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ABSTRACT

NONLINEAR BEHAVIOR OF FIBER REINFORCED CONCRETE BEAM -
COLUMN CONNECTIONS UNDER SEISMIC LOADING

FaresAnas M. H.
Doctor of PhilosophyCivil Engineering
SupervisorAssoc.Prof. Dr.Burcu BurakB a k € r

January 2025290 pages

In momendresisting frame structures, beamlumn connections are susceptible to
sudden failure due textreme loading conditions. To prevent sudden collapse, it is
imperative to address factors influencing the connection behavior such as joint shear
strengthand ductility. Various method$iave been implemented to enhance these
properties and to improve tiieinforced Concrete (RC) joint respon$ae se of

Fiber Reinforced Concrete (FRC) in the joint and the plastic hinging regions of the
adjoining members is one of the preferred methods employed in seismic retrofitting
and improving RC connection performance. This study aims to develop a parametric
equation to predict the shear strength of FRC beafumn joints, utilizing the
experimental results obtained from prior research studieddfarbre, a nonlinear
model that predicts the joint shear strdsformation response is developed and
validated utilizing nonlinear analysis in SAP2000. Additionally, 3D nonlinear finite
element analysis is employed in ABAQUS to examine steel fiber regdaroncrete
(SFRC) material under compression and tension and identify the most appropriate
material models for parametric studies. This is achieved by exploring two scenarios:
full SFRC beams, and layered SFRC beams. Lastly, a parametric study is ednduct
to investigate the seismic behavior of exterior SFRC bealomn connections,



focusing on the impact of column axial load ratio, fiber volume fraction, and joint
reinforcement ratioThe poposed joint model yielda more accurate structural
response, particularly compared to rigid or segid joint assumptions.
Furthermore, considering FRC as a homogeneous material in ABAQUS utilizing the

Concrete Damage Plasticity model proves to be efficient.

Keywords: BeamColumn Connection,Fiber Reinforced Concrete(FRC), Joint Shear
Strength, Shedbtrain Finite ElementAnalysis
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Mo ment dayaneéml é -eki-reivie lyiapleéermirma b® kgé
kokull aréndan dol ayé ani g°-meye maruz Kke

nokt aseéneén k wessiimeklik d apanédméa |l ekim b°l gel er

et kil eyen faktorl erin g° z °ne¢gnde bul unc
gel i ktirmek ve betonarme birlekim b°l gel
y°nteml er uygul anabilir. D¢g scink emo kyt aaps&sn,
el emanl arén plastik mafsal b°l gel erinde
yapésal gé-lendir me vV e bet onar me birl
iyilektiril mesinde tercnh RuWil-ead éwmat er
araxkxteéermal ardan el de edil en dkeinreiyks ed ¢ js¢om

noktal aréenén kesme dayanémlaréené tahmin

ama-|l amaktadeéer. Ayded oar m&ksayanma  igleirk K imseisn
dojrusal ol mayan bir mod el gel i ktiril mi|
dojrusal ol mayan analiz y°ntemi kull aneé
parametrik -al ékmalar i -in en uygun mal z¢
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l'if takviyeli beton (SFRC) mal zemesinin bas:¢

ABAQUS vyazél éménda 3 boyutl u dojrusal ol m
kull anél méxteéer . SBRE€Corkarrme | &1 brviet SKIRCi k| er
irdelenerek en uygun malzem model | er i se-i |l mi«k, bu model

kirikler hem de ktKati &l mamdkan3IER® °K gledrer i ni
alteéendaki davranékl arénée arakteran par amet
dé¢j ém noktasé modeglairjegj ?reldlgi lklme nokjtias évewna s
karkel aktéréldejénda yapeéesal davranékén dal
sajl amaktadeér. Sonl u el emanl ar analizinde

mal zeme ol arak tanéml andiéjkéu |Blea ménmeéH adaa rd djl rac

yé¢ksek sonu-Ilara ul akél maséné sajl améxkteéer .
Anaht ar Kel-KoledrerBi rkliekiikm B°1l gesi , Lif i B ¢
Kesme Mukavemetii, Kesme Birim Uzamaseé@é, Sonl
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CHAPTER 1

INTRODUCTION

1.1 General

The section of the column that lies within the depth of the deepest beam that frames
into the colummefers to thdeamcolumn joint(ACI-ASCE Committee 352, 2002)
During earthquakes$hesgoints are subjected to significant horizontal shear stresses
Therefore, joints should be well detailed to withstand high shear forces aiming for
minimizing spalling off of concrete and the formation of diagonal tension cracks
within the joint, thereby ensuring structural integrity and the ability to transfer loads

effectively during seismic events.

The current design codes incorporate requirementsdstthe seismic performance

of beamcolumn connections. The "strong coluweak beam” principle ensures
that beams will fail before columns by setting a minimum ratio of moment capacities
between the columns and the beams framing into the joint. Anotheraegut is

to ensure sufficient reinforcement development length to mitigate anchorage
problems and prevent brittle failure. Furthermore, depending on the frame type,
design codes mandate the adaptbtightly spacedransverse reinforcemewithin

the joint areawhich occasionally results in reinforcement congestion.

Design codes also provide simplifieduations to compute the shear strength of RC
joints based on two parameters: the shear strength factor, which is a constant
depending on the joint type, and the square root of the concrete compressive strength,
representing the tensile strength of corerelowever, experimental studies indicate

that joint behavior depends on several additional parameters not considered in the
contemporary design code equations. As a result, these simplified requirements may

lead to unconservative design



To minimize reinforcement congestion and enhance the seismic performance of
beamcolumn connectiorsubassembliesutilizing composite materials with high
ductility, energy dissipation capacity, and strain hardening respbasdeen
proposed. Fiber Reinforced Concrete (FRC) has been experimentally proven to
improve the seismic behavior of beawmlumn connections. Despite the positive
results from experimental and analytical studies, current design codes do not
incorporate recommendations for FRC joint daesighis research gap underscores
the crucial need for further research to elucidate the behavior of FRC joints and
facilitate the development of more robust and conservative structural design

requirements.

1.2  Study Objective and Scope

This research investigates the shear strength of FRC-belaimn jointswith the

aim of developing reliable and dependable analytical mddepredictingthe shear
strength and the nonlinear behavior of such composite joints under earthquake
loading. The model proposed in this research is versatile, accommodating various
fiber types, which makes it applicable to a broad spectrum of FRC uses in beam
column connectionsubassemblg In essence, this thesis aims to lay a solid
foundation for improving theanprehension of FRC beacolumn joint behavior,
thereby significantly contributing to tleirrent body of knowledge in this field.

This research encompasses compiling and examining diverse experimental data from
prior studies. An extensive literature revieveasried ouin Chapter 2, which forms

the foundation for a comprehensive database detailed in Chapter 3. This database
incorporates key parameters such as material characteristics, specimen dimensions,
loading protocols, reinforcement detailing, and experimentaloogs. Particular
attention is given to studies that oféesignificant understanding of the relationships

betweershear stress and distortion in FRC joimtssuring a thorough analysis.

In Chapter 4, a parametric equation to predict the shear strength of FRC joints is

developed using the constructed datab@serelation analyses are conducted with



MS Excel to identify the correlations between key parameters. The solver function
in the software is utilized to minimize differences between experimental and
predicted outcomes. After the optimization, the equation is further modified to
simplify its integration into structural design codes. Subsequently, efforts are
directed towards developing a shear ststsmn model. Experimental data is
compiled and angked to extract patterns in joint behavior. A parametric model is
then developed to generate the shear sthissgrtion behavior of th&RC joints

accurately.

Within Chapter 5 of this dissertation, the validation of the proposed FRC joint model,
which defines the nonlinear shear strsegain behavior, is presented. This process
involves generating and analyzing computerized simulations of the tested
subassemidis using SAP2000 software. The developed joint model is incorporated
as link elements in the software. The subassemblies are then subjected to cyclic
loading based on the displacement history data obtained from related experimental
investigations. The refting analytical results are compared with the experimental
ones to verify therecisionof the model.

A numerical investigation of two case studies: full SFRC and layered SFRC beams
is performed in Chapter 6, to investigate the flexural performancénd®element
analysis is carried out using ABAQUS software, accounting for both material and
geometric nonlinearity. In the second case study, the bond behavior between
reinforcement and concrete is also explored using an advanced model, as well as the
bond between SFRC and concrete layers is validated through dhidaoess
cohesivecontact approach. Aignificant contribution of this chapter is the
identification of the most suitable SFRC material behavior models under uniaxial

compression and tension, enabling SFRC to be modeled as a homogeneous material.

In Chapter 7, finite element analyses are conducted on exterior-dmamn
connections. Ten subassemblies with varying fiber types, axial load levels, and joint
shear reinforcement are modeled and the accuracy of the models is validated by

comparison withthe experimental outcome$.h e i C dancage®lasecityo



model is utilized to define the complex nonlinear behavior of concrete and FRC.
Subsequently, a parametric study is performed to examine the seismic behavior of
exterior SFRC bearnolumn connections. In this parametric study, the joint shear
strength valug obtained from the proposed equation are compared with finite
element outcomes for SFRC specimens, highlighting the accuracy of the proposed

equation.

Finally, the thesis summary and findings are highlighted in Chapter 8 with

recommendationfr future studies.



CHAPTER 2

LITERATURE REVIEW

2.1 Overview

Dispersed fibers distributed throughout the concrete volume are utilized in fiber
reinforced concrete, and the distance between these fibers is significantly smaller
than the spacing between steel reinforcing bars. By incorporating fibers into the
matrix, the postcracking tensile strength can be enhan@&@l Committee 544,
2018) Additionally, the incorporation of fibers allows for better crack width control

in concrete members.

This chapter provides a fundamental introduction to the mechanical characteristics
of fiber reinforced concrete (FRC) and discusses the parameters affecting the seismic

response of beatmolumn connection subassemblies.

2.2 Mechanical Characteristics of FRC

The mechanical properties of FRC under compression, tension, and bonding

behavior are briefly discussed in this section.

2.2.1 FRC Behavior Under Compression

Incorporating fibers into the matrikas a minimal impact on increasing the
compressive streng{Bencardino et al., 2008; Fanella & Naaman, 19B®)wever,

the presence of fibers becomes more noticeable after the material has reached its
peak strength, with the compressive strain at failure exceeding 0.003, typically used
in design standards such as ACI A& Committee 318, 2019Additionally, the

use of fibers can help prevent the growth of longitudinal cracks in the specimen,



providing a slight increase in resistan@EB-FIP, 2013) Figures 2.1 and 2.2
illustrate how different fiber shapes and types affect the compressive strength of

mortar and concrete.
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Figure 2.3 compares the fiber volume fraction with the matrix compressive strength
for steel fibers. It confirms the minimal increase in the concrete compressive strength

when steel fibers are incorporated into the mdtrohnston, 2001)
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Figure2.3. Effect of Steel Fibers on the Concrete Compressive Strength (Johnston,
2001)

2.2.2 FRC Behavior Under Tension

The influence of fibers becomes evident under tensile loading. Regarding the tensile
behavior, this composite material can be categorized into two groups: regular fiber
reinforced concrete (FRC), and high performance fiber reinforced concrete
(HPFRC), asliustrated in Figures 2.4 and 2.5. The primary distinction lies in the
behavior after cracking. If the material exhibits a stswftening response, it is
referred to as FRC, whereas if it demonstrates a dteaittening response, it is called
HPFRC(L6fgren, 2005; A. E. Naaman, 2007; A. E. Naaman & Reinhardt, 2007; A.
Naaman & Reinhardt, 1995)

In seismic design, it is preferable to use materials that demonstrate -dnatcgening
response. This promotes a uniform distribution of multiple cracks and improves the

seismic performance of structural members.
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2.2.3 Crack Propagation and Fiber Bridging

The incorporation of fibers into the matrix provides the advantagean$ferring
stresses across a crack, thereby enhancing the performance of structural members
under external loads. In concrete, poeesd micracracks exist, and when the load

is applied, a portion of it is transferred to the fibers before raercks formAs

the loading continues, the mieovacks propagate and expand, eventually becoming
macracracks. The stress after the formation of these cracks can be higher than the
cracking load, depending on the number of fibers crossing the crack and the bond
with the matrix. This leads to a stramardening behavior, resulting in multiple
cracking(Babiker, 2020; L6éfgren, 2005¢Compared to plain concrete, fibers provide

an additional bridging mechanism, as depicted in Figure 2.6.
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Figure2.6. Tensile StressersusCrack Opening (Lofgren, 2005)

As demonstrated in Figures 2.7 and 2.8, after the formation of a crack and

propagation toward a fiber, the following mechanisms may be observed:
1) fiber fracture.

2) fiber pultout from the matrix.

3) fibermatrix interface debonding.

4) fiber abrasion and plastic deformation or yielding of the fiber.
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Figure2.8. Observed Fiber Mechanisms (Lofgren, 2005)

2.2.4 Bond Strength

One key parameter affecting the response of FRC structural members is the bond
between the fiber and the matrix. When the first crack appears, a strong bond

prevents the crack from expanding. However, as the crack widens, the fiber can form
various mechasims to impede further propagation. Longer fibers are more effective

in preventing crack propagation due to their stronger adherence compared to shorter
fibers. The matrix tensile strength greatly influences the bond strength. A higher

11



matrix tensile strength delays crack propagation and enhances bond strength.
Additionally, the fiber type and shape also affect the bond strength. It is worth
mentioning that assigning constant values for the bond strength based solely on fiber
shape andype is an oversimplification. Table 2.1 provides the current equations
used to estimate the bond strength at the fiber inte(fsmede et al., 2015; Burrell

et al., 2015; Chasioti, 2017; Franssen et al., 2018; Voo et al., 2010; Voo & Foster,
2003; Yaj.mur, 2018)

Table2.1 Existing Equations to Estimate the Interfacial Bond Strength

Researcher Bond Equation (MPa) . Type :
Fiber Material
Y aj mu Burakn e HE,S,C, T.| FRC&
Bakir, 2018 ™02 o PVA, PE | HPFRC
™ w @0 S FRC
Franssen et al2018 —
T v "Q S UHPFRC
LN FRC &
ioti - T8 1T
Chasioti, 2017 o) p S HPERC
Aoude et al2015 e nad HE UHPFRC
Burrell et al 2015 e nad HE UHPFRC
pgr T "0 HE UHPFRC
Voo et al.,2010 —
T 1170 S UHPFRC
p® T 0 HE UHPFRC
Voo and Foster,
2003 —
Tigo Q2 S UHPFRC

Note: HE: Hooked end steel, S: Straight steel, C: Crimped steel, T: Torex steel, PVA:
Polyvinyl Alcohol, PE: Polyethylene fibers.
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In this table,&dQ hw denote the fiber length, diameter, and volume fraction,

respectively, whiléQ refers to the fiber reinforced concrete compressive strength.

2.3  Parameters Influencing FRC Properties

The properties of concrete reinforced with distributed fibers iméiteix are affected
by several factors. The most significant factors include fiber geometry, fiber volume

fraction, and fiber aspect ratio, which are discussed in this section.

231 Fiber Geometry

The effect of fiber geometry has been studied extensfelgthia & Trottier, 1995;
Holschemacher et al., 2010; Xu et al., 2012; Yoo et al., 204@3%t studies have

been carried out using steel fibers since this is the most popular type used in
construction. Different geometries including smoatideformed straight, hooked

end, crimped, twin cone end, flattened, undulated, cold rolled, and spiral steel fibers
have been investigated using different methods. These methods include the drop
weight impact test and the fepoint bending test. Figure@illustrates some of the

different geometries of the studied fibers.

¥ | = = T

!

Hooked End  Flattened Cold Rolled Undulated Synthetic

ke =l
Spiral 1 Spiral 2
Figure2.9. Different Geometries ofibers(Xu et al., 2012)

It was noted that the fiber shape had a significant impact on the characteristics of

FRC, such as cracking and pasacking tensile strengths, flexural strength, and

13



interfacial bond strength. Banth8aTrottier (1995) reported that the fiber shape had

no effect when a low fiber dosage (40 Kgfrwas used in the matrix. Moreover,
deformed fibers led to substantial improvements in both toughness and energy
dissipation capacity. Additionally, It was observed that twisted fibers resulted in
higher flexural strength compared to hooked end steelteaidld steel fibers when

utilizing volumetric ratios of less than 1.0Q%0o0 et al., 2017)

2.3.2 Fiber Volume Fraction

Wang et al. (1996) explored the influence of varying fiber volume fractions from
0.25% to 1.50%. Fibrillated polypropylene, hooked end steel, and crimped steel
fibers were used to construct FRC beams, which were then tested under impact
loading using therp weight test. It was concluded that adding fibers up to 0.50%
by volume increased the fracture energy by 22% when using polypropylene fibers
and by 41% when using steel fibers. Incorporating fibers also enhanced the resistance
to the impact load. Yoo al. (2017) observed a significant increase in absorbed
impact energy between 0.50% and 0.75% fiber volumetric ratios, with a smaller
increase after 0.75% volume fraction. Furthermore, \@afeshour (1992) observed

that increasing the fiber volume fraction yielded a higher slope of the descending
branch in the compressive strestgin relationship.

2.3.3 Fiber Aspect Ratio

Sivanantham et al. (2022) examined the influence of fiber aspect ratio on the
mechanical characteristics of FRC material by testing 150 mm cubes3080mm
cylinders, and 100 100 500 mm prisms. The study tested two fiber aspect ratios
(64 and 73) using steel fibers with a volume fraction range between 0.20% and
1.00%. The researchers found a 2.53% and 11% improvement in the compressive
and tensile strengths, respectively. Therfiligpect ratio was also observed to have

a noticeable effect on the tensile strength. Fargeldaaman (1985) reported that

14



increasing the fiber aspect ratio resulted in a steeper slope of the descending portion
of the compressive strestrain relationship. Yoo et al. (2017) stated that composites
with long straight fibers demonstrated superior flexural capacity and deflection

capacity compared to short ones.

2.4 Constitutive Models for FRC

Material properties are crucial in structural analysis. Understanding the overall
behavior under compression and tension is essential for nonlinear finite element
analysis, as it enables the consideration of the material nonlinearity effects. When
the expemental stresstrain curves are not available, various empirical constitutive

models could be utilized. This section gathers information related to the most

commonly used constitutive models.

24.1 Constitutive Models for FRC Under Compression

There are many empirical models defining the compressive-stregs relationship
of FRC. These models have been developed for certain fiber types, volumetric ratios,

and compressive strength ranges.

2.4.1.1 Fanella and Naaman (1985) Model

This model can be used for FRC mortar constructed with different fiber types
including glass, polypropylene, and smooth biassted steel fibers. The range of

the mortar compressive strength was defined to be between 50 MPa and 68 MPa.
The aspect ratiod the steel fibers in the study were 47, 83, and 100. The glass fibers
were cut from strands (204 filaments) with a length of 25 mm. Finally, the length of
the polypropylene fibers was 25 mm. The researchers used up to 3.00% of fibers by
volume in the 75150 mm cylindersThe modelprovided inEqgn. 2.1 was derived

based on 3 coordinates on the cuné@:d is the point of 45% of the peak stress,
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Wy coordinate of the inflection point, andd d coordinate at the tail of the

descending branch dgpictedn Figure 2.10.

STEEL FIBERS — SERIES AVERAGE CURVE
Yoo/t | MIX 1. Vy"1%. /g =83 ® ¢ e POINTS FROM ANALYTIC
!;:- 7800psi. ¢ 9'00046 MODEL
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A 185399 0.13608
| x.y) B -02757 Qiee4z
078 | " C -0.34400 -1.86192
T | AN D 078243 LI6442
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i : (XI'YI) | = e
== (X..Y,)
L | | y. AX ax? 1t
JAxeBX
ozst- /| | 1+CX+DX2 I
| | i
! |
I 1 1 N 1 ! L "
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Figure2.10. Normalized Compressive StreSgain Diagram with Parametric

Coordinates (Fanella & Naaman, 1985)

— (2.1)

A, B, C, andD constants could be computed from Table 2.2.
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Table2.2 Determination of the Constan(fSanella & Naaman, 1985)

o € AX + BX?
lized C ; o = —, = - P o o Lo 3 e I
Normalized Coordinates: Y e p 1 + CX + DX°
Ascending branch (A, B, C, D) . De suendmg branch (A., B, C,, D))

Boundary conditions

1.dY/dX = AatX = 0,Y = 0 FIY—I X =1, dY/idX =10

A= E/E (curve passes through peak and
(at origin, slope = initial modulus) SIOPC = Oat peak)

2.Y = 0.45, X = 0.45 . Curve passes through inflection

(curve passes through 0.45 1 fﬁi;,"

3.Y= LX =1 ‘ 3. —; = 0 at inflection point
(curve passes through peak) dX- : : ;

4. dY/dX = QatX = 1, Y = 1 (curve = 0 at inflection point)
(slope = 0 at peak) | 4, Curve passes through point along

descending branch

Values of constants

A, = EJ/E, [ A = A,'/B,
B =D -1 | B, = D, — 1
C, =A -2 IC_,=A,-2
DR D. = A"/B’
D = A' + c where A, = ¢b, — b
! A‘ll — = .
where A,'= —-2.22A4, B. = ‘,J,IZ': _ ‘:,“b
B = (.45 — Oﬁ + 0-29 a, = X - XY
S A, A a =X - XY,
0.1 b, = X! - XY,
C = 7S b, = X} - X}Y,
E, = secant modulus at 0.45 /), ‘ ? = ;, - %’;’;, :))((;
E, = secant modulus at peak point ' X,, Y = coordmate at inflection point
X, Y, = coordinate at point on tail
I portion of descending branch

2.4.1.2 Ezeldin and Balaguru (1992) Model

The authors generated a model for the overall sttwam response under
compression utilizing 100200 mm cylindersdescribed in Eqns. 2.2 to 2.6. The
researchers used up to 0.75% hooked end steel fibers by volume with fiber aspect
ratios of 60, 75, and 100 in the matrix. The range of the compressive strength of the
mix was between 36 MPa and 81 MPa.

- — 2.2)

I p8lwor poy O B (2.3)
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YO @ —,® e o0& uw (2.4)
@ 0 o® pYO (2.5)

- - 1T@epTm YO (2.6)

2.4.1.3 Nataraja et al. (1999) Model

The researchemlso generated an empirical model for the full compressive stress
strain diagram utilizing 150300mm cylinders described through Eqgns. 2.7 to 2.10.
Two crimped steel fiber aspect ratios were used in the mix, 55 and 82, with a volume
fraction of up to 1.00%. This model can be used for compressive strengths between
30 MPa and 50 MPa.

