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ABSTRACT 

 

NONLINEAR BEHAVIOR OF FIBER REINFORCED CONCRETE BEAM -

COLUMN CONNECTIONS UNDER SEISMIC LOADING  

 

 

 

Fares, Anas M. H. 

Doctor of Philosophy, Civil Engineering 

Supervisor: Assoc. Prof. Dr. Burcu Burak Bakēr 

 

 

 

January 2025, 290 pages 

 

In moment-resisting frame structures, beam-column connections are susceptible to 

sudden failure due to extreme loading conditions. To prevent sudden collapse, it is 

imperative to address factors influencing the connection behavior such as joint shear 

strength and ductility. Various methods have been implemented to enhance these 

properties and to improve the Reinforced Concrete (RC) joint response. The use 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 beam-column joints, utilizing the 

experimental results obtained from prior research studies. Furthermore, a nonlinear 

model that predicts the joint shear stress-deformation response is developed and 

validated utilizing nonlinear analysis in SAP2000. Additionally, 3D nonlinear finite 

element analysis is employed in ABAQUS to examine steel fiber reinforced concrete 

(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 conducted 

to investigate the seismic behavior of exterior SFRC beam-column connections, 
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focusing on the impact of column axial load ratio, fiber volume fraction, and joint 

reinforcement ratio. The proposed joint model yields a more accurate structural 

response, particularly compared to rigid or semi-rigid joint assumptions.  

Furthermore, considering FRC as a homogeneous material in ABAQUS utilizing the 

Concrete Damage Plasticity model proves to be efficient. 

 

Keywords: Beam-Column Connection, Fiber Reinforced Concrete (FRC), Joint Shear 

Strength, Shear Strain, Finite Element Analysis 
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ÖZ 

 

LĶFLĶ BETON ĶLE ¦RETĶLEN KOLON-KĶRĶķ BĶRLEķĶM 

B¥LGELERĶNĶN DEPREM Y¦KLERĶ ALTINDA DOĴRUSAL 

OLMAYAN DAVRANIķI 

 

 

 

Fares, Anas M. H. 

Doktora, Ķnĸaat M¿hendisliĵi 

Tez Yöneticisi: Doç. Dr. Burcu Burak Bakēr 

 

 

 

Ocak 2025, 290 sayfa 

 

Moment dayanēmlē ­er­eve yapēlarda, kolon-kiriĸ birleĸim bºlgeleri y¿kleme 

koĸullarēndan dolayē ani gº­meye maruz kalabilir. Ani gº­meyi ºnlemek i­in d¿ĵ¿m 

noktasēnēn kesme dayanēmē ve süneklik gibi birleĸim bºlgelerinin davranēĸēnē 

etkileyen faktºrlerin gºz ºn¿nde bulundurulmasē zorunludur. Bu ºzellikleri 

geliĸtirmek ve betonarme birleĸim bºlgelerinin davranēĸēnē iyileĸtirmek i­in ­eĸitli 

yºntemler uygulanabilir. D¿ĵ¿m noktasēnda ve bu noktada kesiĸen yapēsal 

elemanlarēn plastik mafsal bºlgelerinde Lif Takviyeli Beton (FRC) kullanēlmasē 

yapēsal g¿­lendirme ve betonarme birleĸim bºlgelerinin performansēnēn 

iyileĸtirilmesinde tercih edilen yºntemlerden birisidir. Bu ­alēĸma, ºnceki 

araĸtērmalardan elde edilen deneysel sonu­larē irdeleyerek FRC kolon-kiriĸ d¿ĵ¿m 

noktalarēnēn kesme dayanēmlarēnē tahmin eden parametrik bir denklem geliĸtirmeyi 

ama­lamaktadēr. Ayrēca, kayma gerilmesi-deformasyon iliĸkisini tanēmlayan 

doĵrusal olmayan bir model geliĸtirilmiĸ ve bu model SAP2000 yazēlēmēndaki 

doĵrusal olmayan analiz yºntemi kullanēlarak doĵrulanmēĸtēr. Buna ek olarak, 

parametrik ­alēĸmalar i­in en uygun malzeme modellerini belirlemek amacēyla ­elik 
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lif takviyeli beton (SFRC) malzemesinin basēn­ ve ­ekme davranēĸēnē incelemek i­in 

ABAQUS yazēlēmēnda 3 boyutlu doĵrusal olmayan sonlu elemanlar analizi 

kullanēlmēĸtēr. SFRC kiriĸler ve SFRC-betonarme hibrit kiriĸlerin davranēĸē 

irdelenerek en uygun malzeme modelleri se­ilmiĸ, bu modeller kullanēlarak hem 

kiriĸler hem de kuĸatēlmamēĸ SFRC kolon-kiriĸ baĵlantē bºlgelerinin deprem y¿k¿ 

altēndaki davranēĸlarēnē araĸtēran parametrik ­alēĸmalar yapēlmēĸtēr. Geliĸtirilen 

d¿ĵ¿m noktasē modeli, ºzellikle rijit veya yarē-rijit d¿ĵ¿m noktasē varsayēmlarēyla 

karĸēlaĸtērēldēĵēnda yapēsal davranēĸēn daha ger­ek­i bir ĸekilde elde edilmesini 

saĵlamaktadēr. Sonlu elemanlar analizinde lif takviyeli betonun homojen bir 

malzeme olarak tanēmlandēĵē Beton Hasar Plastisite Modeli kullanēmē da doĵruluĵu 

y¿ksek sonu­lara ulaĸēlmasēnē saĵlamēĸtēr.   

 

Anahtar Kelimeler: Kiriĸ-Kolon Birleĸim Bºlgesi, Lifli Beton, D¿ĵ¿m Noktasē 

Kesme Mukavemeti, Kesme Birim Uzamasē, Sonlu Elemanlar Analizi   
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CHAPTER 1  

1 INTRODUCTION   

1.1 General 

The section of the column that lies within the depth of the deepest beam that frames 

into the column refers to the beam-column joint (ACI-ASCE Committee 352, 2002). 

During earthquakes, these joints 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 requirements to boost the seismic performance 

of beam-column connections. The "strong column-weak 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. Another requirement 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 adoption of tightly spaced transverse reinforcement within 

the joint area, which occasionally results in reinforcement congestion. 

Design codes also provide simplified equations 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 concrete. However, 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. 
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To minimize reinforcement congestion and enhance the seismic performance of 

beam-column connection subassemblies, utilizing composite materials with high 

ductility, energy dissipation capacity, and strain hardening response has been 

proposed. Fiber Reinforced Concrete (FRC) has been experimentally proven to 

improve the seismic behavior of beam-column connections. Despite the positive 

results from experimental and analytical studies, current design codes do not 

incorporate recommendations for FRC joint design. This 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 beam-column joints with the 

aim of developing a reliable and dependable analytical model for predicting the 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 connection subassemblies. In essence, this thesis aims to lay a solid 

foundation for improving the comprehension of FRC beam-column joint behavior, 

thereby significantly contributing to the current body of knowledge in this field. 

This research encompasses compiling and examining diverse experimental data from 

prior studies. An extensive literature review is carried out in 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 experimental outcomes. Particular 

attention is given to studies that offer a significant understanding of the relationships 

between shear stress and distortion in FRC joints, ensuring a thorough analysis.  

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

developed using the constructed database. Correlation analyses are conducted with 
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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 stress-strain model. Experimental data is 

compiled and analyzed to extract patterns in joint behavior. A parametric model is 

then developed to generate the shear stress-distortion behavior of the FRC joints 

accurately. 

Within Chapter 5 of this dissertation, the validation of the proposed FRC joint model, 

which defines the nonlinear shear stress-strain behavior, is presented. This process 

involves generating and analyzing computerized simulations of the tested 

subassemblies 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 resulting analytical results are compared with the experimental 

ones to verify the precision of the model. 

A numerical investigation of two case studies: full SFRC and layered SFRC beams 

is performed in Chapter 6, to investigate the flexural performance. 3D finite 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 a zero-thickness 

cohesive-contact approach. A significant 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 beam-column 

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 with the experimental outcomes. The ñConcrete Damage Plasticityò 
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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 beam-column connections. In this parametric study, the joint shear 

strength values 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 

recommendations for future studies. 
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CHAPTER 2  

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 post-cracking tensile strength can be enhanced (ACI 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 beam-column 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 matrix has a minimal impact on increasing the 

compressive strength (Bencardino et al., 2008; Fanella & Naaman, 1985). However, 

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 318 (ACI Committee 318, 2019). Additionally, the 

use of fibers can help prevent the growth of longitudinal cracks in the specimen, 
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providing a slight increase in resistance (CEB-FIP, 2013). Figures 2.1 and 2.2 

illustrate how different fiber shapes and types affect the compressive strength of 

mortar and concrete. 

 

Figure 2.1. FRC Mortar Compressive Stress-Strain Relationship for Different Fiber 

Types (Fanella & Naaman, 1985) 

 

Figure 2.2. FRC Compressive Stress-Strain Relationship for Different Fiber Shapes 

(Bencardino et al., 2008) 
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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 matrix (Johnston, 2001).  

 

Figure 2.3. 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), as illustrated in Figures 2.4 and 2.5. The primary distinction lies in the 

behavior after cracking. If the material exhibits a strain-softening response, it is 

referred to as FRC, whereas if it demonstrates a strain-hardening response, it is called 

HPFRC (Löfgren, 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 a strain-hardening 

response. This promotes a uniform distribution of multiple cracks and improves the 

seismic performance of structural members. 
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Figure 2.4. The Behavior of FRC and HPFRC Under Tension (A. E. Naaman, 

2007) 
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Figure 2.5. Tensile Behavior of Cement-Based Materials (Löfgren, 2005) 

2.2.3 Crack Propagation and Fiber Bridging  

The incorporation of fibers into the matrix provides the advantage of transferring 

stresses across a crack, thereby enhancing the performance of structural members 

under external loads. In concrete, pores, and micro-cracks exist, and when the load 

is applied, a portion of it is transferred to the fibers before macro-cracks form. As 

the loading continues, the micro-cracks propagate and expand, eventually becoming 

macro-cracks. 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 strain-hardening behavior, resulting in multiple 

cracking (Babiker, 2020; Löfgren, 2005). Compared to plain concrete, fibers provide 

an additional bridging mechanism, as depicted in Figure 2.6. 
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Figure 2.6. Tensile Stress versus Crack Opening (Löfgren, 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 pull-out from the matrix. 

3) fiber-matrix interface debonding. 

4) fiber abrasion and plastic deformation or yielding of the fiber. 
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Figure 2.7. The Mechanism Through Which Fibers Operate (ACI Committee 544, 

2018) 

 

Figure 2.8.  Observed Fiber Mechanisms (Löfgren, 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 mechanisms 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 
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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 and type is an oversimplification. Table 2.1 provides the current equations 

used to estimate the bond strength at the fiber interface (Aoude et al., 2015; Burrell 

et al., 2015; Chasioti, 2017; Franssen et al., 2018; Voo et al., 2010; Voo & Foster, 

2003; Yaĵmur, 2018).  

Table 2.1 Existing Equations to Estimate the Interfacial Bond Strength 

Researcher Bond Equation (MPa) 
Type 

Fiber Material  

Yaĵmur and Burak 

Bakir, 2018 
πȢυυφ Ὢ¡ 

ὰ

Ὠ
 

HE, S, C, T, 

PVA, PE 

FRC & 

HPFRC 

Franssen et al., 2018 

πȢσωφ Ὢ¡ S FRC 

πȢχυ Ὢ¡ S UHPFRC 

Chasioti, 2017 Ὢ¡ 
πȢππςυ

Ὠ
πȢππρ S 

FRC & 

HPFRC 

Aoude et al, 2015 πȢφπ Ὢ¡  HE UHPFRC 

Burrell et al, 2015 πȢφπ Ὢ¡  HE UHPFRC 

Voo et al., 2010 

ρȢππ Ὢ¡ HE UHPFRC 

πȢφπ Ὢ¡ S UHPFRC 

Voo and Foster, 

2003 

ρȢυπ Ὢ¡ HE UHPFRC 

πȢωπὪ¡ 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, ὰȟὨȟὠ denote the fiber length, diameter, and volume fraction, 

respectively, while Ὢ¡ refers to the fiber reinforced concrete compressive strength. 

2.3 Parameters Influencing FRC Properties  

The properties of concrete reinforced with distributed fibers in the matrix 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. 

