface’s elements of the joint retrofitted with HPFRC.

Table 5.14 — Properties of the interface material used in the numerical model of specimen RCJ2

Parameter 3D interface
Normal stiffness (K,,;,) 1.4x10° MN/m?
Tangential stiffness (Kj) 1.4x10° MN/m?3
Minimal Normal stiffness (K" 1.4x10% MN/m?
Minimal Tangential stiffness (K?}i” 1.4x10° MN/m?>
Friction coefficient ( ) 0.5

Tensile strength (f; int) 1.0 MPa

Cohesion coefficient (¢) 1.0 MPa
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6 Results and Discussions

To validate the shear joint models presented in Chapter 2, the shear strength data from
Appendix A (Table A) was evaluated. The database includes a total of 150 experimental tests;
however, it was not possible to validate all of them using every analytical model due to the
specific limitations of each model. Table A.2 presents the reference labels of the experimental
tests used in each analytical model (the reference labels correspond to those provided in Table
A).

Additionally, the results obtained from numerical simulations of both the reinforced frame

and the exterior beam-column joints were compared with the corresponding experimental results.

6.1 Comparative study: Analytical models and experimental tests

The joint shear strength comparison obtained in each analytical model (Vy, o4e1) and
experimental test (Vi .x,) is presented in Figure 6.1, showing that some models had a better
approximation with the experimental results. The model with the best accuracy was the model
proposed by Hassan and Moehle (2018)-STM with a R? of 0.97578. However, this model has the
disadvantage of being applied only for unreinforced joints, not considering the contribution of

joint transverse and vertical reinforcement (Figure 6.1.q.)

The models of Tran et al. (2014) and Pauletta et al. (2015) presented a good correlation
with R? of 0.97148 and 0.96419, respectively, (Figures 6.1.1 and 6.1.n). Those can be applied
for reinforced and unreinforced joints. However, the defect of the model of Tran et al. (2014)
does not consider the beam reinforcement, considered as a main parameter in the joint shear
behavior (discussed in Chapter 2). For this reason, it could be noted that the model Pauletta et al.
(2015) remains the better option, showing good results in the shear strength of the joint and the

possibility of including the main parameters that influence the joints’ shear behavior.

Regarding models applied only for unreinforced joints, the model of Hassan and Moehle
(2018)-EMPIR had a R? of 0.95807, underestimating the joint shear strength. This model does
not consider the contribution of reinforcement of the beam and the column (Figure 6.1. r). The
models of Priestley (1997), Pampanin et al. (2002), Park and Mosalam (2012a), and Metelli et al.
(2015) showed a lower correlation, which could be due to lack of not including the geometrical
parameters of the beam and column, beam and column steel bars, and the axial force in the

column (Figures 6.1.c, 6.1.e, 6.1.j, 6.1.m)

Standards criteria of ASCE SEI/41 (2007) and ACI 318 (2014) evidenced a good correla-
tion compared with NZS 3101 (1995). However, in these models, the contribution of the joint
reinforcement and the axial column force is not considered. In addition, the model of NZS 3101

(1995) underestimated the joint shear strength, as shown in Figures 6.1.b, 6.1.k, and 6.1.g.

Hwang and Lee (2002) developed an empirical model, which considers geometric param-
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eters of the beam and column. However, this model does not include the beam reinforcement
and it is applied only for reinforced joints. The results presented a R? of 0.90361, as shown in
Figure 6.1.f.

The other models that can be applied for both reinforced and unreinforced joints pre-
sented a lower approximation in the Vjh values, where the axial column force, beam reinforce-
ment, and column reinforcement were not included in their formulations. e.g., Tsonos (1999) and
Kim et al. (2009) presented lower values of R? of 0.94976 and 0.93926, compared with the model
proposed by Kassem (2016) with a R? value of 0.95232, which only did not include the column
reinforcement (Figures 6.1.d, 6.1.h, and 6.1.0). However, despite that the models developed by
Parate and Kumar (2018) and Parate and Kumar (2019) considered the contribution of diverse
parameters, the results presented R? values of 0.94776 and 0.94751, respectively (Figures 6.1.p
and 6.1.s).

Finally, the models (applied for reinforced and unreinforced joints) with the lowest
correlation were those developed by Wang et al. (2012) and Paulay and Priestley (1992), with
R? of 0.91982 and 0.90944, which can be caused by the absence of the beam reinforcement and
beam geometry, respectively (Figures 6.1.i and 6.1.a).

Thus, can be considered that the best correlation was attributed to the model of Pauletta
et al. (2015), while the lowest correlation corresponds to the model of Metelli et al. (2015),
Figures 6.1.n and 6.1.m, respectively. Nevertheless, these empirical models were developed for
joints without any retrofit material. For this reason, this thesis developed a new analytical model
for exterior joints retrofitted with a UHPFRC jacket that can be applied to both reinforced (with

stirrups in the joint) and unreinforced joints (no stirrups in the joint).
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Wang et al. (2012)
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Figure 6.1 — Analytical models developed by: a) Paulay and Priestley (1992) b) NZS 3101 (1995)
¢) Priestley (1997) d) Tsonos (1999) e) Pampanin et al. (2002) f) Hwang and Lee
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6.2 Comparative study: numerical and experimental

6.2.1 Reinforced concrete frame - Vecchio and Emara (1992)

This model represents the RC frames’ joint subjected to monotonic load, which was tested
by Vecchio and Emara (1992). This numerical model was analyzed using three different size

mesh of 50 mm, 80 mm, and 100 mm.

Figure 6.2 presents the capacity curves obtained in each analysis. It can be observed
that, in comparison to the experimental curve, the coarse mesh numerical model showed a
higher maximum load, while the fine mesh model exhibited a better approximation with the
experimental results. One reason for this could be attributed to the greater discretization of the
connection between the beams and the columns. The maximum load values are presented in
Table 6.1.
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Figure 6.2 — Load-displacement curve obtained from experimental and numerical models with
different size mesh.
Font: Experimental results adapted from Vecchio and Emara (1992)

Table 6.1 — Maximum loads obtained from numerical models and experimental test

Model Mesh size Load[kN] Error [%]
Experimental test - 332.0 -

Coarse mesh 100 mm 353.4 6.4
Medium mesh 80 mm 350.8 5.6

Fine mesh 50 mm 336.8 1.4
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Figure 6.3 presents the comparison between the fine mesh model (50 mm) and numer-
ical simulations developed by other authors where was possible to observe the good accuracy

concerning the experimental results.
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Figure 6.3 — Load-displacement curve using mesh a) Fine b) Medium and c) Coarse. (Horizontal
displacement of 78 mm).

Font: Adapted from Vecchio and Emara (1992), Guner (2008), and Alfarah et al.
(2017)

Figure 6.4 presents the cracking pattern for each mesh size when the ultimate load is
reached, corresponding to a horizontal displacement of 78 mm. In these figures, a significant
concentration of cracks is observed, both in the beam-column connections and at the base of the

columns, highlighting the need for detailed joint analyses when subjected to horizontal loads.
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Figure 6.4 — Cracking at frame using mesh a) fine b) medium and c) coarse. (Horizontal displace-
ment of 78 mm).

Comparisons of the numerical models with the experimental results were evaluated at
the beam-column connection (B;-C3) and at the base of the column C;, where it was possible to

achieve experimental cracks in the numerical model, as observed in Figures 6.5 and 6.6.
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Figure 6.6 — Cracks at base column C; using mesh a) Fine b) Medium and c) Coarse. (Horizontal
displacement of 78 mm).
Font: Experimental results obtained from Vecchio and Emara (1992)

In addition, analyses were conducted to highlight the level of cracking and yield stress of
the reinforcement under different loadings. In Figure 6.7.a, the flexural cracking level due to a
load of 52.5 kN on beam B is presented, a situation observed in the experimental test at a load
of 58.4 kN. Figure 6.7.b shows flexural cracks at the base of column Cj, in the numerical model
they appeared at a load of 152.8 kN, while in the experimental test they occurred at a load of
145 kN, resulting in a difference of 4.9%. Regarding the reinforcement, in the experimental test,
the top and bottom longitudinal reinforcement of beam B yielded at loads of 264 kN and 287
kN, respectively. The numerical model exhibited the same behavior with a lateral load of 281.5
kN, as shown in Figure 6.7.c. The longitudinal reinforcement of columns C; and C; yielded at
a horizontal load of 323 kN in the experimental test, a value similar to the numerical result of
326.1 kN, resulting in a difference of 0.9%, Figure 6.7.d.

The yielding in the reinforcement of the beam V2 was observed at a load of 326.1 kN
and 329 kN for the numerical model and experimental test, respectively. Thus, there was a good
similarity between the numerical and experimental results, as well as s similar concentration of

cracks in the joint core, interface joint-beam, and at the base of the columns.
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Figure 6.7 — Flexural cracks a) Beam ends B; b) Base column C;. Yielding of the longitudinal
steel bars ¢) Beam By and d) Columns C; and Cs.

6.2.2 Model A2 - BCJ of Kusuhara and Shiohara (2008)

Figure 6.8 shows the load-displacement curve obtained in the numerical model and
experimental test of the exterior BCJ A2, which presented a good fit and calibration between the
hysteresis curves, reflecting the similarity between the experimental and numerical behaviors. In
the numerical model, the maximum shear forces applied at the top of the column were of +76.0
kN and -72.21 kN, respectively, while for experimental test were of +77.9 kN and -77.1 kN,
resulting in a difference of 2.5% in the positive direction (left to right) and 6.8% in the negative

direction (right to left) of the load.
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Figure 6.8 — Hysteresis curve BCJ A2.
Font: Experimental results obtained from Kusuhara and Shiohara (2008)

In Figures 6.9, 6.10, and 6.11, the crack patterns observed experimentally and numerically
are presented. Figure 6.9 shows the cracking panorama of the joint A2 under cyclic displace-
ment of 7.35 mm, corresponding to a SD (Story Drift) of 0.5%, with flexural cracks in the
interface between the joint core and the beam. Figures 6.10.b and 6.10.c depict the cracking at
a displacement of 29.4 mm (SD = 2.0%), showing diagonal cracks located in the joint core,
similar to the experimental test. Figures 6.11.b and 6.11.c illustrate the cracks when the joint is
under a displacement of 58.8 mm (SD = 4.0%). In the experimental test, at this load value,
the concrete experienced crushing at the end of the beam (beam-joint interface), a situation
also observed in the numerical simulation. Additionally, during the experimental test, the beam’s
right segment behaved as a rigid body as the displacement did not cause significant stresses, a

situation also evidenced in the numerical model.
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In the experimental test, the authors Kusuhara and Shiohara (2008) reported the yield of
the longitudinal reinforcement of the beam at a horizontal force of 63.3 kN, situation obtained in
the numerical model at a load of 63.5 kN, as observed in Figure 6.12.a. Thus, it is concluded that
the longitudinal reinforcement yielding of the longitudinal reinforcement of the beam was first
identified, followed by shear failure in the connection (BJ Failure mode — Joint failure after beam
yielding). Furthermore, yielding in the column reinforcement was not observed in the numerical

model, which follows the experimental test reported, as observed in Figure 6.12.b.

From the experimental results, was possible to observe the presence of mild damages,
showing a more stable hysteresis behavior and a smaller "pinching" effect, reflected in the
hysteresis curve being more diagonally extended. This same behavior was obtained in the

response of the developed numerical model.

6.2.3 Model A1l - BCJ of Tsonos (2005)

The hysteresis behavior of the joint Al is presented in Figure 6.13. For this model,
a reasonable fit between the numerical and experimental curves is observed, although the
displacements in the last cycles showed relatively higher values, possibly due to the lack of

information about the real behavior of the reinforcement.
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Figure 6.13 — Hysteresis curve BCJ Al.
Font: Experimental results obtained from Tsonos (2005)

In the experimental test, the cyclic loads resisted by the connection presented a value of
53.5 kN in the positive direction (left to right) and -54 kN in the negative direction (right to left).

In the numerical model, the obtained result was 65.7 kN for the positive direction and -60 kN



Chapter 6. Results and Discussions 134

for the negative direction. Figure 6.13 also highlights the similarity between the results of the
numerical model and the results of the experimental model, indicating an adequate calibration

of the modeling performed.

Figure 6.14 shows the cracking pattern obtained from the experimental test and the
numerical modeling conducted for connection A2, corresponding to a horizontal displacement of
65 mm (SD=6.5%). The numerical model shows that, until the last cycles of applied displacement,
no concrete crushing was evidenced in the joint core, which is consistent with the experimental
report. Regarding the cracking pattern, a concentration of cracks was observed at the beam-joint
interface, representing a behavior similar to that presented in the experimental test. In this case,

the adequate structural behavior of the connection is highlighted, which can be attributed to the

efficient design of the structural elements, carried out following the prescriptions of ACI 352R
(2002) and ACI 318 (2005).
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Figure 6.14 — Cracks at SD of 6.5% BCJ A1l a) Experimental b) Numerical +65 mm.
Font: Experimental results obtained from Tsonos (2005)

Thus, it can be observed that the methodologies used in this work to simulate external
beam-column connections under cyclic loading are suitable for achieving good calibration with

experimental results.