- — (2.7)
I @ Yp poYO ° (2.8)
MO0 O ¢®enYO (2.9)
- - @ pm YO (2.10)

24.1.4 Leeetal. (2015) Model

Lee et al. (2015jested 150300 mmhooked end steel fiber reinforced concrete
cylinders Fibers up to 2.00% by volume with fiber aspect ratios of 47, 64, and 79
were used in the mix, and the range of compressive strength was 50 MPa and 80
MPa. This model is described through Eqgns. 2.11 to 2.16.
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S — (2.11)

8 ~
0 p T™Ca — h — p (2.13)
; 8 8 .
06 — p ™Y@ — oh — P (2.14)
- O pMT W— pPpYpT g ° (2.15)
@] cQeM — LULGT 8 (2.16)

2.4.1.5 Ayub et al. (2019) Model

Ayub et. al. (2019) model is applicable to PVAHPFRC witfibar aspect ratio of
45.45 and matrix compressive strength between 73.89 MPa and 85.11 MPa. Up to
3.00% fibers by volume were utilized in the mix of 1@D0 mm cylinders. The

model is presented through Eqns. 2.17 to 2.21.

— —_ h m - - B (2.17)
I - (2.18)
O 00®W PMNONMTTG gg (2.19)

- 555 N - - (2.20)
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gor T80 ¢ ., (2.21)

24.2 Constitutive Models for FRC Under Tension

Several empirical models can be found in the literature that define the behavior of
both FRC and HPFRC under uniaxial tension. These models have been derived for

certain types of fibers, especially steel.

2.4.2.1 Naaman and Reinhardt(19%) Model

Naaman& Reinhardt (1995) proposed Egns. 2.22 to 2.25 to calculate cracking
and postcracking, tensile stresses. It is worth mentioning that the authors did not

specify any limitations regarding the type of fiber or the volume fraction for applying

these equations.

, 00 , p w || Tw - (2.2
, V0O _ to - (2.2)
- == (2.24)
_ T __ (2.25)

2.4.2.2 Lok and Pei(1998 Model

Lok & Pei (1998) studied the behavior of SFRC beams and proposed a general
constitutive model that could exhibit strain softening or strain hardening response as
illustrated in Figure 2.11A perfect bond was assumed between steel fibers and the

matrix, so no slip was considered at the fibetrix interface.

20



nn .

Tensile stress, o,
qQ
B

-

Tensile strain, £

(a) Strain Softening

g

f
i
I
{
|

Tensile stress, a,

g J
s £,
Tensile strain, &,

(b) Strain Hardening

€y

Figure2.11. StressStrain Model Under Tension for SFRCok & Pei, 1998)

The tensile model was defined in two stages, thecraeking stage and the post

cracking stage as depicted in Figure 2.12. In thecpaeking stage, the fiber effect

was negligible. In the postacking stage, the behavior depends on the fiber volume

fraction, bond stress, and fiber aspect ratio. In Process I, the bond stress of the fibers

increases gradually and reaches the ultimate value. The value for the beginning of

Process Il is calculated based on the fiber pull out or bridging effect.
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Figure2.12. Tensile StresStrain Model for SFRC With Strain Softening Response

(Lok & Pei, 1998)
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The model is described through Eqn2620 229.

.0 (2.26)
L o—0 -1 (2.27)
S (2.28)
Cop (2.29)

2.4.2.3 Lok and Xiao (1999 Model

The authors presented a model for SFRC under tension as shown in Figuiidn&.13

tension model may exhibit strain softening or strain hardening response.

} Stress

Eco = Eyo
o wuf

u Strain

O F———= - - =

|
|
|
I
|
|
|
|
c

€co €

Figure2.13. StressStrain Model for SFRCLOk & Xiao, 1999)

The tensile stresstrain model can be generated using the following equations:

. Q¢ — — h m - - (2.30)

, Qp p — —— h - - - (2.31)
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., QR - - - 2.2)

QN -0 -t (2.3)

-t —— (2.34)

2.4.2.4 Suwannakarn (2009 Model

Suwannakarn (2009) investigated the posicking properties of HPFRC. Concrete
mortar with four different fiber types was studied experimentally: PVA, spectra,
hooked end steel, and torex steel. The volume fractions of the studied fibers were:
0.75%, 1.00@0, 1.50%, and 2.00%. A tensile stre$sain model was proposed
modifying Naaman& Reinhardt(1996) model.Suwannakarmrmodel was divided

into three phases as shown in Figure 2.14: Phase 1 was the elastic phase until the
formation of the first crack, Phase 2 was the multiple cracking stage in the member
until the failure of the fibers, and finally, Phase 3 representefibéepull-out and

the localization of the crack. The first two phases were defined by a linear
relationship while Phase 3 was defined as dghedual stress descending to the

ultimate tensile strain at failure.
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Figure2.14. Tensile StresStrain Model for HPFRCSuwannakarn?009)

Eqgns. 22 and 223 were utilized in addition to the equatiom®videdin Table 2.3

in which 8 standsfor the average crack spacing in mm, ahd refers to the

average crack width in mr8, is the fiber volumetric ratio.

Table2.3 Values to Define Suwannaka2009 Modelfor Different Types of Fibers

(Suwannakarrn2009)
Fiber type 1 °H A-p(mm) Al wo(mm)
PVA ™ ¢ T T TTX6T GBI wo Not given Not given
Spectra | TBUT ¢ CK wb TG X XXHE CRHROV( PETBG ™Y
Hooked g Wt vduve cd Yo XX&6 o T oYX Brog TP MW
Torex T8l W O C@MTH TWOX P PO THEHXOX o8t TP TT WG

The values given in Table 2.3 can be used only for certdirmetric ratio ranges as

shown in Table 2.4.
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Table2.4 Rangeof Fiber Volumetric Ratios for Different Fiber Types

(Suwannakarrn2009)
Fiber type T°H A-p(mm) Al 1v(mm)
PVA 0.75%2.00% 0.75%2.00% Not given Not given
Spectra 1.00%2.00% 0.75%2.00% 0.75%2.00% 0.75%2.00%
Hooked 1.00%2.00% 1.00%2.00% 1.00%2.00% 1.009%2.00%
Torex 1.00%2.00% 0.75%2.00% 0.75%2.00% 0.75%2.00%

The tensile cracking stramn and the postracking strain  are computed with

Egns. 2.3 and 2.8, whereO is the composite modulus of elasticity:

(2.35)

— (2.3)

Eqn. 2.3 can be used to define Phase 3, the response curve after the localization of
the crack. It shall be noted that this equation is a stmesk opening law, and after
obtaining the crack opening values, they shall be converted to strains and finally all

three phases are combined to draw the full tensile sétegis diagram.

Q (2.37)

0 andv are defined ashownin Table 2.5.
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Table2.5Values of 0 and0 Values(Suwannakarr2009)

Fiber type PVA Spectra Hooked Torex
w P 0 0 0 0
X U ™ p P PR WX ™ ou gL Y
P8t 1T T8t Y v pB®ULT C wp o8 po
pP® T T O pdo pPRULO X& wp
¢l m P o p P& X T p&HOoW vg v
Average T TUX ©8 v o X W PXx X L& X W

2.5 Background Information on Joint Shear Behavior

In this section, structural codes related to the behavibeafmcolumn connection
subassemblies are presented. Also, the factors affecting the seismic performance of
connection subassemblies are discussed, and at the end, the parametric equations for

predicting the FRC joint shear strength are presented.

25.1 Codes, Standards, and Reports

Currently, there is no structural code that provides requirements for computing the
shear strength of FRC beamnlumn joints. The available standards are only

applicable to RC joints.

2511 AC] 318-19

This code outlines the general requirements for the design of RC stru@@ies
Committee 318, 2019)In Chapter 15, the code presents information aids in
designing and detailing cast-place beantolumn connections. The effective joint
width is defined using Eqn. B&s depicted in Figure 2.15.
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Gn 1 aoadad MO o (2.39)

width = lesser of

Column wo—-
Effective joint area, A; \ Effective joint
Reinforcement L\ _ Eg: g‘)')a—rjd
generating ;
shear—\ {_ Al - i
{ 1 o ,

Plan i r \
h = Joint depth in

plane parallel to
reinforcement
generating shear

Figure2.15. Effective Joint Area (ACI 3189, 2019)

TheRC joint shear strength can be determined as provided in T&ble 2vhich_

is 0.75 and 1.0 for lightweight and normal weight concrete, respectively.
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Table2.6. Nominal RC Joint Shear StrendihCl 31819, 2019)

Beam in the v
Column direction of Confinement by n
transverse beams (N)
Vn
Confined 2021 JEA,
Continuous
Not confined 1.7 2 \/EA,
Continuous
Confined 1.7 AfeA;
Other
Not confined 1321 \/—f:A,-
Confined 1.7 Ay fcA;
Continuous
Not confined 131 \/EA,
Other
Confined 1.3 Ay feA;
Other
Not confined 1.0 A |/ fcA;

25.1.2 ACI 352R-02

This is a report for RC beagolumn connections the compressive strengths of which
do not exceed 100MP@&CI-ASCE Committee 352, 2002This report classifies

joints as depicted in Figure 2.16.
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a) Interior b) Exterior ¢) Corner
d) "Roof"-interior e) "Roof"-exterior f) "Roof"-corner

Figure2.16. Types of BeanColumn Connections (AG352R02, 2002)

Based on the expected inelastic deformation, the report classified the joints into two
types: Type 1 connections, which are designed to resist gravity loads only without
considering a noticeable inelastic deformation, and Type 2 connections which are
desigued to resist earthquake load and can have significant inelastic deformations
before failure. The effective forces for both joint types are displayed in Figure 2.17

in which T, C, and V are the tension, compression, and shear forces, respectively.

Subscpt s b and ¢ represent Abeamo and Acol |

Cei Cc'l Car Ter
Vei ‘ l .VC] T
Ty T Cp2 —=Ts1
Ty == ; —~Thi
v v v,
VbZ lvb] b2 bl
Cr2 C.>C T C
bl b2 b2 bl
e ] Ve2 Ic l Vez f
c2 5 Tc2 Cc2
(a) Duc to gravity loads (b) Duc to lateral loads

Figure2.17. Joint Forces (ACI 352R2, 2002)
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ACI 352 defines the effective joint width as given in Eqn. 2.39, while the nominal
joint shear strength should be calculated through Eqgn. 2.40 (in MPa units) in which
[ shall be taken from Table 2.7

o, [ §Oda9+d) oNB— © (2.39)

where,& is beam widthQ is column depthé is the slope to define the effective

joint width, which is taken as 0.3 when the eccentricity between the beam centerline

and the column centroid exceeds, 0.5, otherwise.

w Yo Q o 0 (2.40)

Table2.7 Values forr (ACl 352R02, 2002)

Connection type

Classification | 2

A. Joints with a continuous column

A.1 Joints effectively confined on all four vertical 24 20
faces

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 20 15
faces

B.2 Joints effectively confined on three vertical 15 12
faces or on two opposite vertical faces

B.3 Other cases 12 8

25.1.3 TEC?2018
The Turkish Earthquake Code categorizes RC bealomn joints into two types:

confined and unconfing@EC, 2018) The RC joint shear capacity candadculated
using Eqgns. 2.41 and 2.42 fwonfined and unconfingdints, respectively.
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O P ™Y Q (2.41)

w pErm'Q Q (2.42)

TEC 2018 classifies the joint as confined if beams confine the joint from all four

faces, and the beam width is at least tearters of the column width.

It is worth mentioning that Eqn. 2.44 presents an additional constraining condition
when compared to ACI3189 and ACI352R02.

” W if & wand & ®

W ;o ¥ o5 - - o o 243
h ca B wi ifd  oand®d @ (2.49)

® O 0 if & ® (2.44)

Figure2.18. Effective Joint AredTEC, 2018)
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2.5.2 Parametersinfluencing BeamColumn ConnectionResponse

The crucial factors that affect the shear strength of bm@omn joints are presented

in this section.

2.5.2.1 Joint Type

The joint type is crucial in seismic design codes as it determines the joint shear
strength, reflecting the joint confinement by adjoining members. Joint type is used
for the determination of the joint shear strength fa¢toExterior and interior joints

have significantly different behavior under applied loading. Exterior joints
experience more deflection under seismic action compared to interior joints, leading

to rapid stiffness degradation and lower shear capacity.

Wang et al. (2018) stated that the joint type significantly influenced the shear
capacity of UHPFRC bearolumn connection subassemblies. The shear capacity

of interior joints was observed to be notably higher than that of exterior ones due to
the differerces in the UHPFRC diagonal strut. Furthermore, an 80% ratio between

the shear strength factor of exterior to interior joints was observed.

2.5.2.2 Composite Compressive Strength

Another key parameter affecting the behavior is the composite compressive strength.
This parameter should be considered while predicting the joint shear stfength

& Burak, 2012) From the experimental studies, it can be noticed that increasing the
compressive strength enhances the bond between the embedded steel bars and fibers
and the concrete, consequently leading to a noticeable increase in the joint shear
capacity(Liu, 2006; ParraMontesinos et al., 2005The design standards use this
factor when computing the joint shear strength, typically in the form of a square root

to represent the concrete tensile strength. Utilization of fibers increases material

ductility, thereby increasing the ductility of thant.
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2.5.2.3 Joint ShearReinforcement

Utilizing joint shear reinforcement significantly improves joint shear strength.
Stirrups carry the shear force caused by seismic activity within the joint. As a result,
seismic design codes outline minimum requirements for shear reinforcement in
seismic @sign. However, incorporating a large number of joint reinforcements in a
limited space can lead to reinforcement congestion and aggregate segregation
(Abusafaga et al., 2022; Alkhatib, 2015; Pavtantesinos et al., 2005)These
problems can reduce the capacity and potentially lead to structural collapse.
Researchers have explored alternatives to the use of joint transverse reinforcement,
such as FRC or HPFRC materi@disliatrault et al., 1994, 1995; Gefkan & Ramey,
1989; Ghosni, 2018; Henager, 1977; Hosseini et al., 2018; Jiuru et al., 1992; Said,
2016) Others have focused on minimizing the joint shear reinforcement, using only
one middepth stirrugLiu, 2006; R6hm et al., 2012; Suryanto et al., 2022)

Jiuru et al. (1992) investigated the impact of reducing SFRC joint shear
reinforcement under cyclic loading. It was seen that optimizing the stirrup ratio can
improve the seismic response of connection subassemblies while incorporating

SFRC can further emimce the structural response.

2.5.2.4 Presence of Floor System

The presence of the floor system including the transverse beams and slab increases
joint confinement, thereby improving tBeismic behavior of joints. However, there
are only a few experimental studies that consider this factor due to the challenges

faced within construction and testing.

It was observed that including transverse beamsaasidb in beartolumnslab
subassembilies significantly influenced their seismic behavior, particularly reducing
the joint damag€Canbolat & Wight, 2008; LaFave & Wight, 1999; Lu & Liang,
2020; Wight & QuintereFebres, 2001)
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The presence of slabs adds additional confinement to the joint, thereby increasing
the shear capacity and minimizing stiffness degradation. Besides, the slab promotes
a uniform distribution of stresses along the joint, reducing localized failure and the

risk of sudden and premature failure.

Tingting et al. (2022) carried out a test on PVAHPFRC bealumn connection
subassemblies with slabs under cyclic loading. The study demonstrated how slabs
influence seismic behavior, resulting in a notable enhancement in joint shear

strength.

Han & Lee (2022) concluded that including slabs mainly increased PVAHPFRC
joint stiffness. The inclusion of slabs further improved the connection response by
providing confinement for the joints, thereby reducing distortion and damage.

Liang& Lu (2018) concluded that incorporating transverse beams and slab increased
the shear capacity of PVAHPFRC joints.

2.5.25 Axial Load level

Although low levels of axial load applied to the column enhance joint confinement
and minimize crack propagation and widening, increasing the joint shear strength,
the axial load may cause premature damage and sudden joint failure if it exceeds a
certain Imit, which is still debatable among researchers.

Shi et al. (2021) tested six SFRC beaotumn connection subassemblies under
0.20, 0.30, and 0.40 axial load levels and reported an enhancement in the load
carrying capacity and the ultimate displacement when the axial load level was
increased from 0.20 1©.40.

Al-Osta et al. (2018) experimentally and numerically explored the effect of axial load
on the shear capacity of exterior RC joints. They concluded that increasing the axial
load ratio from 0.00 to 0.60 improved the shear strength by 42% when compared to

the joint strength at zero axial load. The joint shear capacity was obtained to be the
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same for axial load levels between 0.60 to 0.70. However, after 0.70, the joint shear

capacity decreased significantly.

2.5.2.6  Flexural Strength Ratio

It is computed by dividing the total flexural capacities columns by those of the beams
framing into the joint as provided in Eqn. 2.45.

b —r— (2.45)

The "strong columna weak beam" principle is emphasized in design standards such
as ACI 31819, ACI 35202, and TEC 2018. This principle dictates that plastic
hinges should be formed in beams rather than columns, leading to more ductile
behavior. To ensureompliance, these codes require that the flexural strength ratio

in Egn. 2.4 should not be less than 1.2.

Tingting et al. (2022) performed tests on six interior PVAHPFRC bealomn
connection subassemblies with different flexural strength ratios. It was observed that
as the strength ratio increased, the joint shear capacity increased slightly, whereas
the shar strain corresponding to the maximum capacity reduced significantly.

Liang et al. (2016) investigated how the flexural strength ratio affects the
performance of interior PVAHPFRC bearolumn joints by testing four specimens
under cyclic loading. The results indicate that when the flexural ratio is less than 1.0,
the plastichinge forms on the column adjacent to the joint face. Conversely, when it

is greater than 1.0, the plastic hinge develops on the beams.

25.2.7 Bond

The bond between concrete and both longitudinal bars and dispersed fibers is another
crucial parameter that affects the shear capacity. The bond mechanism between

fibers and concrete is discussed previously in section (2.2.3). ACI 352 provides
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recommendations for the bond between concrete and reinforcing bars. For Type 2
RC connections to minimize anchorage problems and to provide a smooth transfer
of loads between concrete and longitudinal pirs recommendations provided in
Eqn. 2.46, in MPa unit should be uséidcan be noticed thahcreasing the bar
diameter reduces the bond strength.

Q Q
C T S

< y i ,‘C n For wider columns compared

Q Q beams.
. G TE ¢ m
Q LENRL (2.46)
e c T"_Q C For wider beams compared
Q TCT columns.

2.5.2.8 Presence of Fibers

Adding fibers to the cementitious matrix enhances the mechanical properties. Fibers
contribute to improved shear strength and energy dissipation capacity by providing
additional confinement to the joint. The type of fiber has a significant impact on the
structural behavior. Polymeric fibers, establish a strong chemical bond with the
matrix, resulting in superior bond strenganda & Li, 1999) therefore, fibers like

PVA arecommonly used in jointéHosseini et al., 2018; Said, 2017; Tingting et al.,
2022) Steel fibers also improve the performance of bealamn joints under
earthquake loa@lGhosni, 2018; Suryanto et al., 2022)

253 Existing Equations for Predicting the Shear Strength of FRC Beam

Column Joints

A summary of existing FRC beaoolumn joint shear strength prediction equations
is provided in Table 2.8. The majority of these equations consider the effects of

composite, shear reinforcement, and fibers on joint shear strength.
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Various definitions of effective joint width are employed, either following code
requirements from GBJ189 (Jiuru et al., 1992)ACI 35202 (Li et al., 2022;
Tingting et al., 2022)ACI 31819 (Kantekin & Burak Bakir, 2024)or proposing
formulae derived from the strut and tie method (Gao et al., 2014; Shi et al., 2021;
Wang et al., 2018). Most of these prediction equations do not incorporate a shear
strength factor, similar to ACI 35@2 requirements, which distinguishegvaeen
exterior and interior joints. This omission results in neglecting the confinement
provided by the adjoining members, leading to reduced accuracy (Jiuru et al., 1992;
Li et al., 2022; Shi et al., 2021; Tingting et al., 2022). Additionally, while all
equations account for column axial load, fiber volume fraction, and aspect ratio, none

of the existing equations consider the impact of beam bar anchorage within the joint

core.
Table2.8 Existing FRC Shear Strength Prediction Equations
Researcher Joint Shear Strength Prediction Equation
Jiuru et al., 0 aio S om0 g e
1992 ™® P 500 wQQ ‘g 0wwQ "Q ~ Q &
Gao etal, 0 . 0L
2014 [ T® p n&m o pSIm),Q WOQ T[&)qﬂl, Q ®
Shi et al., 0 v 7 v O
2021 TBIX(pTHSTHqu P PR COE QQwWw T1TWQ ~ Q w
Lietal., b0 oc N e .o 0
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254 Analytical Modeling of Beam-Column Connection Subassemblie

Predicting the response of be@wlumn connectiorsubassemblies under different
loading conditions focuses on factors such as load distribution, deformations, and
failure modes. Accurate modeling helps optinithe design for safety and
efficiency, ensuring structural integrity. However, due to a lack of understanding of
certain influencing parameters and limited experimental data, it is challenging to
propose an accurate model for FRC beanlumn joints. Desp@é numerous
experimental and analytical studies, beamtumn joints are often oversimplified as
rigid or semirigid, resulting in inaccurate predictions of structural response. The key
components used to describe beastumn joint behavior in analytical modeling are
plastic hinges and rotational springs. The vkelbwn analytical joint models are

preented below for RC connection subassemblies.

Alath & Kunnath (1995) proposed one of the earliest analytical models for idealizing
beamcolumn connections. The scissors model recommended by the authors
included a rotational spring at the joint center, along with additional rotational
springs at the interface between the beams and columns. Furthermore, the portions

of the beams and columns within the joint are defined as rigid end zones.

Lowes& Altoontash (2003) proposed a model that consists of arfode 12DOF

joint element. The proposed model consisted of eight springs to cotistar slip

effect, four interface shear springs, and a ptratieforms only in sheas depicted
in Figure 2.19.
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Figure2.19. Lowes & Altoontash (2003) Model

Shin& LaFave (2004) presented a combined model that included rotational springs
and a joint element as depicted in Figure 2.20. The joint element was made up of
rigid links, constrained by three rotational springs at the corners. To capture the bond
slip and maonent rotation characteristics, beamnasd columns were idealized as
elastoplastic elements.

three joint rotational
springs in parallel

rotational spring
for bond-slip
beam

(elastic)

|

rotational
spring for
plastic hinge

:srigid link

hinge

column
(elasto-plastic)

Figure2.20. Shin & LaFave (2004) Model

Burak developed a model that captured the inelastic response mechanisms as
demonstrated in Figure 2.2Burak, 2005, 2010)Beams and columns were

idealized as cracked elastic elements with rigid end zones within the joint. Inelastic
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deformations were concentrated at the member ends using plastic hinges, and the
nonlinear response of plastic hinges was defined using rotational springs at the
column and beam interfaces. The joint model consisted of rigid links connected with

hinges athe corners, with one corner featuring a nonlinear rotational spring.