2.3.1 Fiber Geometry  

The effect of fiber geometry has been studied extensively (Banthia & Trottier, 1995; 

Holschemacher et al., 2010; Xu et al., 2012; Yoo et al., 2017). Most studies have 

been carried out using steel fibers since this is the most popular type used in 

construction. Different geometries including smooth undeformed 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 four-point bending test. Figure 2.9 illustrates some of the 

different geometries of the studied fibers. 

 

Figure 2.9. Different Geometries of Fibers (Xu et al., 2012) 

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

FRC, such as cracking and post-cracking tensile strengths, flexural strength, and 
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interfacial bond strength. Banthia & Trottier (1995) reported that the fiber shape had 

no effect when a low fiber dosage (40 Kg/m3) was 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 steel and straight steel fibers when 

utilizing volumetric ratios of less than 1.00% (Yoo 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 the drop 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 et 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, Wafa & Ashour (1992) observed 

that increasing the fiber volume fraction yielded a higher slope of the descending 

branch in the compressive stress-strain 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 cubes, 150 300 mm 

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. The fiber aspect ratio was also observed to have 

a noticeable effect on the tensile strength. Fanella & Naaman (1985) reported that 
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increasing the fiber aspect ratio resulted in a steeper slope of the descending portion 

of the compressive stress-strain 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 experimental stress-strain curves are not available, various empirical constitutive 

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

commonly used constitutive models.  

2.4.1 Constitutive Models for FRC Under Compression 

There are many empirical models defining the compressive stress-strain 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 brass-coated steel fibers. The range of 

the mortar compressive strength was defined to be between 50 MPa and 68 MPa. 

The aspect ratios of 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 cylinders. The model provided in Eqn. 2.1 was derived 

based on 3 coordinates on the curve: ὢȟὣ  is the point of 45% of the peak stress, 
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ὢȟὣ  coordinate of the inflection point, and ὢȟὣ  coordinate at the tail of the 

descending branch as depicted in Figure 2.10.  

 

Figure 2.10. Normalized Compressive Stress-Strain Diagram with Parametric 

Coordinates (Fanella & Naaman, 1985) 

¡

  

  

                                                                                       (2.1) 

A, B, C, and D constants could be computed from Table 2.2. 
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Table 2.2 Determination of the Constants (Fanella & Naaman, 1985) 

 

2.4.1.2 Ezeldin and Balaguru (1992) Model 

The authors generated a model for the overall stress-strain response under 

compression utilizing 100200 mm cylinders described 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) 

‍ ρȢπωσπȢχρσς ὙὍ Ȣ                                                               (2.3) 
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ὙὍ ὡ
ᶮ

 ,  ὡ ḙσȢςυ ὠ                                                                               (2.4) 

Ὢ¡ Ὢ¡ σȢυρ ὙὍ                                                                                          (2.5) 

‐ ‐ τφφρπ ὙὍ                                                                             (2.6) 

2.4.1.3 Nataraja et al. (1999) Model 

The researchers also generated an empirical model for the full compressive stress-

strain diagram utilizing 150300 mm cylinders described through Eqns. 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) 

‍ πȢυψρρρȢωσ ὙὍ
Ȣ

                                                                        (2.8) 

Ὢ¡ ὓὖὥ Ὢ¡ ςȢρφπτ ὙὍ                                                                          (2.9) 

‐ ‐ φ ρπ ὙὍ                                                                                (2.10) 

2.4.1.4 Lee et al. (2015) Model 

Lee et al. (2015) tested 150300 mm hooked 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 Eqns. 2.11 to 2.16.  
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¡

 

                                                                                                (2.11) 

ὃ ὄ ¡

 

 ȟ                                                            ρ                      (2.12) 

ὃ ρ πȢχςσὠ 
Ȣ

ȟ                                          ρ                       (2.13) 

ὄ
¡ Ȣ

ρ πȢψψςὠ 
Ȣ

ὃȟ            ρ                      (2.14) 

‐ σ ρπ ὠ ρψρπ Ὢ¡
Ȣ

                                                 (2.15) 

Ὁ σφχ ὠ υυςπὪ¡
 Ȣ

                                                                 (2.16) 

2.4.1.5 Ayub et al. (2019) Model 

Ayub et. al. (2019) model is applicable to PVAHPFRC with a fiber 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 100200 mm cylinders. The 

model is presented through Eqns. 2.17 to 2.21. 

¡

  

 
   ȟ                                                    π ‐ ‐ ȟ         (2.17) 

‍
 

                                                                                                        (2.18) 

Ὁ ὓὖὥ ρπσππτππ ὠ  Ὢ
ὧὪ
¡

                                                             (2.19) 

ȟ Ȣ    
ȟ

Ȣ ὠὪ 
 

  ȟ           ‐ ‐ ȟ                (2.20) 
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Ὢȟ πȢωφ Ὢ
ὧὪ
¡

                                                                                               (2.21) 

2.4.2 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 (1995) Model 

Naaman & Reinhardt (1995) proposed Eqns. 2.22 to 2.25 to calculate cracking „  

and post-cracking „  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. 

„ ὓὖὥ „ ρ ὠ ‌‌†ὠ                                                        (2.22) 

„  ὓὖὥ ‗ †ὠ                                                                                    (2.23) 

‗ ‗‗‗                                                                                                    (2.24) 

‗ τ‌‗‗                                                                                                   (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 2.11. A perfect bond was assumed between steel fibers and the 

matrix, so no slip was considered at the fiber-matrix interface. 
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Figure 2.11. Stress-Strain Model Under Tension for SFRC (Lok & Pei, 1998) 

The tensile model was defined in two stages, the pre-cracking stage and the post-

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

was negligible. In the post-cracking 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 II is calculated based on the fiber pull out or bridging effect.  

 

Figure 2.12. Tensile Stress-Strain Model for SFRC With Strain Softening Response 

(Lok & Pei, 1998) 
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The model is described through Eqns. 2.26 to 2.29. 

„ Ὢ                                                                                                              (2.26) 

„ᶻ  ὠ  †                                                                                                  (2.27) 

‐  „                                                                                                       (2.28) 

‐ᶻ †                                                                                                       (2.29) 

2.4.2.3 Lok and Xiao (1999) Model 

The authors presented a model for SFRC under tension as shown in Figure 2.13. The 

tension model may exhibit strain softening or strain hardening response. 

 

Figure 2.13. Stress-Strain Model for SFRC (Lok & Xiao, 1999) 

The tensile stress-strain model can be generated using the following equations: 

„ Ὢ ς ȟ                 π ‐ ‐                                              (2.30) 

„ Ὢρ ρ ȟ     ‐ ‐ ‐                                           (2.31) 
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„ Ὢȟ     ‐ ‐ ‐                                                                                  (2.32) 

Ὢ – ὠ  †                                                                                                  (2.33) 

‐ †                                                                                                        (2.34) 

2.4.2.4 Suwannakarn (2009) Model 

Suwannakarn (2009) investigated the post-cracking 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%, 1.50%, and 2.00%. A tensile stress-strain model was proposed 

modifying Naaman & Reinhardt (1996) model. Suwannakarn model 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 represented the fiber pull-out and 

the localization of the crack. The first two phases were defined by a linear 

relationship while Phase 3 was defined as the gradual stress descending to the 

ultimate tensile strain at failure.  
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Figure 2.14. Tensile Stress-Strain Model for HPFRC (Suwannakarn, 2009) 

Eqns. 2.22 and 2.23 were utilized in addition to the equations provided in Table 2.3 

in which  8  stands for the average crack spacing in mm, and 7  refers to the 

average crack width in mm, 6 is the fiber volumetric ratio. 

Table 2.3 Values to Define Suwannakarn 2009 Model for Different Types of Fibers 

(Suwannakarn, 2009) 

Fiber type  ἸἫ ἦἬ (mm) ἥἩἾ (mm) 

PVA πȢυςπτ πȢχπχτ 6 ςȢπωσσ Not given Not given 

Spectra πȢπτςτ ςπȢχωω 6 πȢφςχρ χχτȢψπς 6 ςχȢψφψω ρςȢχτσς 6 πȢπφφπτ 

Hooked πȢςωτχ υυȢυυτ 6 ςȢυψσφ χχςȢς 6 σςȢρτσχ ςȢπσς 6 πȢρπως 

Torex πȢπωσχ ςφȢφπρ 6 πȢωχρτ ρφφχ 6 τπȢψχσχ σȢπυ 6 πȢρπως 

 

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

shown in Table 2.4. 
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Table 2.4 Ranges of Fiber Volumetric Ratios for Different Fiber Types 

(Suwannakarn, 2009) 

Fiber type  ἸἫ ἦἬ (mm) ἥἩἾ (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% 1.00%-2.00% 

Torex 1.00%-2.00% 0.75%-2.00% 0.75%-2.00% 0.75%-2.00% 

 

The tensile cracking strain ‐ and the post-cracking strain ‐  are computed with 

Eqns. 2.35 and 2.36, where Ὁ  is the composite modulus of elasticity:  

‐                                                                                                             (2.35) 

‐                                                                                                            (2.36) 

Eqn. 2.37 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 stress-crack 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 stress-strain diagram. 

 ρ
Ȣ 

Ὡ                                                                            (2.37) 

ὑ and ὑ are defined as shown in Table 2.5. 
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Table 2.5 Values of  ὑ and ὑ Values (Suwannakarn, 2009) 

Fiber type PVA Spectra Hooked Torex 

ὠ Ϸ  ὑ ὑ ὑ ὑ ὑ ὑ ὑ ὑ 

πȢχυ πȢρρρ π ρ ρρȢχψχ ρ τȢρφυ ρ φȢωυψ 

ρȢππ πȢπψυ π ρ ρπȢσυτ ρ ςȢχωρ ρ σȢτρσ 

ρȢυπ πȢρπσ π ρ ρȢω ρ ρυȢρυφ ρ χȢςωρ 

ςȢππ πȢρσρ π ρ ρȢχχτ ρ ρυȢψσω ρ υȢτυ 

Average πȢρπχυ π ρ φȢτυσχυ ρ ωȢτψχχυ ρ υȢχχψ 

2.5 Background Information on Joint Shear Behavior 

In this section, structural codes related to the behavior of beam-column 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. 

2.5.1 Codes, Standards, and Reports 

Currently, there is no structural code that provides requirements for computing the 

shear strength of FRC beam-column joints. The available standards are only 

applicable to RC joints.  

2.5.1.1 ACI 318-19 

This code outlines the general requirements for the design of RC structures (ACI 

Committee 318, 2019). In Chapter 15, the code presents information aids in 

designing and detailing cast-in-place beam-column connections. The effective joint 

width is defined using Eqn. 2.38 as depicted in Figure 2.15. 
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ὦȟ ίάὥὰὰὩὶ έὪ  ὦ ὬȠὦ ςὼ                                                                    (2.38) 

 

Figure 2.15. Effective Joint Area (ACI 318-19, 2019) 

The RC joint shear strength can be determined as provided in Table 2.6, in which ‗ 

is 0.75 and 1.0 for lightweight and normal weight concrete, respectively. 
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Table 2.6. Nominal RC Joint Shear Strength (ACI 318-19, 2019) 

 

2.5.1.2 ACI 352R-02 

This is a report for RC beam-column connections the compressive strengths of which 

do not exceed 100MPa (ACI-ASCE Committee 352, 2002). This report classifies 

joints as depicted in Figure 2.16. 
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Figure 2.16. Types of Beam-Column Connections (ACI 352R-02, 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 

designed 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. 

Subscripts b and c represent ñbeamò and ñcolumnò, respectively. 

 

Figure 2.17. Joint Forces (ACI 352R-02, 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 Eqn. 2.40 (in MPa units) in which 

‎ shall be taken from Table 2.7. 

ὦȟ ίάὥὰὰὩίὸ  ȠὦȠВ ὦ                                                        (2.39) 

where, ὦ is beam width; Ὤ is column depth; ά 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.  

ὠ πȢπψσ ‎ Ὢ    ὦȟ  Ὤ                                                                                        (2.40) 

Table 2.7 Values for ‎ (ACI 352R-02, 2002) 

 

2.5.1.3 TEC 2018 

The Turkish Earthquake Code categorizes RC beam-column joints into two types: 

confined and unconfined (TEC, 2018). The RC joint shear capacity can be calculated 

using Eqns. 2.41 and 2.42 for confined and unconfined joints, respectively. 
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ὠ ρȢχπ ὦ Ὤ  Ὢ                                                                                                            (2.41) 

ὠ ρȢππ ὦ Ὤ  Ὢ                                                                                                            (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 three-quarters of the column width. 