6.2.4 Model CJ2 - BCJ of Beschi et al. (2015)

The numerical and experimental hysteresis curves of BCJ and CJ2 were compared in
Figure 6.16, showing good accuracy with the experimental results. The numerical hysteresis curve
shows that, with positive displacements, the force in the column had a trend almost constant after
yielding, while, for negative displacements, the shear force decreases when the displacements
increased due to the shear damage in the joint panel, as shown by the experimental curve. In
addition, was observed that the pinching effect obtained in the experimental test was reproduced

by the numerical model.
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Regarding the prediction of the peak shear load in the column V., the numerical simula-
tion provided a maximum value of 34.9 kN at a horizontal displacement of 45 mm and -43.1 kN
at a horizontal displacement of -30 mm, while in the experimental test, the maximum load was
34.7 kN at a horizontal displacement of 75 mm. Although the maximum loads were reached at

different displacements, their values were very close with a percentage difference of 0.6%.
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Figure 6.15 — Comparison between the experimental and numerical curve of the beam-column
joint without retrofit (CJ2).
Font: Experimental results obtained from Beschi et al. (2015)

The cracking panorama obtained in the numerical model evidenced a good similarity
with the experimental one. Figure 6.16 shows the cracks at story drifts of 0.5%, -1%, and 2%,
corresponding to horizontal displacements of 15mm, -30mm, and 60mm, respectively. Figure
6.16.a evidenced flexural beam failure at positive horizontal displacement of +15mm (SD of

0.5%) with wide cracks in the beam-joint interface due to the slipping of the smooth bars.

On another hand, Figures 6.16.b and 6.16.c showed diagonal cracks at negative and
positive horizontal displacement of -30mm (SD of -1.0%) and +60mm (SD of 2.0%), respectively,
where at 1% was evidenced only one diagonal crack and, for 2%, two flexural cracks were

developed, both for the experimental and numerical model.
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6.3 Analytical models validation
6.3.1 Flexural model

The analytical flexural model proposed was validated by comparison with experimental
test results available in the literature. The model provides all the required data for applying the
proposed model, particularly the experimental tensile stress-strain diagram of the retrofitting
material. In this part, three RC columns (R-30, R-25, and Test 1) (MENNA et al., 2016; SAKR et
al., 2020) and four RC beam-column joints (R-SED, RCJ2, TS1, and RS-UHPFRC-C) (SHARMA,;
BANSAL, 2019; BESCHI et al., 2015; KHAN et al., 2018; SAHARAN et al., 2023) were evaluated.

All the joint specimens underwent flexural failure.

Table 6.2 summarizes the specimens’ properties necessary for the application of the
flexural model formulations (see section 2.1). Due to the insufficient experimental information
about the UHPFRC tensile behavior of specimens tested by Sharma and Bansal (2019) and
Saharan et al. (2023) (specimens R-SD and RS-UHPFRC-C, respectively), for these specimens it
was assumed the same UHPFRC tensile strain-stress curve obtained by Khan et al. (2018). The
tensile strength f,; used in these specimens was similar to the formula of Graybeal et al. (2006)
(Equation 6.1) and provisions given by the NF P 18-710 (2016) (f.r in MPa).

6.7 fer
fur —== (6.1)
145
Table 6.2 — Specimens properties used for the flexural model validation
. B H L L
Specimen ID [ 11:1 m]  [mm] [mm] [1;;1m] [I;lm] {RﬂPa] {féfpal Reference
R-30 30 360 360 - - 18 150 Sakr et al. (2020)
R-25 25 350 350 - - 18 150 Sakr et al. (2020)
Test 1 60 280 280 - - 13 107 Menna et al. (2016)
R-SED 25 125 225 950 1000 256 107 Sharma and Bansal (2019)
RCJ2 30 360 530 2100 3000 27 110.5  Beschi et al. (2015)
TS1 30 260 310 925 1025 30 145 Khan et al. (2018)
RS-UHPFRC-C 25 125 225 950 1000 122 26.3  Saharan et al. (2023)
SpecimenD  fiho ) (o) [oo) fMpal fMba e w
R-30 360 4021 4021 49 3.0 0.00012  0.009
R-25 360 402.1 4021 49 3.0 0.00012  0.009
Test 1 450 2262 2262 3.8 0.6 0.000103  0.10
R-SED 415 235.6 1571 7.5 4.4 0.00014  0.011
RCJ2 365 4273 6283 6.6 6 0.001 0.005
TS1 605 12563 1256.3 7.5 4.4 0.00014  0.011
RS-UHPFRC-C 415 235.6 1571 7.5 4.4 0.00014  0.011

The ultimate bending moment values obtained from the analytical flexural model (M,,,,)
are reported in Table 6.3, together with the corresponding experimental values (M.xp). Due to the
presence of axial force in the column of joints, the ultimate bending moment for the specimens
R-30, R-25 and Test 1 has been calculated with respect to the axis passing through the geometric
centroid of the column cross-section. Table 6.3 shows that all the analytical bending moment

values were close to the experimental ones. The maximum moment differences were 10.3%
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and 15.2%, for specimens R-SED (SHARMA; BANSAL, 2019) and RS-UHPFRC-C (SAHARAN et
al., 2023), respectively, being that those correspond to the specimens with tensile strain-stress
behavior of the UHPFRC unknown. For other specimens the absolute percentage error was lower
than 9%.

Thus, it was concluded that, when all the required properties are known, the proposed
flexural model guarantees good reliability in the prediction of the ultimate bending moment
of RC beams intersecting the beam-column joints strengthened by UHPFRC jackets. When this
moment acts on the beam cross-section-joint interface, the corresponding acting shear force (V)

can be calculated through the equilibrium of the beam, expressed as M, Ly.

Table 6.3 — Analytical and experimental moments and shear actions

Specimen ID 3[Crcnm] ][\1/5111\11“111] ][\l/ﬁ\ylcf,m] ][E; ]0 r-M Reference

R-30 9.4 72.1 74.2 2.8 Sakr et al. (2020)

R-25 8.8 65.7 67.7 3.0 Sakr et al. (2020)

Test 1 11.8 38.2 34.9 9.5 Menna et al. (2016)
R-SED 18.6 27.9 25.3 10.3 Sharma and Bansal (2019)
RCJ2 40.6 149.9 148.5 0.9 Beschi et al. (2015)

TS1 67.6 188.7 193.3 2.4 Khan et al. (2018)
RS-UHPFRC-C 18.9 27.9 32.9 15.2 Saharan et al. (2023)

6.3.2 Shear model

The analytical shear model proposed in this work was used to calculate the joint shear
strength of specimens available in the literature tested under cyclic loads. The method was
applied for three exterior beam-column joints subjected to cyclic load, corresponding to R-SED
(SHARMA; BANSAL, 2019), RCJ2 (BESCHI et al., 2015), and RS-UHPFRC-C (SAHARAN et al.,
2023) joints, respectively.

Table 6.4 summarizes the specimens’ properties utilized to apply the shear model formu-
lation (see section 2.2). This table also shows the analytically determined values of the acting
shear force transferred by the beam to the joint core (V]f;‘l) (Equation 4.57), and the contributions
of this shear force distributed to the joint core and the UHPFRC jacket, V]%C
The analytical values for shear force in the column (V,) are also presented, following Equation
4.59.

and V]f;‘l  Tespectively.

The effective mean lateral confining pressure ( ,), and the confined concrete compressive
strength (f..) are shown in Table 6.4, determined by Equations 4.41 and 4.43-4.44, respectively.
Comparing the values of f.. reported in Table 6.4 with the values of f. reported in Table 6.2, it
was possible to observe an increase of at least 9.4% in the compressive strength. The concrete
contribution to the joint shear strength (thc) and the total shear force (V]-h) shown in Table 6.4,
were determined through Equations (4.47) and (4.56), respectively.

In addition, considering Equation (4.56) and the values presented, was possible to

conclude that in 2 out of 3 cases, the main contribution to the joint shear strength was given by
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the second term of the equation, expressed as Vine GRAR GcAc which is due to the UHPFRC
retrofit. In fact, the percentage contributions of the jacket to joint shear strength were 65.6%,
28.6%, and 67.2% for specimens R-SED, RCJ2, and RS-UHPFRC-C, respectively.

By comparing the values of the acting shear force (Vﬁ:) and the shear strength (V) stated
in Table 6.4, it was observed that, for all the strengthened specimens, the shear strength was
higher than the acting shear force, with differences of 33.3%, 27.1% and 49.9%, for specimens
R-SED, RCJ2 and RS-UHPFRC-C, respectively. Based on this comparison, no specimen undergoes

joint shear failure, which corresponds to the results obtained in the experimental tests.

In the proposed shear model, the shear strength contribution of the jacket is quantified,
in Equation 4.56, as the product between the shear strength of joint core and the ratio between
the shear stiffness of the jacket and the shear stiffness of the joint core. In cases where the joint
core is subjected to shear forces, and after of develop the first plastic damage, the shear force in
the concrete diagonal strut continues to increase, until the peak shear stress is reached, and, then,
decreases. Due to the plastic damage caused by cracking, the joint core shear stiffness reduces.
According to Equation (4.56), if the shear modulus of the joint core, G., reduces, the second term
of the equation, which represents the jacket contribution to joint shear strength, increases, until
the peak load is reached. For this reason, the fact that the predicted shear strengths of specimens

in Table 6.4 were always higher than the shear actions seem correct.

Being the BCJs shear strength unknown, since the specimens underwent beam flexural
failure, this is the only possible comparison that can be made. It seems improbable that BCJs
reinforced by UHPFRC jackets fail due to shear, since the jacket is used to increase the shear
strength of joints to promote the beam flexural failure, preventing joint shear failure, which is an
unwanted brittle mechanism. Moreover, the accuracy of the proposed model in predicting each
of the two contributions to joint shear strength, Vj,. and Vﬁl, provided by the joint core and the
jacket, respectively, have been checked. In particular, it has been observed that V. and Vﬁl are
always greater than the maximum shear force acting, respectively, in the core and in the jacket,
V]f;‘l .and V;;‘ZR, respectively.

All these results suggest that the model can predict that the joint, both in the overall and
in its components is subjected to actions lower than those producing shear failure. Moreover,
they highlight the efficacy of UHPFRC as retrofitting material to avoid undesirable shear failure

in non-seismic exterior beam-column joints subject to cyclic load.

Table 6.4 — Acting shear forces and shear strengths of BCJ specimens

. E, Er G, Gr Tr Ve Vie  Vir
Specimen ID [MPa] [MPa] [MPa] [MPa] [KN] [KN] [KN] [KN] Reference
R-SED 23780 39614 9908 16505 38.3 27.9 38.9 74.1 Sharma and Bansal (2019)
RCJ2 24421 36000 10175 15000 158.6  49.99 1944 779 Beschi et al. (2015)

RS-UHPFRC-C 23654 42381 9856 17658 38.3 32.8 35.5 72.7 Saharan et al. (2023)

vA f V; VR V;

: jh 2 cc jhe jh jh
SpecimenID — \) [MPal [MPal [KN]  [kN] [kN]
R-SED 113.1  1.57 29.53 51.9 98.9 | 150.8
RCJ2 272.4  0.65 29.55 247.1 99.1 | 3462

RS-UHPFRC-C = 108.2 1.57 30.26 53.2 108.9  162.1
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6.4 Comparative study: Numerical, experimental and analytical of
retrofitted BJCs

6.4.1 Model RCJ2 - BCJ of Beschi et al. (2015)

Figure 6.18 shows the comparison between the numerical and experimental hysteresis
curve of BCJ retrofitted with the HPFRC jacket (RCJ2), with a good accuracy between the results
and the peak load. The numerical model predicted a peak shear load in the column (V,) of 45
kN at a horizontal displacement of 15 mm, while, in the experimental test, the maximum load
was 49.5 kN at a horizontal displacement of 22.5 mm, resulting in a percentage load difference
of 9.1%. Since the ability of the numerical model to predict the maximum load is satisfying,
the chosen interface relationship can well represent the real interaction between concrete and

UHPFRC, when adequate values of the relationship parameters are used.

Based on the observations made about the implemented numerical models, it can be said
that they simulate RC exterior BCJs behavior under cyclic loads sufficiently accurately, especially
for the prediction of the maximum load, which is the main parameter of interest to verify the
joint strength. This allows the use of numerical models to determine the acting shear force in
BClJs.

Figure 6.18 also shows the shear load in the column (V,), calculated through the analytical
formulation of Equation (4.59). Since the specimens considered were subjected to beam flexural
failure, the shear on the beam at failure (V},) required by Equation (4.59) was calculated dividing
the beam resisting bending moment, obtained from the flexural model (Equation 4.37), by the
length . The acting force on the column obtained by Equation (4.59) had a value of 49.99 kN,

showing a percentage difference of 0.8% compared to the experimental result.
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Figure 6.17 — Comparison between the experimental and numerical curve of the beam-column
joint strengthened with HPFRC (RCJ2).
Font: Experimental results obtained from Beschi et al. (2015)
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Table 6.5 summarizes the shear load values in the column obtained by the experimental
test, analytical, and numerical models for both the specimens considered. Both analytical and
numerical models predicted very well the maximum shear load on the column at the beam
flexural failure. In particular, the proposed analytical model was the most accurate. This was a
further validation of the proposed flexural model. It is stressed that the shear force in the column,
was the maximum one, because, after the beam flexural failure, the shear in the column cannot

increase anymore.