Joint Rigid Links
Connected by Hinges Joint Rotational Spring
A 'd A
./ a D  Beam Rotational Spring
Rigid End Zones

Column Rotational Spring

A

Figure2.21. Model of Burak

Unal & Burak (2013) developed an analytical joint model to assess how various
factors affect the shear strength of RC beanmn connections akemonstrateth
Figure 2.22.

Zero-length inelastic
P-M-M hinge
r's

Rigid End Zone Semi-Rigid Moment
»~ Connection Hinge

\ \‘\A Panel Zone

Elastic Segment

Zero-length inelastic
P-M-M hinge

Figure2.22. Model of Unal& Burak (2013)
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CHAPTER 3

DATABASE COMPILATION

3.1 General

In this research study, first a detailed database of FRC-belmmn connection
subassemblies is compiledfter a systematic review of numerous experimental
studies, an initial databasemprising 282 bearnolumn connection subassemblies
(224 exterior and 58 interior connections) from 56 research profeatswing a
rigorous evaluation of data, the final database is refined to include 184 specimens,
excluding those with insufficient information or those that did not exhibit joint shear
failure. This chapter outlines the specimen selection criteria and details the geometry

and material characteristics of the selected specimens.

3.2  Selection Criteria and General Properties

Experimental studies conducted on the response of both interior and exterior FRC
connections are investigated. The selection criteria considered during the
construction of the database can be summarized as follows: (1) specimens subjected
to reversed cyati loading representing seismic performance are considered, (2)
smaltscale subassemblies for which fiber lumping could be observed are omitted,
(3) knee joints, corner joints, and precast beammn connections are excluded
since the available studies clutted on these types of joints are quite limited
achieve a reliable estimation, (4) only specimens that underwent joint shear failure
with or without the formation of beam or column plastic hinges are included in the

database since for other failure types the shear strength will not be reached.

In the database, when compressive strengths of samples that have sizes or geometries

different from the150 300 mm universal cylinder were provided, conversion

41



factors given in Eqgns. 3.1 to JSarsam & AlAzzawi, 2010) and Eqn. 3.4Abaza,
2003)are applied.

0 0 10 (3.1)
0 8o I (3.2)
"0 L TRse) (3.3)

T8I 1T F @ ™ ¢ ufka/cn?) (3.4)

where, the compressive strength of FRC samples is obtained fron8a&0mm

cylinders for"Q and™Q , 100 200 mm cylinders fofQ , 75 150
mm cylinders forQ , 150 mm cubes foiQ , and 100 mm cubes for
"0

Furthermore, when using nanircular fibers, the equivalent diameter is obtained by
considering the fiber intrinsic efficiency ratio (FIER) provided in Eqgn. 3.5 is adopted
(A. E. Naaman, 1998, 20Q03)

"000 ¥ (3.5)

Figure 3.1 demonstrates possible fiber cross sections and corresponding values of

their fiber intrinsic efficiency ratios compared to that of a circular fiber.

Section
Shape

Relative
FIER 1 112 1.28 >1.28

Figure3.1. Comparison oFIER factor to a Circular FibgA. E. Naaman, 2003)

For hybrid fiber applications, the fiber reinforcing indeX ‘Ois calculated using
Egns. 3.6 and 3.(Almusallam et al., 2016; Cao & Li, 2018; Khan et al., 2020)
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'YOB YO (3.6)
YO w JQ0— 00— (3.7)

In these equations,denotes the fiber type) represents the volume fraction, and

Q is the bond factor, which is determined by the fiber type. The bond factor is
assigned values of 1, 1, and 0.1 for the hooked end, crimped, and straight and
synthetic fibers, respectively. refers to the fiber length, whefte signify the fiber
diameter,’Q and"Q indicate the tensile strengths of tiefiber and steel fibers,

respectively, andbis the tension stiffness parameter, set at 0.5.

The assembled database encompasses 184 specimens from 49 separate experimental
studies, including both interior and exterior connection subassemblies. Table 3.1
provides a general view of the specimens in the database, categorized by connection
type (interor and exterior), presence of applied axial load, joint shear reinforcement,

and use of hybrid fibers.

Table3.1 SpecimenTypes Included in the Compiled Database

SpecimenCharacteristics Int erior Exterior | Total
With applied axial load 52 97 149
Without applied axial load 4 31 35
With joint shearreinforcement 33 61 94
Without jointsheareinforcement 23 67 90
With single fiber 56 112 168
With hybrid fibers 0 16 16
Number of Specimens 56 128 184

3.3 Range of SpecimerCharacteristics

The compiled database exhibits a broad spectrum of material and geometric
properties. Table 3.2 summarizes the crucial parameter ranges employed in this
study. In this tableZE denotes the composite compressive streragtin refers to

the axial load level, calculated by dividing the axial load by the product of the column

area andhe compressive strength of concrete in the columsiyhifies the fiber
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volume fraction andi/ldr represents the fiber aspect ratio, which is the ratio of the
fiber length to fiber diameter. RI denotes the fiber reinforcing index. The maximum
top beam bar diameter is representeddyvtiile /by indicates the ratio of column
width to beam width, andcn, is the ratio of column depth to beam depth. Lastly,

} gross represents the volumetric ratio of joint shear reinforcement, which will be

elaborated on later.

Table3.2 Key Parameters Ran@er the Specimens Included in the Database

Parameter Unit Minimum Maximum
A MPa 16.40 100.60
n % 0.00 50.00
Vs % 0.50 10.00
I+/ck - 25.00 1000.00
RI - 0.31 15.00
be mm 80.00 400.00
by mm 80.00 400.00
he mm 100.00 500.00
hp mm 120.00 600.00
db mm 6.00 25.00
be/bp - 1.00 2.33
he/hp - 0.66 1.25
J gross % 0.00 1.43

3.4  Selected Specimens

A summary of the compiled experiments is highlighted in this section, outlining the
essential parameters and key features of the specimens examined in each
experimental study.

A recent investigation by Zhar& Li (2024) evaluated the seismic response of one
exterior and one interior ECC beamlumn joint, incorporating 2.0% PVA fibers
solely within the joint. The study examined the effect of omitting joint shear
reinforcement on the response of connection sdmabklies under seismic loading.

It was concluded that using this composite material in the joint core and beam plastic
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hinge region without joint reinforcement enhanced the joint shear capacity by over

20% and led to improved crack distribution.

Son et al. (2024) conducted a study on seven connection subassemblies to explore
how fiber volume fraction, anchorage type, and joint shear reinforcement affected
the shear capacity of exterior beaolumn connection subassemblies. Two SFRC
specimens userbnventional headed bars, consisting of 1.0% and 2.0% fiber volume
fractions, without any transverse reinforcement at the joints. In contrast, another
SFRC specimen implemented the headed bar anchorage method with a 1.0% fiber
volume fraction and no joineinforcement. The anchorage method was observed to
influence the failure pattern of exterior connections. In the hooked anchorage
method, the bars tended to pull out compared to the headed anchorage; however, the
anchorage method had a minimal effectluamjbint shear strength.

Banu et al. (2023) explored the seismic performance of exterior SFRCdodamm
connection subassemblies. The specimens were categorized as Type A, B, and C
based on reinforcement detailing. In the first category, type A, an RC specimen was
designed to met the Indian Standard, IS 1392016, requirements. The other types,
types B and C, were SFRC with steel fibers in the joints and plastic hinge regions of
beams and columns, differing in stirrup spacing in these areas. Utilizing SFRC
enhanced the seismiesponse of connection subassemblies compared to RC
connections. The SFRC specimens demonstrated an enhancement in the ultimate

carrying load with 20.83 % more than that of the RC specimen.

Zhang et al. (2023) examined the impact of utilizing high strength steel with regular
concrete (HSS) and high strength steel with SFRC (HSSFRC) on exterior beam
column connection performance. Eight fstlale specimens with varying
reinforcement details we tested. The composite material, which consists of hooked
end steel fibers, was employed in five specimens. The composite specimens differed
in SFRC placement within the joint and plastic hinges of beams and columns, as well
as beam reinforcement ratichile maintaining constant joint shear reinforcement.

Joint shear failure was observed in all SFRC specimens, with minor cover spalling.
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The specimen made entirely of SFRC and featuring a higher beam reinforcement
ratio demonstrated improved ductility compared to the other connection

subassemblies.

In their study, Han& Lee (2022) investigated seven beaolumn connection
specimens with slabs, subjected to unidirectional and bidirectional loading tests. The
specimens varied in joint shear reinforcement detailing and PVAHPFRC application
while maintaining consistent geometproperties. The use of PVAHPFRC material
within the connection subassemblies led to less spalling off of the cover concrete and
an improvement in the shear capacity. Additionally, the presence of a slab enhanced
the seismic performance of the connettgsubassemblies by providing additional

confinement to the joints.

Suryanto et al. (2022) carried out a test on a single SFRC-b&lamn connection
subassembly under cyclic loading, using a 1.888ume fraction of HE fibers
within the joint core. The stirrup spacing was 0.75 d, d being the beam effective
depth. This study emphasized the role of composite material in enhancing the seismic

performance.

Tingting et al. (2022) examined the effect of PVAHPFRC on the response of six
beamcolumnslab connection subassemblies under earthquake load. The study
focused on the influence of flexural strength ratio (ranging from 1.1 to 1.6) and
flange width on joinbehavior. Utilizing PVAHPFRC within the joint enhanced the
shear capacity by 11.40% with a reduction in the shear deformation by 10.30%.
Furthermore, the integrity of the joint improved.

Zhang et al. (2022) carried out an experimental study on the seismic performance of
eight interior beantolumn connection subassemblies using high strength steel
(HSS) with concrete and high strength steel with SFRC (HSSFRC), along with
diagonally placed »shaped reinforcemenThe impact of the combined use of
special reinforcement detailing with SFRC on the cracking pattern, energy

dissipation capacity, and ductility was assessed. The utilization -stiaged
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reinforcement within the joint core enhanced the seismic response of the connections

in terms of ductility, shear strength, and stiffness degradation.

The experimental study by Saghafi et al. (2021) examined four exterior- beam
column connection subassembli€se specimens had a control RC sample, one with
HPFRC in the plastic hinge regions of both beam and columns and two fully cast
with HPFRC. Hybrid HPFRC with macro and micro steel fibers was utilized. Stirrup
spacing in beams and columns was varied to eaptbe influence of shear
reinforcement on connection response. The composite joints demonstrated a better
damage tolerance at high drift levelsmqmared to the RC joint. Furthermore, the joint

reinforcement could be reduced when utilizing HPFRC material.

Tsonos et al. (2021) explored the seismic response of seven exteriecdleam
connection subassemblidhe specimens were divided into three groups: three RC
joints designed following the Eurocode standard (Eurocode, 2004), three deficient
RC specimens, and one SFRC specimen with lower joint reinforcement than the
Eurocode requirements. It was concluded thautilizing 1.50% HE fibers, even

with reduced shear reinforcement within the beam, column, and joint, the

connections had higher ductility.

The effect of hybrid FRC containing PP and crimped steel fibers on the performance
of six exterior beantolumn connection subassemblies under seismic loading was
investigated by Rajkumar et al. (202The fiber volume fractions ranged from
0.00% to 5.00%. It was found that using a high fiber volume fraction enhanced the

performance of the connection subassemblies.

Shi et al. (2020) performed a test series on six interior SFRC -belmn
connection subassemblies, which investigated the effect of fiber volume fraction,
composite compressive strength, joint shear reinforcement, and column axial load
level on the seisia behavior of joints. The composite material utilized HE fibers. It
was found that utiling 1.00% HE fiber increased the ductility by 45.20% and the
energy dissipation capacity by 120%.
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Another investigation by Shi et al. (2021) focused on the impact of using SFRC in
the plastic hinge regions of beams and columns on the seismic performance of
interior beamcolumn connection subassembligght samples were experimentally
explored: one RC control specimen and others cast from SFRC in the plastic hinge
regions. The fiber volume fraction ranged from 0.00% to 2.00%, with column axial
load levels varying between 0.20 and 0.40. Increasing filodume fraction
exhibited an improvement in theitial stiffness, peak load, ultimate displacement,

and displacement ductility.

Rao et al. (2020) studied the impact of fiber type and volume fraction on the seismic
performance of exterior beaoolumn connection subassemblies. Straight and
crimped steel fibers with volume fractions of 0.00% 6.00%, 8.00%, 9.00%, and
10.00% were utilied and displacement ductility, toughness, and stiffness
degradation of the subassemblies were evaluated. Fiber shape and volume fraction
were observed to influence the seismic response afaheection subassemblies
Using crimped fibers with high volunieaction yielded better seismiesponse than
straight fibers with the same volume fraction.

Lu & Liang (2020) examined how PVAHPFRC affected the seismic response of
interior bearcolumnslab connection subassemblies. Three specimens were tested:
one RC control specimen and two constructed using composite material. The
reinforcement detailing and sldéllange width were the variables considered in this

experimental study. The shear capacity of the HPFRC joints increased by 1.60%,

while the shear distortion reduced by 7.90% compared to the RC joint.

Choi & Bae (2019) tested four SFRC exterior beastumn connection
subassemblies. The impact of fiber volume fraction (1.00% or 2.00%), joint shear
reinforcement presence, and beam stirrup spacing on the seismic performance were
assessed. It was concluded thet shear capacity of joints made from HE fibers
without reinforcement could be increased compared to RC joints with reinforcement.
Moreover, the bond strength between bars and SFRC could be increased by

increasing the volume fraction.
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Saghafi et al. (2019) examined the use of HPFRC in plastic hinge regions under
reversed cyclic loading to eliminate the shear reinforcement in-oermn joints.

Three exterior connection subassemblies were tested: an RC control specimen,
HPFRCGCA with 1.00% HE fibers and 1.00% macro synthetic fibers, and HPFRCC

B with 2.00% HE fibers. It was concluded that joints without shear reinforcement
could benefit from using HPFRC, as it may effectively provide sufficient shear

strength while preventing the localition of tensile cracks.

Thuy Van& Tran Trung (2019) carried out tests on three bealamn specimens.

One of the specimens served as an RC control sample, while the other two were made
from HPSFRC. These two specimens lacked stirrups in the joint and had different
stirrup spacings in thbeams. It was discovered that even in the absence of joint
reinforcement, incorporating HPSFRC could effectively maintain both shear

capacity and ductility.

Nouri et al. (2019) evaluated the effect of HPSFRC on the seismic response of
exterior bearrcolumn connection subassemblies. Four specimens were examined:
one RC control specimen and three HPSFRC samples designed based on the ACI
31814 requirements. HPSERspecimens had no joint stirrups and varied beam and
column stirrup spacing. Utilizing HPSFRC was recommended as an effective
method to reduce joint shear reinforcement and increase the peak load.

Wang et al. (2018) explored the seismic response of UHPSFRCdmdamn joints.

They tested nine specimens, which included five exterior joints and four interior
joints, and evaluated their performance based on failure modescdogthg
capacity, and jmt shear distortion. It was concluded that the combination of
UHPSFRC and shear reinforcement resulted in optimal seismic behavior for
connection subassemblies. Additionally, the shear capacity of interior joints was
obtained to be greater than that af gxterior ones.

Hosseini et al. (2018) examined eight beamtumn connection subassemblies,
including four corner and four exterior specimens. The study investigated the impact

of transverse beams, bidirectional loading, and joint shear reinforcement on the
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seismic behavior of ECC connection subassemblies with 2.00% PVA fibers. The
results revealed the efficiency of utilizing ECC in the joint and beam plastic hinge
regions. More distributed cracks without concrete cover spalling off were observed

within the pint core of ECC specimens.

Liang & Lu (2018) tested five beawplumn connections with different flexural
strength ratios. Four specimens were cast with ECC material containing 2.00% PVA
fibers in the beam and column plastic hinge regions and the joint. The effect of slab
presence on specén behavior was also considered. The connection subassembly
with a flexural strength ratio of 1.60 exhibited multiple cracks at the column end,
without localized damage in the joint core. Furthermore, the peak load of ECC
specimens increased by 13% andéhergy dissipation capacity was enhanced by
40% compared to the RC connection subassembly.

Sarmah et al. (2018) tested five exterior beamumn connections, including four

FRC specimens and one conventional RC subassembly. Two specimens had HE
fibers, and the other two had basalt fibers with fiber volume fractions of 1.00% and
2.00%. SFRC spetiens had a higher peak load compared to the RC specimen.
Additionally, the initial stiffness decreased with an increase in the basalt fiber
volume fraction. In contrast, it increased with an increase in the HE fiber volume

fraction.

Ghosni (2018) conducted experiments on fourteen kbEdumMn connection
specimens, including eleven exterior and three interior samples. The exterior
specimens were divided into four groups: two with conventional concrete, four with
single HE fibers, four wth double HE fibers, and one with polypropylene fibers (PP).
The samples had varying fiber volume fractions (0.25%, 0.40%, 0.50%, and 1.00%)
and stirrup spacings. Notably, FRC specimens had no joint stirrups. The interior
connections with double hookeddesieel fibers differed in beam and column stirrup
spacings, without any joint transverse reinforcement. Using double hooked ends was

demonstrated to have a superior seismic response compared to using single end
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fibers. Additionally, incorporating composite materials within the joint core was

recommended to effectively reduce the need for joint shear reinforcement.

Saghafi& Shariatmadar (2018) examined six exterior be&amimn connection
subassemblies to address the reinforcement congestion within the traditional RC
joints. HPFRC with a 2.00% volume fraction of hybrid HE and macro synthetic
fibers was employed. The seism&rfprmance of joints was evaluated through {oad
displacement relationships, energy dissipation capacity, and displacement ductility.
It was concluded that using HPFRC in the joint may effectively reduce congestion
in the joint reinforcement. Additionallyt, showed a notable enhancement in damage

tolerance and peak load capacity.

Said (2017) investigated the response of two exterior fmEdnmn connection
subassemblies under seismic loading. The RC specimen was designed following ACI
352-02 guidelines, while the joint stirrupgere omitted fothe ECC specimen with
2.50% PVA fibers in the joint zone and plastic hinge regions of beantoamdns.

It was noticed that the joint stirrups could be omitted when utilizing ECC with a high

volume fraction.

Said & Razak (2016) compared the seismic response of a single exterior beam
column connection subassembly built with ECC containing 2.00% PVA fibers in the
joint zone and plastic hinge regions (without joint stirrups) with a conventional RC
connection. The ECC spimen exhibited joint cracks with a more uniform
distribution compared to the RC specimen, which showed no crack localization.
Additionally, the peak load of the ECC specimen was 22.60% higher than that of the

RC one, while the energy dissipation capagiis improved by 30%.

Said (2016) conducted experiments on fourteen exterior4se&mrmn connections,
including RC control specimens and ECC specimens with PVA and PE fibers. The
study focused on fiber type and reinforcing index as key parameters. Increasing
volume fraction yiled an improvement in the seismic response of connection
subassemblies. Moreover, utilizing HPFRC material helped in reducing the joint

reinforcement congestion.
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Marthong& Marthong (2016) explored the influence of PET fibers on the seismic
response of exterior beaoolumn connection subassemblies, examining the
consequences of removing joint shear reinforcement in plastic hinge zones of beams
and columns. Reduction in theipt damage with improvement in the stiffness
degradation of FRC specimensaswbserved when compared to the RC control

specimen.

Liang et al. (2016) tested eight interior beaatumn connection subassembilies,
comprising seven PVAHPFRC specimens and one conventional RC sample. The
seismic response of specimens under varying axial load levels, joint shear
reinforcement ratios, and Haral strength ratios were investigated. FRC joints
displayed a greater number of diagonal cracks with a more even distribution
compared to RC joints. The utilization of fibers effectively limited the widening of
these cracks. Additionally, it was foundatrusing FRC materials could potentially

reduce the need for joint reinforcement.

Kheni et al. (2015) tested four beammlumn connection subassemblies to evaluate
their behavior under seismic loading. Specimen 1 was an RC control specimen.
Specimen 2 contained a mix of 0.50% HE fibers with a length of 60 mm (referred to
as SF1), 0.50% H fibers with a length of 35 mm (referred to as SF2), and 0.15%
polypropylene fibers. Specimen 3 consisted of 0.50% SF1, 0.50% SF2, and 0.15%
polyethylene fibers, while Specimen 4 comprised 0.50% SF1 and 0.50% SF2 steel
fibers. Composite specimens demoatgd improved seismic performance
compared to the RC specimen, particularly regarding damage tolerance, and stiffness
degradation. Furthermore, using hybrid fibers could resolve the issue of joint

reinforcement congestion.

The study by AdKhatib (2015) involved testing eight exterior beacolumn
connections to assess their seismic performdreestudy included one RC control
specimen, six samples composed of SFRC, and one with UHPC. The specimens had
varying beam reinforcement and joint transverse reinforcement ratios. Constant
volumetric ratios of 1.00% for SFRC and 2.00% for UHPC samples uszd as
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hybrid macro and micro steel fibers. It was found that using UHPC in the joint core
eliminated the need for joint shear reinforcement. Additionally, incorporating hybrid
fiber with reduced joint shear reinforcement demonstrated satisfactory seismic

performance.

Chidambaram& Agarwal (2015) investigated the behavior of six exterior beam
column connection subassemblies, which incorporated different fiber types,
including polypropylene (PP) and a hybrid FRC containing HE, hreated steel,

and PP fibers. The use of fibers sfgrantly influenced the postielding behavior

in the loaddisplacement relationship across all fiber types. Additionally, the seismic

response of FRC specimens surpassed that of the RC specimen.

Patel et al. (2013) investigated the seismic response of six exteriorclo&amm
connections containing 1.50% HE fibers, with variable stirrup spacings. An
improvement in the seismic performance when using fibers alongside stirrups was

reported.

Ro6hm et al. (2012) carried out a series of tests on three categories of exterior beam
column connection subassemblies. Category A was constructed using RC and
designed according to the Indian Standard and Eurocode requirements. Category B
utilized FRC withHE fibers and featured modified reinforcement detailing. Category

C was an FRC specimen that underwent flexural failure. Using FRC improved
seismic performance in terms of energy dissipation capacity, stiffness degradation,

and joint shear deformation.