It is worth mentioning that Eqn. 2.44 presents an additional constraining condition 

when compared to ACI318-19 and ACI352R-02.                     

ὦȟ  
ὦ                                       
ςάὭὲȢ ὦȠὦ                 

 
if ὦ ὦ and  ὦ ὦ 

         (2.43) 
if ὦ ὦ and  ὦ ὦ 

ὦ ὦ Ὤ                                  if ὦ ὦ                                              (2.44) 

 

 

Figure 2.18. Effective Joint Area (TEC, 2018) 
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2.5.2 Parameters Influencing Beam-Column Connection Response 

The crucial factors that affect the shear strength of beam-column 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 factor, ‎. Exterior 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 beam-column connection subassemblies. The shear capacity 

of interior joints was observed to be notably higher than that of exterior ones due to 

the differences 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 strength (Unal 

& 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; Parra-Montesinos et al., 2005). The 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 the joint. 
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2.5.2.3 Joint Shear Reinforcement  

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 design. However, incorporating a large number of joint reinforcements in a 

limited space can lead to reinforcement congestion and aggregate segregation 

(Abusafaqa et al., 2022; Alkhatib, 2015; Parra-Montesinos 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 materials (Filiatrault 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 mid-depth stirrup (Liu, 2006; Röhm 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 enhance 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 the seismic 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 beams and a slab in beam-column-slab 

subassemblies significantly influenced their seismic behavior, particularly reducing 

the joint damage (Canbolat & Wight, 2008; LaFave & Wight, 1999; Lu & Liang, 

2020; Wight & Quintero-Febres, 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 beam-column 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. 

2.5.2.5 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 limit, which is still debatable among researchers. 

Shi et al. (2021) tested six SFRC beam-column 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 to 0.40. 

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. 

ὓ
В ȟ

В ȟ
                                                                                                             (2.45) 

The "strong column - weak beam" principle is emphasized in design standards such 

as ACI 318-19, ACI 352-02, and TEC 2018. This principle dictates that plastic 

hinges should be formed in beams rather than columns, leading to more ductile 

behavior. To ensure compliance, these codes require that the flexural strength ratio 

in Eqn. 2.45 should not be less than 1.2. 

Tingting et al. (2022) performed tests on six interior PVAHPFRC beam-column 

connection subassemblies with different flexural strength ratios. It was observed that 

as the strength ratio increased, the joint shear capacity increased slightly, whereas 

the shear strain corresponding to the maximum capacity reduced significantly. 

Liang et al. (2016) investigated how the flexural strength ratio affects the 

performance of interior PVAHPFRC beam-column joints by testing four specimens 

under cyclic loading. The results indicate that when the flexural ratio is less than 1.0, 

the plastic hinge forms on the column adjacent to the joint face. Conversely, when it 

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

2.5.2.7 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 bars, the recommendations provided in 

Eqn. 2.46, in MPa unit should be used. It can be noticed that increasing the bar 

diameter reduces the bond strength. 

Ὤ

Ὠ  
ςπ 
Ὢ

τςπ
 ςπ

Ὤ

Ὠ  
ςπ 
Ὢ

τςπ
 ςπ

 For wider columns compared to 

beams.            

(2.46) 

Ὤ

Ὠ  
ςτ 
Ὢ

τςπ
 ςτ 

For wider beams compared to 

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 strength (Kanda & Li, 1999), therefore, fibers like 

PVA are commonly used in joints (Hosseini et al., 2018; Said, 2017; Tingting et al., 

2022). Steel fibers also improve the performance of beam-column joints under 

earthquake load (Ghosni, 2018; Suryanto et al., 2022). 

2.5.3 Existing Equations for Predicting the Shear Strength of FRC Beam-

Column Joints 

A summary of existing FRC beam-column 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 GBJ10-89 (Jiuru et al., 1992), ACI 352-02 (Li et al., 2022; 

Tingting et al., 2022), ACI 318-19 (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 352-02 requirements, which distinguishes between 

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.  

Table 2.8 Existing FRC Shear Strength Prediction Equations   

Researcher Joint Shear Strength Prediction Equation 
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2.5.4 Analytical Modeling of Beam-Column Connection Subassemblies 

Predicting the response of beam-column connection subassemblies under different 

loading conditions focuses on factors such as load distribution, deformations, and 

failure modes. Accurate modeling helps optimize the 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 beam-column joints. Despite numerous 

experimental and analytical studies, beam-column joints are often oversimplified as 

rigid or semi-rigid, resulting in inaccurate predictions of structural response. The key 

components used to describe beam-column joint behavior in analytical modeling are 

plastic hinges and rotational springs. The well-known analytical joint models are 

presented below for RC connection subassemblies. 

Alath & Kunnath (1995) proposed one of the earliest analytical models for idealizing 

beam-column 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 a four-node 12-DOF 

joint element. The proposed model consisted of eight springs to consider the bar slip 

effect, four interface shear springs, and a panel that deforms only in shear as depicted 

in Figure 2.19. 
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Figure 2.19. 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 moment rotation characteristics, beams, and columns were idealized as 

elastoplastic elements.  

 

Figure 2.20. Shin & LaFave (2004) Model 

Burak developed a model that captured the inelastic response mechanisms as 

demonstrated in Figure 2.21 (Burak, 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 at the corners, with one corner featuring a nonlinear rotational spring.  

 

Figure 2.21. Model of Burak  

Unal & Burak (2013) developed an analytical joint model to assess how various 

factors affect the shear strength of RC beam-column connections as demonstrated in 

Figure 2.22.  

 

Figure 2.22. Model of Unal & Burak (2013) 
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CHAPTER 3  

3 DATABASE COMPILATION  

3.1 General 

In this research study, first a detailed database of FRC beam-column connection 

subassemblies is compiled. After a systematic review of numerous experimental 

studies, an initial database comprising 282 beam-column connection subassemblies 

(224 exterior and 58 interior connections) from 56 research projects. Following 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 cyclic loading representing seismic performance are considered, (2) 

small-scale subassemblies for which fiber lumping could be observed are omitted, 

(3) knee joints, corner joints, and precast beam-column connections are excluded 

since the available studies conducted on these types of joints are quite limited  to 

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 the 150 300 mm universal cylinder were provided, conversion 
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factors given in Eqns. 3.1 to 3.3 (Sarsam & Al-Azzawi, 2010), and Eqn. 3.4 (Abaza, 

2003) are applied. 

Ὢ¡ πȢωτ Ὢ¡                                                                                              (3.1) 

Ὢ¡ πȢωπ Ὢ                                                                                            (3.2) 

Ὢ¡ πȢψρ Ὢ                                                                                            (3.3) 

 

 

πȢππρω Ὢ
 

πȢυςωω (kg/cm2)                                            (3.4) 

where, the compressive strength of FRC samples is obtained from 150300 mm 

cylinders for Ὢ¡  and Ὢ
 

, 100 200 mm cylinders for Ὢ¡ , 75 150 

mm cylinders for Ὢ
 

, 150 mm cubes for Ὢ , and 100 mm cubes for 

Ὢ . 

Furthermore, when using non-circular fibers, the equivalent diameter is obtained by 

considering the fiber intrinsic efficiency ratio (FIER) provided in Eqn. 3.5 is adopted 

(A. E. Naaman, 1998, 2003). 

ὊὍὉὙ
   

   
                                                                                  (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. 

 

Figure 3.1. Comparison of FIER factor to a Circular Fiber (A. E. Naaman, 2003) 

For hybrid fiber applications, the fiber reinforcing index ὙὍ is calculated using 

Eqns. 3.6 and 3.7 (Almusallam et al., 2016; Cao & Li, 2018; Khan et al., 2020). 
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ὙὍ В ὙὍ                                                                                                                               (3.6) 

ὙὍ ὠ ϽὯϽ Ͻ                                                                                                    (3.7) 

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

Ὧ 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. ὰ refers to the fiber length, where Ὠ signify the fiber 

diameter, Ὢ and Ὢ  indicate the tensile strengths of the ith fiber and steel fibers, 

respectively, and ὥ is 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 (interior and exterior), presence of applied axial load, joint shear reinforcement, 

and use of hybrid fibers. 

Table 3.1 Specimen Types Included in the Compiled Database 

Specimen Characteristics Int erior  Exterior  Total 

With applied axial load 52 97 149 

Without applied axial load 4 31 35 

With joint shear reinforcement 33 61 94 

Without joint shear reinforcement 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 Specimen Characteristics  

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 table, Æ denotes the composite compressive strength, and n refers to 

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

area and the compressive strength of concrete in the column. Vf signifies the fiber 
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volume fraction and lf/df 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 represented by db, while bc/bb indicates the ratio of column 

width to beam width, and hc/hb is the ratio of column depth to beam depth. Lastly, 

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

elaborated on later.       

Table 3.2 Key Parameters Range for the Specimens Included in the Database 

Parameter Unit  Minimum  Maximum 

Æ MPa 16.40 100.60 

n % 0.00 50.00 

Vf % 0.50 10.00 

l f/df  - 25.00 1000.00 

RI - 0.31 15.00 

bc mm 80.00 400.00 

bb mm 80.00 400.00 

hc mm 100.00 500.00 

hb mm 120.00 600.00 

db mm 6.00 25.00 

bc/bb - 1.00 2.33 

hc/hb - 0.66 1.25 

ɟgross % 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 Zhang & Li (2024) evaluated the seismic response of one 

exterior and one interior ECC beam-column 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 subassemblies 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 beam-column connection subassemblies. Two SFRC 

specimens used conventional 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 joint reinforcement. 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 effect on the joint shear strength. 

Banu et al. (2023) explored the seismic performance of exterior SFRC beam-column 

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 meet the Indian Standard, IS 13920-2016, 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 seismic response 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 full-scale specimens with varying 

reinforcement details were 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 ratio while 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 beam-column 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 geometric properties. 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 connection subassemblies by providing additional 

confinement to the joints. 

Suryanto et al. (2022) carried out a test on a single SFRC beam-column connection 

subassembly under cyclic loading, using a 1.80% volume 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 

beam-column-slab 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 joint behavior. 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 beam-column connection subassemblies using high strength steel 

(HSS) with concrete and high strength steel with SFRC (HSSFRC), along with 

diagonally placed X-shaped reinforcement. The impact of the combined use of 

special reinforcement detailing with SFRC on the cracking pattern, energy 

dissipation capacity, and ductility was assessed. The utilization of X-shaped 
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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 subassemblies. The 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 explore the influence of shear 

reinforcement on connection response. The composite joints demonstrated a better 

damage tolerance at high drift levels compared 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 exterior beam-column 

connection subassemblies. The 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 that by utilizing 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 beam-column connection subassemblies under seismic loading was 

investigated by Rajkumar et al. (2021). The 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 beam-column 

connection subassemblies, which investigated the effect of fiber volume fraction, 

composite compressive strength, joint shear reinforcement, and column axial load 

level on the seismic behavior of joints. The composite material utilized HE fibers. It 

was found that utilizing 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 beam-column connection subassemblies. Eight 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 fiber volume fraction 

exhibited an improvement in the initial 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 beam-column connection subassemblies. Straight and 

crimped steel fibers with volume fractions of 0.00% 6.00%, 8.00%, 9.00%, and 

10.00% were utilized and displacement ductility, toughness, and stiffness 

degradation of the subassemblies were evaluated. Fiber shape and volume fraction 

were observed to influence the seismic response of the connection subassemblies. 

Using crimped fibers with high volume fraction yielded better seismic response than 

straight fibers with the same volume fraction. 

Lu & Liang (2020) examined how PVAHPFRC affected the seismic response of 

interior beam-column-slab connection subassemblies. Three specimens were tested: 

one RC control specimen and two constructed using composite material. The 

reinforcement detailing and slab flange 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 beam-column 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 that the 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 beam-column joints. 

Three exterior connection subassemblies were tested: an RC control specimen, 

HPFRCC-A 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 localization of tensile cracks. 

Thuy Van & Tran Trung (2019) carried out tests on three beam-column 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 the beams. 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 beam-column connection subassemblies. Four specimens were examined: 

one RC control specimen and three HPSFRC samples designed based on the ACI 

318-14 requirements. HPSFRC specimens 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 UHPSFRC beam-column joints. 