Table 6.5 — Values of the shear load in the column (V) obtained from the experimental test and
the analytical and numerical models, and comparisons

Exp. Ana. FEM Error [%] Error [%]
[kN] [kN] [kN] Exp/Ana Exp/FEM

CJ2 34.7 - 349 - 0.6
RCJ2 49.5 499 450 0.8 9.1

Specimen ID

This value of shear force is not reached if the shear failure occurs in the joint before
the beam flexural failure. Knowing the joint shear strength from the shear model (Equation
(4.56)) and comparing this value with the maximum joint shear force, obtained from Equation
(4.57), at the beam flexural failure, was possible to establish if joint shear failure can occur or
not. In this sense, the proposed flexural model, from which the maximum joint shear force can be
derived, and the shear model, which provides the joint shear strength, appear as valuable tools
for researchers and engineers to establish which type of failure will occur in BCJs retrofitted with
UHPFRC jacket. If shear failure results from the design of the retrofitted joint, was possible to
avoid this failure by increasing the UHPFRC jacket thickness until flexural failure occurs instead

of shear one.

Figure 6.18 shows the evolution of the crack pattern of strengthened joint RCJ2. In the
negative direction corresponding to a horizontal displacement of -15mm (SD= -0.5%), the joint
developed vertical flexural cracks at the beam-joint interface, and small diagonal cracks in the
top of the joint core, Figure 6.18.a. The increases to a negative horizontal displacement of -30mm
(SD= -1%) showed bigger vertical flexural and diagonal cracks in the interface and inside the
joint core, respectively, 6.18.b. And for a horizontal displacement of +60mm (SD= 2.0%), the
numerical model displayed a higher stress concentration in the top side of the joint and diagonal
cracks, as evidenced in the experimental test (Figure 6.18.c). The main difference observed in
this research with the experimental results was the absence of higher vertical cracks in the top
joint core. However, it could be considered that the numerical methodology used, displays a good

accuracy in the joint’s cracking panorama.



Chapter 6. Results and Discussions 142

+0.5%.1

c)

Principal stress [MPa] Min.

BT [ T
09 -3.1-7.0 -11 -15 -19 -23 -27 -33

Figure 6.18 — Cracking panorama of BCJ RCJ2 at SD of a) 0.5% +15mm, b) 1.0% -30mm, and c)
2.0% +60mm.
Font: Experimental results obtained from Beschi et al. (2015)
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7 Parametric Study

Comparisons between numerical, analytical, and experimental results of retrofitted joints
were carried out. For this, a parametric study of strengthened joints with HPFRC jacket was
developed in this chapter to verify the reliability of the methodologies previously given and to
evaluate the influence on the shear response and optimization of parameters for construction.
A series of retrofitted joints under cyclic were numerically modeled and validated analytically,
where the retrofitted joint (RCJ2) tested by Beschi et al. (2015) was used as the control test.

Due to the high cost and computational time in the numerical model RCJ2, an optimiza-
tion of the numerical simulation was developed. For this, a new numerical model for the joint
RCJ2 was developed with a reduction of 43.5%, in the step numbers labeled in this work of
RCJ2,.;. The RCJ2 model was simulated with 3401 steps, while the RCJ2,,; model was simulated
with 1921 steps, requiring a computational time of 6.5 days (156 hours). Numerical models
processing was conducted on a system featuring an Intel(R) Core(TM) i7-12700 CPU operating
at 2.1 GHz, with 32.0 GB of installed RAM. Figure 7.1 presents the hysteresis curves of RCJ2 and
RCJ2,.; joints, where it is possible to observe a good accuracy between the models. Considering
this beneficial effect on processing and the need to develop diverse numerical models, all the

models presented here were simulated with 1921 steps.
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Figure 7.1 — Hysteresis curve comparative using reduction in steps number - RCJ2 joint.
Font: Experimental results obtained from Beschi et al. (2015)
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This validation evaluated the influence of certain parameters on the performance of the
retrofitting technique used in the present work. These parameters include HPFRC jacket thickness
( r), compressive strength of HPFRC (f.r), and beam’s reinforcement ratio ( ). For this were
investigated: i) three different HPFRC thicknesses corresponding to 15 mm, 30 mm, and 45 mm
(Figure 7.2); ii) three compressive strengths of HPFRC with values of 110.5 MPa, 165.8 MPa,
and 221.0 MPa, named Models A, B, and C, respectively, and iii) three beam’s reinforcement
ratio with values 0.4%, 0.7%, and 1.2%, labeled as L(Low), M(Medium), and (High) ratios,
respectively. Thus, the specimen’s label depends on each value for the parameters analyzed (e.g.
A15-L corresponds to the joint strengthened with a HPFRC jacket of thick 15 mm, compressive
strength of 110.5 MPa, and beam’s steel ratio of 0.4%) (Figure 7.3). In total were investigated
15 specimens and which were divided into six groups, where the specimens A15-M, 30-M, and
A45-M, were the same as A15, A30, and A45, respectively (see Tables 7.1 and 7.2). All models
had a concrete compressive strength (f.) of 27 MPa, Figure 5.12

JERE (N E R S U N0; R S N0
= =3
< S
hgl v
=3 wt

Figure 7.2 — Cross-sections of strengthened joints with HPFRC layers.

, Compressive strength
of HPFRC: 110.5 MPa

Al5-L

Beam’s steel
ratio: Low (0.4%)

Thickness of
HPFRC: 15 mm

Figure 7.3 — Example of specimen for parametric study.

The beam’s cross-sections of each ratio are presented in Figure 7.4, composed of steel
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bars of diameter 10 mm, 12 mm, 16 mm, and 20 mm. Because this work wanted to study the
influence of the bar diameter, the yield and ultimate strength adopted for the bar diameter of 10

mm were the same as those of 12 mm, and for 20 mm, they were the same as those of 16 mm.

e 4¢10mm 4¢12mm 4g16mm

3g12mm 3g16mm 3920mm
o d L e

a) b) C)

Figure 7.4 — Classification of beam’s reinforcement ratio: a) 0.4% b) 0.7% and c) 1.2%.

It’s known that when the compressive strength of retrofit material (f.r) changes, the
tensile strength of retrofit material of (f,) also changes. For this reason, Equation 7.1 proposed
by (GRAYBEAL et al., 2006) was used to determine the new values of f,; for each model. In the
experimental test, the RCJ2 joint had a f,; value of 6.6 MPa, while using Equation 7.1 was of 5.8
MPa. Tables 7.1 and 7.2 show the tensile strength of HPFRC for each specimen investigated.

67 Fx

(7.1)
145

fut

Table 7.1 — Parameters investigated of strengthened joints with different layers and compressive
strengths

I Group HPFRC thickness Compressive strength of Tensile strength of

R [mm] HPFRC f.r [MPa] HPFRC f,+1 [MPa]
Al5 Group 1 15 110.5 5.8 (A)
B15 165.8 7.1 (B)
C15 221.0 8.2 (0)
A30 Group 2 30 110.5 5.8 (A)
B30 165.8 7.1 (B)
C30 221.0 8.2 (Q)
A45 Group 3 45 110.5 5.8 (A)
B45 165.8 7.1 (B)

C45 221.0 8.2 (C)
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Table 7.2 — Parameters investigated of strengthened joints with different layers and beam’s
reinforcement ratios

. HPFRC thickness Bar diameter Bar diameter Beam’s reinf. ratio
Specimen ID Group

R [mm] p1 [mm] b2 [mm] v [%]
Al5-L Group 4 15 10 12 0.4
A15-M(A15) 12 16 0.7
A15-H 16 20 1.2
A30-L Group 5 30 10 12 0.4
A30-M(A30) 12 16 0.7
A30-H 16 20 1.2
A45-L Group 6 45 10 12 0.4
A45-M(A45) 12 16 0.7
A45-H 16 20 1.2

7.1 Numerical models

Figure 7.5 shows the mesh discretization of the joints retrofitted with a HPFRC jacket
of thickness 15 mm, 30 mm, and 45 mm. All models were simulated with the same concrete

compressive strength and constitutive models for the concrete and steel reinforcement.
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(b)

(@

Figure 7.5 — Mesh discretization of strengthened joints with thickness layer of a) 15 mm, b) 30

mm, and ¢) 45mm.
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To obtain the tension behavior of the joints for each model (A, B, C), three supplementary
dog-bone models were developed, corresponding to the compressive strength of HPFRC of 110.5
MPa, 165.8 MPa, and 221.0 MPa, respectively. The tensile stress-strain curves of each case were
obtained through the simplified model used by Xin et al. (2023), which is represented by a
bilinear curve of strain-softening (Figure 7.6). Figures 7.7, 7.8, and 7.9 present the tensile
strain-diagram for HPFRC material for A, B, and C models. Here, it is possible to observe the

increase of the tensile strength f;,7 when the compressive strength f.z also increases.
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Figure 7.6 — Scheme of the envelope curve of strain softening UHPFRC.
Font: Adapted from Xin et al. (2023)
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Figure 7.7 — Tensile stress-strain model of UHPFRC of A model represented by: a) Simplified
diagram, b) Constitutive model in Atena.
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Figure 7.8 — Tensile stress-strain model of UHPFRC B model represented by: a) Simplified

diagram, b) Constitutive model in Atena.
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Figure 7.9 — Tensile stress-strain model of UHPFRC for C model represented by: a) Simplified

diagram, b) Constitutive model in Atena.

Figure 7.10 shows the comparison between the tensile strain-stress curves obtained from

the simplified formulation (Figure 7.6) and numerical dog-bone models, with good accuracy in

the results for all the cases. Thus, the functions used in ATENA in these models were utilized in

the simulations of all specimens.
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Figure 7.10 — Comparison between analytical and numerical functions of HPFRC tensile behavior
for A, B, and C models.

7.2 Analytical models

The analytical method presented in Chapter 4 was used to determine the maximum shear
forces in the column (V.). This method can be considered a good tool for assessing the shear
V. with low computational cost. Table 7.3 summarizes the main geometrical and mechanical
properties of the joints utilized in the flexural model validation. The tensile parameters of HPFRC
material were taken from the diagrams shown in Figures 7.7, 7.8, and 7.9. It is emphasized
that all models were assumed to exhibit flexural failure, as the application of flexural modeling

techniques is valid only for specimens characterized by this specific failure mechanism.

Table 7.3 — Specimens properties used for the flexural model of parametric study

. B H A A
SpecimenID | . [0 [mm] {Rffpa] {R%Pa] [mm?]  [mm2] {K/ipa] {K/ﬁ’a] ut,crack ut
Al5 (AlS-M) 15 330 515 11050 365 4273 6283 58 49 0000163 0.005
B15 15 330 515 16575 365 4273 6283 7.1 60  0.000199 0.005
c15 15 330 515 221.00 365 4273 6283 8.2 70 0.000229 0.005
A30 (A30-M) 30 360 530 110.50 365 4273 6283 58 49  0.000163 0.005
B30 30 360 530 16575 365 4273 6283 7.1 60  0.000199 0.005
€30 30 360 530  221.00 365 4273 6283 82 70 0.000229 0.011
A45 (A45-M) 45 390 545  110.50 365 4273 6283 58 49  0.000163 0.005
B45 45 390 545 16575 365 4273 6283 7.1 60  0.000199 0.005
c45 45 390 545 11050 365 4273 6283 82 70 0.000229 0.005
AlISL 15 330 515 11050 365  270.1 3833 5.8 49  0.000163 0.005
A15-H 15 330 515 11050 445 7163 10304 5.8 49  0.000163 0.005
A30-L 30 360 530 11050 365 2701 3833 58 49 0000163 0.005
A30-H 30 360 530 110.50 445 7163 10304 58 49  0.000163 0.005
A45.L, 45 390 545 11050 365 2701 3833 58 49  0.000163 0.005

A45-H 45 390 545 110.50 445 716.3 1030.4 5.8 4.9 0.000163  0.005
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7.3 Results of parametric study

7.3.1 Numerical results

The numerical shear forces V., were achieved from the peak value of each load-displacement
curve, corresponding to fifteen different joints. Furthermore, this work also presents the hysteresis

curves and the cracking panorama of each retrofitted joint obtained from the numerical results.

Figure 7.11 illustrates the comparison of the hysteresis curves of non-retrofitted (named
Control Specimen (CS)) and retrofitted (with different thicknesses of HPFRC jacket) joints. Here,
all the joints had a compressive strength of HPFRC and concrete of 110.5 MPa (Model A) and
27 MPa, respectively. Is it important to highlight that the simulation of the CS model in the
ATENA software was needed because, in the experimental test, the specimen without retrofit had
a compressive strength of concrete of 38.7 MPa instead of 27 MPa (BESCHI et al., 2015).
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Figure 7.11 — Hysteresis curves of non-retrofitted joint and retrofitted joints with HPFRC jackets
of different thicknesses

The results show that the retrofit layer’s thickness influenced the column’s shear force.
When the thickness ( g) increased, the shear force in the column (V) also increased, as expected.
The non-retrofitted joint (CS joint) had a maximum shear force of +29.3 kN at a displacement
of +22.5 mm, while the joint retrofitted with HPFRC jackets 15 mm, 30 mm, and 45 mm
thick presented a maximum shear force of +33.0 kN, +45.5 kN, and +59.9 kN, respectively, at
displacements of -22.5 mm, +15 mm, and +22.5. In addition, the CS joint presented a higher
stiffness degradation than retrofitted joints as the cyclic displacements increased, which can be
caused by the absence of the retrofit jacket. However, the A45 joint showed the lowest reduction

in stiffness compared with the A15 and A30 models, showing that as the jacket thickness increases,
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its capacity to maintain close values of V. in all its cycles also increases.