In their study, Baloucl Forth (2009) tested six exterior beamumn connection
samples, two of which were constructed using SFRC in beam and column plastic
hinge regions and joints. A volume fraction of 0.92% HE fibers was used without
joint shear reinforcement and the seismesponse was evaluated through crack
patterns and loadisplacement relationships. Utilizing SFRC within the joint was
recommended as a solution to reduce the reinforcement congestion with a better

distribution of cracks within the joint.
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The study by Gencoglu (2007) investigated the response of five exterior beam
column connection subassemblies under seismic loading. Three specimens were
constructed with FRC, utilizing 1.00% HE fibers in the joint zone and plastic hinge
regions of beams drcolumns. The length of the region in which SFRC was utilized
within the beam and the joint shear reinforcement ratio were varied in this study. It
was noted that the seismic response of SFRC exterior connection subassemblies was

influenced by the lengtbf the beam extension where SFRC was used.

Liu (2006) explored seven exterior beaolumn connections, four of which
incorporated HE fibers, with varying joint transverse reinforcement and fiber volume
fractions (1.00% and 2.00%). It was concluded that incorporating SFRC within the

joint could elimnate the need for joint shear reinforcement.

ParraMontesinos et al. (2005) investigated the utilization of HPFRC as a substitute
for shear reinforcement in interior beammlumn connections. Two specimens with
different beam reinforcement ratios, and HPFRCC material containing 1.50%
polyethylene fibes in the joint and beam plastic hinge zones were tested. HPFRC
specimens demonstrated superior seismic performance compared to the RC
specimen, exhibiting better damage tolerance, deformation capacity, and shear
strength. Additionally, the use of compesitenhanced the bond between the

embedded bars and the joint core.

Shannag et al. (2005) examined the impact of substituting joint shear reinforcement
with HPFRC material by testing six interior be@slumn connections with 2.00%

and 4.00% volume fraction ratios of HE fibers. Two samples were constructed using
conventionh RC with and without joint stirrups, while four specimens utilized
HPSFRC material within the joint, beam plastic hinge region, and full column length.
The use of HPFRC enhanced the peak load and initial stiffness of connection
subassemblies when compatedhe RC specimen. It was also considered to be a

viable alternative to eliminate the joint shear reinforcement.

Bayasi& Gebman (2002) tested six exterior beeolumn connection subassemblies

two of which were conventional RC while others were SFRC. The study sought to
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explore the impact of HE fibers utilization in the joint zone on reducing the required
area of joint shear reinforcement. Using SFRC improved the seismic response

significantly in terms of stiffness degradation.

Gencoglu (2000) conducted experiments on eight SFRC and two RC exterier beam
column connections to examine their seismic response. The SFRC specimens were
categorized into two groups: five with a single rhieight joint stirrup and three
without joint stirups. The seismic response of SFRC exterior connections was
influenced by the length of the beam extension where SFRC was used. Moreover,
the peak load and the connection ductility were improved compared to the RC

specimen.

Filiatrault et al. (1995) tested three intedi@amcolumn connection subassemblies.

The first specimen was an RC control specimen without seismic detailing. The
second, also constructed with conventional RC, was designed to meet the seismic
requirements of the National Building Code of Canada. Thal Babassembly
utilized HE fibers and disregarded the seismic detailing requirements. The existence
of fibers bridging the cracks within the joint led to an increase in the joint shear

capacity.

Filiatrault et al. (1994) explored the seismic response of four exterior-belamn
connections. Two subassemblies were conventional RC, one with and one without
special seismic lateral reinforcement detailing. The remaining two subassemblies
had SFRC wh HE fibers with similar reinforcement detailing to their RC
counterparts. Utilizing SFRC within the joint was recommended to be an effective
solution to increase the spacing of stirrups within the joint core. Moreover, the SFRC

joints demonstrated highshear strength compared to RC ones.

Katzensteiner et al. (1992) evaluated-ay, twostory frames. One frame was built
using conventional RC and complied with the seismic requirements in the Canadian
Concrete Code, while the other employed SFRC material with reduced joint

transverse reinfeaement. The researchers sought to explore the effect of substituting
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joint stirrups with SFRC material. It was observed that even with the increased

spacing of the joint stirrups, the SFRC frame exhibited adequate seismic behavior.

Jiuru et al. (1992) carried out a test series on twelve exterior -belamn
connection subassemblies, including five exterior and seven interior joints,
constructed with SFRC that had volume fractions of 1.20% and 1.50%. The
investigation focused on thafiuence of the joint shear reinforcement ratio on the
behavior. The use of SFRC even with reduced joint shear reinforcement showed
better seismic behavior than the RC specimen. Moreover, increasing fiber volume

fraction led to an increase in the joint ahstrength.

Gefken & Ramey (1989) conducted a test series on ten exterior -befmn
connections to assess the feasibility of replacing joint shear reinforcement with HE
fibers. The number of joint stirrup layers was varied to examine the complex
interaction between stirruppacing and HE fiber contribution to the connection
response. The study intended to evaluate the potential for the utilization of HE fibers
to reduce shear reinforcement requirements. Utilizing SFRC was recommended as
an effective solution to reduce thenpshear reinforcement congestion with an

improvement in the energy dissipation capacity.

Craig et al. (1984) explored the use of HE fibers within joints to decrease the need
for joint shear reinforcement and examined the impact of the sheatwsgapth

ratio on connection response. Six specimens incorporated 1.50% HE fibers in the
joint andplastic hinge regions of beams and columns, while the remaining specimens
were built with conventional RC. Using SFRC improved the bond between concrete
and reinforcing bars which led to higher shear capacity compared to the RC
subassembly. Furthermorewiais concluded that the joint shear reinforcement could

be reduced when using SFRC.

Henager (1977) conducted one of the pioneer studies exploring the replacement of
exterior joint stirrups with SFRC. Two exterior beaolumn connection
subassemblies were tested, one with RC and the other with SFRC in the joint and
beam and column plastibinge regions. It was observed that joint shear
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reinforcement could be minimized when using SFRC in the joint core. Additionally,

the shear strength was enhanced compared to the RC specimen.

3.5 Constructed Database

The compiled database encompasses detailed information on the material and
geometric characteristics of the connection subassemblies as summarized in Table
3.3. In this table, Mdenotes the fiber volume fraction, whiléd indicates the fiber
aspect ratioE represents the composite compressive strength, and n refers to the
axial load level. The dimensions of the columns and beams are indicated by b
(column width), B (column depth), b (beam width), and & (beam depth).
Additionally, d, indicates the maximum top beam bar diameter. The database also
includes information regarding the presence of the joint stirrups. In the fiber type
column, the following abbreviations are used: HE: Hooked End Steel, S: Straight
Steel, C: Crimped SteelMA: Polyvinyl Alcohol, PET: Polyethylene Terephthalate,

PE: Polyethylene, and HY: Hybrid Fibers.

57



+ 8T 00€ | ooz | 00z | ooz [6T0] 00Z | 6% [0S'T 3H I04dS  [T20Z “'[e 18 souos|

+ 9T 00 | 0ST | 0S¢ | 0S¢ [ovr'0| 88€ [80€ [00¢C VAd 9

+ 9T 00€ | OST | 0S¢ | 0S5z |ovr0| 88€ |80€ |00¢C VAd G4

+ 9T 00 | 0ST | 0S¢ | oSz |ovr0| 88c [80€ |[00¢C VAd v 4404

+ 9T 00€ | 0ST 0SZ | 0SZ |o¥'0| 88¢ |[80€ (002 VAd €4 ““e 18 Bunbui

+ 9T 00€ | 0ST | 0S¢ | 0SZ |ovr'0| 88€ |80€ |00¢C VAd Z4

+ 9T 00 | 0ST | 0S¢ | oSz |ovr0| 88c [80€ |[00¢C VAd T

+ 0T 00 | ooz | 00z | ooz [900]| S2¢ | g9 [08°T 3IH PS.'0D44S (202 e 18 ojueAing

- 6T 00S | o5z | ogse | oce |ozo0| 6TE |80€ |2TC VAd N-XC-OH 2202

+ 6T 00S | osz | oge | oce |ozo| 6TE [80€ [2TC VAd N-OC-DH ‘997 9 UeH

+ 8T o0y | osz | 0se | ose [v00]| €€s | 09 [o02T 3H Zsl 220z

+ 8T 007 | osz | 0se | ose [v00]| €¢€s | 09 |[02T 3IH TSI “e 18 Bueyz

+ 0T 0ST | oot | 00T | ooz [900] 66 | S9 [0S'T 3H D adAL €202

+ 0T 0ST | oot | 00T | ooz [900]| 66€ | G9 [0S'T 3H g adAL ““e 18 nueg

+ 8T 007 | osz | 0se | ose |[sToO| €4S | 09 |o2T 3IH GHC3AS

+ 8T o0y | osz | ose | ose |[sTto| €29 | 09 |02t 3H YHC3S €202

+ 8T o0y | osz | 0ose | ose [sTto| €4S | 09 |[o2T 3H €HCAS 12 10 BueyZ

+ 8T o0y | osz | ose | ose [sTto]| €49 [ 09 [o2T 3IH ZHC3AS

+ €T 00 | 0SZ | 0S€ | 0S€ |STO| €25 | 09 [02'T 3H THC3S

- 14 G/ | 0SZ | 00E | 00E [OTO| S2S | 09 [00C 3H ZUCN-YH 7202

- Ge G/e | 0sZ | ooc | ooe |oTO]| S25 | 09 [00T 3H T-ACN-MH ““le 18 uos

- €T 0SZ | OST | 0SZ | 0SZ |0€0| OGSy |80 |[00C VAd Cl 202

- €T 0SZ | OST | 052 | 0S¢ |[0€0| O¥y |80€ |[00C VAd e ‘1 % Bueyz
mﬁ“m_ﬁ_wm @Mc E““& Ac“%v E“cEv E“M_v u wm_mw\,_v pH ANMV adA] Jaqiq | uswidads Jayoleasay

oseqgele@Paldnisuod g'goalge |

58



- ¥T | 0GZ | 022 | 0S¢ | 0S¢ |600] 96% | v¥ |00¢ | IH | OdH¥CS 5702
- ¥1 | 0S¢ | Ocz | 0S¢ | OSe [600| 96¥ | #¥ [00C | 3H | OdHELS |.p 5" inop
- ¥T | 0G¢ | 02z | 0S¢ | 0S¢ |60°0| 96% | v¥ |00C | IH | OdHZCS .

- 1" 0S¢ 0¢c 0S¢ 0G¢ [90°0 | 809 GZ |(00¢ | AH OdHVCOd 1202

- 1" 0S¢ 0¢c 0S¢ 0G¢ [90°0 | 809 GZ |00¢ | AH OdH€rod “re

- ¥T | 0S¢ | 022 | 0S¢ | 0S¢ |90°0| 80S | G2 |00C| AH | DdHZCOg |1° teybes

- oT 0S¢ 0ST 00¢ 00¢ |[Ov'0| €0L 69 (00T | 3H orod

- 9T | 0S¢ | OST | 002 | 002 |00 | G€L | G9 |00T | 3H Grog

- oT 0S¢ 0ST 00¢ 00¢ [0Cc0| ¢TL 69 (00T | 3H 1480}5 120¢

+ oT 0S¢ 0ST 00¢ 00¢ |[0€0| 908 69 (00T | 3H €rod “le1s Iys

+ 9T | 0S¢ | OST | 00Z | 002 |00 | 6€L | 9 [0S0 | 3H zrog

+ 1" 0S¢ 09T 00¢ 00¢ |0E0| T¢L 69 (00T | 3H 104d

- 9T | 0S¢ | 002 | 00Z | 002 |0€0| €0 | G9 |00 | 3H €€rog

- oT 0S¢ 00¢ 00¢ 00¢ |0E€0| 6'LL 69 |0S'T | 3H cerod

+ oT 0S¢ 00¢ 00¢ 00¢ |0E€0| 6'CL 69 (090 | 3H T€rod w0z

+ 9T | 0S¢ | 002 | 00Z | 00Z |0E0| 908 | 9 |00T | 3H 2208 | 1p1a s

- oT 0S¢ 00¢ 00¢ 00¢ |Oov'0| €0.L 69 (00T | 3H ¢1rod ’

- 9T | 0S¢ | 002 | 002 | 002 |020| ¢TZ | G9 |00T | 3H 11009

- 9T | 0S¢ | 002 | 002 | 002 |0€0| S€.L | G9 |00T | 3H 01r04g

+ 0T 00¢ 0ST 00¢ 09T |00°0| S'TS 9¢ |00S | AH [|DHdHSH%S 1202

+ OoT 00¢ 0sT 00¢ 09T (000 | G§'/.S 9¢ |00V | AH |DYddHSH%Y “le 18

+ 0T 00¢ 0ST 00¢ OGT |[00°0 | 999 9¢€ |00¢ | AH [DddHSH%¢ rewnyley

+ OoT 00¢ 0sT 00¢ 09T (000 | 2’99 9¢ |00'T AH [OH4dHSH%T ’
mwm_uwm eh_ws @%v @% @ns @%v u mﬂ_\e o/ mw”v w%hw uswioads  |Jeyoressay

(po1uod) € ¢ 9@ |qe]

59



- 9T 0S¢ 0.T 0S¢ 0.T |800| ¥'/S9 |9T€ | 0S¢ VAd 003 LTOC ‘pres

+ T4 SLE 0S¢ 00g 00€ |OTO| L¥S | 09 | 00'C 3H dINg-¢HLC

+ 14 G.E 0G¢ 00g 00€ |OTO| T¥S | 09 | 00T 3H dNG-T-HLC 6T0C

- S¢ G/¢ 0S¢ 00g 00€ [OTO| L¥S | 09 | 00'¢C 3H d19-2UNC |‘9eg ® IoyDd

- T4 G/E 0S¢ 00g 00€ |OTO| TVS | 09 | 00T 3H d19-T-UNC

- 0T 00¢ 0ST 00¢ 0ST |000| 9¥S |00T |00°0T o) 0T /0§ Z7Z

- 0T 00¢ 0ST 00¢ 0ST |000| 929 |00T | 006 0 6/0527Z

- 0T 00¢ 0ST 00¢ 0GT |000| 065 |00T | 008 0 8/0S zZZ

- 0T 00¢ 0ST 00¢ 0ST |000| S99 |00T | 009 o) 9/0527Z

- 0T 00¢ 0ST 00¢ 0GT |000| ¥'SS |00T |00°0T 0 0T /0¥ Z2Z

- 0T 00¢ 0ST 00¢ 0ST |000| 819 |00T | 006 o) 6/0V2Z

- 0T 00¢ 0ST 00¢ 0ST (000 | 2'€9 |00T | 008 0 8/0vZzZ

- 0T 00¢ 0ST 00¢ 0GT (000 | 9T9 |00T | 009 o) 9/0¥2Z 0z0¢

- 0T 00¢ 0ST 00¢ 0ST |000| €€S | 08 |00°0T S 0T /0G4S | “le1e oey

- 0T 00¢ 0ST 00¢ 0GT |[000| ¥+¥9 | 08 | 006 S 6/0S dS

- 0T 00¢ 0ST 00¢ 0GT |000| 6¢S | 08 | 008 S 8/0S 4S

- 0T 00¢ 0ST 00¢ 0ST |[000| 905 | 08 | 009 S 9/0S4S

- 0T 00¢ 0ST 00¢ 0GT |000| S¢S | 08 |00°0T S 0T /0¥ dS

- 0T 00¢ 0ST 00¢ 0ST |000| 8¢S | 08 | 006 S 6 /0¥ 4S

- 0T 00¢ 0ST 00¢ 0ST |000| 905 | 08 | 00'8 S 8 /0¥ 4S

- 0T 00¢ 0ST 00¢ 0GT (000 | T6¥ | 08 | 009 S 9/0v 4S

+ 9T 00¢g 0ST 0S¢ 0S¢ |00 | 8'GE |80E | 00'¢C VAd €-0d 0co¢

+ 9T 00g 0ST 0S¢ 0G¢ |0€0| 8'GE |80c | 00¢C VAd ¢-0d ‘Buery % N7
mwﬁﬁwm @m& E“mc E“Mc E“cEv @m& u Azmn_x_\,_v A ANMV adA] Jaqi4 | uswioads | Jayoleasay

(poiluod) € ¢ d|gel

60



H 0T 0ST 0€T 0ST 0ST oo.o o.Hm 9¢ om.m AH ors <10z ‘Temreby
OT | OST | 06T | 0ST | OST [000| L'98 [ 99 |OSE[ AH SCS % WerequwepIyD

+ 0T 0ST 0€T 0ST 0OST |000| 6°¢CC 8G9 (00°¢ 3H ers

- 0c (0]0)74 0S¢ 00S 00c |00 | 0'8Yy /9 (€80 3H SN-8'0-ds4d

- 0c (0]0)74 0S¢ 00S 00c |00 | 0'8Yy /9 | €80 3H 8'0-ds4

- G'6 (0]0)74 0S¢ 00S 00 |/100| 099 /9 (90 3H ¥'0-dsd

- ¢T 08T 08T 08T 08T |90°0| 0'¢9 /9 |00°T 3H SN%T-ds 8T0¢

- ¢t 08T 08T 08T 08T |900 | T'T9 /9 [0S0 3H SN%S'0-ds ‘lusoyo

- ¢T 08T 08T 08T 08T |900 | T'T9 /9 [0S0 3H %9S°0-ds

- ¢T 08T 08T 08T 08T |900| 9'T9 o |00'T 3H SN%T-T1d

- ¢T 08T 08T 08T 08T |900 | 919 o (00T 3H %T-1d

+ G6 |[Z€E0C |2E0C |2€0¢C |ce0C 800 | ¢8E |00¢C [00¢ | VA |Sd/19dgav/O03d/3 8102

- 56 |c'€0z [2'€0C [2'€0Z | Z'€0C [80°0 | L9y |00Z |00 | YA | SN/AEV/ODIM/I | .. b 15" (iasson

+ 9T |C'€0C |2'€E0C [2'€0C | 2'€0¢C |800 | 9FE |00C |00°Cc| VA | SdH/ddv/O03d/3 T

- VT 0S¢ 0Z¢ 0S¢ 0GZ¢ |800| 0O'6E 8¢ (00°¢ AH 00d4ddH-¢o<¢r 9102

- 14" 0S¢ 0c¢c 0S¢ 0SZ¢ |800 | 0O'6E 8€ (00°¢ AH 20d4ddH-T1O<¢r ‘FepeuweLRyS

+ VT 0S¢ 0Z¢ 0S¢ 0GZ¢ |800| 0O'6E 8¢ (00°¢ AH 00d4dH-=¢O-TIrC ® Emcmmm

+ 8T 0S¢ 0c¢c 0S¢ 0SZ¢ |800 | 0O'6E 8€ (00°¢ AH 2004d4ddH-TOTC ’

- VT 0S¢ 0c¢c 0S¢ 0S¢ |800 | SV v |00°¢C 3H d¢0S 6T0C

- VT 0S¢ 0Z¢ 0S¢ 0GZ¢ |800| 0O'6E 8¢ (00°¢ AH vZOS ““le 18 lyeybes

- 14 (01774 0S¢ 0S¢ 0GE |SO00|900T | 99 |00°¢ 3H €S 6T0¢

- T4 (017174 0S¢E 0S¢e 0GE |S0°0 | 900T | 99 |00°¢C dH A ‘NaIH 7 UeA
mw_h_me @Mc Ac“”_cv @%v @%v @%v u mmn__x.zv P/ mowmv wM%_.ur_ uawidads J8y2Ieasay

(pPol1uod) €°'¢ 9 |qel

61



+ VT 00S 00)% 00} % ooy |TT0| 09 |00T |09'T JH €S G66T “le Te JneJel|
- G¢ 00)% 00€ 00€ 00€ |¢T0| 0/Z €8 |00T AH ©odS
- G¢ 00)% 00€ 00¢€ 00 |TT0| OT8 GS |0S'T AH €-9dS ¢10¢
+ G¢ 00y 00€ 00€ 00€ |¥1°0 | 899 GG |0S'T AH ¢-9dS “Te 1@ wyoy
+ G¢ (0]0)7 00€ 00€ 00€ |¥T°0 | 899 G5 |0S'T AH 2¥e9dS
+ 4} 00¢ T4 00¢ 00Z |0v¥'0| 6VE 08 |0S'T JH ¢S€esd €T10¢
- 4} 00¢ T4 00¢ 00 |0v¥'0 | 6VE 08 |0S'T JH ¢SAN “le 19 |9ked
. . . WINST
8T 00€e 0S¢ 00ge 0S¢ |00 | 0'es | 6€ |00°T AH SCOg9944S ST0Z ‘qneyd- v
+ vT 00€ 14 00¢€ 0S¢ |¥00| 0'ES | 6€ |00°T AH WINSTTO99D4ddS
+ 4} )44 002 002 00¢c |0TO| 80€ | 0L |00T AH ¥ uawioads <102
+ 4} )44 002 002 00Cc |0T0| ¥'0E | 99 |ST'T AH € uawidads “1e 18 1uBU]
+ 4} )44 002 002 00¢ |0TO| 08¢ | 86 |ST'T AH Z uswioads '
- 8 0ST 08 00T 08 |0OT'0| L'€€ |0SC |0S°0 13d S4SMD 9T0¢C
+ 8 0cT 00T 00T 00T |OT'0| L'€E |0S¢C |0S0 13d SdSMd ‘Buoyney
+ 8 0ctT 00T 00T 00T |OT'0| L'€E |0S¢C |0S0 13d 4SdMd » Buoyue
+ 91 00€ 0ST 0S¢ 0S¢ |6T'0| 8'GF |80E |00°C VAd L0044
+ 91 00€ 0ST 0S¢ 0S¢ |6T'0| 8'GF |80E |00°C VAd 9rodd
+ 91 00€ 0ST 0S¢ 0S¢ |lZ'0| 8GF |80E |00°C VAd SCodd 910z
+ 91 00€ 0ST 0S¢ 0S¢ |22'0| 8'GF |80€ |00°C VAd yCoud ‘fe 10 Buer
+ 91 00€ 0ST 0S¢ 0S¢ |80°0 | 8'GF |80E |00°C VAd €rodd ’
+ 91 00€ 0ST 0S¢ 0S¢ (.00 | 8'GF |80E |00°C VAd 2rodd
+ 91 00€ 0ST 0S¢ 0S¢ |6T'0| 8'GF |80E |00°C VAd Troyd
- 9T 0S¢ 0.T 0S¢ 0LT |80°0| ¢85 |9T€ |00°C VAd 003 9T0C Mezey % pres
wuw ww ww ww
sdnung (ww) ) [ () | ) (e u mmn__\,: pM (%) adAL uawioads Jayoseasay
ulor ap ay aq 2y oq “H, IN laqi4
(poiuod) € ¢ d|gqel