They tested nine specimens, which included five exterior joints and four interior 

joints, and evaluated their performance based on failure modes, load-carrying 

capacity, and joint 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 of the exterior ones. 

Hosseini et al. (2018) examined eight beam-column 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 joint core of ECC specimens. 

Liang & Lu (2018) tested five beam-column 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 specimen 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% and the energy dissipation capacity was enhanced by 

40% compared to the RC connection subassembly. 

Sarmah et al. (2018) tested five exterior beam-column 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 specimens 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 beam-column 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 with 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 hooked end steel 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 beam-column 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 seismic performance of joints was evaluated through load-

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. Additionally, it showed a notable enhancement in damage 

tolerance and peak load capacity. 

Said (2017) investigated the response of two exterior beam-column connection 

subassemblies under seismic loading. The RC specimen was designed following ACI 

352-02 guidelines, while the joint stirrups were omitted for the ECC specimen with 

2.50% PVA fibers in the joint zone and plastic hinge regions of beams and columns. 

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 specimen 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 capacity was improved by 30%. 

Said (2016) conducted experiments on fourteen exterior beam-column 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 yielded an improvement in the seismic response of connection 

subassemblies. Moreover, utilizing HPFRC material helped in reducing the joint 

reinforcement congestion. 



 

 

52 

Marthong & Marthong (2016) explored the influence of PET fibers on the seismic 

response of exterior beam-column connection subassemblies, examining the 

consequences of removing joint shear reinforcement in plastic hinge zones of beams 

and columns. Reduction in the joint damage with improvement in the stiffness 

degradation of FRC specimens was observed when compared to the RC control 

specimen. 

Liang et al. (2016) tested eight interior beam-column connection subassemblies, 

comprising seven PVAHPFRC specimens and one conventional RC sample. The 

seismic response of specimens under varying axial load levels, joint shear 

reinforcement ratios, and flexural 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 found that using FRC materials could potentially 

reduce the need for joint reinforcement. 

Kheni et al. (2015) tested four beam-column 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% HE 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 demonstrated 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 Al-Khatib (2015) involved testing eight exterior beam-column 

connections to assess their seismic performance. The study 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 were used 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, brass-coated steel, 

and PP fibers. The use of fibers significantly influenced the post-yielding behavior 

in the load-displacement 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 exterior beam-column 

connections containing 1.50% HE fibers, with variable stirrup spacings. An 

improvement in the seismic performance when using fibers alongside stirrups was 

reported. 

Röhm 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 with HE 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, Balouch & Forth (2009) tested six exterior beam-column 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 seismic response was evaluated through crack 

patterns and load-displacement 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 and columns. 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 length of the beam extension where SFRC was used. 

Liu (2006) explored seven exterior beam-column 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 eliminate the need for joint shear reinforcement. 

Parra-Montesinos et al. (2005) investigated the utilization of HPFRC as a substitute 

for shear reinforcement in interior beam-column connections. Two specimens with 

different beam reinforcement ratios, and HPFRCC material containing 1.50% 

polyethylene fibers 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 composites enhanced 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 beam-column connections with 2.00% 

and 4.00% volume fraction ratios of HE fibers. Two samples were constructed using 

conventional 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 compared to the RC specimen. It was also considered to be a 

viable alternative to eliminate the joint shear reinforcement. 

Bayasi & Gebman (2002) tested six exterior beam-column 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 exterior beam-

column connections to examine their seismic response. The SFRC specimens were 

categorized into two groups: five with a single mid-height joint stirrup and three 

without joint stirrups. 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 interior beam-column 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. The final subassembly 

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 beam-column 

connections. Two subassemblies were conventional RC, one with and one without 

special seismic lateral reinforcement detailing. The remaining two subassemblies 

had SFRC with 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 higher shear strength compared to RC ones.  

Katzensteiner et al. (1992) evaluated two-bay, two-story 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 reinforcement. 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 beam-column 

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 the influence 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 shear strength. 

Gefken & Ramey (1989) conducted a test series on ten exterior beam-column 

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 stirrup spacing 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 the joint shear 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 shear span-to-depth 

ratio on connection response. Six specimens incorporated 1.50% HE fibers in the 

joint and plastic 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. Furthermore, it was 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 beam-column connection 

subassemblies were tested, one with RC and the other with SFRC in the joint and 

beam and column plastic hinge 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, Vf denotes the fiber volume fraction, while lf /df indicates the fiber 

aspect ratio, Æ represents the composite compressive strength, and n refers to the 

axial load level. The dimensions of the columns and beams are indicated by bc 

(column width), hc (column depth), bb (beam width), and hb (beam depth). 

Additionally, db 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 Steel, PVA: Polyvinyl Alcohol, PET: Polyethylene Terephthalate, 

PE: Polyethylene, and HY: Hybrid Fibers. 
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CHAPTER 4  

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 or semi-rigid joint, 

can underestimate the plastic deformations of frames under lateral loading (De Risi 

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 beam-column connections. Inelastic deformations 

in the connection region lead to a degradation of shear strength and stiffness. 

Therefore, predicting the nonlinear behavior of a frame structure requires 

consideration of the shear stress-strain 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 beam-column connection 

subassemblies is utilized. As discussed in the previous chapter, a database is 

compiled, listing the 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 accurately predict the joint shear strength of FRC beam-column 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 capacity and achieve minimal average error and maximum correlation 

with experimental results. The guidelines outlined in ACI 352R-02 
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recommendations (ACI-ASCE Committee 352, 2002) are 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, 

accumulation 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 beam-column connection 

subassemblies were employed 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 obtain 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 method. Each 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 studies  (Choi & Bae, 2019; Kantekin 

& Burak Bakir, 2024; Son et al., 2024; Wong & Kuang, 2008), while others 

implemented the beam moment capacity method (Kantekin & Burak Bakir, 2024; 

Son et al., 2024; Wang et al., 2018) and the strain gauge data method (Alkhatib, 
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2015; Ghosni, 2018; Kantekin & Burak Bakir, 2024; Said, 2016; Unal & Burak, 

2012). It is noteworthy to mention that when 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 rely on test-specific data, taking into account all 

nonlinear activity experienced by the connection, and are therefore considered to be 

more reliable and accurate (Kantekin, 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 determination of the horizontal joint shear strength is achieved (Kantekin, 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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Figure 4.1. Beam-Column Connection Subassemblies Loaded at the Top of the 

Column   

 

Figure 4.2. Beam-Column Connection Subassemblies Loaded at the Tip of the 

Beam   
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Table 4.1 Horizontal Joint Shear Strength Utilized Force Equilibrium Method 

Case Joint Type Joint shear Force Equation (Vjh) 

Load on column 

Exterior ὖ 
Ὄ ὒ

Ὠ¡¡ ὒ πȢυ Ὤ
ρ 

Interior ὖ ς 
Ὄ ὒ

Ὠ¡¡ Ὀ
ρ 

Load on beam 

Exterior ὖ 
ὒ

Ὠ¡¡
ὒ πȢυ Ὤ

Ὄ
 

Interior ὖ 
ς ὒ

Ὠ¡¡
Ὀ

Ὄ
 

4.2.2 Strain Gauge Data Method 

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 strength can directly be computed from the internal forces obtained at the 

reinforcement layers, as demonstrated in Eqns. 4.1 and 4.2 (ACI-ASCE Committee 

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

Ὕ
ὃ ‐Ὁ
ρȢςυ ὃ Ὢ 

if  ‐ ‐ 
       (4.1) 

if  ‐ ‐ 

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

the joint shear strength.  

ὠ
Ὕ ὠ

 Ὕ Ὕ  ὠ
 

for exterior joints 
        (4.2) 

for interior joints 

4.2.3 Beam Moment Capacity Method 

The horizontal joint shear strength can be determined by analyzing the moment 

versus rotation response of the beams obtained from experimental studies. By using 

the maximum moment capacities of the connected beams, the tensile force on the 



 

 

72 

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.  

 ὠ В ὠ                                                                                                      (4.3) 

where, ὓ  is the ultimate moment strength of the beams framing into the column in 

the loading direction, ὮὨ is the distance between the internal compression and tension 

force resultants in the beams, and ὠ is the column shear force. 

4.3 FRC Joint Shear Strength Prediction Equation 

Correlation analyses are performed to determine the most 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 considered in the 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. 

4.3.1 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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Table 4.2 Correlation Coefficients for FRC Material Properties 

Parameter Joint Type Overall 
Exterior  Interior  

Ὢ  0.75 0.34 0.62 

Ὢ  0.77 0.39 0.64 

 

Table 4.2 illustrates strong correlations 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 coefficients compared 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 connection subassemblies) 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 Shear Reinforcement Ratio 

This study adopts the method recommended by Unal and 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 Eqn. 4.4. Gross joint volume 

is calculated by multiplying column depth (hc), column width (bc), and beam depth 

(hb). The total length of transverse reinforcement in the loading direction (leff) is 
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multiplied by the cross-sectional area of one reinforcement (A0) and the number of 

transverse reinforcement layers (n) within the gross joint volume. 

” Ϸ ρππ
  

  
                                                                                 (4.4) 

The correlation coefficient between joint shear strength and gross transverse 

reinforcement ratio is -0.08 for interior specimens, 0.29 for exterior ones, and -0.08 

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 establishing an 

effective joint area (Kantekin, 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 diameter (db) to column depth, which represents the bond between 

longitudinal bars and the joint core. 

Table 4.3 provides the correlation coefficients for the geometric property ratios. The 

ratios of the column-to-beam depths, column-to-beam widths, and the beam bar bond 

index are identified as the key factors influencing the behavior of FRC beam-column 

connection subassemblies. 

 

 

 

 



 

 

75 

Table 4.3 Correlation Coefficients for Geometrical Dimension Ratios 

Parameter Joint Type Overall 
Exterior  Interior  

hc/hb 0.36 -0.53 0.06 

bc/bb 0.06 0.32 0.39 

hc/bc 0.09 -0.61 -0.16 

hb/bb -0.24 0.27 0.13 

hc/bb 0.16 -0.09 0.26 

bc/hb 0.11 0.21 0.14 

db/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 fraction (Vf), 

aspect ratio (lf/df), and reinforcing index (RI). Table 4.4 presents the correlation 

coefficients for these parameters. 

Table 4.4 Correlation Coefficients for Fiber Properties 

Parameter Joint Type Overall 
Exterior  Interior  

Vf  (%) 0.44 0.22 0.21 

l f/df 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 joint behavior more susceptible to variations in fiber characteristics.  
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4.3.2 Development of the FRC Joint Shear Strength Prediction Equation 

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 another. The 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. 

ὺὓὖὥ  ‎ Ὢ   [Axial Load Effect]  [Geometry Index]  [Confinement Index]          (4.5)                                                          

The proposed equation incorporates the effective joint width definition from ACI-

ASCE Committee 352, as presented in Eqn. 2.39 (ACI-ASCE Committee 352, 

2002), which is an approach also supported by prior research studies (Li et al., 2022; 

Parra-Montesinos et al., 2005). 

A shear strength factor, analogous to those defined in ACI 352R-02 (ACI-ASCE 

Committee 352, 2002) and ASCE/SEI 41-17 (ASCE/SEI 41 Committee, 2017), is 

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 

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

The axial load effect parameter, shown in Eqn. 4.6, represents the confining effect 

of the applied axial load on 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 πȢτυ
 ¡

                                                                                 (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 are selected 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 members. ὅ is set at 0.15 for 

exterior joints, while for interior joints, the effect of this ratio is disregarded and ὅ 

is considered to be 0.00 due to the additional confinement from the continuous beams 

framing into the column. It is noteworthy to mention that the powers of the depth 

ratio and bond index are set as 0.70 and 0.30, respectively based on the results of the 

nonlinear regression analysis. 

Geometry Index 
Ȣ Ȣ

                                                                   (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 ὙὍ ϽὛ                                                                                       (4.9)                                                                                                                          

ὙὍ ὠ                                                                                                                      (4.10)                                                                                                                                                                                                                           

Ὓ
ρ
ὙὍ

ςυ
                     

ρ ὙὍ ” Ϸ ȟ
 

for exterior joints without shear reinforcement 

(4.11) 
for all other joints 

In these equations, ὙὍ represents the fiber reinforcing index, while ὠȟ ὰȟὨ denote 

fiber volume fraction, length, and diameter, respectively. Based on correlation 

analysis results, ὅ is set as 0.17 and 0.12, and ὅ is 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 Eqns. 4.12 

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

ὺὓὖὥ  ‎ Ὢ  ρ πȢτυ ¡ 
Ȣ Ȣ

ὙὍ Ὓ    (4.12)                                                                  
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ὠὯὔ ὺ ὦȟ    Ὤ                                                                          (4.13)                                                                                                                                          

Table 4.5 Coefficients of the Predicted Equation  

Parameter ♬ C1 C2 C3 

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 and absolute error (AE) values and whether the 

strengths are over or under-predicted are also tabulated. The absolute error (AE) is 

computed with Eqn. 4.14. 