The beneficial effect of the HPFRC jacket thickness has been quantified through the factor
of retrofit (Fg), which is determined as the ratio between the shear force of the retrofitted joint
and CS joint (FR = V. retrofittedjoint /Vecs joint), as proposed by Lampropoulos et al. (2024). Figure
7.12 presents the Fg value for each HPFRC jacket thickness.

Figure 7.12 shows Fy values in the range from 1.1 to 2.0, with specific values of 1.1,
1.6, and 2.0 for the A15, A30, and A45 joints, respectively. A slight reduction in the slope of
the Fg curve was evidenced when the joints were strengthened with jackets of thickness higher
than 30 mm. A similar behavior was exhibited in columns with jackets of thickness of 50 mm
(LAMPROPOULOS et al., 2024).
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Figure 7.12 — Fg factor for joints retrofitted with different thicknesses

Figure 7.13 presents the hysteresis curves of joints retrofitted with UHPFRC jackets 15
mm, 30 mm, and 45 mm thick, respectively, with different compressive strengths of HPFRC,
designed as models A, B, and C. The results showed that with the increase of strength f.g and
jacket thickness (6g), the V. force also increased. The specimens C15, C30, and C45 presented
the highest shear force values of 36.4 kN, 51.6 kN, and 71.2 kN, respectively, at horizontal

displacements of +22.5 mm, +15 mm, and +45 mm, respectively.

A bigger pinching effect was observed in joints strengthened with jackets of 45 mm than
in those with jackets with 15 mm and 30 mm. In addition, all specimens showed a greater stiffness
degradation in the negative cycles than in the positive cycles, mainly those of low thickness pg.
The joints retrofitted with HPFRC jackets of 15 mm, 30 mm, and 45 mm presented a maximum
reduction in the force V; of 29.8%, 21.0%, and 16.6%, respectively, between the first and the
ultimate negative displacement (-15 mm and -75 mm). Thus, the joints retrofitted with a 45 mm

HPFRC layer exhibited the least reduction in shear force and tended to maintain stability during
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positive displacements, thereby enhancing the ductility of the joints.
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Figure 7.13 — Hysteresis curves of BCJS retrofitted with HPFRC jacket of thickness a) 15 mm, b)
30 mm, and c) 45 mm, varying the compressive strength of HPFRC (models A, B,
and C)

The curves presented in Figure 7.14 show the hysteresis behavior of the retrofitted joints
with UHPFRC jacket of 15 mm, 30 mm, and 45 mm thick, respectively, with different beam’s
reinforcement ratios of 0.4%, 0.7%, and 1.2%, named with the letters L (Low), M (Medium),
and H (High), respectively. The joints with a ratio of 1.2% (High ratio) showed higher values of
force V. (63.4 kN, 56.4 kN, and -49.2 kN), compared with the joints of Low (29.1 kN, 41.2 kN,
and 50 kN) and Medium ratio (32 kN, 45.5 kN, and 59.9 kN). A bigger stiffness degradation was
evidenced in the joints with Low ratio, compared with joints with a High beam’s reinforcement
ratio. The capacity to absorb fracture energy was bigger in joints with High ratio, presenting

hysteresis curves with a smaller pinching effect.
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Figure 7.14 — Hysteresis curves of BCJs with beam’s reinforcement ratios of a) 0.4% (L), b) 0.7%
(M), and c) 1.2% (H), varying the thickness of the HPFRC layer

It is important to observe that the specimens A15-H and A30-H presented higher values
of V. (49.2 kN and 56.4 kN), compared with C15 and C30, with values of 36.4 kN and 51.6 kN,
respectively, showing better results with the increasing of the ratio ; instead of the compressive
strength f.r. However, when the specimen was retrofitted with a layer of 45 mm, this situation
was more beneficial for f.r, with values of 63.4 kN for A45-H and 71.20 kN for C45. Therefore,
the ratio , has a bigger effect on the joint’s shear capacity than the strength f.g up to a retrofit

layer of 30 mm, since 45 mm thick jackets did not exhibit the same.

The effect on the shear force, varying the compressive strength and the thickness of the
HPFRC also was investigated. Figures 7.15 and 7.16 show the comparative of the shear force in
the column with different values of g and fcg, and beam’s reinforcement ratio of 0.7%. These
graphics showed a marked impact in the shear force, where the increasing percentage when the
joint was retrofitted with a jacket from 15 mm to 30 mm and with a compressive strength of 221

MPa was 41.8%, and for compressive strength of 110.5 MPa was 42.2%. In addition, increasing
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the compressive strength and maintaining the same thickness of the jacket, the shear force also
increased (e.g., joints retrofitted with a jacket of 15 mm evidenced an increase of 7.8% when
changing f.g from 110.5 MPa to 165.8 MPa and of 5.5% when changing the f.g of 165.8 MPa to
221.0 MPa). However, the increase of the force was smaller when the specimens changed f.x
from 165.8 MPa to 221.0 MPa (5.5%, 6.3%, and 7.6%), and from 30 mm to 45 mm (31.6%,
36.5%, and 37.9%), compared with the increase obtained from 110.5 MPa to 165.8 MPa (7.8%,
6.6%, and 10.5%), and from 15 mm to 30 mm (42.2%, 36.5%, and 37.9%).
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Figure 7.15 — Shear values of the strengthened joints varying the thickness 6z and compressive
strength of the HPFRC jacket fcr
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On the other hand, Figure 7.17 shows the variation of the force V. as a function of jacket
thickness (6g) and beam’s reinforcement ratio (p;). The gain of V. for all the p, values was
smaller when the joints thickness increased from 30 mm to 45 mm (21.4%, 31.6%, 8.5%), in
comparison when it was modified from 15 mm to 30 mm (41.6%, 42.2%, 19.1%). Furthermore,
significant improvements were observed in increasing the force V. as the ratios p; increased. For
a layer of 15 mm thick, the increments of the shear V, were 9.9% and 53.8% when p; changed
from low to medium ratio and from medium to high ratio, respectively, for a layer of 15 mm thick.
For a layer of 30 mm thick, those increments were 10.4% and 28.8%. However, for a thickness of
45 mm, this effect was not observed, presenting increments from 19.8% (p;,=0.4% to p;,=0.7%)
to 6.2% (pp=0.7% to p,=1.2%). In addition, the gains with a ratio of 1.2% (19.1% and 8.5%),
were smaller compared with the ones obtained for 0.7% (42.2% and 31.6%) and 0.4% (41.6%
and 21.4%).

As the beam’s reinforcement ratio increased, the force V. also increased. Nevertheless,
for thicker layers (e.g., 5g=45 mm), this enhancement was not observed. Furthermore, the
improvements of V. increasing its thickness were more significant for low and medium ratios
(0.4% and 0.7%).
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Figure 7.17 — Shear values of the strengthened joints varying the thickness of the HPFRC jacket
and beam’s reinforcement ratio

The three parameters studied in this work (8g, fcr, and p;) influenced the shear capacity
of the column (V). When the depth of the HPFRC layer was fixed, the increase of the ratio p,
increased the shear force V. (53.8%) more than when the compressive strength of HPFRC f.r
(10.5%) was increased. This is a result of the increased reinforcement ratio in the tension zone of

RC beam.

However, the V, values were closer (Figures 7.15 and 7.17 ) except for the case when the

beam had a reinforcement ratio of 1.2%, where the higher values of V. were observed in joints
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retrofitted with jackets of 15 mm and 30 mm thick, showing that for great thickness of retrofit,
the increase of the ratio was not very significant. On the other hand, the increase in the thickness

r from 30 mm to 45 mm had a greater impact with a fixed compressive strength f.z (37.9%)
than with a fixed ratio , (8.5%).

7.3.2 Cracking Pattern

The specimens’ cracking pattern resulted from the parametric study is also presented in
this thesis. Appendix B shows the evolution of the cracks in the HPFRC jacket and in the concrete

(joint core) as the horizontal cyclic displacements increased.

Figures B.1, B.2, and B.3 in the Appendix B show vertical cracks at the beam-joint interface
for joints retrofitted with 15 mm and 30 mm thick HPFRC layers at horizontal displacements of
+15 mm and -15 mm. In contrast, joints with 45 mm thick jackets did not show significant cracks.
However, cracks appeared in the core region of both the HPFRC and the concrete (joint core)
at a displacement of +22.5 mm. Vertical cracks continued to propagate through the interface
for joints strengthened with 30 mm and 45 mm layers. This behavior can be attributed to the
higher lateral loads sustained by joints A45, B45, and C45, which caused greater degradation in
the joint core (concrete), resulting in higher stresses in the HPFRC material. The most significant

cracks were observed in the final loading cycles, as expected.

A similar behavior was observed in the joints with a high beam’s steel ratio ( ,=1.2%),
corresponding to A15-H, A30-H, and A45-H models. For displacements higher than +22.5 mm,
cracks in the core and interface beam-joint of both the concrete and HPFRC material were
evidenced, (Figures B.4, B.5, and B.6 in the Appendix B). Thus, can be concluded that for large
thicknesses of the HPFRC jacket and high beam’s steel ratio, the presence of cracks in the core
region is more evident after the early cycles, caused by its high capacity to lateral shear loads.
It is essential to point out that no specimens studied in the parametric analysis reached their

rupture load.

7.3.3 Analytical results

Table 7.3 presents the shear load values (V) obtained from the analytical and numerical
models. The shear force V. increased with the increase of the beam’s reinforcement ratio, thickness
jacket, and compressive strength of HPFRC, as demonstrated also by other research (AL-OSTA et
al., 2017; ISA, 2017; BAHRAQ et al., 2021; LAMPROPOULOS et al., 2024).

Regarding the comparison between numerical and analytical values of V,, the results
were close, presenting good accuracy. The maximum differences were evidenced in the joints
with a high beam’s reinforcement ratio (H), with values of 1.18. 1.18 and 1.27 for A15-H, A30-H,
and A45-H, respectively. This may be because the mechanical parameters of steel bars of 20
mm were adopted the same as those of 16 mm. Thus, it is recommended to simulate the
joints with values obtained in the laboratory test and perform a new comparison. However, both
the methodology used and the results obtained in this thesis could be considered satisfactory, and

useful to be used by engineers.
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Table 7.4 — Results of parametric study for the retrofitted joints - Flexural model

SPECimen ID Xc [mm] Case Mana [kNm] Vc,ana [kN] VC,FEM [kN] Vc,unu/Vc,FEM

Al5 (A15-M) 33.24 Case 3 102.39 34.13 32.00 1.07
B15 32.78 Case 3 109.52 36.51 34.50 1.06
C15 32.00 Case3 115.50 38.50 36.40 1.06
A30 (A30-M) 39.97  Case 3 135.58 45.19 44.10 1.02
B30 36.68 Case 3 150.52 50.17 48.50 1.03
C30 35.11 Case 3 163.06 54.35 51.80 1.05
A45 (A45-M) 41.77  Case 3 171.55 57.18 59.90 0.95
B45 39.65 Case 3 194.99 65.00 66.20 0.98
C45 37.31 Case 3 214.32 71.44 71.20 1.00
Al15-L 26.79  Case 2 76.74 25.58 29.10 0.88
A30-L 32.88 Case 3 110.11 36.70 41.20 0.89
A45-L 37.58 Case 3 146.20 48.73 50.00 0.97
Al5-H 49.10 Case 3 174.03 58.01 49.20 1.18
A30-H 51.14 Case 3 207.02 69.01 58.60 1.18
A45-H 53.03 Case 3 242.80 80.93 63.60 1.27

The internal forces in the concrete and HPFRC material obtained from the analytical

model of all specimens are presented in Appendix C (Table C ).
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8 Conclusions

This thesis developed a numerical model of RC frame under monotonic load, and numeri-

cal and analytical models of exterior beam-column joints with and

* The state-of-the-art joint’s shear analytical models was raised, showing the diversity of
models available in the literature. The correlations between the analytical and experimental
data ranged from 0.7468 to 0.97578. However, all the models were developed exclusively

for unretrofitted RC joints.

* A bidimensional numerical simulation of RC frame to monotonic was developed in the
ATENA software. The results showed good accuracy with experimental ones regarding
peak load, load-displacement curve, and cracking pattern, showing the efficiency of the

numerical methodology employed to simulate RC frames.

* The analytical flexural proposed achieved showed a good accuracy with the experimental
ones regarding the ultimate flexural moment. A maximum difference of 15.2% was obtained,
which corresponds to this one with tensile parameters unknown. Thus, knowing all the
required properties can help to improve reliability in the prediction of the moment in the
beam strengthened by UHPFRC jackets.

* The novel shear model proposed considered the confinement of the retrofit material on
the concrete through the parameters , and f.. The model predicted shear strengths
greater than the acting shear forces in the joints, with differences of up to 49.9%. There-
fore, the proposed model could serve as a valuable tool for engineers and researchers,
assisting in practical design and in predicting the shear behavior of BCJs retrofitted with
UHPFRC/HPFRC jackets.