62



- 9T 0S¢ 0T 0S¢ 0T 800 | 209 |00S9 |0S¢ ad €3d
- 9T 0S¢ 0T 0S¢ 0T 800 | 6'€9 |9TE |00°¢C ad ¢3dd
- 9T 08¢ 0T 08¢ 0T 800 | 9179 |9TE | 09T 3d T3ad
+ 9T 0S¢ 0T 0S¢ 0T 800 | ¢¢9 |9TE |00°¢C VAd 9VAd 9102
+ 9T 08¢ 0T 08¢ 0T 800 | ¢85 |9TE |00°¢ VAd GVAd ‘pres
- 9T 08¢ 0T 08¢ 0T 800 | 969 |9TE |'00°E VAd YVAd ’
- 9T 0S¢ 0T 0S¢ 0T 800 | ¥'/9 |9T€ | 0G9¢C VAd EVAd
- 9T 08¢ 0T 08¢ 0T 800 | ¢09 |9TE |00'¢ VAd ¢VN\d
- 9T 0S¢ 0T 0S¢ 0T 800 | TT9 |TTC | 0S¢ VAd TVAd
+ 9 0sT 0cT 0sT 0cT 000 | ¢0¢ 0L |00°¢ 3H %<Z#HAS 8T0Z
+ 9 0ST 0cT 0ST 0cT 000 | ¢0¢ 0L |00T 3H %T#dS “le 18 yeuwes
+ VT 0S¢ 0ST 00¢ 00¢ 0G0 | 864 G9 |0E'T 3H ah
+ 7T 08¢ 0ST 00¢ 00¢ 00| .'S8 G9 |0E'T 3H eT
- VT 0S¢ 0ST 00¢ 00¢ 0G0 | €8 G9 |0E'T 3H ¢t
- aT 0S¢ 0ST 00¢ 00¢ 0E0| O'T6 G9 |0E'T 3H T 8T0¢
+ 7T 08¢ 0sT 00¢ 00¢ 0€0| T6L G9 |0E'T 3H a3 “Ie 19 Buepp
- VT 0S¢ 0ST 00¢ 00¢ 0€0| 8¢ G9 |0E'T 3H {3
+ 0c 08¢ 0ST 00¢ 00¢ 050 | .6 G9 |0E'T 3H foR =
+ 0c 0S¢ 0ST 00¢ 00¢ 0€0| ¢v8 G9 |0E'T 3H ¢T3
+ 9T 00€ 0ST 0S¢ 0S¢ O’'0 | 88 |80€ |00°¢C VAd 7049003
+ 9T 00€ 0ST 0S¢ 0S¢ O’'0 | 8'8€ |80€ |00°¢C VAd €0d003 8T0<Z
+ 9T 00€ 0ST 0S¢ 0S¢ O’'0 | 88E |80€ |00¢ VAd 29Od0043 ‘n7 7 Buer
+ 0c 00€ 0ST 0S¢ 0S¢ O’'0 | 88 |80€ |00¢C VAd 725490043

wwm_uwm e“_ws @% @% @%v @% u mﬂ_b\,_v o m% wﬁ uswioads | Jeyoreasay

(pPQ1uoD) € ¢ 9 |1qel

63



+ 6T 0S¢ 00¢ 00¢ 00¢ G20 €8¢ 09 |(0S'T 3H 0TdS
+ 14 0S¢ 00¢ 00¢ 00¢ G20 £9¢ 00T [(0S'T 3H 8dS 86T
+ 6T 0S¢ 00¢ 00¢ 00¢ STA0) 9'/¢ 09 |0S'T JH 9dS “le 10 Breid
+ 6T 0S¢ 00¢ 00¢ 00¢ STA0) 1've 09 |0S'T JH 2ds
+ 9T S0¢€ 1414 4AST4 14514 000 g¢ec 09 |00¢ JH € 0z®@sdooH
+ 9T S0¢€ 1414 4AST4 14514 000 g¢ec 09 |00¢ JH €'0z®@sdooH ¢00¢
+ 9T S0¢€ 1414 4AST4 14514 000 g¢ec 09 |00¢ JH 2'GT®@sdooH | ‘uewqan 3 Isedeg
+ 9T S0¢€ 1414 4AST4 14514 000 g¢ec 09 |00¢ JH 2'ST®@sdooH
- 6T 0G¢E 0ST 0S¢ 0GE |(0PO'0 | ¢'GE |000T (0S'T d Zs 5002 “'le
- 9T 0G¢E 0ST 0S¢ 0GE |(0¥O'0 | ¥'EE |000T (0S'T 3ad 1S 19 SoulsajuoNelled
- 1" 00¢ GZT 0ST GZT 000 0's. 09 |00V JH 9S
- " 00¢ Gctl 0ST GZT 000 0's. 09 |00°¢ JH GS G00¢
- VT 00¢ GZT 0ST GZT 000 0's. oy |00V dH 1745) “le 18 Beuueys
- 9T 00¢ GCT 0ST GcT 000 0'G. o |00°¢ 3H €S
+ T 0ge 0S¢ 0S¢ 0S¢ 900 T8¢ G9 (00T 3H G4s
+ T 0ge 0S¢ 0S¢ 0S¢ 900 G'lc G9 (00T 3H v4S 900¢
- 0T 0ge 00¢ 0ge oec 80°0 T8¢ G99 |(00°¢ 3H €4S ‘n
- 0T 0ge 00¢ 0ge oec 80°0 Z2'ec G9 (00T 3H ¢4s
+ VT 009 0S¢ (0]0) % 0S¢ 0T'0 (024 G/ (00T 3H 1ISYc/TOd4S 1002
- vT | 009 | 0S¢ | 00F | 0S¢ [0OTO | O¥g | S, |00T| 3H [AES ‘1BooUsS
+ VT 009 0S¢ (0]0) % 0S¢ 0T'0 (024 G/ (00T 3H 11SYyzod4S
- T 00¢g 00¢ 0S¢ 00¢ 000 YAVAS 9 (260 3H G wior 600¢
- cT 00¢€ 00¢ 0S¢ 00¢ 000 YAVAS 9 260 3H gior ‘yuo- %» yonoreg
0
mﬂ”__%m eh_%v @%v @% @% @%v u mﬂé o m»v wﬁ uswioads JayoIessay
(pPQ1uod ) ¢ ¢ 98 |qe]

64



- ST 00¢ 00¢ 0S¢ 0S¢ |0€0| 68€ | GL |191 S cr /.67 '1abeusH
. . . 661
- vT | 00z | S9T | 06T | 06T |ET0| S¥E | 09 [92°0 IH  e# AMONIS | o o iesuaziey
- ST 0S¢ 00¢ 00g 00¢ |¢00| L¢ce | T9 |00¢C S Tac
- ST 0S¢ 00¢ 00g 00¢ |¢00| L¢ce | T9 |00°¢C S Tac
+ ST 0S¢ 00¢ 00g 00¢ |c¢00| L¢E | T9 |00°¢C S car
+ qT 0S¢ 00¢ 00€ 00¢ |c¢00| L¢ce | T9 |00°¢C S tar 6861
+ ST 0S¢ 00¢ 00g 00¢ |¥0'0 | 88T | T9 |00¢ S ¢or ‘Awey 2 usKje
+ ST 0S¢ 00¢ 00g 00¢ |v0'0| 88T | T9 |00°¢ S Tor
+ ST 0S¢ 00¢ 00g 00¢ |v0'0| 88T | T9 |00°¢ S cdr
+ ST 0S¢ 00¢ 00g 00¢ |v0'0| 88T | T9 |00°¢ S Tdar
- [44 0S¢ 00¢ 0s€ 0S¢ |S¢0| ¥9T | ¥vS |0S'T S 64S
+ [44 0S¢ 00¢ 0s€ 0S¢ |ZT0| TvE | 99 |0ST S 84S
+ [44 0S€ 00¢ 0S€ 0S¢ |S¢0| V9T | vS |0S'T S LdS ¢66T1
- 0T 0S¢ 00¢ 0s€ 0S¢ |S¢0| ¥9T | ¥vS |0S'T S 94S “le 18 nunig
+ [44 0S¢ 00¢ 0Ss€ 0S¢ |0¢0| 28 | ¥vS |0S'T S A=)
3 [44 0S¢ 00¢ 0s€ 0S¢ |0¢0| 28 | 99 |0CT S T4S
- qT (0°14 0S€ 0s€ 0s€ wo.o o.m# 00T oo.H dH vS 66T e e Jnesnel|iy
- ST 0Sv 0s€ 0s€ 0S€ |800| OSy | 09 |00°T 3H €S
+ 14 009 0S¢ 0[0)% 0S¢ |900| O0¢c | S |00T dH pTuswidads
. 14 009 0S¢ 0[0)% 0S¢ |900| O0¢c | SL |00°E dH EEERS
+ 14 009 0S¢ 00v 0S¢ |900| O0¢c | S |00°T dH guawidads 000¢
+ |4 009 0S¢ 0[0)% 0S¢ |900| O0¢ce | S |00T dH guawidads ‘niBosus
+ 14 009 0S¢ 0[0)% 0S¢ |900| 0S¢ | S |00T JH Guawidads
- 14 009 0S¢ 0[0)% 0S¢ |900| 0S¢ | S |00°T JH guswidads
mwm_ﬁ_w.m Ac“_w:v A:““c Ac“%v Ac“sEv Ac“wcv u mmn_w\,_v pp @Mv adAL Jaqi4 | uawrdads 1ayolessay
(po1uod) €€ @ |gel

65



66



CHAPTER 4

ANALYTICAL MODEL

4.1 Overview

Traditional modeling approaches often account only for the flexibility of beams and
columns, neglecting the substantial contribution that joints make to the overall
deformations. Common practices, such as assuming either a rigid enigidrjoint,

can umerestimate the plastic deformations of frames under lateral logdenRisi

et al., 2017; Shin & LaFave, 2004; Unal & Burak, 2013)

To address this issue, it is essential to develop a model that accurately reflects the
inelastic seismic behavior of FRC beawmlumn connections. Inelastic deformations

in the connection region lead to a degradation of shear strength and stiffness.
Therefae, predicting the nonlinear behavior of a frame structure requires
consideration of the shear strestsain relationship of the joint, which is crucial for

constructing an accurate model.

To predict the joint shear strength versus strain relationship, prior experimental data
for the joint shear strength and strain of FRC beailomn connection
subassemblies is utilized. As discussed in the previous chapter, a database is
compiled, listing he parameters influencing the joint behavior. Statistical correlation
methods are then employed to identify the most significant parameters, while those
with negligible impact on the shear behavior are omitted. Subsequently, an equation
is proposed to accately predict the joint shear strength of FRC beahamn joints

under seismic loading. The final parameters in the proposed equation are expressed
as ratios of indices and powers of key individual factors to accurately represent their
effect on the cap@y and achieve minimal average error and maximum correlation

with experimental results. The guidelines outlined in ACI 382R
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recommendationGACI-ASCE Committee 352, 2003)e adhered to throughout the

development of the shear strength prediction equation.

After establishing a prediction equation for the FRC joint shear strength, four
additional performance points on the joint shear strength versus shear strain curve
are determined using statistical data. These critical points represent initial cracking,
acaimulation of inelastic activity, the initial point of the plateau, the termination
point of the plateau, and the final point. Formulae are then developed to compute the
shear strain at these critical points. This chapter will elucidate the methodology used
to develop the shear strength and shear strain predictions, as well as provide details

on the selection of key parameters.

4.2  Determination of the Joint Shear Strength

Two distinct methods for applying cyclic loading to beaotumn connection
subassemblies weemployed in prior experimental studies. One approach involved
direct load application on the top of the column, while in the other the load was
applied from the tip of the beam.

This study examines 184 specimens, the properties and experimental results of which
were gathered from previously performed tests. The joint shear strength of some
specimens was directly provided, while for others additional computations were
required to btain the strength. Consequently, the initial research phase focuses on
computing the joint shear strength. Three methodologies are employed for this
purpose: the force equilibrium method, the strain gauge data method, and the beam
moment capacity metho&ach method offers a unique perspective for determining
the joint shear strength of the specimens under examination. Numerous researchers
adopted the force equilibrium method in their studi€soi & Bae, 2019; Kantekin

& Burak Bakir, 2024; Son et al.,, 2024; Wong & Kuang, 2008hile others
implemented the beam moment capacity mefficahtekin & Burak Bakir, 2024;

Son et al., 2024; Wang et al., 2018)d the strain gauge data meth@dkhatib,
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2015; Ghosni, 2018; Kantekin & Burak Bakir, 2024; Said, 2016; Unal & Burak,
2012) It is noteworthy to mention thathen explicit joint strength information was

not provided in the respective studies, the force equilibrium method is not considered
the primary method. Despite its simplicity, it is regarded as a last resort. This is
mainly because the other methods retytestspecific data, taking into account all
nonlinear activity experienced by the connection, and are therefore considered to be
more reliable and accurai€éantekin, 2023; Kantekin & Burak Bakir, 2024)

4.2.1 Force Equilibrium Method

In this method, the joint shear strength is calculated by applying force equilibrium
and simultaneously solving three equations. The first equation addresses moment
equilibrium at the joint face of the beam, which guarantees that the moments are
balanced.The second equation considers horizontal force equilibrium at the mid
depth of the joint, maintaining force balance. The third equation examines the overall
moment equilibrium within the connection. By concurrently solving these equations,

the determinatio of the horizontal joint shear strength is achie&htekin, 2023)

Figures 4.1 and 4.2 depict the load on column and load on beam scenarios,

respectively, and Table 4.1 shows the joint shear strength for each case.
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Figure4.2. BeamColumn Connectiosubassemblies Loaded at the Tip of the

Beam
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Table4.1 HorizontalJoint Shear Strength Utilized Force Equilibritviethod

Case Joint Type Joint shear Force Equation (\h)
Exterior 0 — ov _ P
Load on column oY OT[EB) Q
. - 3]
Interior § -
> S oo P
Exterior 0 U_ v gzs) =
/
Load on beam i _
. . CUL (@)
Interior 0 — —
i O

4.2.2 Strain Gauge DataMethod

Steel reinforcing bar strain gauges are employed to observe inelastic deformations
in the connection. When strain gauge data for both top and bottom beam longitudinal
reinforcement are available, the beam moment capacity can be determined. Joint
shear strnegth can directly be computed from the internal forces obtained at the
reinforcement layers, as demonstrated in Eqns. 4.1 ar(d@I12ASCE Committee

352, 2002; Kantekin, 2023; Unal & Burak, 2012)

o -0 it - -

vy 0O
pE w Q if - -

(4.1)

Once the reinforcement tensile force is obtained, Eqn. 4.2 can be used to calculate
the joint shear strength.

Y for exterior joints
AN oo (4.2)
w for interior joints

4.2.3 Beam Moment CapacityMethod

The horizontal joint shear strength can be determme@dnalyzing the moment
versus rotation response of the beams obtained from experimental . SBydissng

the maximum moment capacities of the connected beams, the tensile force on the
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beam longitudinal bars can be calculated, enabling the computation of the joint shear
strength(Kantekin, 2023)Eqn. 4.3 expresses the joint shear strength obtained from
this method.

o B— (4.3)

where,b is the ultimate moment strength of the beams framing into the column in
the loading directionQ'@® the distance between the internal compression and tension

force resultants in the beams, ands the column shear force.

4.3 FRC Joint Shear Strength Prediction Equation

Correlation analyses are performed to determinentb& significant parameters for
inclusion in the proposed equation. The linear influence of each parameter on the
joint shear strength is evaluated by calculating correlation coefficients. These
analyses highlight the most impactful factors to be congidarehe prediction
equation. Correlation coefficients are computed separately for exterior and interior
joints to enhance accuracy. The following sections outline the key parameters to be
incorporated into the proposed equation.

43.1 Parameters Considered in the Proposed Equation

4.3.1.1 Composite Characteristics

For both exterior and interior joints, the composite compressive strength and square
root of this parameter, representing matrix tensile strength, are examined. Table 4.2

presents the correlation analysis results.
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Table4.2 Correlation Coefficients for FRC Material Properties

Parameter __Joint Type _ Overall
Exterior Interior
Q 0.75 0.34 0.62
O 0.77 0.39 0.64

Table 4.2 illustrates strorgprrelations between composite properties and FRC joint
shear strength, which is also reflected in the design code equations that use the square
root of compressive strength as a crucial factor. Notably, exterior joints show higher
correlation coefficientsompared to the interior ones due to their confinement by the
adjoining beams only on one side. Thus, composite properties are vital, especially

for exterior joints.

4.3.1.2 Column Axial Load

149 (52 interior and 97 exterior connectismbassemblies) of the 184 specimens
experienced axial loads. The correlation coefficient between FRC joint shear
strength and applied axial load is 0.19 for interior specimens, 0.54 for exterior ones,

and 0.52 overall.

4.3.1.3 Joint ShearReinforcement Ratio

This study adopts the method recommended by Bim@Burak (2012) to optimize

the correlation between joint shear reinforcement ratio and joint shear strength.

The basic definition of the joint shear reinforcement ratio is the volume of joint
stirrups divided by the gross joint volume, as shown in Eqgn. 4.4. Gross joint volume
is calculated by multiplying column depthhcolumn width (B), and beam depth

(hv). The total length of transverse reinforcement in the loading directignig|
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multiplied by the crossectional area of one reinforcement)And the number of

transverse reinforcement layers (n) within the gross joint volume.
" P p MHA——m0 (4.4)

The correlation coefficient between joint shear strength and gross transverse
reinforcement ratio is0.08 for interior specimens, 0.29 for exterior ones,-&mB

overall.

4.3.1.4 Geometrical Dimensions

The size of beams and columns is essential for determining the shear strength of FRC
joints. While the depth of beams and width of columns are particularly important,
the width of beams and depth of columns are also essential in estabkshing
effective joint aregKantekin, 2023)

This research thoroughly investigates the correlation coefficients of geometric
characteristics and their interaction with joint shear strength. The study examines
ratios of beam and column depths and widths, as well as the ratio of the maximum
beam bar dimeter (d) to columndepth which represents the bond between

longitudinal bars and the joint core.

Table 4.3providesthe correlation coefficients for the geometric property ratios. The
ratios of the colurmito-beam depths, colurAim-beam widths, and the beam bar bond
index are identified as the key factors influencing the behavior of FRC-belamn
connection subassennds.
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Table4.3 Correlation Coefficients for Geometrical Dimension Ratios

Parameter ___Joint Type _ Overall
Exterior Interior
ho/hy 0.36 -0.53 0.06
b/ b 0.06 0.32 0.39
ho/be 0.09 -0.61 -0.16
ho/bb -0.24 0.27 0.13
ho/bp 0.16 -0.09 0.26
b/hy 0.11 0.21 0.14
du/hc 0.28 0.33 0.34
4.3.1.5 Fiber Characteristics

As explored in Chapter 2, fiber parameters significantly impact the shear capacity of
FRC connection subassemblies. This study focuses on fiber volume fracfipn (V
aspect ratio fidr), and reinforcing index (RI). Table 4.4 presents the correlation

coefficients for these parameters.

Table4.4 Correlation Coefficients for Fiber Properties

Parameter ___Joint Type _ Overall
Exterior Interior
Vi (%) 0.44 0.22 0.21
I+/ck 0.55 0.18 0.45
RI 0.70 0.26 0.54

Analysis of Table 4.4 reveals that fiber properties considerably influence exterior
joint behavior. This is because of the configuration of exterior joints, where only a
single beam provides confinement. The need for additional confinement makes

exterior pint behavior more susceptible to variations in fiber characteristics.
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4.3.2 Development of theFRC Joint Shear Strength PredictionEquation

Following the examination of the impact of each parameter in the preceding section,
the proposed equation is separated into three indices. The joint shear strength is
computed by multiplying these indices with one anotfigre three indices are
categorized as axial load effect, geometry index, and confinement index.
Furthermore, both the shear strength factor and the square root of the composite

compressive strength are utilized in the equation, as shown in Eqn. 4.5.

0D 00® [ 'Q [Axial Load Effect] [Geometry Index][Confinement Index]  (4.5)

The proposed equation incorporates the effective joint width definition fromm ACI
ASCE Committee 352, as presented in EqQn9 {A8CI-ASCE Committee 352,
2002) which is an approach also supported by prior research studies (Li et al., 2022;

ParraMontesinos et al., 2005)

A shear strength factor, analogous to those defined in ACI-B22RCI-ASCE
Committee 352, 20029nd ASCE/SEI 4117 (ASCE/SEI 41 Committee, 201,71y
included in the developed equation to account for the distinct behavior of interior
and exterior joints during earthquake load. The shear strength factors, minimizing
the mean absolute error and data dispersion, are determined from correlation

analyss as 1.85 and 2.50 for exterior and interior FRC joints, respectively.

The axial load effect parameter, shown in Egn. 4.6, represents the confining effect
of the applied axial loadn the joint. The ratio is determined to be 0.45 of the column
axial load capacity, as indicated in Eqn. 4.7.

Axial Load Effect = 1+ Axial Load Ratio (4.6)

Axial Load Ratio 18 u—; 4.7)

An additional parameter, the geometry index, is employed to account for the
effective joint volume under applied lateral loading. This index considers the ratios

of column depth to beam depth and column width to beam width, as shown in Eqn.
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4.8. The index also incorporates beam reinforcement anchorage by utilizing the ratio
of the maximum diameter of top beam longitudinal bars to column depth,
representing the bond between beam reinforcement and the joint core. The powers
of these ratios arselected based on improved correlations and reduced mean
absolute error. Only the power of the width ratio varies depending on the joint type
due to the confinement provided by the adjoining memlierss set at 0.15 for
exterior joints, while for interior joints, the effect of this ratio is disregardedand

is considered to be 0.00 due to the additional confinement from the continuous beams
framing into the columnit is noteworthyto mentionthat the powers athe depth

ratio and bond index are set as 0.70 and 0.30, respediasygbn theresults of the

nonlinearregression analysis.

8 8
Geometry Index — — — (4.8)

Finally, a confinement index is introduced to address the impact of using fibers and

shear reinforcement within the joint, as presented in Eqns. 4.9 to 4.11.

Confinement Index YO O7Y (4.9)
YO w— (4.10)
YO for exterior joints without shear reinforcement
vy P (4.11)

p YO b [ forall other joints

In these equation¥ "“@presents the fiber reinforcing index, whibdx iQ denote

fiber volume fraction, length, and diameter, respectively. Based on correlation
analysis results) is set as 0.17 and 0.12, amdis determined to be 0.18 and 0.22

for exterior and interior FRC joints, respectively.

The resulting FRC joint shear strength prediction equation is provided in Egns. 4.12

and 4.13, and the coefficients used in Eqn. 4.12 are presented in Table 4.5.