ὃὉ Ϸ
ὺȟ Ȣ  ὺȟ Ȣ

ὺȟ Ȣ
 ρππ     (4.14) 

Table 4.6 Comparison Between Experimental and Proposed Joint Shear Strength  

Researcher Specimen  
V j,exp. 

(kN) 

V j,pre. 

(kN) 

Error  

(%)  

AE 

(%) 

Under or 

Over  

Zhang & Li,  

2024 

EJ 365.0 438.8 -20.2 20.2 Over 

IJ 519.2 487.7 6.1 6.1 Under 

Son et al., 

 2024 

HK-NJR-1 456.6 443.8 2.8 2.8 Under 

HK-NJR-2 641.3 503.8 21.4 21.4 Under 

Zhang et al., 

 2023 

SEJH1 875.0 628.0 28.2 28.2 Under 

SEJH2 846.0 628.0 25.8 25.8 Under 

SEJH3 763.0 628.0 17.7 17.7 Under 

SEJH4 731.0 628.0 14.1 14.1 Under 

SEJH5 734.2 628.0 14.5 14.5 Under 

Banu et al.,  

2023 

Type B 77.6 77.7 -0.2 0.2 Over 

Type C 94.1 80.9 14.0 14.0 Under 

Zhang et al., 

 2022 

IS1 937.7 758.6 19.1 19.1 Under 

IS2 842.1 758.6 9.9 9.9 Under 

Han & Lee,  

2022 

HC-JO-U 588.1 555.1 5.6 5.6 Under 

HC-JX-U 503.1 517.4 -2.8 2.8 Over 

Suryanto et al., 2022 SFRC-0.75d 196.0 187.7 4.2 4.2 Under 

Tingting et al.,  

2022 

F-1 557.5 559.0 -0.3 0.3 Over 

F-2 552.0 559.0 -1.3 1.3 Over 

F-3 576.0 559.0 3.0 3.0 Under 

F-4 579.0 559.0 3.5 3.5 Under 
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Table 4.6 (Contôd) 

Researcher Specimen 
V j,exp. 

(kN) 

V j,pre. 

(kN) 

Error  

(%)  

AE 

(%) 

Under or 

Over  

(Contôd) 
F-5 552.0 559.0 -1.3 1.3 Over 

F-6 573.5 559.0 2.5 2.5 Under 

Tsonos et al., 2021 SFJ1 110.8 116.7 -5.3 5.3 Over 

Rajkumar et al.,  

2021 

1%HSHFRC 165.0 156.7 5.0 5.0 Under 

2%HSHFRC 183.6 180.2 1.8 1.8 Under 

4%HSHFRC 189.3 193.6 -2.2 2.2 Over 

5%HSHFRC 200.7 192.7 4.0 4.0 Under 

Shi, Zhu, et al., 

2021 

BCJ1-0 348.4 369.6 -6.1 6.1 Over 

BCJ1-1 330.9 349.3 -5.6 5.6 Over 

BCJ1-2 360.5 375.7 -4.2 4.2 Over 

BCJ2-2 384.3 403.0 -4.9 4.9 Over 

BCJ3-1 328.1 348.3 -6.2 6.2 Over 

BCJ3-2 375.9 399.5 -6.3 6.3 Over 

BCJ3-3 390.0 392.7 -0.7 0.7 Over 

Shi, Zhang, et al., 

 2021 

BCJ1 381.9 333.6 12.6 12.6 Under 

BCJ2 335.7 304.8 9.2 9.2 Under 

BCJ3 396.2 352.7 11.0 11.0 Under 

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.,  

2021 

BCJ2-HPC 290.2 303.2 -4.5 4.5 Over 

BCJ3-HPC 314.9 303.2 3.7 3.7 Under 

BCJ4-HPC 308.4 303.2 1.7 1.7 Under 

Nouri et al., 

 2019 

SJ2-HPC 335.5 336.3 -0.2 0.2 Over 

SJ3-HPC 334.3 336.3 -0.6 0.6 Over 

SJ4-HPC 323.1 336.3 -4.1 4.1 Over 

Lu & Liang,  

2020 

BC-2 504.0 516.7 -2.5 2.5 Over 

BC-3 526.0 516.7 1.8 1.8 Under 

Rao et al., 

 2020 

SF 40 / 6  206.7 213.2 -3.2 3.2 Over 

SF 40 / 8  220.5 229.5 -4.1 4.1 Over 

SF 40 / 9  249.9 242.7 2.9 2.9 Under 

SF 40 / 10  241.4 245.0 -1.5 1.5 Over 

SF 50 / 6  227.7 216.5 4.9 4.9 Under 

SF 50 / 8  236.1 234.8 0.6 0.6 Under 

SF 50 / 9  269.4 265.5 1.4 1.4 Under 

SF 50 / 10  252.3 246.9 2.1 2.1 Under 

ZZ 40 / 6  242.9 249.9 -2.9 2.9 Over 

ZZ 40 / 8  261.3 268.8 -2.9 2.9 Over 

ZZ 40 / 9  277.2 279.3 -0.7 0.7 Over 

ZZ 40 / 10  253.8 264.1 -4.1 4.1 Over 

ZZ 50 / 6  230.7 239.4 -3.8 3.8 Over 

ZZ 50 / 8  251.4 259.9 -3.4 3.4 Over 

ZZ 50 / 9  279.6 274.4 1.9 1.9 Under 

ZZ 50 / 10  262.2 262.4 -0.1 0.1 Over 
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Table 4.6 (Contôd) 

Researcher Specimen 
V j,exp. 

(kN) 

V j,pre. 

(kN) 

Error  

(%)  

AE 

(%) 

Under or  

Over  

Choi & Bae,  

2019 

JNR-1-BTR 442.0 450.6 -1.9 1.9 Over 

JNR-2-BTR 515.0 511.9 0.6 0.6 Under 

JTR-1-BNR 524.0 487.8 6.9 6.9 Under 

JTR-2-BNR 552.8 584.1 -5.7 5.7 Over 

Said, 2017 ECC 478.0 403.2 15.7 15.7 Under 

Van & Hieu,  

2019 

S2 1052.3 932.9 11.3 11.3 Under 

S3 1102.5 931.8 15.5 15.5 Under 

Saghafi et al., 

 2019 

SC2-A 324.9 289.2 11.0 11.0 Under 

SC2-B 317.3 327.8 -3.3 3.3 Over 

Saghafi & 

Shariatmadar, 2018 

J1-C1-HPFRCC 303.2 309.4 -2.1 2.1 Over 

J1-C2-HPFRCC 324.9 309.4 4.8 4.8 Under 

J2-C1-HPFRCC 279.1 289.2 -3.6 3.6 Over 

J2-C2-HPFRCC 277.3 289.2 -4.3 4.3 Over 

Hosseini et al., 

 2018 

E/RECC/ABB/RS 344.4 330.9 3.9 3.9 Under 

E/RECC/ABB/NS 351.0 344.6 1.8 1.8 Under 

E/RECC/ABBT/RS 366.2 347.6 5.1 5.1 Under 

Ghosni, 

 2018 

RL-1% 197.3 184.0 6.7 6.7 Under 

RL-1%NS 197.5 184.0 6.8 6.8 Under 

5D-0.5% 198.2 177.6 10.4 10.4 Under 

5D-0.5%NS 195.6 177.6 9.2 9.2 Under 

5D-1%NS 195.0 201.8 -3.5 3.5 Over 

F-5D-0.4 972.1 1015.7 -4.5 4.5 Over 

F-5D-0.8 1059.2 1018.5 3.8 3.8 Under 

F-5D-0.8-NS 1051.8 1018.5 3.2 3.2 Under 

Chidambaram & 

Agarwal, 2015 

SJ3 105.8 107.7 -1.8 1.8 Over 

SJ5 125.0 131.8 -5.5 5.5 Over 

SJ6 109.8 106.4 3.2 3.2 Under 

Liang & Lu, 

 2018 

ECCBC-1 508.1 559.0 -10.0 10.0 Over 

ECCBC-2 545.0 559.0 -2.6 2.6 Over 

ECCBC-3 570.0 559.0 1.9 1.9 Under 

ECCBC-4 606.3 559.0 7.8 7.8 Under 

Wang et al., 

2018 

EJ-2 271.2 297.5 -9.7 9.7 Over 

EJ-3 302.6 312.5 -3.3 3.3 Over 

EJ-4 232.9 246.5 -5.8 5.8 Over 

EJ-5 312.6 259.0 17.1 17.1 Under 

J-1 374.8 357.6 4.6 4.6 Under 

J-2 410.2 371.6 9.4 9.4 Under 

J-3 380.9 352.7 7.4 7.4 Under 

J-4 379.2 367.3 3.1 3.1 Under 

Sarmah et al., 

2018 

SF#1% 56.5 57.8 -2.3 2.3 Over 

SF#2% 65.2 68.6 -5.3 5.3 Over 

Said & Razak, 2016 ECC 392.3 387.6 1.2 1.2 Under 

Kheni et al., 

2015 

Specimen 2 153.2 178.9 -16.8 16.8 Over 

Specimen 3 157.2 168.6 -7.3 7.3 Over 

Specimen 4 156.8 167.4 -6.8 6.8 Over 
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Table 4.6 (Contôd) 

Researcher Specimen 
V j,exp. 

(kN) 

V j,pre. 

(kN) 

Error  

(%)  

AE 

(%)  

Under or  

Over  

Said, 

 2016 

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 

PVA4 433.0 413.0 4.6 4.6 Under 

PVA5 482.0 447.3 7.2 7.2 Under 

PVA6 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 

Liang et al,  

2016 

FRCJ1 499.0 474.0 5.0 5.0 Under 

FRCJ2 413.0 450.4 -9.1 9.1 Over 

FRCJ3 440.0 452.4 -2.8 2.8 Over 

FRCJ4 499.0 479.9 3.8 3.8 Under 

FRCJ5 525.5 489.7 6.8 6.8 Under 

FRCJ6 474.5 500.4 -5.5 5.5 Over 

FRCJ7 485.0 522.7 -7.8 7.8 Over 

Marthong & 

Marthong, 

 2016 

BWFSF 58.4 57.9 0.9 0.9 Under 

BWSFS 58.4 57.9 0.9 0.9 Under 

CWSFS 33.7 33.2 1.4 1.4 Under 

Al -Khatib, 

 2015 

SFRCBCJ18MM 429.0 377.8 11.9 11.9 Under 

SFRCBCJS18MM 417.0 382.4 8.3 8.3 Under 

Patel et al., 

2013 

NDS2 198.9 201.0 -1.1 1.1 Over 

DS3S2 246.4 213.2 13.5 13.5 Under 

Röhm et al., 

2012 

SP-6a-2 523.8 508.2 3.0 3.0 Under 

SP-6-2 546.3 508.8 6.9 6.9 Under 

SP-6-3 602.1 593.5 1.4 1.4 Under 

SP-6a 470.0 432.0 8.1 8.1 Under 

Filiatrault at al., 1995 S3 1065.6 1035.3 2.8 2.8 Under 

Balouch & Forth,  

2009 

Joint 3 185.0 184.5 0.3 0.3 Under 

Joint 5 185.0 184.5 0.3 0.3 Under 

Gencoglu, 

 2007 

SFRC2hstr 267.0 250.3 6.3 6.3 Under 

SFRC2h 245.0 249.7 -1.9 1.9 Over 

SFRC1/2hstr 250.0 250.3 -0.1 0.1 Over 

Liu,  

2006 

SF2 147.4 131.8 10.6 10.6 Under 

SF3 144.4 163.9 -13.5 13.5 Over 

SF4 196.9 193.2 1.9 1.9 Under 

SF5 194.4 195.2 -0.4 0.4 Over 

Shannag et al., 

2005 

S3 156.2 158.6 -1.6 1.6 Over 

S4 165.2 172.4 -4.4 4.4 Over 

S5 181.9 166.5 8.4 8.4 Under 

S6 192.9 181.0 6.2 6.2 Under 

Parra-Montesinos et 

al., 2005 

S1 638.8 743.1 -16.3 16.3 Over 

S2 813.8 763.2 6.2 6.2 Under 

Bayasi & Gebman, 

 2002 

Hoops @15.2 cm  233.3 235.1 -0.8 0.8 Over 

Hoops @15.2 cm  233.3 235.1 -0.8 0.8 Over 
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Table 4.6 (Contôd) 

Researcher Specimen 
V j,exp. 