* The retrofitting with HPFRC jackets increased the shear strength of the joints, promoting
the flexural failure of the beam. This confirms UHPFRC as a good retrofitting material that

helps to avoid undesirable shear failure in non-seismic exterior BCJs subject to cyclic load.

* An interface model was used to simulate the connection between the concrete and the
HPFRC jacket in the joints, helping to obtain good results in terms of peak load, hysteresis
curve, and cracking pattern, which was concentrated in the beam-joint interface region, as

expected.

* A parametric study with factors affecting the shear capacity in the column (V.) of joints
retrofitted with HPFRC was conducted after the verification of the numerical model (RCJ2).
The increase of the thickness of HPFRC, reinforcement ratio in the beam, and compressive

strength of the HPFRC increased the shear capacity of the joint.
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* The HPFRC material increased 1.1-2.0 times the ultimate shear capacity (V) of the joints
with jackets of thicknesses of 30-45 mm compared with the initial load of the non-retrofitted

joint.

* For all compressive strengths of the HPFRC (Models A, B, and C), the increase in shear
capacity (V.) was more significant when the thickness changed from 15 mm to 30 mm,
compared to the one from 30 mm to 45 mm, corresponding to an increment of 42.2%. In
addition, for all HPFRC jacket thicknesses (15, 30, and 45 mm), the improvement in shear
capacity (V.) was greater when the compressive strength increased from 110.5 MPa to
165.8 MPa, with values of 10.5%, rather than from 165.8 MPa to 221.0 MPa.

* For a fixed HPFRC depth, the increase of the beam’s reinforcement ratio ;, increased the
shear force V, (53.8%) more than when the compressive strength of HPFRC f.g (10.5%)
was increased, caused by the increased reinforcement ratio in the tension zone of RC beam.
However, both cases presented close V, values, except for the case when the beam had a
reinforcement ratio of 1.2%, where higher values of V. were observed in joints retrofitted

with jackets of 15 mm and 30 mm thick.

* To increase the shear force V. in joints retrofitted with a high thick of UHPFRC jacket (e.g.,
45 mm), it is recommended to enhance either the compressive strength f.r instead of the

beam’s steel ratio .
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9 Suggestions for future work

Based on the findings of this research, several future investigation directions are proposed
to further advance the understanding and application of UHPFRC in the retrofitting of beam
column joints. These future efforts aim to refine the proposed analytical model, expand its

applicability, and improve its practical implementation in structural engineering.

* Conduct additional experimental tests to confirm the predictions of the analytical shear

strength model for beam-column joints retrofitted with UHPFRC.

» Extend the model to different loading conditions, such as dynamic impacts and higher

intensity seismic effects.

* Develop guidelines to determine the optimal thickness of the UHPFRC layer, maximizing

strength and minimizing costs.
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Table A.1 — Database of experimental tests of joints with and without seismic criteria

. ; ; b b h h, A A, As As; Asiv N, a V Vi

W Name Ref oo oo B B Pl bl Ll L) ol el el Dl e D) el O
1 Hanson and Connor (1967) 1 R 23.9 347 321 483 305 381 508 381 2579 1289 8059 1267 2015 644 155.4 126.3 819.7
2 Hanson and Connor (1967) 1A R 22.1 347 364 483 305 381 508 381 2579 1289 8059 713 2015 647 160.6 101.9 662.4
3 Hanson and Connor (1967) 11 R 25.2 347 378 483 305 381 508 381 2579 1289 8059 1267 2015 284 120.4 117.4 761.1
4 Hanson and Connor (1967) III R 22.1 347 339 483 305 381 508 305 2579 1289 8059 1267 0 335 110.0 89.9 585.4
5 Hanson and Connor (1967) v R 24.0 347 359 483 305 381 508 305 2579 1289 8059 1267 0 30 79.0 48.9 318.1
6 Hanson and Connor (1967) A4 UR 22.8 347 0 483 305 381 508 381 2579 1289 8059 0 2015 636 157.5 89.9 583.9
7 Megget (1974) A R 22.1 375 319 365 255 380 460 330 1642 1321 1062 1018 760 200 102.8 161.4 531.0
8 Megget (1974) B R 22.1 375 319 365 255 380 460 330 1642 1321 1062 1018 760 200 102.8 161.4 531.0
9 Uzumeri (1977) 1 R 30.8 347 0 332 305 381 508 381 1934 190 - 0 1013.4 520 132.9 - 626.7
10 Uzumeri (1977) 2 R 31.1 349 0 335 305 381 508 381 1934 190 - 0 1013.4 520 132.5 - 608.9
11 Uzumeri (1977) 3 R 27.0 351 428 337 305 381 508 381 1934 1290 - 5705 1013.4 520 138.1 - 648.1
12 Uzumeri (1977) 4 R 31.0 349 380 333 305 381 508 381 1934 1290 - 1013 1013.4 520 132.7 - 734.4
13 Uzumeri (1977) 5 R 31.9 348 0 336 305 381 508 381 1934 1290 - 0 1013.4 520 131.6 - 608.0
14 Uzumeri (1977) 6 UR 36.2 353 357 340 305 381 508 381 1934 1290 - 1013 1013.4 520 127.3 - 728.1
15 Uzumeri (1977) 7 R 30.8 353 366 340 305 381 508 381 1934 1290 - 1013 1013.4 520 132.9 - 698.8
16 Uzumeri (1977) 8 R 26.4 353 366 390 305 381 508 381 2579 1934 - 1013 1013.4 520 139.3 - 838.0
17 Paulay and Scarpas (1981) 1 UR 22.6 296 326 300 356 457 610 457 1885 1885 - 1357 1256.6 250.2 134.8 160 623.1
18 Paulay and Scarpas (1981) 2 UR 22.5 297 326 300 356 457 610 457 2790 2790 - 943 1256.6 704.9 172.5 222.0 878.8
19 Paulay and Scarpas (1981) 3 R 26.9 296 326 300 356 457 610 457 1885 1885 - 1357 1256.6 297.8 134.8 170 659.8
20 Ehsani and Wight (1985) 1B R 33.6 338 437 490 259 300 480 300 2019 2019 2850 887 570 178 89.9 142.3 498.4
21 Ehsani and Wight (1985) 2B R 35.0 338 437 490 259 300 439 300 2019 2019 3420 887 570 178 89.4 133.4 531.9
22 Ehsani and Wight (1985) 3B R 40.9 338 437 490 259 300 480 300 2019 2019 2850 887 570 178 87.3 177.9 620.2
23 Ehsani and Wight (1985) 4B R 44.6 338 437 490 259 300 439 300 2019 2019 3420 887 570 178 86.2 169.0 670.0
24 Fhsani and Wight (1985) 5B R 24.4 331 437 414 300 340 480 340 2328 2328 6080 887 1013 229 108.6 164.6 583.3
25 Ehsani and Wight (1985) 6B R 39.8 338 437 490 300 340 480 340 1734 1734 2850 887 570 229 99.5 155.7 538.1
26 Ehsani et al. (1987) 1 R 64.7 455 455 455 300 340 480 340 1164 1164 2692 887 570 133 90.2 144.6 543.3
27 Ehsani et al. (1987) 2 R 67.3 455 455 455 300 340 480 340 1425 1425 2692 887 570 338 97.6 184.6 735.0
28 Ehsani et al. (1987) 3 R 64.7 455 455 455 259 300 439 300 1251 1251 2692 887 570 383 91.7 135.7 581.1
29 Ehsani et al. (1987) 4 R 67.3 455 455 455 259 300 439 300 1560 1560 3579 887 776 325 88.6 157.9 682.2
30 Ehsani et al. (1987) 5 R 44.6 455 455 455 259 300 439 300 2019 2019 2850 887 570 222 89.1 169.0 692.7
31 Ehsani and Alameddine (1991) LL8 R 55.1 457 447 463 318 356 508 356 2228 2228 3579 1161 776 294 101.6 249.2 894.3
32 Ehsani and Alameddine (1991) LHS8 R 55.1 457 447 463 318 356 508 356 2228 2228 3579 1935 776

33 Ehsani and Alameddine (1991) HLS8 R 55.1 443 447 457 318 356 508 356 2780 2780 3040 1161 1013 507 110.9 267.0 974.6
34 Ehsani and Alameddine (1991) HHS8 R 55.1 443 447 457 318 356 508 356 2780 2780 4054 1935 1013 507 110.9 267.0 974.6
35 Ehsani and Alameddine (1991) LL11 R 75.8 457 447 463 318 356 508 356 2228 2228 3579 1161 776 285 97.9 235.9 819.1
36 Ehsani and Alameddine (1991) LH11 R 75.8 457 447 463 318 356 508 356 2228 2228 3579 1935 776 276 97.6 284.8 1007.4
37 Ehsani and Alameddine (1991) HL11 R 75.8 443 447 457 318 356 508 356 2780 2780 4054 1161 1013 587 107.4 271.5 958.4
38 Ehsani and Alameddine (1991) HH11 R 75.8 443 447 457 318 356 508 356 2780 2780 4054 1935 1013 605 108.0 293.7 1046.6
39 Ehsani and Alameddine (1991) LL14 R 96.5 457 447 463 318 356 508 356 2228 2228 3579 1161 776 236 94.7 267.0 950.1
40 Ehsani and Alameddine (1991) LH14 R 96.5 457 447 463 318 356 508 356 2228 2228 3579 1935 776 223 94.4 271.5 965.9
41 Ehsani and Alameddine (1991) HH14 R 96.5 443 447 457 318 356 508 356 2780 2780 4054 1935 1013 476 100.7 293.7 1072.9
42 Kaku and Asakusa (1991) 1 R 31.1 391 250 360 160 220 220 220 531 531 804 226 0 258 87.1 43.0 207.0
43 Kaku and Asakusa (1991) 2 R 41.7 391 250 360 160 220 220 220 531 531 804 226 0 199 73.4 55.0 263.2
44 Kaku and Asakusa (1991) 3 R 41.7 391 250 360 160 220 220 220 531 531 804 226 0 0 55.0 43.5 208.2
45 Kaku and Asakusa (1991) 4 R 44.7 391 281 360 160 220 220 220 531 531 804 57 0 360 86.1 50.0 239.0