. — 8 8
VOOO I Q p TuU— — — — YO 'Y (4.12)
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Q0 U o 0 (4.13)
Table4.5 Coefficients of the Predicted Equation
Parameter ? C1 C2 Cs
Exterior 1.85 0.15 0.17 0.18
Interior 2.50 0.00 0.12 0.22

Table 4.6 presents a comparison between the experimental and predicted joint shear
strengths. Furthermore, error aatbsolute error (AE) values and whether the
strengths are over or undgredicted are also tabulated. The absolute error (AE) is
computed with Eqgn. 4.14.

5 Ob (4.14)

Table4.6 Comparison BetweeBxperimentabnd Proposed Joint Shear Strength

. Viexp. | Vijpre. | Error AE Under or
Researcher Specimen (IJ<N§ (Iilzl) @) | (%) Over
Zhang & Li, EJ 365.0 | 438.8| -20.2 | 20.2 Over
2024 1J 519.2 | 487.7| 6.1 6.1 Under
Son et al., HK-NJR-1 | 456.6 | 443.8| 2.8 2.8 Under
2024 HK-NJR-2 | 641.3| 503.8| 214 | 214 Under
SEJH1 875.0 | 628.0| 28.2 | 28.2 Under
Zhang et al. SEJH2 846.0| 628.0| 25.8 | 25.8 Under
2023 ’ SEJH3 763.0| 628.0| 17.7 | 17.7 Under
SEJH4 731.0| 628.0] 14.1 | 141 Under
SEJH5 734.2 | 628.0| 145 | 145 Under
Banu et al., Type B 776 | 771.7 -0.2 0.2 Over
2023 Type C 94.1 | 809 | 140 | 14.0 Under
Zhang et al., IS1 937.7| 758.6| 19.1 | 19.1 Under
2022 IS2 842.1| 758.6| 9.9 9.9 Under
Han & Lee, HC-JOU 588.1| 555.1| 5.6 5.6 Under
2022 HC-JX-U 503.1| 517.4| -2.8 2.8 Over
Suryanto et al., 2022] SFRCO0.75d | 196.0 | 187.7| 4.2 4.2 Under
F-1 557.5| 559.0| -0.3 0.3 Over
Tingting et al., F-2 552.0| 559.0| -1.3 1.3 Over
2022 F-3 576.0| 559.0| 3.0 3.0 Under
F-4 579.0| 559.0] 35 3.5 Under
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Table4.6( Cont 6d)

. Viexp. | Vjpre. | Error AE Under or

Researcher Specimen (IJ<N§ (Iilzl) @) | (%) Over
(Cont 6d F-5 552.0| 559.0| -1.3 1.3 Over
F-6 573.5| 559.0| 25 2.5 Under

Tsonos et al., 2021 SFJ1 110.8 | 116.7| -5.3 5.3 Over
1%HSHFRC| 165.0| 156.7| 5.0 5.0 Under
Rajkumar et al., 2%HSHFRC | 183.6 | 180.2| 1.8 1.8 Under
2021 4%HSHFRC | 189.3| 193.6 | -2.2 2.2 Over
5%HSHFRC| 200.7 | 192.7| 4.0 4.0 Under

BCJ10 348.4| 369.6| -6.1 6.1 Over

BCJL1 330.9| 349.3| -5.6 5.6 Over

Shi Zhu. et al. BCJ12 360.5| 375.7| -4.2 4.2 Over
’ 202’1 ’ BCJ22 384.3| 403.0| -4.9 4.9 Over
BCJ31 328.1| 348.3| -6.2 6.2 Over

BCJ32 375.9| 3995| -6.3 6.3 Over

BCJ33 390.0| 392.7| -0.7 0.7 Over
BCJ1 381.9| 333.6| 126 | 12.6 Under
BCJ2 335.7| 304.8| 9.2 9.2 Under
Shi, Zhang, et al., BCJ3 396.2| 352.7| 11.0 | 11.0 Under
2021 BCJ4 338.5| 305.6| 9.7 9.7 Under
BCJ5 340.6 | 323.4| 5.0 5.0 Under
BCJ6 343.7 | 328.8| 4.3 4.3 Under

Saghafi et al. BCJ2HPC | 290.2 | 303.2| -4.5 4.5 Over
2021 ' BCJ3HPC | 314.9| 303.2| 3.7 3.7 Under
BCJ4HPC | 308.4| 303.2| 1.7 1.7 Under

Nouri et al. SJ2HPC 335.5| 336.3| -0.2 0.2 Over
2019 ' SJ3HPC 334.3| 336.3| -0.6 0.6 Over
SJ4HPC 323.1| 336.3| -4.1 4.1 Over

Lu & Liang, BC-2 504.0 | 516.7| -2.5 2.5 Over
2020 BC-3 526.0| 516.7| 1.8 1.8 Under
SF40/6 | 206.7 | 213.2| -3.2 3.2 Over

SF40/8 | 220.5| 2295| -4.1 4.1 Over

SF40/9 | 249.9|2427| 29 2.9 Under

SF40/10 | 241.4| 245.0| -15 15 Over

SF50/6 | 227.7| 216.5| 4.9 4.9 Under

SF50/8 | 236.1| 234.8| 0.6 0.6 Under

SF50/9 | 269.4| 2655| 1.4 14 Under

Rao et al., SF50/10 | 252.3| 246.9 2.1 2.1 Under
2020 ZZ40/6 24291 249.9| -2.9 2.9 Over
ZZ740/8 261.3| 268.8| -2.9 2.9 Over

ZZ40/9 277.2| 279.3| -0.7 0.7 Over

ZZ40/10 | 253.8| 264.1| -4.1 4.1 Over

ZZ50/6 230.7 | 239.4| -3.8 3.8 Over

Z250/8 251.4| 259.9| -34 3.4 Over

ZZ50/9 279.6 | 2744 1.9 1.9 Under

ZZ50/10 | 262.2| 262.4| -0.1 0.1 Over
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Table4.6 Cont 6d)

: Vjexp. | Vjpre. | Error | AE | Under or
Researcher Specimen (IJ<N§ (IJ<KI) @) | (%) Over
JNR-1-BTR 442.0 | 4506 | -1.9 | 1.9 Over
Choi & Bae, JNR-2-BTR 515.0| 511.9| 0.6 | 0.6 Under
2019 JTR1-BNR 524.0 | 4878 | 6.9 | 6.9 Under
JTR2-BNR 552.8 | 584.1| -5.7 | 5.7 Over
Said, 2017 ECC 478.0 | 403.2 | 15.7 | 15.7| Under
Van & Hieu, S2 1052.3] 932.9 | 11.3 | 11.3| Under
2019 S3 1102.5| 931.8 | 15.5 | 15.5| Under
Saghafi et al., SC2A 3249 | 289.2 | 11.0 | 11.0| Under
2019 SC2B 3173 | 3278 | -3.3 | 33 Over
J1-C1-HPFRCC | 303.2 | 3094 | -21 | 2.1 Over
Saghafi & JI1-C22HPFRCC | 3249 | 3094 | 48 | 4.8 Under
Shariatmadar, 2018| J2C1-HPFRCC | 279.1| 289.2 | -3.6 | 3.6 Over
J2C2-HPFRCC | 277.3| 289.2 | -43 | 43 Over
Hosseini et al. E/RECC/ABB/RS | 344.4| 3309 | 39 | 39 Under
2018 ' E/RECC/ABB/NS | 351.0| 3446 | 18 | 18 Under
E/RECC/ABBT/RS| 366.2 | 3476 | 5.1 | 51 Under
RL-1% 197.3| 184.0| 6.7 | 6.7 Under
RL-1%NS 1975| 1840 | 6.8 | 6.8 Under
5D-0.5% 198.2 | 177.6 | 10.4 | 10.4| Under
Ghosni, 5D-0.5%NS 1956 | 1776 | 9.2 | 9.2 Under
2018 5D-1%NS 195.0 | 201.8| -35 | 35 Over
F-5D-0.4 972.1 1 1015.7) 45 | 45 Over
F-5D-0.8 1059.2| 1018.5| 3.8 | 3.8 Under
F-5D-0.8NS 1051.8] 1018.5| 3.2 | 3.2 Under
Chidambaram & SJ3 105.8| 107.7| -1.8 | 1.8 Over
Agarwal, 2015 SJ5 125.0 | 131.8| -55 | 55 Over
' SJ6 109.8 | 1064 | 3.2 | 3.2 Under
ECCBGC1 508.1 | 559.0 | -10.0 | 10.0 Over
Liang & Lu, ECCBG2 545.0 | 559.0| -2.6 | 2.6 Over
2018 ECCBG3 570.0| 559.0| 19 | 1.9 Under
ECCBG4 606.3 | 559.0| 7.8 | 7.8 Under
EJ2 2712 | 2975| 9.7 | 9.7 Over
EJ3 302.6 | 3125 | -3.3 | 3.3 Over
EJ4 2329 | 2465 | -5.8 | 5.8 Over
Wang et al., EJ5 312.6 | 259.0| 17.1 | 17.1| Under
2018 J1 3748 | 3576 | 46 | 4.6 Under
J2 410.2 | 3716| 94 | 94 Under
J3 380.9| 352.7| 74 | 74 Under
J4 379.2 | 367.3| 31 | 3.1 Under
Sarmah et al., SF#1% 565 | 57.8 | -23 | 2.3 Over
2018 SF#2% 65.2 | 68.6 | -5.3 | 5.3 Over
Said & Razak, 2016 ECC 3923|3876 12 | 12 Under
Kheni etal. Spec?men 2 153.2 | 1789 | -16.8 | 16.8 Over
2015 ’ Spec!men 3 157.2| 1686 | -7.3 | 7.3 Over
Specimen 4 156.8 | 1674 | -6.8 | 6.8 Over
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Table4.6 Cont 6d)

; Viexp. | Vipre. Error AE | Underor

Researcher Specimen (IJ<N§ (Iilzl) (%) (%) Over

PVA1 372.0 | 382.7 -2.9 2.9 Over

PVA2 398.0 | 394.2 1.0 1.0 Under

PVA3 478.0 | 403.2 15.7 | 15.7| Under

Said PVA4 433.0 | 413.0 4.6 4.6 Under
201é PVA5 482.0 | 447.3 7.2 7.2 Under

PVAG6 506.0 | 506.1 0.0 0.0 Over

PE1 396.0 | 385.4 2.7 2.7 Under

PE2 442.0 | 406.1 8.1 8.1 Under

PE3 522.0 | 459.1 12.0 | 12.0| Under

FRCJ1 499.0 | 474.0 5.0 5.0 Under

FRCJ2 413.0 | 450.4 -9.1 9.1 Over

Liang et al FRCJ3 440.0 | 452.4 -2.8 2.8 Over
2016 ' FRCJ4 499.0 | 479.9 3.8 3.8 Under
FRCJ5 5255 | 489.7 6.8 6.8 Under

FRCJ6 4745 | 500.4 -5.5 5.5 Over

FRCJ7 485.0 | 522.7 -7.8 7.8 Over

Marthong & BWFSF 58.4 | 57.9 0.9 0.9 Under
Marthong, BWSFS 58.4 57.9 0.9 0.9 Under
2016 CWSFS 33.7 33.2 1.4 1.4 Under
Al-Khatib, SFRCBCJ18MM | 429.0 | 377.8 11.9 11.9 Under
2015 SFRCBCS$18MM | 417.0 | 382.4 8.3 8.3 Under

Patel et al., NDS?2 198.9 | 201.0 -1.1 1.1 Over
2013 DS3S2 246.4 | 213.2 13.5 | 13.5| Under
SR6a?2 523.8 | 508.2 3.0 3.0 Under

Ro6hm et al., SP6-2 546.3 | 508.8 6.9 6.9 Under
2012 SP6-3 602.1 | 593.5 1.4 1.4 Under
SP6a 470.0 | 4320 8.1 8.1 Under

Filiatrault at al., 1995 S3 1065.6| 1035.3 2.8 2.8 Under
Balouch & Forth, Joint 3 185.0 | 184.5 0.3 0.3 Under
2009 Joint 5 185.0 | 184.5 0.3 0.3 Under
Gencoglu SFRC2hstr 267.0 | 250.3 6.3 6.3 Under

2007 ’ SFRC2h 245.0 | 249.7 -1.9 1.9 Over

SFRC1/2hstr 250.0 | 250.3 -0.1 0.1 Over

SF2 147.4 | 131.8 10.6 | 10.6| Under

Liu, SF3 144.4 | 163.9 -13.5 | 135 Over
2006 SF4 196.9 | 193.2 1.9 1.9 Under

SF5 194.4 | 195.2 -0.4 0.4 Over

S3 156.2 | 158.6 -1.6 1.6 Over

Shannag et al., S4 165.2 | 172.4 -4.4 4.4 Over
2005 S5 181.9 | 166.5 8.4 8.4 Under

S6 192.9 | 181.0 6.2 6.2 Under

ParraMontesinos et S1 638.8 | 743.1 -16.3 | 16.3 Over
al., 2005 S2 813.8 | 763.2 6.2 6.2 Under

Bayasi & Gebman, | Hoops @15.2 cm| 233.3 | 235.1 -0.8 0.8 Over

2002 Hoops @15.2 cm| 233.3 | 235.1 -0.8 0.8 Over
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Table4.6 Cont 6d)

Viexp. | Vjpre. | Error | AE Under or

Researcher Specimen &N) | kN) | (@) | (o) Over
(Cont 6d Hoops @20.3 cn| 228.2| 229.5| -0.6 | 0.6 Over
Hoops @20.3 cn| 228.2| 229.5| -0.6 | 0.6 Over

SP2 256.6| 228.9] 10.8 | 10.8 Under

Craig et al., SP6 220.8] 238.4| -8.0 | 8.0 Over
1984 SP8 276.0| 293.7| 6.4 | 6.4 Over
SP10 267.4| 240.6| 10.0 | 10.0 Under

Specimen3 | 237.0| 250.2| -5.6 | 5.6 Over

Specimen5 233.0| 250.8| -7.7 | 1.7 Over

Gencoglu, Specimen6 | 250.0| 283.8| -13.5 | 13.5 Over
2000 Specimen8 224.0| 235.3| -5.0 | 5.0 Over
Specimen9 257.0| 285.8| -11.2 | 11.2 Over

Specimenl0 | 231.0|235.3| -19 | 1.9 Over

- S3 497.4| 473.6| 4.8 | 4.8 Under
Filiatrault at al., 1994 sS4 617.4] 548.6] 11.1 | 11.1] _ Under
SF1 325.2| 370.8] -14.0 | 14.0 Over

SF2 383.11384.7| -04 | 04 Over

Jiuru etal., SF6 340.9| 377.0] -10.6 | 10.6 Over
1992 SF7 398.6| 388.0| 2.7 | 2.7 Under
SF8 456.6| 545.8| -19.5 | 19.5 Over

SF9 339.5| 342.7| -09 | 0.9 Over

JB1 261.0] 263.7] -1.0 | 1.0 Over

JB2 261.0] 263.7| -1.0 | 1.0 Over

JC1 256.0] 255.5| 0.2 | 0.2 Under

Gefken & Ramy, JC2 256.0] 255.5| 0.2 | 0.2 Under
1989 JD1 332.0] 321.7| 3.1 3.1 Under
JD2 331.8/321.7] 3.1 | 31 Under

JE1 305.0| 309.0f -1.3 | 1.3 Over

JE1 305.01 309.0] -1.3 | 1.3 Over

Katensieveretal. | swuctre#2 | 12051387 71 | 7.0 |  Over
Henager, 1977 J2 300.0| 301.8] -0.6 | 0.6 Over

Figure 4.3 depicts a comparison of the predicted joint shear strengths derived from
Eqgns. 4.2 and 4.Bwith the experimental outcomes, presented in terms of both shear
strengths and forces. As evident in Figure 4.3, the proposed equation accurately
predicts FRC joint shear strength for all fiber types included in the database with

minimal data scatter.
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Statistical parameters for various fiber types in the database are provided in Table
4.7 including mean absolute error (MAE), coefficient of correlation (R), coefficient
of determination (B, standard deviation (STD), and coefficient of variation (COV)

of the predictedo-experimental joint shear force ratios. Notably, MAE, STD, and
COV are consistently low across all fiber types. The high R gndilRes reveal a

strong correlation between the proposed equation and the experimental results.

Table4.7 Statistical Parameters for Different Fiber Types

. Fiber Type

Statistical Parameters HE | S C I1pvAal 1Y [PET] PE Total
MAE (%) 7.09| 3.65|2.48| 5.088.40| 1.07| 9.08 | 5.81

R 0.98/0.97]/0.96| 0.91]0.99|1.00| 0.89 | 0.981

R? 0.9710.94|/0.93| 0.83[0.99|1.00| 0.79 | 0.963

STD (%) 8.68| 5.60| 1.97| 6.74|6.43/0.22| 9.91 | 7.70

COV (%) 8.95/5.49|/1.93| 6.81|6.46| 0.22| 10.17| 7.77
Number of specimens| 88 | 23 8 34 | 23 3 5 184

Note: HE: Hooked end steel, S: Straight steel, C: Crimped steel, PVA: Polyvinyl
Alcohol, HY: Hybrid, PET: Polyethylene Terephthalate, PE: Polyethylene fibers.
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4.4  Evaluation of the Proposed EquationAgainst Existing Equations

The proposed FRC joint shear strength equation boasts an exceptionally low average
absolute error of 5.81%. To assess its efficiency and precision, the outcomes from
Eqgn. 4.14 are evaluatadainst existing prediction equations and code requirements.

441 Comparison with Existing Equations

The proposed equation is compared with others, considering the limitations of each
existing prediction equation. Table 4.8 provides the limitations for each existing
prediction equation.

Table4.8 Limitations of Existing FRC Shear Strength Prediction Equations

"R ViRange Type
Researcher ki-Range
(MPa) (%) Fiber Material
Jiuru et al., - 0.50-2.00 HE, S, C SFRC
1992
Gao etal,, - 0.50-2.00 HE, S, C SFRC
2014
Shietal, - 0.50-2.00 HE, S, C SFRC
2021
Lietal, - 0.50-1.50 HE, S, C SFRC
2022
Wang et al., ) . HPSFRC &
2018 0.80-2.00 HE, S, C UHPSFRC
Tingting et al., - 0.50-2.00 PVA PVAHPFRC
2022
Kantekin & | 16.9-107.0 | 0.50-3.50 | 5> G PVA| - FRC&
Burak Bakir, 2024 PE, HY, PET HPFRC

For SFRC specimens, equations by Li et al. (2022), Jiuru et. al. (1992), Shi et al.
(2021), and Gao et al. (2014) are used for comparison. Wang et al. (2018) equation
is compared with both UHPSFRC and high strength SFRC specimens. PVA

specimens are evalga against the equation by Tingting et al. (2022). Kant&kin

Burak Bakir (2023) equation is compared with all specimens except those tested by
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Rao et al. (2020) due to the high fiber volume fraction, as this equation applies to

different fiber types with volume fractions up to @%b.

Table 4.9 provides a comprehensive statistical comparison for 63 normal strength
SFRC joints, comprising 56 exterior and 7 interior subassemblies. The proposed
eqguation yields a mean absolute error of 5.43% for SFRC specimens, with 4.92% for
exterior joins and 9.57% for interior joints, significantly outperforming other
equations. It also demonstrates low STD and COV, indicating minimal dispersion
between experimental and predicted results. The highest R ZawallRs further
confirm the strong correlatidmetween the proposed equation and experimental joint

shear strengths.

Table4.9 Comparisorof SFRC Joints

Proposed Kantekin & Jiuru | Gaoet| Shiet | Liet
Parameter Equation Burak Bakir | etal. al. al. al.

(2024) (1992) | (2014) | (2021) | (2022)

MAE (%) 5.43 11.08 38.77 | 43.84 | 19.97 | 36.17
R 0.983 0.970 0.857 | 0.832 | 0.898 | 0.689

R? 0.967 0.942 0.734 | 0.693 | 0.806 | 0.475
Mean 0.99 1.04 1.35 1.41 0.84 0.70
STD (%) 7.76 12.69 34.32 | 36.45 | 18.64 | 31.15
COV (%) 7.80 12.16 25.42 | 2591 | 22.30 | 44.50

Figure 4.4 illustrates the comparison between the proposed equation and existing
equations for SFRC joints, including 56 exterior and 7 interior subassemblies. The

figure revealsghat Jiuru et al. (1992) and Gao et al. (2014) overestimate experimental

joint shear strengths, as also noted by Zhang et al. (2022). Li et al. (2022) shows
considerable data scatter and provides levgmmd estimations. While Kantek#

Burak Bakir (2024) predictions are the most accurate among existing equations, with
the lowest data dispersion and highest\Rlue, the proposed equation offers

enhanced accuracy.
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The joint shear force comparison of 40 UHPSFRC and high strength SFRC
subassemblies, comprising 16 exterior and 24 interior joints, is illustrated in Figure
4.5 and Table 4.10. The proposed equation accurately predictsstiesath with

an R of 0.959. The proposed equation exhibits the lowest MAE, STD, and COV,
confirming its precision in predicting the shear capacity for both UHPSFRC and high
strength SFRC joints.
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Figure4.5. Comparison of UHPSFRC and HSFRC Joint Shear Strength Predictions
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Table4.10 Comparison of UHPSFRC and HPSFRC Joints

] Kantekin & Wang et al.
Parameter | ProposedEquation Burak Bakir (2024) (2818)
MAE (%) 8.53 13.46 12.78
R 0.979 0.962 0.969
R? 0.959 0.926 0.939
Mean 0.95 1.04 1.01
STD (%) 9.12 17.54 14.75
COV (%) 9.60 16.86 14.60

As mentioned in Chapter 2, most existing joint shear streorgitiiction equations

are restricted to SFRC joints. However, Tingting et al. (2022) developed a parametric
equation to estimate PVAHPFRC joint shear capacity, including transverse beams
and sl ab. pasmmele waenndt dédined in the paper, shear strength
predictions for 6 samples reported in the article are used for comparison, as shown
in Table 4.11. This table indicates that the proposed equation is most accurate when
compared to both Tingting el. and Kantekin and Burak Bakir equations, desp

not including a slab parameter. It is noteworthy that the presence of the floor system
enhances joint confinement and shear capacity, but for simplicity, the slab
contributon is neglected in the developed equation.

Table4.11 Comparison offingting et al. (2022PVAHPFRC Joints

Joint shear force (kN) AE (%)
' Tingting Kantekin Tingting Kantekin,
Specimen . Proposec & Burak | Proposec Burak
Experimenta ; et al., . ; et al., .