(kN) 

V j,pre. 

(kN) 

Error  

(%)  

AE 

(%) 

Under or  

Over  

(Contôd) 
Hoops @20.3 cm  228.2 229.5 -0.6 0.6 Over 

Hoops @20.3 cm  228.2 229.5 -0.6 0.6 Over 

Craig et al.,  

1984 

SP2 256.6 228.9 10.8 10.8 Under 

SP6 220.8 238.4 -8.0 8.0 Over 

SP8 276.0 293.7 -6.4 6.4 Over 

SP10 267.4 240.6 10.0 10.0 Under 

Gencoglu, 

2000 

Specimen3 237.0 250.2 -5.6 5.6 Over 

Specimen5 233.0 250.8 -7.7 7.7 Over 

Specimen6 250.0 283.8 -13.5 13.5 Over 

Specimen8 224.0 235.3 -5.0 5.0 Over 

Specimen9 257.0 285.8 -11.2 11.2 Over 

Specimen10 231.0 235.3 -1.9 1.9 Over 

Filiatrault at al., 1994 
S3 497.4 473.6 4.8 4.8 Under 

S4 617.4 548.6 11.1 11.1 Under 

Jiuru et al., 

1992 

SF1 325.2 370.8 -14.0 14.0 Over 

SF2 383.1 384.7 -0.4 0.4 Over 

SF6 340.9 377.0 -10.6 10.6 Over 

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 -0.9 0.9 Over 

Gefken & Ramy, 

 1989 

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 

JC2 256.0 255.5 0.2 0.2 Under 

JD1 332.0 321.7 3.1 3.1 Under 

JD2 331.8 321.7 3.1 3.1 Under 

JE1 305.0 309.0 -1.3 1.3 Over 

JE1 305.0 309.0 -1.3 1.3 Over 

Katzensteiner et al., 

1992 
Structure #2 129.5 138.7 -7.1 7.1 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 

Eqns. 4.12 and 4.13 with 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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Figure 4.3. Experimental versus Predicted Joint Shear Strength and Force 

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 (R2), standard deviation (STD), and coefficient of variation (COV) 

of the predicted-to-experimental joint shear force ratios. Notably, MAE, STD, and 

COV are consistently low across all fiber types. The high R and R2 values reveal a 

strong correlation between the proposed equation and the experimental results. 

Table 4.7 Statistical Parameters for Different Fiber Types 

Statistical Parameters 
Fiber Type 

Total 
HE S C PVA HY PET PE 

MAE (%) 7.09 3.65 2.48 5.08 8.40 1.07 9.08 5.81 

R 0.98 0.97 0.96 0.91 0.99 1.00 0.89 0.981 

R2 0.97 0.94 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 Equation Against 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 

Eqn. 4.14 are evaluated against existing prediction equations and code requirements. 

4.4.1 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. 

Table 4.8 Limitations of Existing FRC Shear Strength Prediction Equations 

Researcher 
ἮἫἮ Range 

(MPa) 

Vf Range 

(%)  

Type 

Fiber Material  

Jiuru et al.,  

1992 
- 0.50-2.00 HE, S, C SFRC  

Gao et al.,  

2014 
- 0.50-2.00 HE, S, C SFRC  

Shi et al.,  

2021 
- 0.50-2.00 HE, S, C SFRC  

Li et al.,  

2022 
- 0.50-1.50 HE, S, C SFRC  

Wang et al., 

 2018 
- 0.50-2.00 HE, S, C 

HPSFRC &  

UHPSFRC 
Tingting et al., 

 2022 
- 0.50-2.00 PVA PVAHPFRC 

Kantekin &  

Burak Bakir, 2024 
16.90-107.00 0.50-3.50 

HE, S, C, PVA, 

 PE, HY, PET 

FRC & 

 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 evaluated against the equation by Tingting et al. (2022). Kantekin & 

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 3.50%. 

Table 4.9 provides a comprehensive statistical comparison for 63 normal strength 

SFRC joints, comprising 56 exterior and 7 interior subassemblies. The proposed 

equation yields a mean absolute error of 5.43% for SFRC specimens, with 4.92% for 

exterior joints 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 and R2 values further 

confirm the strong correlation between the proposed equation and experimental joint 

shear strengths. 

 Table 4.9 Comparison of SFRC Joints 

Parameter 
Proposed 

Equation 

Kantekin  &  

Burak  Bakir 

(2024) 

 

Jiuru 

et al. 

(1992) 

Gao et 

al. 

(2014) 

Shi et 

al. 

(2021) 

Li et 

al. 

(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 

R2 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 25.91 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 reveals that 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 lower-bound estimations. While Kantekin & 

Burak Bakir (2024) predictions are the most accurate among existing equations, with 

the lowest data dispersion and highest R2 value, the proposed equation offers 

enhanced accuracy. 
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Figure 4.4. Comparison of SFRC Joint Shear Strength Predictions 
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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 predicts shear strength with 

an R2 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. 

 

Figure 4.5. Comparison of UHPSFRC and HSFRC Joint Shear Strength Predictions 
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 Table 4.10 Comparison of UHPSFRC and HPSFRC Joints 

Parameter Proposed Equation 
Kantekin  &  

 Burak Bakir (2024) 

 

Wang et al. 

(2018) 

MAE (%) 8.53 13.46 12.78 

R 0.979 0.962 0.969 

R2 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 strength prediction 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 slab. As TB and Ůt parameters were not defined 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 et al. and Kantekin and Burak Bakir equations, despite 

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 

contribution is neglected in the developed equation. 

  Table 4.11 Comparison of Tingting et al. (2022) PVAHPFRC Joints 

Specimen 

Joint shear force (kN) AE (%)  

Experimental 
Proposed 

Equation 

Tingting 

et al., 

(2022) 

Kantekin 

& Burak 

Bakir  

(2024) 

Proposed 

Equation 

Tingting 

et al., 

(2022) 

Kantekin, 

Burak 

Bakir  

(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 two equations 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) 

subassemblies had Vf ranging from 6.00% 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. Additionally, 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. 

 

Figure 4.6. Comparison of All Fiber Types 

 Table 4.12 Comparison of All Fiber Types 

Parameter Proposed Equation 
Kantekin  &  

 Burak Bakir (2024) 

MAE (%) 6.12 11.15 

R 0.980 0.957 

R2 0.962 0.916 

Mean 0.98 1.04 

STD (%) 7.99 14.11 

COV (%) 8.12 13.62 
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4.4.2 Comparison with Design Code Equations 

Currently, there are no design standard requirements for assessing the shear capacity 

of FRC beam-column joints. However, existing standards such as TEC 2018, ACI 

318-19, and ACI 352R-02, which are applicable for reinforced concrete joints, are 

evaluated against 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 standards. It 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. 

 Table 4.13 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 

R2 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 directly for FRC 

beam-column joints, and this supports the need for special requirements for such 

joints.  
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Figure 4.7. Comparison Between Design Codes and Proposed Equation  

4.5 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 stress-strain curve. The compiled database 

includes 184 specimens (128 exterior and 56 interior joints), but only 37 specimens 

(21 exterior and 16 interior joints) provide the joint shear stress-strain relationship, 

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

Figure 4.8 depicts the performance points on the FRC joint shear stress-strain 

relationship.  

 

Figure 4.8. Performance Points of the FRC Shear Stress versus Strain Model  

The cracking point, (ɔcr,vcr), marks the onset of micro-crack formation due to applied 

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

from linear to nonlinear behavior. The onset of inelastic activity, (ɔin,vin), features a 

significant slope reduction compared to the cracking point, indicating increased 

plastic deformations and a transition to a nonlinear response with permanent 

deformation and inelastic behavior. The plateau initial point, (ɔmax1,vmax1), denotes 

where maximum 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 reduce. The termination point, (ɔmax2,vmax2), highlights the end of the 

stable phase with sustained shear stress. Beyond this point, further deformations lead 

to degradation of the shear strength. The final point on the curve, (ɔfinal,vfinal), 

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 5.2 (Web Plot Digitizer, 2024). 

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

shear stress-distortion curve of the PVA F-6 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 

directions is utilized. 

 

Figure 4.9. Definition of Performance Points of Specimen F-6  (Tingting et al., 

2022)  

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

database in terms of stresses and strains, respectively. 
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Table 4.14 Digitized Experimental Joint Shear Stresses (Units in MPa) 

Researcher Specimen vcr vin vmax1 vmax2 vfinal 

Liu, 

 2006 

SF2 0.77 2.54 2.96 2.96 1.92 

SF3 0.92 2.44 2.92 2.92 1.96 

SF4 1.25 3.01 3.15 3.15 3.1 

SF5 1.40 2.61 3.11 3.11 1.86 

Choi & Bae, 

  2019 

JNR-1-BTR 2.16 5.13 5.36 5.36 4.32 

JNR-2-BTR 2.23 5.49 6.24 6.24 5.9 

JTR-1-BNR 2.69 5.11 6.35 6.35 5.31 

JTR-2-BNR 2.37 6.17 6.70 6.70 4.6 

Wang et al., 

2018 

EJ-2 2.21 4.97 7.75 7.75 4.69 

EJ-3 3.10 5.91 8.65 8.65 4.15 

EJ-4 1.98 5.04 6.65 6.65 5.66 

EJ-5 3.15 5.92 8.93 8.93 5.60 

J-1 4.37 7.49 10.71 10.71 6.90 

J-2 4.30 7.91 11.72 11.72 6.24 

J-3 2.91 6.19 10.88 10.88 7.13 

J-4 3.93 7.63 10.83 10.83 7.07 

Han & Lee, 

 2022 

HC-JO-U 2.11 3.96 6.14 6.14 4.62 

HC-JX-U 1.64 3.54 5.26 5.26 4.29 

Zhang et al., 

 2022  

IS1 2.72 7.52 8.93 8.93 6.82 

IS2 2.76 7.04 8.02 8.02 6.46 

Parra-Montesinos et al., 

 2005 

S1 3.30 6.55 7.30 - - 

S2 4.55 8.54 9.30 9.30 8.00 

Lu & Liang,  

2020 

BC-2 5.46 7.71 10.08 10.08 7.30 

BC-3 4.40 9.63 10.52 10.52 7.18 

Tingting et al., 

 2022 

F-1 4.59 7.96 11.15 11.15 7.68 

F-2 5.41 8.04 11.04 11.04 7.36 

F-3 4.21 8.85 11.52 11.52 7.10 

F-4 4.45 9.49 11.58 11.58 10.00 

F-5 4.30 9.13 11.04 11.04 8.15 

F-6 3.98 7.89 11.47 11.47 7.34 

Röhm et al., 

2012 

SP-6a 1.63 3.12 4.61 4.61 - 

SP-6-3 2.67 5.22 6.69 6.69 4.59 

Zhang et al., 

 2023  

SEJH1 2.48 5.33 8.33 8.33 5.21 

SEJH2 2.48 5.52 8.06 8.06 5.14 

SEJH3 2.48 5.43 7.27 7.27 4.67 

SEJH4 2.48 5.41 6.96 6.96 4.12 

SEJH5 2.67 5.43 6.99 6.99 4.67 
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Table 4.15 Digitized Experimental Joint Shear Strains (Units in Rad) 

Researcher Specimen 
♬╬►  

 

♬░▪ 
 

♬□╪●  
 

♬□╪●  
 

♬█░▪╪■  

 