Name: Name of specimen; R: Reinforced joint; UR: Unreinforced joint
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46 Kaku and Asakusa (1991) 5 R 367 301 281 360 160 220 220 220 531 531 804 57 0 160 718 450 2159
47 Kaku and Asakusa (1991) 6 R 404 301 281 360 160 220 220 220 531 531 804 57 0 0 550 410 1963
48 Kaku and Asakusa (1991) 7 R 322 301 250 395 160 220 220 220 531 531 942 226 314 194 783 550 2646
49 Kaku and Asakusa (1991) 8 R 412 301 250 395 160 220 220 220 531 531 942 226 314 160 700 540 2585
50 Kaku and Asakusa (1991) 9 R 406 391 250 395 160 220 220 220 531 531 942 226 314 0 550 540 2586
51 Kaku and Asakusa (1991) 10 R 444 301 281 395 160 220 220 220 531 531 942 57 314 360 863 550 2629
52 Kaku and Asakusa (1991) 1 R 419 301 281 395 160 220 220 220 531 531 942 57 314 160  69.8 480  229.7
53 Kaku and Asakusa (1991) 12 R 351 301 281 395 160 220 220 220 531 531 942 57 314 0 550 470 2257
54 Kaku and Asakusa (1991) 14 R 410 301 250 315 160 220 220 220 531 531 757 57 113 160 701 460  220.2
55 Kaku and Asakusa (1991) 15 R 397 391 250 390 160 220 220 220 531 531 757 57 157 160 706 460  220.4
56 Tsonos (1999) M1 R 340 497 495 465 200 200 300 200 383 383 314 402 0 300 875 670 2143
57 Tsonos (1999) M2 R 335 485 495 465 200 200 300 200 616 616 314 402 0 300 880  90.0  294.0
58 Hakuto et al. (2000) 06 R 3.0 333 0 333 300 450 500 460 804 804 ) 0 0 0 1150 620 434
+ 59 Clyde et al. (2002) 2 UR 462 454 0 470 305 305 406 457 2579 2579 3104 0O 776 645 1532  269.0 1036.4
60 Clyde et al. (2002) 4 UR 410 454 0 470 305 305 406 457 2579 2579 3104 0O 776 1420 2115 2750 1062.2
61 Clyde et al. (2002) 5 UR 371 454 0 470 305 305 406 457 2579 2579 3104 0 776 1202 2115 2669 1033.0
62 Clyde et al. (2002) 6 UR 402 454 0 470 305 305 406 457 2579 2579 3104 0O 776 560 1532 2624  1014.1
63 Pantelides et al. (2002) 1 UR 331 450 0 470 406 406 406 406 2579 2579 4054 0O 0 547 1361 1948  884.4
64 Pantelides et al. (2002) 2 UR 302 459 0 470 406 406 406 406 2579 2579 4054 0O 0 1247 188.0 189.9 863.8
65 Pantelides et al. (2002) 3 UR 340 459 0 470 406 406 406 406 2579 2579 4054 0O 0 562 1361 187.7 8516
66 Pantelides et al. (2002) 4 UR 316 459 0 470 406 406 406 406 2579 2579 4054 0 0 1305 1880 2113  960.0
67 Pantelides et al. (2002) 5 UR 317 459 0 470 406 406 406 406 2579 2579 4054 0 0 524 1361 1939 881.1
68 Pantelides et al. (2002) 6 UR 310 459 0 470 406 406 406 406 2579 2579 4054 0O 0 1280 1880 197.5 897.7
69 Hwang et al. (2004) 70-3T44 UR 768 430 498 421 320 420 450 420 2027 2027 - 1140 1635 196 1102 - 1065.0
70 Hwang et al. (2004) 70-3T4 UR 752 491 436 458 320 450 450 450 2027 2027 - 1520 1635 196  117.4 - 1110
71 Hwang et al. (2004) 702T5  UR 766 491 469 458 320 450 450 450 2027 2027 - 792 1635 196 1173 - 1162.0
72 Hwang et al. (2004) 70-1T55 UR 697 491 460 458 320 450 450 450 2027 2027 - 792 1635 196 1178 - 1126.0
73 Hwang et al. (2004) 28-3T4 UR 350 491 436 458 380 550 500 550 2027 2027 - 760 3260 196 1462 - 1290
74 Hwang et al. (2004) 28-0T0  UR 330 491 0 458 380 550 500 550 2027 2027 - 0 3260 196 1467 - 1138.0
75 Chun and Kim (2004) Jc-1 UR 408 392 392 392 350 500 500 500 1521 1140 - 314 2281 490 1454 1750 825.2
76 Chun and Kim (2004) JM-1 UR 408 392 392 392 350 500 500 500 1521 1140 - 314 2281 490 1454 1370 646.0
77 Chun and Kim (2004) JC-2 R 408 392 392 392 350 500 500 500 3041 2281 - 314 2281 490 1454 250  1216.7
78 Chun and Kim (2004) JM-2 R 408 392 392 392 350 500 500 500 3041 228 ; 314 2281 490 1454 260  1265.4
79 Tsonos (2005) Al R 350 500 540 500 200 200 300 200 314 314 ; 283 157 200 743 570 1654
80 Tsonos (2005) El R 220 495 540 495 200 200 300 200 462 462 ; 283 308 200 886 70 208.3
81 Tsonos (2005) E2 R 350 495 540 495 200 200 300 200 308 308 ; 283 308 200 743 530  153.7
82 Tsonos (2005) G1 UR 220 495 540 495 200 200 300 200 462 462 ; 113 308 200 886 620 1845
83 Kuang and Wong (2006) BS-L R 386 520 0 520 260 300 450 300 942 942 1963 0 0 504 1120 90.2  316.0
84 Kuang and Wong (2006) BS-OL R 386 520 0 520 260 300 450 300 942 942 1963 0 0 504 1120 689 2326
85 Kuang and Wong (2006) BSIL R 526 520 0 520 260 300 450 300 942 942 1963 0 0 686 1120 835 2803
86 Kuang and Wong (2006) BS-U R 388 520 0 520 260 300 450 300 942 942 1963 0 0 506  112.0 962 3247
87 Kuang and Wong (2006) BS.LLS R 395 520 0 520 260 300 450 300 942 942 1963 0 0 515 1120 868 2929
88 Kusuhara and Shiohara (2008) A2 R 283 456 326 357 300 300 300 300 1062 1061 - 170 796 216 966 1503  769.2
89 Kusuhara and Shiohara (2008) Bl R 283 456 326 357 300 300 300 300 1327 1327 - 170 266 216 966 984  509.0
90 Kusuhara and Shiohara (2008) B2 R 283 456 326 357 300 300 300 300 1327 1327 - 170 266 216 966 922 477.0

Name: Name of BCJ joint; R: Reinforced joint UR: Unreinforced joint
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91 Kusuhara and Shiohara (2008) _ E1 UR 304 379 366 375 300 300 300 300 1206 1206 - 170 266 216 951 732 3755
92 Kusuhara and Shiohara (2008) ~ E2 UR 304 379 366 375 300 300 300 300 1206 1206 - 170 266 216 951 650 3334
93 Bindhu et al. (2009) A1-456 UR 442 432 432 432 100 100 150 150 157 157 . 28 101 16 406 157 680
94 Bindhu et al. (2009) A1-13920 UR 442 432 432 432 100 100 150 150 157 157 . 28 101 16 406 162 701
95 Bindhu et al. (2009) A2-456 UR 442 432 432 432 100 100 150 150 157 157 . 57 101 53 477 186  80.7
96 Bindhu et al. (2009) A2-13920 R 442 432 432 432 100 100 150 150 157 157 . 57 101 53 477 196 85.0
97 Bedirhanoglu et al. (2010) Jjo1 R 8.3 333 0 333 250 250 500 500 804 804 - 0 0 130 1781 70 163.9
98 Bedirhanoglu et al. (2010) JO4 R 8.3 333 0 333 250 250 500 500 804 804 0 0 519 3375 70 163.9
99 Bedirhanoglu et al. (2010) Jos R 8.3 333 0 333 250 250 500 500 804 804 . 0 0 130 1781 550 1288
100 Bedirhanoglu et al. (2010) JO6 R 8.3 333 0 333 250 250 500 500 804 804 - 0 0 0 1250 550  128.8
101 Bedirhanoglu et al. (2010) JO7 R 8.3 333 0 333 250 250 500 500 804 804 . 0 0 519 3375 70 163.9
102 Kaung and Wong (2011) BS450 UR 386 520 0 520 260 300 450 300 942 942 1963 0 0 0 750 1009 3155
103 Kaung and Wong (2011) BS-450-HITIO R 416 52 500 520 260 300 450 300 942 942 1963 157 0 0 750 1245  389.3
104 Kaung and Wong (2011) BS-450-H2T10 R 526 520 500 520 260 300 450 300 942 942 1963 314 0 0 750 1532  479.3
105 Kaung and Wong (2011) BS600 R 455 520 500 520 260 300 600 300 942 942 1963 0 0 0 750 1327  283.9
106 Kaung and Wong (2011) BS-600-H2T8 R 527 520 500 520 260 300 600 300 942 942 1963 201 0 0 750 1708  360.1
107 Kaung and Wong (2011) BS-600-H4T8 ~ UR 371 520 0 520 260 300 600 300 942 942 1963 402 0 0 750 1624  342.4
108 Genesio (2012) 2D Pre1970s UR  17.7 430 0 430 230 230 330 230 314 314 471 0 0 195 981 248 1125
109 Genesio (2012) JT2-1 UR 244 310 0 310 300 350 400 300 829 829 471 0 0 195 944 415  266.2
110 Melo et al. (2012) TPA-1 UR 242 333 0 333 250 250 400 250 804 804 ; 0 0 200 906 188  93.1
111 Melo et al. (2012) TPA-2 R 258 333 0 333 250 250 400 250 804 804 - 0 0 200 889 196  97.0
112 Melo et al. (2012) TPB1 R 158 333 0 333 250 250 400 250 804 804 0 0 200 1055 185 916
113 Melo et al. (2012) TPB2 R 273 333 0 333 250 250 400 250 804 804 0 0 200 874 197 975
114 Melo et al. (2012) TPC R 238 333 0 333 250 250 400 250 804 804 - 0 0 200 911 182  90.1
115 Chun and Shin (2014) HO.7S UR 302 488 445 363 250 300 200 300 1140 855 . 649 1013 0 750 - 646.0
116 Chun and Shin (2014) H1.08 UR 302 488 445 363 250 300 300 300 1140 855 . 649 1013 0 750 - 563.0
117 Chun and Shin (2014) H1.58 UR 302 488 445 363 250 300 450 300 1140 855 . 649 1013 0 750 - 498.0
118 Chun and Shin (2014) H2.0S UR 373 488 445 363 250 300 600 300 1140 855 . 649 1013 0 750 - 526.0
119 Chun and Shin (2014) H2.58 UR 373 488 445 363 250 300 750 300 1140 855 . 649 1013 0 750 - 454.0
120 Chun and Shin (2014) HO.7U UR 302 488 430 363 250 300 200 300 1140 855 . 428 1013 0 750 - 611.0
121 Chun and Shin (2014) H1.0U UR 302 488 430 363 250 300 300 300 1140 855 . 428 1013 0 750 - 529.0
122 Chun and Shin (2014) MO.7S UR 302 488 445 363 250 300 200 300 1140 855 - 649 1013 0 750 - 596.0
123 Chun and Shin (2014) M1.0S R 302 488 445 363 250 300 300 300 1140 855 . 649 1013 0 750 - 557.0
124 Chun and Shin (2014) M1.5S R 302 488 445 363 250 300 450 300 1140 855 . 649 1013 0 750 - 530
125 Chun and Shin (2014) M2.0S R 373 488 445 363 250 300 600 300 1140 855 - 649 1013 0 750 - 493.0
126 Chun and Shin (2014) M2.5S R 373 488 445 363 250 300 750 300 1140 855 . 649 1013 0 750 - 455.0
127 Chun and Shin (2014) M0.7U R 302 488 430 363 250 300 200 300 1140 855 . 428 1013 0 750 - 683.0
128 Chun and Shin (2014) M1.0U R 302 488 430 363 250 300 300 300 1140 855 . 428 1013 0 750 - 592.0
129 Fadwa et al. (2014) ECBCC R 340 498 347 345 300 400 550 450 804 616 3054 1005 616 230 1269 189.2  539.9
130 Ricci et al. (2016) Test 1#P UR 288 344 0 344 300 300 500 300 1257 1257 2513 O 0 260 100.6 79.2 2737
131 Ricd et al. (2016) Test 24P UR 288 316 0 316 300 300 500 300 616 616 1232 0 0 260 1006 528 1810
132 Shafaei et al. (2017) c1 R 23.0 460 350 460 220 250 250 250 616 462 1232 302 308 220 950 419 2705
133 Shafaei et al. (2017) c2 UR 233 460 0 460 220 250 250 250 616 462 1232 0 0 220 946 371 2394
134 Shafaei et al. (2017) c3 UR 247 460 0 460 220 250 250 250 616 462 1232 0 0 220 928 363  233.9
135 Risi and Verderame (2017) 1bP R 177 333 0 333 300 300 400 300 804 804 ] 0 0 150 100 517 2147

'V XIANHddV

Name: Name of BCJ test; R: Reinforced joint; UR: UnReinforced joint
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136 Risi and Verderame (2017) _ 2bP R 177 333 0 333 300 300 400 300 804 804 0 0 159 100 503 2076
137 Risi and Verderame (2017)  1cP R 177 333 0 333 300 300 600 300 804 804 0 0 150 100 684 1721
138 Risi and Verderame (2017)  2cP UR 177 333 0 333 300 300 600 300 804 804 . 0 0 150 100 469 1176
139 Verderame et al. (2018) #1D UR 288 487 0 487 300 300 500 300 1257 1257 2513 0 0 260 100.6 724 2415
140 Verderame et al. (2018) #2D UR 288 459 0 459 300 300 500 300 452 452 905 0 0 260 1006 583 2415
141 Alavi-Dehkordi et al. (2019)  NS30 R 300 420 420 420 250 250 300 250 565 565 1232 402 308 160  80.6 478  227.0
142 Alavi-Dehkordi et al. (2019)  RHS30 R 300 600 420 600 250 250 300 250 393 393 905 402 226 160  80.6 427  208.0
143 Alavi-Dehkordi et al. (2019)  NS70 R 700 420 420 420 250 250 300 250 565 565 1232 402 308 160 703 466 2200
144 Alavi-Dehkordi et al. (2019)  RHS70 R 700 600 420 600 250 250 300 250 393 393 905 402 226 160 703 437 2220
145 Alavi-Dehkordi et al. (2019) CNS70 R 700 600 420 420 250 250 300 250 688 688 905 402 226 160 703 708  343.0
146 Alavi-Dehkordi et al. (2019)  RCHS70 R 700 600 420 600 250 250 300 250 688 688 628 402 157 160 703  69.2 3280
147 Cosgun et al. (2020) JIL.REF  UR 9.0 276 445 276 150 150 200 150 308 804 } 302 0 20 503 130 620
148 Cosgun et al. (2020) J2 UR 9.0 276 0 276 150 150 200 150 308 804 0 0 20 503 88 362
149 Cosgun et al. (2020) 33 R 9.0 276 0 276 150 150 200 150 308 804 0 0 20 503 7.8 318
150 Cosgun et al. (2020) J4 R 9 276 0 276 150 150 200 150 308 804 0 0 20 503 67 273

Name: Name of BCJ joint; R: Reinforced joint; UR: Unreinforced joint

'V XIANHddV
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Table A.2 — Experimental tests validated in the analytical models

Model

|

Specimens

Paulay and Priestley (1992)

[1-8]; [17-57]; [59-98]; [83-87]; [102-109]; [129-134]; [139-146]

NZS 3101 (1995)

[1-51; [7-81; [17-571; [103-106]; [129]; [132]; [141-146]

Priestley (1997)

[6]; [59-68]; [83-87]; [102]; [107-109]; [130-131]; [133-134]; [139-140]

Tsonos (1999)

[1-81; [17-571; [59-68]; [83-87]; [102-109]; [129-134]; [139-146]

Pampanin et al. (2002)

[6]; [59-68]; [83-87]; [102]; [107-109]; [130-131]; [133-134]; [139-140]