Equation Bakir | Equation Bakir

(2022) (2024) (2022) (2024)
F1 557.50 559.00 | 512.50 | 568.10 0.27 8.07 1.90
F2 552.00 559.00 | 514.50 | 568.10 1.27 6.79 2.92
F3 576.00 559.00 | 532.00 | 568.10 2.95 7.64 1.37
F4 579.00 559.00 | 549.50 | 568.10 3.45 5.09 1.88
F5 552.00 559.00 | 529.00 | 568.10 1.27 4.17 2.92
F6 573.50 559.00 | 534.00 | 568.10 2.53 6.89 0.94
MAE: 1.96 6.44 1.99
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Figure 4.6 demonstrates the comparison between the proposed equation and the
Kantekin & Burak Bakir equation (2024), the only twamuations applicable to
various fiber types. However, the Kantekin and Burak Bakir equation is limited to
specimens with fiber volume fractions between 0.50% and 3.50%, while the
proposed equation can be applied up to 10.00%. Since Rao et al. (2020)
subassmblies had Yranging from6.00%to 10.00%, the comparison is conducted

for the remaining 168 specimens. The statistical comparison of these two equations
in Table 4.12 validates the proposed equation, which is simpler and offers improved
accuracy. Additnally, data dispersion is reduced, as evidenced by low STD and
COV values, since the proposed equation accounts for top beam bar anchorage

within the joint core.
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Figure4.6. Comparisorof All Fiber Types

Table4.12 Comparisorof All Fiber Types

Kantekin &
Burak Bakir (2024)
MAE (%) 6.12 11.15

R 0.980 0.957

R? 0.962 0.916

Mean 0.98 1.04
STD (%) 7.99 14.11
COV (%) 8.12 13.62

Parameter ProposedEquation
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4.4.2 Comparison with Design CodeEquations

Currently, there are no design standard requirements for assessing the shear capacity
of FRC beancolumn joints. However, existing standards such as TEC 2018, ACI
31819, and ACI 352R02, which are applicable for reinforced concrete joints, are
evaluated gainst the proposed equation using FRC compressive strength. It should
be noted that those codes do not account for fiber contribution to capacity, therefore,

their accuracy is anticipated to be quite low with a significant data dispersion.

Table 4.13 compares the developed prediction equation and the three aforementioned
building standarddlt is peculiar to observe that the utilization of code equations
leads to higher joint shear strength predictions for most of the subassemblies
although the fiber contribution is not considered.

Table4.13 Comparison Between Design Codes and Proposed Equation

Parameter | Proposed Equation| TEC 2018 | ACI 318-19 | ACI 352R-02
MAE (%) 5.81 25.72 27.95 24.34
R 0.981 0.883 0.924 0.889
R? 0.963 0.780 0.853 0.792
Mean 0.99 1.14 1.22 1.13
STD (%) 7.70 32.96 29.96 31.29
COV (%) 7.77 28.91 24.56 27.96

Figure 4.7 illustrates a comparison of the prediction equation with the standards, as
well as that of the code predictions with each other. From this figure, it can be stated
that the shear strength prediction in such codes cannot be utilized dire¢tigGor

beamcolumn joints, and this supports the need for special requirements for such

joints.
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45 Determination of the FRC Joint Shear Performance Points

Following the development and validation of a parametric equation for predicting
the FRC joint shear strength, additional parametric equations are proposed for four
other performance points on the shear stséissn curve. The compiled database
includes B4 specimens (128 exterior and 56 interior joints), but only 37 specimens
(21 exterior and 16 interior joints) provide the joint shear sstai relationship,

which is utilized in determining the performance points.
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45.1 Definition of Performance Points

Figure 4.8 depicts the performance points on the FRC joint shear-dhaEss

relationship.
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Figure4.8. Performance Points of theRC Shear StresgersusStrain Model

Thec r a c ki n gVvcapmoarksthe onsét of micimrack formation due to applied

shear stress, indicated by a slight slope decrease on the curve, signaling the transition

from |Iinear to nonlinear behwyfeauresa The onse
significant slope reduction compared to the cracking point, indicating increased

plastic deformations and a transition to a nonlinear response with permanent
deformation and inel asti c nxEviad,Wénotes. The pl a
wheremaximum shear stress is first reached and maintained, signifying peak shear

strength. This plateau continues until the termination point, where the joint shear

stress begins to r e dnkke¥exd) highlgbts theendofithe at i on p o |
stable phase with sustained shear stress. Beyond this point, further deformations lead

to degradation of the shear Stika Vi) g t h . The

represents the ultimate shear distortion capacity assumed to be reached when a 30%
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reduction of the joint shear strength is observed. Following the termination of the

plateau, shear stress reduces towards this final point with significant joint shear

distortion indicating progressive strength deterioration.

To obtain the estimations for these performance points, first, the experimental joint

shear stress versus distortion curves are digitized. The digitization process is

performed utilizing a Web Plot Digitizer version §W®eb Plot Digitizer, 2024)

Figure 4.9 depicts the digitization of the performance points on the experimental

shearstressdistortion curve of the PVA4 sample tested by Tingting et. al. (2022)

as an example. It is worth mentioning that if the hysteresis curve is not symmetric in

positive and negative loading directions, the average value for the two loading

directiors is utilized.
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Figure4.9. Definition of Performance Points of Specime# KTingting et al.,

2022)

Tables 4.14 and 4.15 provide tHmitized data for 37 specimens included in the

database in terms of stresses and strains, respectively.
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Table4.14 Digitized Experimentalloint Shear Stress@dnits in MPa)

Researcher Specimen Ver Vin Vmax1 | Vmax2 | Viinal
SF2 0.77 | 254 | 296 | 296 | 1.92
Liu, SF3 092 | 244 | 292 | 292 | 1.96
2006 SF4 1.25] 3.01| 3.15 | 3.15 3.1
SF5 140 ] 261 | 3.11 | 3.11 | 1.86
JNR1-BTR | 2.16 | 5.13 | 5.36 | 5.36 | 4.32
Choi & Bae, JNR2-BTR | 2.23 | 549 | 6.24 | 6.24 5.9
2019 JTR1-BNR | 2.69| 5.11 | 6.35 | 6.35 | 5.31
JTR2-BNR | 2.37 | 6.17 | 6.7 6.70 4.6
EJ2 221|497 | 7.75 | 7.75 | 4.69
EJ3 3.10| 591 | 865 | 865 | 4.15
EJ4 198 | 5.04 | 6.65 | 6.65 | 5.66
Wang et al., EJ5 3.15| 592 | 893 | 893 | 5.60
2018 J1 437 | 7.49| 10.71| 10.71 | 6.90
J2 430 | 791 | 11.72| 11.72 | 6.24
J3 291 6.19| 10.88 | 10.88 | 7.13
J4 3.93| 7.63| 10.83 | 10.83 | 7.07
Han & Lee, HC-JO-U 211 396 | 6.14 | 6.14 | 4.62
2022 HC-JX-U 1.64| 354 | 526 | 526 | 4.29
Zhang et al. IS1 272 | 752 | 893 | 893 | 6.82
2022 IS2 276 | 7.04| 8.02 | 8.02 | 6.46
ParraMontesinos et al. S1 3.30| 655 | 7.30 - -
2005 S2 455|854 | 9.30 | 9.30 | 8.00
Lu & Liang, BC-2 546 | 7.71| 10.08 | 10.08 | 7.30
2020 BC-3 440 | 9.63 | 1052 | 10.52 | 7.18
F-1 459 | 796 | 11.15| 11.15| 7.68
F-2 541 | 8.04| 11.04| 11.04| 7.36
Tingting et al., F-3 4.21|8.85| 1152 | 1152 | 7.10
2022 F-4 4.45| 9.49 | 11.58 | 11.58 | 10.00
F-5 430 | 9.13 | 11.04 | 11.04| 8.15
F-6 398 | 789 | 1147 | 1147 | 7.34
Roéhm et al., SRP6a 163 | 3.12| 461 | 461 -
2012 SR6-3 267 | 522 | 6.69 | 6.69 | 4.59
SEJH1 248 | 5.33| 833 | 833 | 521
Zhang et al. SEJH2 248 | 552 | 8.06 | 8.06 | 5.14
2023 ’ SEJH3 248 | 543 | 7.27 | 7.27 | 4.67
SEJH4 248 | 541 | 6.96 | 6.96 | 4.12
SEJH5 267 | 543 | 6.99 | 6.99 | 4.67
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Table4.15 Digitized Experimentaloint Shear Strain@Jnits in Rad)

Researcher Specimen e Ao | Fote | te | A
SF2 5.69 3.00 4.80 150 8.31
Liu, SF3 8.01 3.00 7.20 210 751
2006 SF4 5.82 2.0 5.30 1.70 3.62
SF5 6.39 2.70 8.70 2.60 6.80
JNR1-BTR 6.79 4.80 8.00 3.20 571
Choi & Bae, JNR2-BTR 11.02 5.3 12.00 3.60 552
2019 JTR1-BNR 23.01 5.9 15.00 421 5.20
JTR-2-BNR 36.03 6.00 8.50 3.69 6.11
EJ2 9.90 2.0 31.07 4.69 550
EJ3 9.49 3.5 12.04 251 5.39
EJ4 6.30 3.80 17.95 3.41 561
Wang et al., EJ5 9.19 4,00 18.98 3.72 541
2018 J1 15.02 5.60 19.00 5.43 15.03
J2 13.04 460 17.6 5.91 14.04
J3 37.01 9.00 30.99 6.62 8.71
J4 15.99 6.80 2202 8.71 16.03
Han & Lee, HC-JO-U 18.02 11.00 26.00 6.69 7.79
2022 HC-JX-U 12.00 7.30 22.00 5.19 7.61
Zhang et al., IS1 49.03 27.00 38.00 4.89 11.03
2022 IS2 33.01 17.00 27.98 7.61 10.01
ParraMontesinos S1 13.02 9.20 15.01 - -
etal., S2 13.02 10.00 30.(0 5.11 8.03
Lu & Liang, BC-2 240.00 | 99.00 | 170.00 | 19.02 30.00
2020 BC-3 93.94 57.00 85.00 13.05 19.01
F-1 210.@@ 57.00 | 130.00 | 15.07 28.03
F-2 140.00 74.00 | 150.00 | 19.09 26.01
Tingting et al., F-3 120.(88 67.00 | 120.00| 16.00 30.06
2022 F-4 179.98 69.00 | 120.00 | 18.04 23.00
F-5 76.02 72.00 | 130.@ 16.01 28.02
F-6 160.00 | 48.00 | 109.99 | 14.00 20.99
R6hm et al., SP6a 22.00 7.70 25.00 6.79 -
2012 SP6-3 28.00 9.50 26.00 8.49 30.00
SEJH1 24.00 14.00 38.00 5.50 10.02
Zhang et al. SEJH2 24.00 14.00 30.00 5.70 11.00
2023 ! SEJH3 24.01 14.00 32.00 4,91 11.00
SEJH4 24.00 14.00 29.00 4.70 10.00
SEJH5 24.@2 15.00 29.00 4.80 10.00
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45.2 Prediction of the Joint Shear StrengthPerformance Points

The stresses at the five performance points caxpeessed as multiples of the joint
shear strength, as given in Table 4.16, which displays the mean and standard
deviation of stress conversion ratios for the critical points, emphasizing the
consistency of these connections. It is worth mentioning that & equivalent to

Vmax, Which is the joint shear strength calculated by Eqr2.4.1

Table4.16 StatisticalMeasuredor theRatiosof Joint Sheabtresses at Critical

Points
Joint Type g;ilg;tzaelr Ver/Vmax1 Vin/Vmax1 Vfinal/Vmax1
Exterior Avg. 0.37 0.82 0.75
STD (%) 6.79 13.16 14.56
Interior Avg. 0.41 0.77 0.71
STD (%) 6.16 9.15 9.06

Based on Table 46] Eqns. 4.15 to 4.18 are recommended as conversion formulae
for the shear stress at different critical points. These proposed conversion equations
apply to both interior and exterior FRC beaoiumn joints.

0 T X0 (4.15)
0 ™ W (4.16)
0 P81 O (4.17)
0 X TO (4.18)
453 Prediction of the Joint Shear Strain Performance Points

Linear correlation equations are not as accurate for the strains, therefore additional
parameters, primarily related to fiber characteristics, are incorporated for distortions.
This result is anticipated, as the deformation capacity of FRC structural mseimbe
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known to be significantly influenced by the key fiber properties such as the volume

fraction, and aspect ratio.

To estimate joint shear strain points, general equations given as Eqgns. 4.19 and 4.20
are proposed to account for the key parameters influencing joint shear deformation.
To enhance the correlation between experimental and predicted values, constants and
powers are adjusted based on the joint type.

I o6 — — YO -— p pTM —_ (4.19)
8
v hQQ— ¢
— . (4.20)
g |IF o
L — hQQ— ¢
w
where,b IS the maximum joint shear stress calculated from Eqgg, @.1 stands

for the composite modulus of elasticity takertag 1 72 (ACI Committee 544,

2018) "Ois the composite shear modulus considered to be ©®.4(Paschalis &
Lampropoulos, 2016)O is the fiber modulus of elasticityy ‘@& the reinforcing
index obtained from Eqn. D1 is the effective joint width calculated by EQ:39

recommended by ACI 35282, Q is the column deptHh, is the gross joint

shear reinforcement ratio calculated from Eqn. 4.4.

The flexural strength ratio significantly affects the connection subassembly
behavior. However, directly calculating the beam and column moment capacities for
inclusion in the prediction equation is impractical. Furthermore, incorporating the
beam longituthal bars as a parameter is not feasible due to their contribution to the

shear demand. Nevertheless, the column longitudinal reinforcement area is included

in Egn. 4.19 through a factor— that accounts for the impact of the applied
8

axial load on the column. It is worth mentioning that the axial load effect is modified
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based on a limiting value of 2 to increase the correlation and reduce the average

absolute errors.

Table 4.17 provides coefficients for exterior and interior joints that are used in Egns.

4.19 and 4.20 to estimate the shear strain at each selected performance point.

Table4.17 CoefficientValuesUtilized in theShearStrainPredictionEquatiors

TS i te Tde % [ IEL
Parameter

Ext. | Int. | Ext. | Int. | Ext. | Int. | Ext. | Int. | Ext. | Int.

Ci1 0.18 | 0.55| 0.05| 0.10 | 0.66| 1.53| 0.42| 1.23| 0.14]| 0.60
C 1.00| 1.00| 0.65| 0.65| 0.70| 0.70| 0.60| 0.60| 0.50| 0.50
Cs 0.00| 0.67| 0.32| 0.23|0.60| 0.80|0.30|0.42| 0.16| 0.26
Ca 0.15| 0.00| 0.00| 0.15|0.00| 0.00| 0.00| 0.00| 0.00| 0.00
Cs 1.7010.48| 0.52| 0.16 | 1.80| 1.59| 0.90| 1.40| 1.45]| 0.97
Cea -0.05| 0.00| -0.40| -0.50| 0.00| 0.00| 0.00| 0.00| 0.00| 0.10
CsB 0.05]0.30| 0.40| 0.50|0.30|0.30| 0.35| 0.20| 0.25] 0.25

45.4 Comparison of Experimental and ProposedPerformance Points

Tables 4.18 and 4.19 present the predicted joint shear stress and strain values for all
performance points at cracking, inelastic, max1, max2finabstages, while Table

4.20 provides the absolute errors at each performance point. Figures 4.10 and 4.11
illustrate the comparison of the predicted and experimental values for each

performance point.

The results reveal a strong correlation between the observed and estimated behaviors,
further confirming the dependability of the proposed model. It is worth noting that
measuring the shear deformations during testing is inherently challenging, which
naturlly leads to a higher expected difference compared to measuring shear stresses.
Despite this, the significant agreement between the experimental and predicted

values strongly supports the effectiveness of the proposed FRC joint model.
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Table4.18 PredictedlointShearStresgs(Units in MPa)

Researcher Specimen Ver Vin Vmax1 Vmax2 Viinal

SF2 0.99| 2.00| 2.66 2.66 1.87

Liu, SF3 1.23]249| 3.31 3.31 2.32

2006 SF4 1.14| 2.32| 3.09 3.09 2.16

SF5 1.16| 2.34| 3.12 3.12 2.19

JNR1-BTR | 2.02| 4.10| 5.46 5.46 3.82

Choi & Bae, IJNR2-BTR | 2.30| 4.65| 6.20 6.20 4.34

2019 JTR1-BNR | 2.19| 4.43| 5.91 5.91 4.14

JTR2-BNR | 2.62| 5.31| 7.08 7.08 4.96

EJ}2 3.14| 6.37| 8.50 8.50 5.95

EJ}3 3.30| 6.70| 8.93 8.93 6.25

E}4 261|528 7.04 7.04 4.93

Wang et al., EJ5 2.74| 555| 7.40 7.40 5.18

2018 J1 3.78| 7.66| 10.22 | 10.22 7.15

J2 3.93| 796| 10.62 | 10.62 7.43

J3 3.73| 7.56| 10.08 | 10.08 7.05

J4 3.88| 7.87| 10.50 | 10.50 7.35

Han & Lee, HC-JO-U 2.15| 4.35| 5.80 5.80 4.06

2022 HC-JX-U 2.00| 4.05| 541 5.41 3.78

Zhang et al., IS1 2.67|5.42| 7.22 7.22 5.05

2022 IS2 267|542 7.22 7.22 5.05

ParraMontesinos et al., S1 3.14| 6.37| 8.49 8.49 5.94

2005 S2 3.23| 6.54| 8.72 8.72 6.11

Lu & Liang, BC-2 3.82| 7.75| 10.33 | 10.33 7.23

2020 BC-3 3.82| 7.75| 10.33 | 10.33 7.23

F-1 4141839 11.18 | 11.18 7.83

F-2 4141839 11.18 | 11.18 7.83

Tingting et al., F-3 414)1839| 11.18 | 11.18 | 7.83

2022 F-4 414)8.39| 11.18 | 11.18 7.83

F-5 414 8.39| 11.18 11.18 7.83

F-6 4,141 8.39| 11.18 | 11.18 7.83

Rohm et al., SR6a 142 2.87| 3.83 3.83 2.68

2012 SR6-3 2.44| 494| 6.59 6.59 4.61

SEJH1 2.21|4.49| 5.98 5.98 4.19

SEJH2 2.21|4.49| 5.98 5.98 4.19

Zhang et al., SEJH3 | 221|449 598 | 598 | 4.19
2023

SEJH4 2.21| 4.49| 5.98 5.98 4.19

SEJH5 2.21| 4.49| 5.98 5.98 4.19
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Table4.19 Predicted Joint Shear StraifuUnits in Rad)

Researcher Specimen | > | o | Fte [ Hte A -4
SF2 50 | 2.80 | 511 | 1.9 | 3.7

Liu, SF3 720 | 330 | 591 | 210 | 42
2006 SF4 650 | 250 | 53 | 1.71 | 3.7
SF5 65 | 250 | 53 | 1.71 | 3.7

IJNRL1BTR| 6.60 | 48 | 9.0 | 3.0 | 5.10

Choi & Bae, IJNR2BTR| 9.5 | 540 | 1001 | 3.30 | 5.6l
2019 JTRIBNR| 239 | 58 | 9.60 | 321 | 5
JTR2BNR | 3.60 | 6.81 | 11.01 | 3.70 | 6.00

EJ2 920 | 342 | 1200| 37 | 57

EJ3 9.70 | 2.90 | 12.00 | 380 | 5.

EJ4 720 | 3.8 | 1003 | 331 | 5.2

Wang et al., EJ5S 849 | 3.8 | 11.02 | 341 | 5.4
2018 1 12.01 | 570 | 17.00 | 590 | 14.00
32 12.00 | 471 | 18.03| 610 | 15.01

33 16.01 | 7.30 | 22.00 | 640 | 15.01

T4 16.99 | 6.10 | 22.00 | 6.60 | 16.00

Han & Lee, HC-JOU | 18.01 | 11.01 | 26.01 | 591 | 7.82
2022 HC-JX-U | 13.00 | 9.9 | 25.02 | 570 | 7.50
Zhang et al., 1S1 33.02 | 17.00 | 30.00 | 5.70 | 10.00
2022 1S2 33.00 | 17.00 | 30.00 | 5.70 | 10.00
ParraMontesinos edl., S1 12.03 9.20 15.01 | 4.70 7.79
2005 S2 13.00 | 972 | 15.01 | 491 | 801
Lu & Liang, BC2 | 131.00| 81.00 | 130.00| 16.01 | 27.01
2020 BC3 | 110.00| 65.00 | 110.03| 15.01 | 24.02
F-1 120.00| 45.00 | 120.00| 15.00 | 26.00

F-2 120.00| 44.03 | 120.00| 15.00 | 26.00

Tingting et al., F-3 120.00| 67.00 | 120.00| 16.02 | 24.02
2022 F-4 120.00| 64.01 | 120.00| 15.00 | 24.02
F-5 103.00| 76.00 | 130.00| 16.00 | 26.00

F-6 120.00| 67.00 | 120.00| 16.00 | 24.02

Rohm et al., SR6a | 21.00 | 7.90 | 22.00 | 6.41 | 21.00
2012 SR6-3 | 25.00 | 930 | 24.01 | 821 | 29.00
SEJHL | 26.00 | 16.01 | 32.02 | 510 | 9.40

SEJH2 | 26.00 | 16.01 | 32.02 | 510 | 9.40

Zhaggzest al., SEJH3 | 26.00 | 16.01 | 32.02 | 5.10 | 9.40
SEJH4 | 26.00 | 16.01 | 32.02 | 5.10 | 9.40

SEJH5 | 26.00 | 16.01 | 32.02 | 5.10 | 9.40
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Table4.20 Errors in Predicted Joint Shear Stresses and Strains at Performance

Points

Stress Predictiong%) Strain Predictions (%)

Point
o Ext. Int. Overall Ext. Int. Overall

Cracking 16.55| 11.60| 13.74 | 8.37 | 20.10 15.03

Inelastic 13.07| 12.05| 12.49 | 11.25| 13.48 12.52

Max1 6.46 | 9.17 8.00 21.31 | 12.21 16.15

Max2 6.46 | 8.81 .77 13.59 | 10.15 11.68

Final 17.26] 10.60| 13.45 | 14.63 | 11.58 12.89

12 12
R?=10.834

R>=0.833

Predicted Cracking Stress (MPa)
N

Predicted Inelastic Stress (MPa)
[@)

0 T T T O T T T
0 3 6 9 12 0 3 6 9 12

Experimental Cracking Stress (MPa) Experimental Inelastic Stress (MPa)

12 12
R*=10.922 R2=0.773

Predicted Max Stress (MPa)
N

Predicted Final Stress (MPa)
N
>
>
>

0 T T T O T T T
0 3 6 9 12 0 3 6 9 12

Experimental Max Stress (MPa) Experimental Final Stress (MPa)

Figure4.10. Comparison of Predicted aBckperimental Shear Stresses
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Figure4.11. Comparison of Predicted aBoperimental Shedtrairs
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455 Comparison of Experimental and Predicted Joint Shear Behavior

As a preliminary validation, the precision of the proposed model is examined through
graphical comparisons between the experimental and predicted resiilts.
subassemblies with Polyvinyl Alcohol (PVA), Polyethylene (PE), and hooked end

steel (HE) fibers are included in this comparison.