Liu, 

 2006 

SF2 5.69 3.00 4.80 1.50 8.31 

SF3 8.01 3.00 7.20 2.10 7.51 

SF4 5.82 2.30 5.30 1.70 3.62 

SF5 6.39 2.70 8.70 2.60 6.80 

Choi & Bae, 

  2019 

JNR-1-BTR 6.79 4.80 8.00 3.20 5.71 

JNR-2-BTR 11.02 5.30 12.00 3.60 5.52 

JTR-1-BNR 23.01 5.90 15.00 4.21 5.20 

JTR-2-BNR 36.03 6.00 8.50 3.69 6.11 

Wang et al., 

2018 

EJ-2 9.90 2.30 31.07 4.69 5.50 

EJ-3 9.49 3.50 12.04 2.51 5.39 

EJ-4 6.30 3.80 17.95 3.41 5.61 

EJ-5 9.19 4.00 18.98 3.72 5.41 

J-1 15.02 5.60 19.00 5.43 15.03 

J-2 13.04 4.60 17.06 5.91 14.04 

J-3 37.01 9.00 30.99 6.62 8.71 

J-4 15.99 6.80 22.02 8.71 16.03 

Han & Lee, 

 2022 

HC-JO-U 18.02 11.00 26.00 6.69 7.79 

HC-JX-U 12.00 7.30 22.00 5.19 7.61 

Zhang et al., 

 2022  

IS1 49.03 27.00 38.00 4.89 11.03 

IS2 33.01 17.00 27.98 7.61 10.01 

Parra-Montesinos 

 et al., 

 2005 

S1 13.02 9.20 15.01 - - 

S2 13.02 10.00 30.00 5.11 8.03 

Lu & Liang,  

2020 

BC-2 240.00 99.00 170.00 19.02 30.00 

BC-3 93.94 57.00 85.00 13.05 19.01 

Tingting et al., 

 2022 

F-1 210.02 57.00 130.00 15.07 28.03 

F-2 140.01 74.00 150.00 19.09 26.01 

F-3 120.03 67.00 120.00 16.00 30.06 

F-4 179.98 69.00 120.00 18.04 23.00 

F-5 76.02 72.00 130.02 16.01 28.02 

F-6 160.00 48.00 109.99 14.00 20.99 

Röhm et al., 

2012 

SP-6a 22.00 7.70 25.00 6.79 - 

SP-6-3 28.00 9.50 26.00 8.49 30.00 

Zhang et al., 

 2023  

SEJH1 24.00 14.00 38.00 5.50 10.02 

SEJH2 24.00 14.00 30.00 5.70 11.00 

SEJH3 24.01 14.00 32.00 4.91 11.00 

SEJH4 24.00 14.00 29.00 4.70 10.00 

SEJH5 24.02 15.00 29.00 4.80 10.00 
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4.5.2 Prediction of the Joint Shear Strength Performance Points 

The stresses at the five performance points can be expressed 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 vmax1 is equivalent to 

vmax2, which is the joint shear strength calculated by Eqn. 4.12. 

Table 4.16 Statistical Measures for the Ratios of Joint Shear Stresses at Critical 

Points 

Joint Type 
Statistical 

Parameter 
vcr/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 4.16, 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 beam-column joints. 

ὺ        πȢσχ ὺ                                                                                                        (4.15)  

ὺ        πȢχυ ὺ                                                                                                       (4.16)     

ὺ  ρȢππ ὺ                                                                                                       (4.17)        

ὺ   πȢχπ ὺ                                                                                                       (4.18)               

4.5.3 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 members is 



 

 

97 

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 Eqns. 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.  

‎ ὅ  ὙὍ  ρ ρππ”
 

Ȣ

                  (4.19)  
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                                                                    (4.20)  

where, ὺ  is the maximum joint shear stress calculated from Eqn. 4.12, Ὁ  stands 

for the composite modulus of elasticity taken as τχππ Ὢ¡ (ACI Committee 544, 

2018),  Ὃ is the composite shear modulus considered to be 0.40 Ὁ  (Paschalis & 

Lampropoulos, 2016), Ὁ is the fiber modulus of elasticity, ὙὍ is the reinforcing 

index obtained from Eqn. 4.10,  ὦ is the effective joint width calculated by Eqn. 2.39 

recommended by ACI 352R-02, Ὤ is the column depth, ”  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 longitudinal bars as a parameter is not feasible due to their contribution to the 

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

in Eqn. 4.19 through a factor 
 

Ȣ

 that accounts for the impact of the applied 

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 Eqns. 

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

Table 4.17 Coefficient Values Utilized in the Shear Strain Prediction Equations 

Parameter 

♬╬► ♬░▪ ♬□╪● ♬□╪● ♬█░▪╪■ 

Ext. Int. Ext. Int. Ext. Int. Ext. Int. Ext. Int. 

C1 0.18 0.55 0.05 0.10 0.66 1.53 0.42 1.23 0.14 0.60 

C2 1.00 1.00 0.65 0.65 0.70 0.70 0.60 0.60 0.50 0.50 

C3 0.00 0.67 0.32 0.23 0.60 0.80 0.30 0.42 0.16 0.26 

C4 0.15 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00 

C5 1.70 0.48 0.52 0.16 1.80 1.59 0.90 1.40 1.45 0.97 

C6-A -0.05 0.00 -0.40 -0.50 0.00 0.00 0.00 0.00 0.00 0.10 

C6-B 0.05 0.30 0.40 0.50 0.30 0.30 0.35 0.20 0.25 0.25 

4.5.4 Comparison of Experimental and Proposed Performance Points 

Tables 4.18 and 4.19 present the predicted joint shear stress and strain values for all 

performance points at cracking, inelastic, max1, max2, and final stages, 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 

naturally 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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Table 4.18 Predicted Joint Shear Stresses (Units in MPa) 

Researcher Specimen vcr vin vmax1 vmax2 vfinal 

Liu, 

 2006 

SF2 0.99 2.00 2.66 2.66 1.87 

SF3 1.23 2.49 3.31 3.31 2.32 

SF4 1.14 2.32 3.09 3.09 2.16 

SF5 1.16 2.34 3.12 3.12 2.19 

Choi & Bae, 

  2019 

JNR-1-BTR 2.02 4.10 5.46 5.46 3.82 

JNR-2-BTR 2.30 4.65 6.20 6.20 4.34 

JTR-1-BNR 2.19 4.43 5.91 5.91 4.14 

JTR-2-BNR 2.62 5.31 7.08 7.08 4.96 

Wang et al., 

2018 

EJ-2 3.14 6.37 8.50 8.50 5.95 

EJ-3 3.30 6.70 8.93 8.93 6.25 

EJ-4 2.61 5.28 7.04 7.04 4.93 

EJ-5 2.74 5.55 7.40 7.40 5.18 

J-1 3.78 7.66 10.22 10.22 7.15 

J-2 3.93 7.96 10.62 10.62 7.43 

J-3 3.73 7.56 10.08 10.08 7.05 

J-4 3.88 7.87 10.50 10.50 7.35 

Han & Lee, 

 2022 

HC-JO-U 2.15 4.35 5.80 5.80 4.06 

HC-JX-U 2.00 4.05 5.41 5.41 3.78 

Zhang et al., 

 2022 

IS1 2.67 5.42 7.22 7.22 5.05 

IS2 2.67 5.42 7.22 7.22 5.05 

Parra-Montesinos et al., 

 2005 

S1 3.14 6.37 8.49 8.49 5.94 

S2 3.23 6.54 8.72 8.72 6.11 

Lu & Liang,  

2020 

BC-2 3.82 7.75 10.33 10.33 7.23 

BC-3 3.82 7.75 10.33 10.33 7.23 

Tingting et al., 

 2022 

F-1 4.14 8.39 11.18 11.18 7.83 

F-2 4.14 8.39 11.18 11.18 7.83 

F-3 4.14 8.39 11.18 11.18 7.83 

F-4 4.14 8.39 11.18 11.18 7.83 

F-5 4.14 8.39 11.18 11.18 7.83 

F-6 4.14 8.39 11.18 11.18 7.83 

Röhm et al., 

2012 

SP-6a 1.42 2.87 3.83 3.83 2.68 

SP-6-3 2.44 4.94 6.59 6.59 4.61 

Zhang et al., 

 2023 

SEJH1 2.21 4.49 5.98 5.98 4.19 

SEJH2 2.21 4.49 5.98 5.98 4.19 

SEJH3 2.21 4.49 5.98 5.98 4.19 

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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Table 4.19 Predicted Joint Shear Strains (Units in Rad) 

Researcher Specimen 
♬╬►  

 

♬░▪ 
 

♬□╪●  
 

♬□╪●  
 

♬█░▪╪■  

 

Liu, 

 2006 

SF2 5.00 2.80 5.11 1.90 3.70 

SF3 7.20 3.30 5.91 2.10 4.21 

SF4 6.50 2.50 5.30 1.71 3.70 

SF5 6.51 2.50 5.30 1.71 3.70 

Choi & Bae, 

  2019 

JNR-1-BTR 6.60 4.80 9.00 3.00 5.10 

JNR-2-BTR 9.50 5.40 10.01 3.30 5.61 

JTR-1-BNR 2.39 5.80 9.60 3.21 5.32 

JTR-2-BNR 3.60 6.81 11.01 3.70 6.00 

Wang et al., 

2018 

EJ-2 9.20 3.42 12.00 3.70 5.70 

EJ-3 9.70 2.90 12.00 3.80 5.92 

EJ-4 7.20 3.81 10.03 3.31 5.42 

EJ-5 8.49 3.81 11.02 3.41 5.42 

J-1 12.01 5.70 17.00 5.90 14.00 

J-2 12.00 4.71 18.03 6.10 15.01 

J-3 16.01 7.30 22.00 6.40 15.01 

J-4 16.99 6.10 22.00 6.60 16.00 

Han & Lee, 

 2022 

HC-JO-U 18.01 11.01 26.01 5.91 7.82 

HC-JX-U 13.00 9.90 25.02 5.70 7.50 

Zhang et al., 

 2022  

IS1 33.02 17.00 30.00 5.70 10.00 

IS2 33.00 17.00 30.00 5.70 10.00 

Parra-Montesinos et al., 

2005 

S1 12.03 9.20 15.01 4.70 7.79 

S2 13.00 9.72 15.01 4.91 8.01 

Lu & Liang,  

2020 

BC-2 131.00 81.00 130.00 16.01 27.01 

BC-3 110.00 65.00 110.03 15.01 24.02 

Tingting et al., 

 2022 

F-1 120.00 45.00 120.00 15.00 26.00 

F-2 120.00 44.03 120.00 15.00 26.00 

F-3 120.00 67.00 120.00 16.02 24.02 

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 

Röhm et al., 

2012 

SP-6a 21.00 7.90 22.00 6.41 21.00 

SP-6-3 25.00 9.30 24.01 8.21 29.00 

Zhang et al., 

 2023  

SEJH1 26.00 16.01 32.02 5.10 9.40 

SEJH2 26.00 16.01 32.02 5.10 9.40 

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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Table 4.20 Errors in Predicted Joint Shear Stresses and Strains at Performance 

Points 

Point 
Stress Predictions (%) Strain Predictions (%) 

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 7.77 13.59 10.15 11.68 

Final 17.26 10.60 13.45 14.63 11.58 12.89 

 

 

Figure 4.10. Comparison of Predicted and Experimental Shear Stresses 
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Figure 4.11. Comparison of Predicted and Experimental Shear Strains 
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4.5.5 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 results. 11 

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 definition of 70% of the joint shear strength. 

 

Figure 4.12. Comparison of Predicted and Experimental Data for Specimens of 

Tingting et al. (2022) 
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Figure 4.13 compares the joint shear behavior of the ECC specimen labeled S2 that 

has PE fibers tested by Parra-Montesinos et al. (2005). A strong correlation exists 

between the experimental and predicted outcomes. 

 

Figure 4.13. Comparison of Predicted and Experimental Data for S2 tested by 

Parra-Montesinos et al. (2005) 

Figure 4.14 compares the shear behavior of the specimen labeled as BC-2 

constructed from PVA fibers tested by Lu & Liang (2020). This figure illustrates 

high correlation and adequate prediction, although this specimen had a slab framing 

into the joint. 
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Figure 4.14. Comparison of Predicted and Experimental Data for BC-2 tested 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 

between the two. 
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Figure 4.15. Comparison of Predicted and Experimental Data for Specimens tested 

by Wang et al. (2018) 
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CHAPTER 5  

5 ANALYTICAL VERIFICATION OF THE JOINT MODEL  

5.1 Overview  

The preceding chapter introduced the developed analytical model for predicting the 

shear behavior of FRC beam-column joints under reversed cyclic loading. This 

chapter incorporates the developed model into SAP2000 (SAP2000, 2024), a 

nonlinear analysis software, using the lumped-plasticity approach to validate the 

joint nonlinear behavior by comparing it with the experimental data from prior 

research studies. Analytical models of beam-column connection subassemblies are 

generated, facilitating a comparison between the analytical results and experimental 

outcomes to confirm the precision of the developed joint model. 