Hwang and Lee (2002)

[1-5]; [7-8]; [17-57]; [103-104]; [106-107]; [129]; [132]; [141-146]

ASCE SEI/41 (2007)

[1-8]; [17-571; [59-68]; [102-109]; [129-134]; [139-146]

Kim et al. (2009)

[1-8]; [17-57]; [59-68]; [83-87]; [102-109]; [129-134]; [139-146]

Wang et al. (2012)

[1-8]; [17-57]; [59-68]; [83-87]; [102-109]; [129-134]; [139-146]

Park and Mosalam (2012a)

[6]; [59-68]; [83-87]; [102]; [107-109]; [130-132]; [134]; [139-140]

ACI 318 (2014)

[1-81; [17-571; [59-68]; [83-87]; [102-109]; [129-134]; [139-146]

Tran et al. (2014)

[1-81; [17-571; [59-68]; [83-87]; [102-109]; [129-134]; [139-146]

Metelli et al. (2015) - PSLM

[58]; [97-101]; [110-114]; [130-131]; [135-138]; [148-150]

Pauletta et al. (2015)

[1-150]

Kassem (2016)

[1-8]; [17-57]; [59-68]; [83-87]; [102-109]; [129-134]; [139-146]

Parate and Kumar (2018)

[1-8]; [17-57]; [59-68]; [83-87]; [102-109]; [129-134]; [139-146]

Hassan and Moehle (2018) - STM

[6]; [59-68]; [83-87]; [102]; [107-109]; [130-131]; [133-134]; [139-140]

Hassan and Moehle (2018) - EMPIR

[6]; [59-68]; [83-87]; [102]; [107-109]; [130-131]; [133-134]; [139-140]

Parate and Kumar (2019)

[1-8]; [17-57]; [59-68]; [83-87]; [102-109]; [129-134]; [139-146]

'V XIANHddV
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(a) Retrofit: A15  +15mm (b) Retrofit: A30  +15mm (c) Retrofit: A45  +15mm

(d) Joint core: Al5 (e) Joint core: A30 (f) Joint core: A45
+15mm +15mm +15mm

(g) Retrofit: A15  -15mm (h) Retrofit: A30  -15mm (i) Retrofit: A45  -15mm

() Joint core: A15  -15mm (k) Joint core: A30  -15mm (1) Joint core: A45  -15mm

(m) Retrofit: Al5 (n) Retrofit: A30 (0) Retrofit: A45
+22.5mm +22.5mm +22.5mm

Principal stress [MPa] Max.

-10 -6 -3 0 5 10 12.5 20 25
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(p) Joint core: Al5 (@) Joint core: A30 (r) Joint core: A45
+22.5mm +22.5mm +22.5mm

(s) Retrofit: A15  -22.5mm (t) Retrofit: A30  -22.5mm (u) Retrofit: A45  -22.5mm

(v) Joint core: Al5 (w) Joint core: A30 (x) Joint core: A45
22.5mm 22.5mm 22.5mm

(y) Retrofit: A15 +30mm (z) Retrofit: A30 +30mm
(ab) Joint core: A1l5 (ac) Joint core: A30 (ad) Joint core: A45
+30mm +30mm +30mm

Principal stress [MPa] Max.

-10 -6 -3 0 5 10 12.5 20 25
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(ae) Retrofit: A15  -30mm (af) Retrofit: A30  -30mm (ag) Retrofit: A45  -30mm

(ah) Joint core: Al5 - (ai) Joint core: A30 (aj) Joint core: A45 -
30mm 30mm 30mm

(ak) Retrofit: A15  +45mm (al) Retrofit: A30  +45mm (am) Retrofit: A45
+45mm

(an) Joint core: Al5 (ao) Joint core: A30 (ap) Joint core: A45
+45mm +45mm +45mm

(aq) Retrofit: A15  -45mm (ar) Retrofit: A30  -45mm (as) Retrofit: A45  -45mm

Principal stress [MPa] Max.

-10 -6 -3 0 5 10 12.5 20 25
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(at) Joint core: Al5 - (au) Joint core: A30 - (av) Joint core: A45 -
45mm 45mm 45mm

(aw) Retrofit: Al5 (ax) Retrofit: A30  +60mm (ay) Retrofit: A45  4+60mm
+60mm

(az) Joint core: Al5 (ba) Joint core: A30 (bb) Joint core: A45
+60mm +60mm +60mm

(bc) Retrofit: A15  -60mm (bd) Retrofit: A30  -60mm (be) Retrofit: A45  -60mm

(bf) Joint core: A15 - (bg) Joint core: A30
60mm 60mm 60mm

(bh) Joint core: A45 -

Principal stress [MPa] Max.

-10 -6 -3 0 5 10 12.5 20 25
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(bi) Retrofit: A15 +75mm (bj) Retrofit: A30  +75mm (bk) Retrofit: A45  +75mm

(bl) Joint core: A1l5 (bm) Joint core: A30 (bn) Joint core: A45
+75mm +75mm +75mm

(bo) Retrofit: A15  -75mm (bp) Retrofit: A30  -75mm (bq) Retrofit: A45  -75mm

(br) Joint core: Al5 - (bs) Joint core: A30 - (bt) Joint core: A45 -
75mm 75mm 75mm

Principal stress [MPa] Max.

[ I N N |
-10 -6 -3 0 5 10 12.5 20 25

Figure B.1 — Cracking pattern of BCJs of model A, with and no with retrofit, varying the thickness
of retrofit
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(a) Retrofit: B15 +15mm (b) Retrofit: B30  +15mm (c) Retrofit: B45 +15mm

(d) Joint core: B15 (e) Joint core: B30 (f) Joint core: A45
+15mm +15mm +15mm

(g) Retrofit: B15  -15mm (h) Retrofit: B30  -15mm (i) Retrofit: B45  -15mm

(j) Joint core: B15  -15mm (k) Joint core: B30  -15mm (1) Joint core: B45  -15mm

(m) Retrofit: B15 (n) Retrofit: B30 (o) Retrofit: B45
+22.5mm +22.5mm +22.5mm

Principal stress [MPa] Max.

-10 -6 -3 0 5 10 12,5 20 25
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(p) Joint core: B15 (@) Joint core: B30 (r) Joint core: B45
+22.5mm +22.5mm +22.5mm

(s) Retrofit: B15  -22.5mm (t) Retrofit: B30  -22.5mm (u) Retrofit: B45  -22.5mm

(v) Joint core: B15 (w) Joint core: B30 (x) Joint core: B45
22.5mm 22.5mm 22.5mm

(y) Retrofit: B15 +30mm (z) Retrofit: B30  +30mm (aa) Retrofit: B45  +30mm

(ab) Joint core: B15 (ac) Joint core: B30 (ad) Joint core: B45
+30mm +30mm +30mm

Principal stress [MPa] Max.

-10 -6 -3 0 5 10 125 20 25
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(ae) Retrofit: B15  -30mm (af) Retrofit: B30  -30mm (ag) Retrofit: B45  -30mm

(ah) Joint core: B15 (ai) Joint core: B30 (aj) Joint core: B45
30mm 30mm 30mm

(ak) Retrofit: B15  +45mm (al) Retrofit: B30  +45mm (am) Retrofit: B45
+45mm

(an) Joint core: B15 (ao) Joint core: B30 (ap) Joint core: B45
+45mm +45mm +45mm

(aq) Retrofit: B15  -45mm (ar) Retrofit: B30  -45mm (as) Retrofit: B45  -45mm

Principal stress [MPa] Max.

-10 -6 -3 0 5 10 125 20 25
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(at) Joint core: B15 (au) Joint core: B30 (av) Joint core: B45 -
45mm 45mm 45mm

(aw) Retrofit: B15 (ax) Retrofit: B30  +60mm (ay) Retrofit: B45 +60mm
+60mm

(az) Joint core: B15 (ba) Joint core: B30 (bb) Joint core: B45
+60mm +60mm +60mm

(bc) Retrofit: B15  -60mm (bd) Retrofit: B30  -60mm (be) Retrofit: B45  -60mm

(bf) Joint core: B15 - (bg) Joint core: B30 - (bh) Joint core: B45 -
60mm 60mm 60mm

Principal stress [MPa] Max.

| I I |
-10 -6 -3 0 5 10 12.5 20 25
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(bi) Retrofit: B15 +75mm (bj) Retrofit: B30  +75mm (bk) Retrofit: B45  +75mm

(bl) Joint core: B15 (bm) Joint core: B30 (bn) Joint core: B45
+75mm +75mm +75mm

(bo) Retrofit: B15  -75mm (bp) Retrofit: B30  -75mm (bq) Retrofit: B45  -75mm

(br) Joint core: B15 - (bs) Joint core: B30 - (bt) Joint core: B45 -
75mm 75mm 75mm

Principal stress [MPa] Max.

-10 -6 -3 0 5 10 12.5 20 25

Figure B.2 — Cracking pattern of BCJs of model B, with and no with retrofit, varying the thickness
of retrofit
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(a) Retrofit: C15 +15mm (b) Retrofit: C30  +15mm (¢) Retrofit: C45 +15mm

(d) Joint core: C15 (e) Joint core: C30 (f) Joint core: C45
+15mm +15mm +15mm

(g) Retrofit: C15  -15mm (h) Retrofit: C30  -15mm (i) Retrofit: C45  -15mm

(j) Joint core: C15  -15mm (k) Joint core: C30  -15mm (1) Joint core: C45  -15mm

(m) Retrofit: C15 (n) Retrofit: C30 (o) Retrofit: C45
+22.5mm +22.5mm +22.5mm

Principal stress [MPa] Max.

-10 -6 -3 0 5 10 125 20 25
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(p) Joint  core: (@) Joint core: C30 (r) Joint core: C45
+22.5mm +22.5mm +22.5mm

(s) Retrofit: C15  -22.5mm (t) Retrofit: C30  -22.5mm (u) Retrofit: C45  -22.5mm

(v) Joint core: C15 (w) Joint core: C30 (x) Joint core: C45
22.5mm 22.5mm 22.5mm

() Retrofit: C15 +30mm (z) Retrofit: C30 +30mm (aa) Retrofit: C45  +30mm
(ab) Joint core: (ac) Joint core: C30 (ad) Joint core: C45
+30mm +30mm +30mm

Principal stress [MPa] Max.

-10 -6 -3 0 5 10 12.5 20 25
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(ae) Retrofit: C15  -30mm (af) Retrofit: C30  -30mm (ag) Retrofit: C45  -30mm

(ah) Joint core: C15 (ai) Joint core: C30 (aj) Joint core: C45
30mm 30mm 30mm

(ak) Retrofit: C15  +45mm (al) Retrofit: C30  +45mm (am) Retrofit: C45
+45mm

(an) Joint core: C15 (ao) Joint core: C30 (ap) Joint core: C45
+45mm +45mm +45mm

(aq) Retrofit: C15  -45mm (ar) Retrofit: C30  -45mm (as) Retrofit: C45  -45mm

Principal stress [MPa] Max.

-10 -6 -3 0 5 10 12.5 20 25
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(at) Joint core: C15 - (au) Joint core: C30 - (av) Joint core: C45 -
45mm 45mm 45mm
(aw) Retrofit: (ax) Retrofit: C30  +60mm (ay) Retrofit: C45  +60mm
+60mm
(az) Joint core: C15 (ba) Joint core: (bb) Joint core: C45
+60mm +60mm +60mm

(bc) Retrofit: C15  -60mm (bd) Retrofit: C30  -60mm (be) Retrofit: C45  -60mm
(bf) Joint core: C15 - (bg) Joint core: C30 - (bh) Joint core: C45 -
60mm 60mm 60mm

Principal stress [MPa] Max.

| I I |
-10 -6 -3 0 5 10125 20 25
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(bi) Retrofit: C15 +75mm (bj) Retrofit: C30  +75mm (bk) Retrofit: C5 +75mm

(bl) Joint core: C15 (bm) Joint core: C30 (bn) Joint core: C45
+75mm +75mm +75mm

(bo) Retrofit: C15  -75mm (bp) Retrofit: C30  -75mm (bq) Retrofit: C45  -75mm

(br) Joint core: C15 - (bs) Joint core: C30
75mm 75mm 75mm

(bt) Joint core: C45 -

Principal stress [MPa] Max.

-10 -6 -3 0 5 10 125 20 25

Figure B.3 - Cracking pattern of BCJs of model C, with and no with retrofit, varying the thickness
of retrofit
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(a) Retrofit: Al15-L (b) Retrofit:  A15-M (c) Retrofit: A15-H
+15mm +15mm +15mm

(d) Joint core: Al15-L (e) Joint core: Al5-M (f) Joint core: Al15-H
+15mm +15mm +15mm

(g) Retrofit: A15-L.  -15mm (h) Retrofit:  A15-M (i) Retrofit: A15-H -15mm
-15mm

(§) Joint core: A15-L - (k) Joint core: A15-M - (D) Joint core: Al5-H -
15mm 15mm 15mm

(m) Retrofit:  A15-L (n) Retrofit:  A15-M (o) Retrofit: Al15-H
+22.5mm +22.5mm +22.5mm

Principal stress [MPa] Max.

| I I |
-10 -6 -3 0 5 10125 20 25
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(p) Joint core: A15-L (@) Joint core: Al5-M (r) Joint core: A1l5-H
+22.5mm +22.5mm +22.5mm

(s) Retrofit: Al15-H (t) Retrofit: Al15-M (u) Retrofit: A15-H
-22.5mm -22.5mm -22.5mm

(v) Joint core: A15-L - (w) Joint core: A15-M - (x) Joint core: A1l5-H -
22.5mm 22.5mm 22.5mm

() Retrofit: Al15-L (z) Retrofit:  A15-M
+30mm +30mm
(ab) Joint core: Al5-L (ac) Joint core: Al5-M (ad) Joint core: A15-H
+30mm +30mm +30mm

Principal stress [MPa] Max.