Figure 4.12 compares the experimental and predicted joint shear behaviors of
PVAHPFRC specimens tested by Tingting et al. (2022). It can be observed that the
predicted values exhibit a rational agreement with the experimental data up to the

final point defnition of 70% of the joint shear strength.
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Experimental Experimental
2 —e—Predicted | 12 —e— Predicted 7
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8
@ 0
3
»-4
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=8 ;
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12 —e— Predicted

-0.04 -0.02 0.00 0.02 0.04
Joint Shear Strain (rad)

Figure4.12. Comparison of Predicted and Experimental Data for Specimens of
Tingting et al. (2022)

103



Figure 4.13 compares the joint shear behavior of the ECC specimen labeled S2 that
has PE fibers tested by Paimntesinos et al. (2005). A strong correlation exists

between thexperimental and predicted outcomes.

12

oo
!

N
4

o
e

Joint Shear Stress (MPa)
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1
[00]
!

—EExperinﬁental
—e—Predicted

-0.020 -0.015 -0.010 -0.005 0.000 0.005 0.010 0.015 0.020

Joint Shear Strain (rad)
Figure4.13. Comparison of Predicted and Experimental Data for S2 tested by

ParraMontesinos et al. (2005)

Figure 4.14 compares the shear behavior of the specimen labeled -3s BC
constructed from PVA fibers tested by RuLiang (2020). This figure illustrates
high correlation and adequate prediction, although this specimen had a slab framing

into the joint.

104



-

(=)

Joint Shear Stress (MPa)
IS

[}
o0

—8—Predicted

-12
-0.04 -003 -002 -001 000 001 0.02 0.03 0.04
Joint Shear Strain (rad)

Figure4.14. Comparison of Predicted and Experimental Data forZB€sted by
Lu & Liang (2020)

Figure 4.15 depicts a comparison of the UHPSFRC joint shear behavior with hooked
end fibers tested by Wang et al. (2018). The results yield a strong correlation between
the experimental data and the predicted outcomes, indicating a good agreement

betweenhe two.
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CHAPTER 5

ANALYTICAL VERIFICATION OF THE JOINT MODEL

51 Overview

The preceding chapter introduced the developed analytical model for predicting the
shear behavior of FRC bearnlumn joints under reversed cyclic loading. This
chapter incorporates the developed model into SAPZ@XP2000, 2024)a
nonlinear analysis software, using the lunypéasticity approach to validate the
joint nonlinear behavior by comparirig with the experimental data from prior
research studies. Analytical models of beastumn connection subassemblies are
generated, facilitating a comparison between the analytical results and experimental
outcomes to confirm the precision of the developéat jmodel.

In essence, this chapter offers a thorough overview of the modeling process, utilized

data, and the verification results.

5.2  Description of Elements and Modeling Process

Beams and columns are idealized as 1D line elements, with the joint represented as
a link connecting these elements. Cyclic loading histories are applied following the
experimental loading protocol. Figure 5.1 illustrates a sample exteriort@amn
conrection subassembly tested by CRoBae (2019).

The following subsections elaborate on the modeling process and provide a

comprehensive description of the various elements utilized in modeling.
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Figureb.1. Test Setup for Bear@olumn ConnectioffChoi & Bae, 2019)

5.2.1 Modeling of BeamColumn Connections

As demonstrated in Figure 5.2, the beamtumn connection is represented using 1D
line elements for the beams and columns, while the joint region is defined as a panel
zone. The lumpeglasticity method is employed, concentrating the nonlinear
properties bbeams and columns at their interface with the joint using-leegth
rotational springs. The remaining portions of the line elements are defined as linear
elastic elements with reduced stiffness properties to reflect the characteristics of

cracked seatins that occur under significant earthquat@uced deformations.
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@ Panel Zone Spring

@ Beam/Column Springs

Beam/Column Elastic Segments

) Beam/Column Rigid End Zones

Figure5.2. BeamColumn Connection Modeling Approach

5.2.2 Definition of Elastic Segments

In SAP 2000, the sectional dimensions and material properties are required for the
modeling process. The FRC modulus of elasti@tyis defined as Eqn. 5.1 based

on the requirements of ACI 318 and ACI 544.4R.8.

0O TxTm fgn (5.1)

Figure 5.3 illustrates the sample definition of HPFRC material properties. It is
essential to note that the steel material is assumed to be-pkx$tictly plastic to be

conservative.
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Figure5.3. Sample Definition of HPFR@Jnits in MPa)

5.2.3 Moment-Rotation Response

After defining the FRC material properties under both uniaxial compression and
tension, the section designer within the software is employed to construct the

momentcurvature relationships for beams and columrdepsctedn Figure 5.4.
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Figure5.4. Sample Momen€Curvature RelationshifJnits in kN.m)

Curvature values are then converted to rotations by multiplying them with the plastic
hinge length, deriving the moment vs. rotation relationship. AC1318efines the
plastic hinge as the portion of the frame element where flexural yielding is expected
due to seismic deformations, @pictedn Figure 5.5. This portion should extend at
least a distance equal to the member depth (h) from the initiation point of flexural
yielding. Consequently, the plastic hinge length is specified as the member depth (h)

for both beams and columns.

Critical section
/ Plastic hinge region

- |
h

Figureb.5. Definition of the Plastic Hinge Leng{ACl Committee 318, 2019)
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524 Stiffness Modifiers

The effective stiffness of cracked sections in the elastic segments of beams and
columnsis determined following the TEC 2018, ACI 318, and ASCE 423 code
requirements provided in Table 5.1. A parametric study is carried out to identify the

most appropriate values based on these design codes.

The results from each standard are compared usingldBIRR and JTR2-BNR
specimens, which were tested by CRoBae (2019). These specimens are selected
due to the high accuracy of the proposed joint model when compared to the
experimental outcomes. Figgrg.6 and 5.7 present the outcomes of the parametric
study for various effective stiffness values. The data indicates that the ASEE 41
linear analysis values closely match the experimental results, while the nonlinear
analysis values show a more flexilvesponse in the ascending portion. The TEC
2018 and ACI 3189 values demonstrate a stiffer behavior. Consetly, the
ASCE 4123 effective stiffness definitions for linear analysis are chosen for joint
model analysis and validation.

It is worth mentioning that both the linear and nonlinear analyses used the same

effective stiffness values for cracked sections as specified in ASGE7 41

(ASCE/SEI 41 Committee, 2017However, these values are applicable to linear

analysis in the latest version of this stand@k&CE/SEIl 41 Committee, 2023)

Additionally, prior studies performing nonlinear analyses utilized linear stiffness

modifiers of ACI 318Akin, 2024; Burak, 2010; Shin & LaFave, 2004; Suryanto et

al., 2022; Unal & Burak, 2013pnd ASCE 41 Ak i n, 2011;,andaj mur , 20

obtained accurate estimations of the structural and member response.
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Tableb.1 Effective Stiffness Values

TEC 2018 &
ACI 318-19 ASCE 4123
Analysis Type | Member and Condition ]
Rigidity
Flexural | Shear | Flexural | Shear
Beams 0.35 1.00 0.30 0.40
Columns with (n)
0.70 1.00 0.30 0.40
Linear 10%
Columns with (n)
0.70 1.00 0.70 0.40
50%
Beams - - 0.20 0.40
Columns with (n)
- - 0.20 0.40
Nonlinear 10%
Columns with (n)
- - 0.70 0.40
50%
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5.25 Rigid End Zones

The end zones of members within the joint are idealized as rigid ends, with a rigidity
factor of 1.0, to focus on the response within the panel zone. To evaluate the
nonlinear response of the joint with reduced member rigidity and investigate the need
for a joint model, two other models are created without a joint model. One of the two

models not including the panel zone has a rigidity factor of 1.0, representing a rigid
joint, while the other has a factor of 0.5, denoting segml joints.
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5.2.6 Joint Panel Zones

In the software, the "Panel Zone" within the link element is utilized for joints where
beams and columns connect. The behavior of the joint is defined using a nonlinear
rotational spring known as the panel zone. This spring connects two nodes at the
joint. Each node is used to link the longitudinal members oriented in one principal

direction, either for the columns or the beams.

When defining the panel zone, the moment transferred through the joint rotational
spring O ) vs. the deformation relationship should be defined as the joint moment

vs. shear strain response. This requires converting the proposed joint shear stress
values into joint moments. To accomplish this, a moment armm(ist be identified,

as outlined in Eqn. 5.2. Since the software provides no recommendations for the
moment arm, a parametric study is carried out to determine the arm that accurately

estimates the structural response observed in the experiments.
0 DoQ® (5.2)

Three moment arm alternatives are evaluated: beam degptbffactive beam depth

(d"), and the distance between the centroids of the outermost tension and compression
reinforcement (d"). Figure 5.8 compares the results for each definitioerobment

arm using the JTR-BNR specimen. The figure reveals that using (d") as the
moment arm yields lower analytical lateral loads than experimental values while
using beam depth results in higher predictions. The effective beam depth produces a
reasonale agrement between analytical and experimental values and is thus
selected as the moment arm for this analytical study. The selection of the effective
beam depth as the moment arm is also verified in a prior analytical @uay

2024)
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TheAi Pi vot Hysteresis Model 0 is used to def
subassemblies as verified by a prior st(#lyin, 2024) This selection is made after
comparing analytical results with experimental ones ufiegi Tak eda Model , ©
highlighted in Figures 5.9 and 5.1Two key parameters characterize the pivot

model . The f i whih primadleinfloencesdthe ardoadihg stiffness,
represents the point where the initial cracked stiffness intersects with the unloading
stiffness when both are extended into the opposite quadrant. The second parameter,

b which ranges from 0.0 to 1.Mdicates the intersection of thead-displacement

path with the initial cracked stiffness and affects the degree of pinching.
Additionally, a third parameteh, controls the degradation level of elastic slopes

following plastic deformation, with values also ranging from 0.0 to 1.0. In the
conducted analyses, U is set to 10, whil
are chosen based on a comparison betvaeatytical and experimental outcomes

which was alsorecommendedn a prior analytical study (Akin, 2024), and

correspond to thdefault settings in the software as demonstrated in Figure 5.11.
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Hysteresis Type And Parameters
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To verify the accuracy of the proposed nonlinear joint mat2gpecimens from

four studies are select¢@hoi & Bae, 2019; Han & Lee, 2022; Liu, 20065Hn et

al., 2012) The selected specimens cover various fiber types, including HE, hybrid,
and PVA. Cyclic displacements are applied laterally similar to the loading protocol
in the experimental studies. The lateral displacement is implemented through a time
history functon, converting displacement versus number of cycles to displacement
versus time. Figure 52ldemonstrates the definition of a reversed cyclic deformation

time history function for all specimens tested by Ghddae (2019).
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Figure5.12. Sample Reversed Cyclic Deformation Function

5.4 Definition of Load Cases

For each model, a unit deformation is assigned to the beam tip or column top
depending on the test setup. This deformation is then multiplied by a predefined time
history function to generate a nonlinear time history load case for the analysis, the
resultsof which are recorded incrementally. To accurately replicate the experiments,

a nonlinear static load case is first performed, applying dead loads. Subsequently,

the reversed cyclic displacement history is imposed on the connection subassembly.

5.5 Comparison of Results

The comparison of experimental findings with the analytical results obtained from
the nonlinear analyses conducted using SAP2000 soft{&&e2000, 2024}0
validate the developed nonlinear joint model is discussed in this section. The
comparison includes the relationships between the lateral force and displacement for
each specimen to monitor the overall behavior of the subassemblies. Furthermore,
the reldionship between joint shear stress and shear distortion response, which

reflects the seismic response of the joints, is emphasized. Notably, none of the
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experimental studies provided momeatation response for the members
connected at the joints. However, the mometation response of beams from six
additional ECC subassemblies tested by Said (2016), which were constructed using
PVA and PE fibers, are compared with the analytical results. This compsesks

to evaluate how including the joint model in the analyses affects the response of the
members when applied to specimens not included in the database used to develop
the joint shear strestistorion model. As a result, a total &8 specimens are used

to verify the proposed FRC joint model.

5.5.1 Specimens of Choi and Bae (2019)

The study conducted by Ch&i Bae (2019) is one of the important sources in the
verification process since it offers comprehensive fiber volume fractions and joint
shear reinforcement ratios while maintaining a constant column axial load level at
10.0%.

Specimen JTR-BNR

JTR-1-BNR has a HE fiber volume fraction of 1.0% and a gross joint shear
reinforcement ratio of 0.986% (6013). Figure®shows the relationship between

the lateral load and displacement of the beam tip from analytical and experimental
results. It reveals a strong correlation between the two sets of results. The predicted
peak load is 107.26 kN, which correlates well with ¢éixperimental results of 108.88

kN in the positive direction and 100.09 kN in the negative direction.

Figure 5.8 presents a comparison of joint shear stress versus shear strain obtained
from analytical and experimental results. The analytical model successfully predicts
the response of the joint under reversed cyclic deformations. The predicted joint
shear capacitys 6.35 MPa, which is slightly higher than the observed outcome of
5.98 MPa. Additionally, the maximum analytical strain is 0.016 radians, which falls
between the experimental strains of 0.020 radians for positive loading and 0.013

radians for egative loading directions.
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Specimen JTR-BNR

JTR-2-BNR has a 2.0% HHber volume fraction with a 0.986% gross joint shear
reinforcement ratio (613). The results presented in Figure deinonstrate a
significant correlation between the analytical and the experimental outcomes. The
peak load is predicted to be 114.72 kN, which closely aligns with the experimental
results of 114.19 kN in the positive direction and 100.42 kN in the neglitaation.

Figure 5.5 compares the joint shear stress and shear distortion. The analytical model
represents the behavior of the joint, with a predicted shear strength of 7.08 MPa over
the observed value of 6.87 MPa. The nonlinear model accurately predicts the shear
stress verss strain response, with a maximum analytical strain of 0.0081 radians

compared with the experimental strains of 0.0077 radians and 0.0063 radians for

positive and negative loading directions, respectively.
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Specimen JNR-BTR

JNR-1-BTR contains a 1.0% volume fraction of HE fibers and has no joint shear
reinforcement. Figure 571 depicts the relationship between lateral load and
displacement, comparing analytical and experimental results. There is a reasonable
agreement between the two sets of results. The predicted peak BAT4KN;
whereas, the experimental results were 91.93 kN in the positive direction and 103.58

kN in the negative direction.

Figure 5.B compares the joint shear stress and shear distortion. The analytical joint
shear strength is 5.89 MPa slightly over the observed value of 5.85 MPa. The
maximum analytical strain of 0.0133 radians, aligns with the experimental strains of
0.0147 radians an®.004 radians for positive and negative loading directions,

respectively.
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Specimen JNR2-BTR

JNR-2-BTR containsa 2.0% volume fraction of HE fibers and lacks joint shear
reinforcement. Figure 591 demonstrates the comparison of lateral load vs.
displacement relationships There is a good agreement between the analytical and
experimental outcomes. The predicted peak 1088.63kN; while the experimental
results showed 106.89 kN in the positive direction and 99.49 kN in the negative
direction.

Figure 520 compares the joint shear stress versus shear distortion outcomes. The
analytical joint shear strength is 6.20 MPa, which is nearly identical to the observed
strength of 6.24 MPa. The maximum analytical strain is 0.0079 radians, while the
experimental stias are 0.0069 radians for positive loading and 0.0028 radians for
negative loading. Additionally, the model has a stiffer response compared to the

experimental results.
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5.5.2 Specimens oR6hm et al. (2012)

Rohm et al. (2012) conducted experiments Drexterior subassemblies that
incorporated 1.0% HE and 0.5% straight steel fibers to form 1.5% hybrid fibers. The
hybrid fibers were employed within the joint core and the beam plastic hinge region.
The only difference between the two specimens lay in jineirshear reinforcement
ratios. The first specimen (SF&) had a single mipbint shear reinforcement @10)

with a gross transverse reinforcement ratio of 0.109%, while the second specimen
(SP-6-3) lacked joint shear reinforcement. It is worth mentigrthat a finite element
study using ATENA software was conducted to compare the joint shear force versus

shear distortion response.
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SpecimerSP-6a

Figure 5.2 illustrates the relationship between the lateral load and displacement,
comparing analytical and experimental results. The predicted peak R2@&xN;
whereas, the experimental results showpdak of 93.75 kN in the positive loading
direction and geak of 127.50 kN in the negative loading directidrcan be seen
that the model adequately captures the pinching.

Figure 5.2 compares the experimental and analytical outcomes of joint shear force
versus deformation. The experimental outcome is 400 kN in the positive loading
direction, while itis 535.70 kN in the negative loading direcfidre analytical result

is 432.0 kN. The maximum joint distortion is predicted to be 0.022 radians,
compared to the experimental values of 0.020 radians in the positive loading

direction and 0.014 radians in the negative loading direction.
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SpecimerSP-6-3

Figure5.23 illustrates the lateral load versus displacement comparison f6¢r35P
The predicted peak load is estimated tolt&.73kN, while experimentally, it is
130.00 kN in the positive direction and 150.00 kN in the negative direction. Overall,

the model satisfactorilgnd conservativelpredicts the behavior.

Figure 5.2 depicts, with high accuracy, the relationship between the joint shear
force and shear distortion. The predicted joint shear force is 594.00 kN compared
with 569.00 kN in the positive loading direction and 650.00 kN in the negative
loading direction. The nedicted maximum joint strain is 0.035 for both loading
directions. In contrast, the observed values were 0.030 for the positive loading

direction and 0.025 for the negative loading direction.
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5.5.3 Specimens of Han and Lee (2022)

Han& Lee (2022) conducted an experimental study to explore the seismic response
of 2 exterior subassemblies that included-otiplane beams framing into the joint
underunidirectional cyclic displacement. The specimens had a volume fraction of
2.12% PVA fibers. All subassemblies were subjected to a constant axial load level
of 20.0%. The key difference between the two subassemblies was the shear
reinforcement ratio in the joint. The first specimen,-HCU, had a gross shear
reinforcement ratio of 0.133% @.0), while the second specimen, H&-U, did

not contain any shear reinforcement.

Specimen HEJO-U

The lateral load prediction for HO@O-U is 61.98kN, which is quite accurate when
compared to the measured values of 60.70 kN and 76.50 kN for the positive and
negative loading directions, respectively. Additionally, both the initial rigidity and
the pinching effect are predicted with significant accyras illustrated in Figure

5.25.

Furthermore, the model satisfactorily predicted the joint shear stress vs. distortion
response, as depicted in Figuretb Phe predicted normalized shear strength is 8.68,
compared to the observed values of 8.26 and 10.22 in both loading directions. The
maximum analytical strain is 0.0096 radians, while the experimental strains are
0.0066 radians for positive loading and @8O radians for negative loading. In

conclusion, the overall behavior of the subassembly has been estimated adequately.
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Specimen HEIX-U

HC-JX-U, similar to the first specimen, shows a fairly accurate prediction of the
lateral load 060.84kN, which is close to the experimental values of 57.10 kN for

positive loading and 68.10 kN for negative loading directions. While the initial
stiffness is accurately predicted in the positive loading direction, it exhibits more
flexibility in the negatie loading direction compared to the experimental data, as
depicted in Figure 52 This figure illustrates that the pinching effect has been

effectively captured.

From Figure 5.8, it is evident that the analytical model adequately captured the joint
behavior. The predicted normalized shear strength is 8.28, compared to the observed
values of 8.05 and 8.60 in both loading directions. The maximum analytical strain is
0.017 radianswhile the experimental strains are 0.01 radians for positive loading
and 0.0018 radians for negative loading. To sum up, the overall behavior of the

subassembly has been estimated successfully.

90 N i o = » 1 1 ) 1
— Analytical
— Experimental s AT
V' —38kN 0.8V
20
<
©
® 7
So - A
) 9 = ..) 9%
m s
=30
60 =t :",/"‘ Pl EES AT TS P S5 S S5
V' =-60kN
’ - )8./ l\'z\/’
_90 ! : | A ! A L | L !

8 6 -4 -2 0 2 4 6 8
Drift (%)

Figure5.27. Specimen HEJX-U Lateral LoadversusDrift Comparison

133



10.5

—Analytié:al

—— Experimental
75 | —_oxpenmemal —

4.5

v, [ Ay ()02

-0.02 -0.01 0 0.01 0.02
Joint Shear Strain (rad)

Figure5.28. Specimen HEIX-U Normalized Joint Shear StregsrsusJoint Shear

Strain Comparison

554 Specimens otLiu (2006)

Liu (2006) conducted a series of experiments 4rexterior beartolumn
connections made with HE fibers. The specimens vary primarily due to the
differences in fiber volume fractions (1.0% and 2.0%), gross joint shear
reinforcement ratios (no shear reinforcement and with a single @@midstirrup),
apdication regions of SFRC, and axial load level.

Specimen SF2

The first specimen in the series employed 1.0% SFRC within the joint and the beam
and column plastic hinge regions. This specimen lacked the joint shear reinforcement

and was tested under a constant axial load levelD&$.8
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Figure 5.3 illustrates the relationship between the lateral force and displacement,
comparing analytical and experimental results. The predicted peak loa80&R3.
however, the experimental results indicated a slightly higher peak of 25.94 kN in the
positive loading direction and 23.77 kN in the negative loading direction. Itis evident
that the model effectively captures the pinching effect and the overaitusal

response.

The predicted joint shear strength is accurately matched with the observed in the
experimental study, as shown in Figur8®.The experimental outcome measured
2.93 MPa and 2.65 MPa in two loading directions, while the analytical result is 2.66
MPa. The maximum joint strain is predicted to be 0.011 radians, compared to the
experimental values of 0.01 radians in the positivelifga direction and 0.009

radians in the negative loading direction.

28
24
20
16
12

Lateral Force (kN)
o A O~ ©

-12
-16
-20
-24

-28
-80 -60 -40 -20 0 20 40 60 80

Top Displacement (mm)

—— Analytical

— Experimental

Figure5.29. SpecimerSF2LateralForceversusLateralDisplacement Comparison

135

















































































































































































































































































































































































































































