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 exterior beam-column 

connection subassembly tested by Choi & Bae (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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Figure 5.1. Test Setup for Beam-Column Connection (Choi & Bae, 2019)  

5.2.1 Modeling of Beam-Column Connections  

As demonstrated in Figure 5.2, the beam-column connection is represented using 1D 

line elements for the beams and columns, while the joint region is defined as a panel 

zone. The lumped-plasticity method is employed, concentrating the nonlinear 

properties of beams and columns at their interface with the joint using zero-length 

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 sections that occur under significant earthquake-induced deformations. 
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Figure 5.2. Beam-Column 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 elasticity Ὁ  is defined as Eqn. 5.1 based 

on the requirements of ACI 318-19 and ACI 544.4R-18. 

Ὁ τχππ Ὢ
ὧὪ
¡                                                                                                                                (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 elastic-perfectly plastic to be 

conservative. 
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Figure 5.3. Sample Definition of HPFRC (Units 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 

moment-curvature relationships for beams and columns as depicted in Figure 5.4. 
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Figure 5.4. Sample Moment-Curvature Relationship (Units in kN.m)  

Curvature values are then converted to rotations by multiplying them with the plastic 

hinge length, deriving the moment vs. rotation relationship. ACI 318-19 defines the 

plastic hinge as the portion of the frame element where flexural yielding is expected 

due to seismic deformations, as depicted in 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. 

 

Figure 5.5. Definition of the Plastic Hinge Length (ACI Committee 318, 2019) 
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5.2.4 Stiffness Modifiers   

The effective stiffness of cracked sections in the elastic segments of beams and 

columns is determined following the TEC 2018, ACI 318-19, and ASCE 41-23 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 using JTR-1-BNR and JTR-2-BNR 

specimens, which were tested by Choi & Bae (2019). These specimens are selected 

due to the high accuracy of the proposed joint model when compared to the 

experimental outcomes. Figures 5.6 and 5.7 present the outcomes of the parametric 

study for various effective stiffness values. The data indicates that the ASCE 41-23 

linear analysis values closely match the experimental results, while the nonlinear 

analysis values show a more flexible response in the ascending portion. The TEC 

2018 and ACI 318-19 values demonstrate a stiffer behavior. Consequently, the 

ASCE 41-23 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 ASCE 41-17 

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

analysis in the latest version of this standard (ASCE/SEI 41 Committee, 2023). 

Additionally, prior studies performing nonlinear analyses utilized linear stiffness 

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

al., 2022; Unal & Burak, 2013), and ASCE 41 (Akin, 2011; Yaĵmur, 2018), and 

obtained accurate estimations of the structural and member response. 
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Table 5.1 Effective Stiffness Values 

Analysis Type Member and Condition 

TEC 2018 &  

ACI 318-19 
ASCE 41-23 

Rigidity  

Flexural  Shear  Flexural  Shear  

Linear 

Beams 0.35 1.00 0.30 0.40 

Columns with (n)  

10% 
0.70 1.00 0.30 0.40 

Columns with (n)  

50% 
0.70 1.00 0.70 0.40 

Nonlinear 

Beams - - 0.20 0.40 

Columns with (n)  

10% 
- - 0.20 0.40 

Columns with (n)  

50% 
- - 0.70 0.40 
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Figure 5.6. Comparison of Effective Stiffness Values for JTR-1-BNR  
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Figure 5.7. Comparison of Effective Stiffness Values for JTR-2-BNR  

5.2.5 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 semi-rigid 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 (ὓ ) 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 arm (ὼ must 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. 

ὓ ὺ ὦ Ὤ ὼ                                                                                                                            (5.2)  

Three moment arm alternatives are evaluated: beam depth (hb), effective 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 definition of the moment 

arm using the JTR-2-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 

reasonable agreement 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 study (Akin, 

2024). 
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Figure 5.8. Comparison of the Moment Arm Definition Alternatives   

The ñPivot Hysteresis Modelò is used to define plastic hinges and panel zones in all 

subassemblies as verified by a prior study (Akin, 2024). This selection is made after 

comparing analytical results with experimental ones using the ñTakeda Model,ò as 

highlighted in Figures 5.9 and 5.10. Two key parameters characterize the pivot 

model. The first, denoted as Ŭ, which primarily influences the unloading 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, 

ɓ, which ranges from 0.0 to 1.0, indicates the intersection of the load-displacement 

path with the initial cracked stiffness and affects the degree of pinching. 

Additionally, a third parameter, h, controls the degradation level of elastic slopes 

following plastic deformation, with values also ranging from 0.0 to 1.0. In the 

conducted analyses, Ŭ is set to 10, while ɓ is assigned a value of 0.7. These values 

are chosen based on a comparison between analytical and experimental outcomes 

which was also recommended in a prior analytical study (Akin, 2024), and 

correspond to the default settings in the software as demonstrated in Figure 5.11. 
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Figure 5.9. Comparison of Experimental Response with Pivot Hysteresis Model  

 

Figure 5.10. Comparison of Experimental Response with the Takeda Hysteresis 

Model  
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Figure 5.11. Pivot Hysteresis Model with the Selected Parameters   

5.3 Loading Procedures 

To verify the accuracy of the proposed nonlinear joint model, 12 specimens from 

four studies are selected (Choi & Bae, 2019; Han & Lee, 2022; Liu, 2006; Röhm 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 function, converting displacement versus number of cycles to displacement 

versus time. Figure 5.12 demonstrates the definition of a reversed cyclic deformation 

time history function for all specimens tested by Choi & Bae (2019). 
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Figure 5.12. 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 

results of 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 software (SAP2000, 2024) to 

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 relationship 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 moment-rotation responses for the members 

connected at the joints. However, the moment-rotation 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 comparison seeks 

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 stress-distortion model. As a result, a total of 18 specimens are used 

to verify the proposed FRC joint model. 

5.5.1 Specimens of Choi and Bae (2019) 

The study conducted by Choi & 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-1-BNR 

JTR-1-BNR has a HE fiber volume fraction of 1.0% and a gross joint shear 

reinforcement ratio of 0.986% (6Ø13). Figure 5.13 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 the experimental results of 108.88 

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

Figure 5.14 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 capacity is 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 negative loading directions. 
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Figure 5.13. Specimen JTR-1-BNR Lateral Load versus Displacement Comparison  

 

Figure 5.14. Specimen JTR-1-BNR Joint Shear Stress versus Joint Shear Strain 

Comparison  
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Specimen JTR-2-BNR 

JTR-2-BNR has a 2.0% HE fiber volume fraction with a 0.986% gross joint shear 

reinforcement ratio (6Ø13). The results presented in Figure 5.15 demonstrate 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 negative direction. 

Figure 5.16 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 versus 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. 

 

Figure 5.15. Specimen JTR-2-BNR Lateral Load versus Displacement Comparison  
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Figure 5.16. Specimen JTR-2-BNR Joint Shear Stress versus Joint Shear Strain 

Comparison  

Specimen JNR-1-BTR 

JNR-1-BTR contains a 1.0% volume fraction of HE fibers and has no joint shear 

reinforcement. Figure 5.17 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 load is 86.74 kN; 

whereas, the experimental results were 91.93 kN in the positive direction and 103.58 

kN in the negative direction. 

Figure 5.18 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 and 0.004 radians for positive and negative loading directions, 

respectively. 
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Figure 5.17. Specimen JNR-1-BTR Lateral Load versus Displacement Comparison  

 

Figure 5.18. Specimen JNR-1-BTR Joint Shear Stress versus Joint Shear Strain 

Comparison  
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Specimen JNR-2-BTR 

JNR-2-BTR contains a 2.0% volume fraction of HE fibers and lacks joint shear 

reinforcement. Figure 5.19 demonstrates the comparison of lateral load vs. 

displacement relationships There is a good agreement between the analytical and 

experimental outcomes. The predicted peak load is 95.13 kN; while the experimental 

results showed 106.89 kN in the positive direction and 99.49 kN in the negative 

direction. 

Figure 5.20 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 strains 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. 

 

Figure 5.19. Specimen JNR-2-BTR Lateral Load versus Displacement Comparison  
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Figure 5.20. Specimen JNR-2-BTR Joint Shear Stress versus Joint Shear Strain 

Comparison  

5.5.2 Specimens of Röhm et al. (2012) 

Röhm et al. (2012) conducted experiments on 2 exterior 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 their joint shear reinforcement 

ratios. The first specimen (SP-6a) had a single mid-joint shear reinforcement (1Ø10) 

with a gross transverse reinforcement ratio of 0.109%, while the second specimen 

(SP-6-3) lacked joint shear reinforcement. It is worth mentioning that a finite element 

study using ATENA software was conducted to compare the joint shear force versus 

shear distortion response. 
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Specimen SP-6a 

Figure 5.21 illustrates the relationship between the lateral load and displacement, 

comparing analytical and experimental results. The predicted peak load is 92.26 kN; 

whereas, the experimental results showed a peak of 93.75 kN in the positive loading 

direction and a peak of 127.50 kN in the negative loading direction. It can be seen 

that the model adequately captures the pinching. 

Figure 5.22 compares the experimental and analytical outcomes of joint shear force 

versus deformation. The experimental outcome is 400 kN in the positive loading 

direction, while it is 535.70 kN in the negative loading direction. The 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. 

 

Figure 5.21. Specimen SP-6a Lateral Load versus Displacement Comparison 

-150

-100

-50

0

50

100

150

-150 -100 -50 0 50 100 150

L
o

a
d

 (
k
N

)

Displacement (mm)

Analytical

Experimental



 

 

129 

 

Figure 5.22. Specimen SP-6a Joint Shear Force versus Joint Shear Strain 

Comparison  

Specimen SP-6-3 

Figure 5.23 illustrates the lateral load versus displacement comparison for SP-6-3. 

The predicted peak load is estimated to be 115.73 kN, while experimentally, it is  

130.00 kN in the positive direction and 150.00 kN in the negative direction. Overall, 

the model satisfactorily and conservatively predicts the behavior. 

Figure 5.24 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 predicted 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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Figure 5.23. Specimen SP-6-3 Lateral Load versus Displacement Comparison 

 

Figure 5.24. Specimen SP-6-3 Joint Shear Force versus Joint Shear Strain 

Comparison  
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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 out-of-plane beams framing into the joint 

under unidirectional 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, HC-JO-U, had a gross shear 

reinforcement ratio of 0.133% (2Ø10), while the second specimen, HC-JX-U, did 

not contain any shear reinforcement. 

Specimen HC-JO-U 

The lateral load prediction for HC-JO-U is 61.98 kN, 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 accuracy, as illustrated in Figure 

5.25.  

Furthermore, the model satisfactorily predicted the joint shear stress vs. distortion 

response, as depicted in Figure 5.26. The 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 0.0089 radians for negative loading. In 

conclusion, the overall behavior of the subassembly has been estimated adequately. 
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Figure 5.25. Specimen HC-JO-U Lateral Load versus Drift Comparison 

 

Figure 5.26. Specimen HC-JO-U Normalized Joint Shear Stress versus Joint Shear 

Strain Comparison  
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Specimen HC-JX-U 

HC-JX-U, similar to the first specimen, shows a fairly accurate prediction of the 

lateral load of 60.84 kN, 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 negative loading direction compared to the experimental data, as 

depicted in Figure 5.27. This figure illustrates that the pinching effect has been 

effectively captured. 

From Figure 5.28, 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 radians, while 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. 

 

Figure 5.27. Specimen HC-JX-U Lateral Load versus Drift Comparison 
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Figure 5.28. Specimen HC-JX-U Normalized Joint Shear Stress versus Joint Shear 

Strain Comparison  

5.5.4 Specimens of Liu  (2006) 

Liu (2006) conducted a series of experiments on 4 exterior beam-column 

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 Ø6 mid-joint stirrup), 

application 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 level of 8.0%. 
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Figure 5.29 illustrates the relationship between the lateral force and displacement, 

comparing analytical and experimental results. The predicted peak load is 23.30 kN; 

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. It is evident 

that the model effectively captures the pinching effect and the overall structural 

response. 

The predicted joint shear strength is accurately matched with the observed in the 

experimental study, as shown in Figure 5.30. 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 positive loading direction and 0.009 

radians in the negative loading direction. 

 

Figure 5.29. Specimen SF2 Lateral Force versus Lateral Displacement Comparison 
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