[ I I |
-10 -6 -3 0 5 10 12.5 20 25
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(ae) Retrofit: ~ A15-L (af) Retrofit: A15-M - (ag) Retrofit: Al15-H -
-30mm 30mm 30mm

(ah) Joint core: A15-L - (ai) Joint core: A15-M - (aj) Joint core: A15-H -
30mm 30mm 30mm

(ak) Retrofit:  A15-L (al) Retrofit:  A15-M (am) Retrofit: A15-H
+45mm +45mm +45mm

(an) Joint core: A15-L (ao) Joint core: Al5-M (ap) Joint core: Al5-H
+45mm +45mm +45mm

(aq) Retrofit:  A15-L (ar) Retrofit: A15-M - (as) Retrofit: A15-H -
-45mm 45mm 45mm

Principal stress [MPa] Max.

[ I I |
-10 -6 -3 0 5 10 12.5 20 25
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(at) Joint core: Al1l5-L - (au) Joint core: A15-M - (av) Joint core: A15-H -
45mm 45mm 45mm

(aw) Retrofit:  A15-L (ax) Retrofit: A15-M (ay) Retrofit:  A15-H
+60mm +60mm +60mm

(az) Joint core: A15-L (ba) Joint core: Al5-M (bb) Joint core: A15-H
+60mm +60mm +60mm

(bc) Retrofit: ~ A15-L (bd) Retrofit: A15-M - (be) Retrofit: Al15-H -
-60mm 60mm 60mm

(bf) Joint core: Al5-L - (bg) Joint core: A15-M - (bh) Joint core: A15-H -
60mm 60mm 60mm

Principal stress [MPa] Max.

[ I I |
-10 -6 -3 0 5 10 12.5 20 25
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(bi) Retrofit: Al15-L (bj) Retrofit: ~ A15-M (bk) Retrofit: Al15-H
+75mm +75mm +75mm

(bl) Joint core: A15-L (bm) Joint core: A15-M (bn) Joint core: Al15-H
+75mm +75mm +75mm

(bo) Retrofit: A15-L - (bp) Retrofit: A15-M - (bq) Retrofit: A15-H -
75mm 75mm 75mm

(br) Joint core: A15-L - (bs) Joint core: A15-M - (bt) Joint core: A15-H -
75mm 75mm 75mm

Principal stress [MPa] Max.

[ I I N |
-10 -6 -3 0 5 10125 20 25

Figure B.4 — Cracking pattern of BCJs with a HPFRC jacket of 15 mm, with and no with retrofit,
varying the beam’s reinforcement ratio
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(a) Retrofit: A30-L (b) Retrofit:  A30-M (¢) Retrofit: A30-H
+15mm +15mm +15mm

(d) Joint core: A30-L (e) Joint core: A30-M (f) Joint core: A30-H
+15mm +15mm +15mm

(g) Retrofit: A30-L.  -15mm (h) Retrofit:  A30-M (i) Retrofit: A30-H  -15mm
-15mm

(j) Joint core: A30-L - (k) Joint core: A30-M (D) Joint core: A30-H -
15mm 15mm 15mm

(m) Retrofit: A30-L (n) Retrofit:  A30-M (o) Retrofit: A30-H
+22.5mm +22.5mm +22.5mm

Principal stress [MPa] Max.

-10 -6 -3 0 5 10 12.5 20 25
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(p) Joint core: A30-L (@) Joint core: A30-M (r) Joint core: A30-H
+22.5mm +22.5mm +22.5mm

(s) Retrofit: A30-H (t) Retrofit: A30-M (u) Retrofit: A30-H
-22.5mm -22.5mm -22.5mm

(v) Joint core: A30-L - (w) Joint core: A30-M (x) Joint core: A30-H -
22.5mm 22.5mm 22.5mm

(z) Retrofit: A30-M (aa) Retrofit:  A30-H
+30mm +30mm +30mm

(ab) Joint core: A30-L (ac) Joint core: A30-M (ad) Joint core: A30-H
+30mm +30mm +30mm

Principal stress [MPa] Max.

| I I |
-10 -6 -3 0 5 10125 20 25
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I
(ae) Retrofit:  A30-L (af) Retrofit: A30-M - (ag) Retrofit: A30-H -
-30mm 30mm 30mm

(ah) Joint core: A30-L - (ai) Joint core: A30-M - (aj) Joint core: A30-H -
30mm 30mm 30mm

(ak) Retrofit:  A30-L (al) Retrofit:  A30-M
+45mm +45mm +45mm

(an) Joint core: A30-L (ao) Joint core: A30-M (ap) Joint core: A30-H
+45mm +45mm +45mm

(aq) Retrofit:  A30-L (ar) Retrofit: A30-M
-45mm 45mm 45mm

(as) Retrofit: A30-H -

Principal stress [MPa] Max.

-10 -6 -3 0 5 10 12.5 20 25
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(at) Joint core: A30-L - (au) Joint core: A30-M - (av) Joint core: A30-H -
45mm 45mm 45mm

‘._\__ YEAN]
[ L 1]
(aw) Retrofit:  A30-L (ax) Retrofit: A30-M (ay) Retrofit: ~ A30-H
+60mm +60mm +60mm

(az) Joint core: A30-L (ba) Joint core: A30-M (bb) Joint core: A30-H
+60mm +60mm +60mm

(bc) Retrofit: ~ A30-L (bd) Retrofit: A30-M (be) Retrofit: A30-H -
-60mm 60mm 60mm

(bf) Joint core: A30-L - (bg) Joint core: A30-M - (bh) Joint core: A30-H -
60mm 60mm 60mm

Principal stress [MPa] Max.

[ I I |
-10 -6 -3 0 5 10125 20 25
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(bi) Retrofit:  A30-L (bj) Retrofit: ~ A30-M (bk) Retrofit: A30-H
+75mm +75mm +75mm

(bl) Joint core: A30-L (bm) Joint core: A30-M (bn) Joint core: A30-H
+75mm +75mm +75mm

(bo) Retrofit: A30-L - (bp) Retrofit: A30-M (bq) Retrofit: A30-H -
75mm 75mm 75mm

|
[
(.
l
[

(bt) Joint core: A30-H -

(br) Joint core: A30-L - (bs) Joint core: A30-M
75mm 75mm 75mm

Principal stress [MPa] Max.

-10 -6 -3 0 5 10 12.5 20 25

Figure B.5 — Cracking pattern of BCJs with a HPFRC jacket of 30 mm, with and no with retrofit,
varying the beam’s reinforcement ratio
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(a) Retrofit: A45-L (b) Retrofit:  A45-M (¢) Retrofit: A45-H
+15mm +15mm +15mm

(d) Joint core: A45-L (e) Joint core: A45-M (f) Joint core: A45-H
+15mm +15mm +15mm

(g) Retrofit: A45-L.  -15mm (h) Retrofit:  A45-M (i) Retrofit: A45-H  -15mm
-15mm

(j) Joint core: A45-L (k) Joint core: A45-M (1) Joint core: A45-H
15mm 15mm 15mm

(m) Retrofit:  A45-L (n) Retrofit:  A45-M (o) Retrofit:  A45-H
+22.5mm +22.5mm +22.5mm

Principal stress [MPa] Max.
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(p) Joint core: A45-L (@) Joint core: A45-M (r) Joint core: A45-H
+22.5mm +22.5mm +22.5mm

(s) Retrofit: A45-H (t) Retrofit: A45-M (u) Retrofit: A45-H
-22.5mm -22.5mm -22.5mm

(v) Joint core: A45-L (w) Joint core: A45-M - (x) Joint core: A45-H -
22.5mm 22.5mm 22.5mm

() Retrofit: A45-L (z) Retrofit: A45-M (aa) Retrofit:  A45-H
+30mm +30mm +30mm
(ab) Joint core: A45-L (ac) Joint core: A45-M (ad) Joint core: A45-H
+30mm +30mm +30mm

Principal stress [MPa] Max.
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(ae) Retrofit: ~ A45-L (af) Retrofit: A45-M (ag) Retrofit: A45-H
-30mm 30mm 30mm

(ah) Joint core: A45-L (ai) Joint core: A45-M (aj) Joint core: A45-H
30mm 30mm 30mm

(ak) Retrofit:  A45-L (al) Retrofit: ~ A45-M (am) Retrofit: A45-H
+45mm +45mm +45mm

(an) Joint core: A45-L (ao) Joint core: A45-M (ap) Joint core: A45-H
+45mm +45mm +45mm

(aq) Retrofit: ~ A45-L (ar) Retrofit: A45-M
-45mm 45mm 45mm

(as) Retrofit: A45-H

Principal stress [MPa] Max.
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(at) Joint core: A45-L (au) Joint core: A45-M - (av) Joint core: A45-H -
45mm 45mm 45mm

! [ | ]
(aw) Retrofit:  A45-L (ax) Retrofit: A45-M (ay) Retrofit: ~ A45-H

+60mm +60mm +60mm
(az) Joint core: A45-L (ba) Joint core: A45-M (bb) Joint core: A45-H
+60mm +60mm +60mm

[ [T R
(bc) Retrofit:  A45-L (bd) Retrofit: A45-M - (be) Retrofit: A45-H -

-60mm 60mm 60mm
(bf) Joint core: A45-L (bg) Joint core: A45-M - (bh) Joint core: A45-H -
60mm 60mm 60mm

Principal stress [MPa] Max.
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L]
(bi) Retrofit: A45-L (bj) Retrofit: ~ A45-M
+75mm +75mm

(bl) Joint core: A45-L (bm) Joint core: A45-M (bn) Joint core: A45-H
+75mm +75mm +75mm

(bo) Retrofit: A45-L - (bp) Retrofit: A45-M - (bq) Retrofit: A45-H -
75mm 75mm 75mm

-3
(br) Joint core: A45-L - (bs) Joint core: A45-M - (bt) Joint core: A45-H -
75mm 75mm 75mm

Principal stress [MPa] Max.

[ I I N |
-10 -6 -3 0 5 10 125 20 25

Figure B.6 — Cracking pattern of BCJs with a HPFRC jacket of 45 mm, with and no with retrofit,
varying the beam’s reinforcement ratio
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Table C.1 — Results of parametric study for the retrofitted joints - Flexural model.

Specimen Cc [N] Crz [N] Tri [N]  Tgo [N]  Tgrs [N] Trsa [N]  Tgs [N] Csc [N] Cse [Nl Ve [kN]
Al15 (A15-M) 194,533.9 53,719.3 1,378.1 5,742.6 67,674.7 69.9 24,616.4 155,948.7 7,177.0 34.13
B15 191,814.4 79,452.5 2,072.8 7,224.6  82,325.6 89.1 30,140.6  155,948.7 6,534.3 36.51
C15 187,292.8 103,439.5 2,744.1 8,016.9  94,587.9 99.8 34,803.5 155,948.7 5,468.5 38.50
A30 (A30-M) 222,218.9 122,728.8 2,815.0 10,994.4 134,553.1 298.5 53,708.4 155,948.7 13,370.3 45.19
B30 214,684.7 177,851.6 4,240.9 13,851.3 163,967.9 380.0 65,761.2 155,948.7 11,613.7 50.17
C30 205,497.3 226,987.1 5,623.4 15,393.1 188,643.4 425.1 75,934.8 155,978.7 9,484.0 54.35
A45 (A45-M) 244,472.9 202,529.0 4,305.4 15,826.7 200,991.8 711.3  87,276.2 155,948.7 18,058.1 57.18
B45 232,018.2 288,316.8 6,516.6 19,968.7 245,338.7 904.1 106,862.0 155,948.7 15,203.7 65.00
C45 218,345.5 361,768.5 8,580.1 20,969.3 282,366.7 9529 123,394.1 155,948.7 12,097.7 71.44
Al5-L 156,800.1 43,299.4 1,422.3 5,820.8 68,561.7 69.0 24,616.4  98,614.6 994.8 25.58
A30-L 192,401.9 106,261.2 2,844.2 11,123.6 136,024.8 295.4 53708.4  98,614.6 3,947.8 36.70
A45-L 219,928.4 182,195.6 4,354.7 15,983.5 202,787.8 705.5 87,276.2 98,6146 7,598.1 48.73
A15-H 287,344.8 79,348.5 1,332.8 5,541.0 65,385.4 72.2 24,616.4 318,746.0 49,000.5 58.01
A30-H 299,309.8 165,305.1 2,739.7 10,660.5 130,748 306.7  53,708.4 318,746.0 52,294.3 69.01
A45-H 310,330.6 257,087.6 4,222.1 15,398.8 196,089.2 727.6 87,276.2 318,746.0 55,041.6 80.93
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