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The knee beam-column joint is the weakest beam-column configuration in a 
Reinforced Concrete (RC) structure, particularly when subjected to earthquake 
vibrations. Current structural design codes dictate the use of high amounts of steel 
reinforcements in the frame joint to manage the large strain demand in seismic-prone 
regions. However, this resulted in congestion of steel reinforcements in the limited 
joint-area and produced numerous construction complications in RC structures. 
Fibers are known to improve the mode of failure of concrete from brittle to ductile 
as a result of their crack fiber-bridging effect. Hence, an attempt has been made in 
this study to improve the performance of the joint region by developing Hybrid Fiber 
Reinforced Concrete (HyFRC) from the combination of multiple synthetic fibers. 
For this purpose, sixteen fiber-combinations with different fiber parameters ranging 
from size, length, volume fraction, bonding power, materials, and form are designed. 
These parameters were evaluated under flexural residual-strength tests to analyze its 
hybridization synergistic effect in improving the Average Residual Strength (ARS) 
of concrete. The results showed positive fiber synergy with an improvement of the 
ARS from the controlled specimens by 6.12% for the Ferro-Ultra hybrid, 10.2% for 
the Ferro-Super hybrid, 7.48% for the Ferro-Econo hybrid, and 20.41% for the Ferro-
Nylo hybrid. The developed hybrids were also tested under direct shear, resulting in 
improved shear strength of controlled specimens by Ferro-Ultra (32%), Ferro-Super 
(24%), Ferro-Econo (44%), and Ferro-Nylo (24%) whilst producing positive fiber 
synergy under direct shear at large crack deformations. Subsequently, experimental 
testing in uniaxial compression and tension were conducted to evaluate the behavior 
of the HyFRC with added High Range Water Reducing Admixture (HRWRA). 
Constitutive models for each of the materials are formulated to be used as analytical 
models in numerical analyses. The acquired data are then used to formulate 
mathematical equations, governing the stress-strain behavior of the proposed HyFRC 
materials to measure the accuracy of the proposed models. The experimental testing 
indicated that the Ferro-Ferro mix-combination improved the performance of 
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concrete in the elastic stage while the Ferro-Ultra combination has the highest 
compressive strain surplus in the plastic stage. In tension, the Ferro-Ferro mix 
displayed the highest elastic behavior improvement while the Ferro-Ultra designs 
proved superior in the plastic range, providing additional toughness to conventional 
concrete. Consequently, six Knee Joint (KJ) specimens were cast using five 
developed HyFRC materials and one control specimen to be experimentally tested 
under lateral cyclic loading. The results indicated significant improvements for the 
HyFRC KJ specimens in energy dissipation capacity, stiffness degradation rate, 
displacement ductility toughness, steel reinforcement strain, and hysteretic behavior.
Six Finite Element (FE) KJ models were then developed using the HyFRC analytical 
models for verification against the results from the experimental testing. The 
accuracy of the proposed FE models resulted in an average percentage difference of 
25.89% for peak load, 3.45% for peak load displacement, and 0.18% for maximum 
displacements from the experimental data. This research concluded that the 
developed HyFRC materials are beneficial in providing cost-efficient alternatives to 
RC KJ structures in areas with low to moderate levels of seismic risks. 
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PENAMBAHBAIKKAN PRESTASI SENDI RASUK-TIANG BERBENTUK 
L DENGAN MENGGUNAKAN KONKRIT BERTETULANG GENTIAN 

HIBRID 

Oleh 

SHEIKH MOHD IQBAL BIN S. ZAINAL ABIDIN 

Julai 2020

Pengerusi : Profesor Madya Farzad Hejazi, PhD 
Fakulti :   Kejuruteraan 

Sendi rasuk-tiang berbentuk L adalah konfigurasi rasuk-tiang yang paling lemah di 
dalam struktur konkrit bertetulang terutamanya jika terdedah kepada getaran 
seismik. Kod amalan semasa untuk mereka bentuk struktur di kawasan gempa bumi 
telah menetapkan penggunaan tetulang besi yang tinggi untuk menampung regangan 
yang akan dihadapi. Hal ini telah menyebabkan kesesakan tetulang besi di ruangan 
sendi yang sememangya terhad dan akan mencetuskan lagi pelbagai komplikasi di 
dalam pembinaan struktur konkrit bertetulang. Penggunaan gentian di dalam konkrit 
dapat memperbaiki mod gagal konkrit yang rapuh kepada mulur hasil daripada efek 
penyambungan-rekahan gentian. Oleh itu, percubaan telah dibuat dalam 
penyelidikan ini untuk menambaik baik kemuluran kawasan sendi rasuk-tiang 
menggunakan konkrit bertetulang gentian hibrid yang diperbuat daripada gabungan 
gentian – gentian sintetik. Enam belas kombinasi gentian telah direka dengan kajian 
parametrik seperti saiz bentuk, ukuran kepanjangan, isipadu pecahan gentian, daya 
ikatan, jenis bahan dan tekstur permukaan. Parameter ini diuji melalui kajian 
eksperimen kekuatan bakian konkrit di bawah lenturan untuk menganalisa kesan 
sinergi penghibridan terhadap konkrit dari segi purata kekuatan bakian. Sinergi 
gentian yang positif dapat dilihat melalui penambahbaikkan purata kekuatan bakian 
untuk konkrit bertetulang gentian hibrid sebanyak 6.12% untuk hibrid Ferro-Ultra, 
10.2% untuk hibrid Ferro-Super, 7.48% untuk hibrid Ferro-Econo, dan 20.41% 
untuk hibrid Ferro-Nylo berbanding spesimen kawalan. Keupayaan ricih untuk 
konkrit bertetulang gentian hibrid ini juga telah diuji dan hasil eksperimen yang 
dilakukan menunjukkan bahawa hibrid yang dikaji telah meningkatkan kekuatan 
ricih spesimen kawalan sebanyak Ferro-Ultra (32%), Ferro-Super (24%), Ferro-
Econo (44%), dan Ferro-Nylo (24%) di samping menghasilkan sinergi gentian yang 
positif dalam menambahbaikkan keupayaan ricih di bahagian yang mempunyai 
rekahan yang besar. Seterusnya, ujikaji dalam daya kemampatan dan tegangan 
ekapaksi telah dijalankan untuk menilai tingkah laku konkrit bertetulang gentian 

© C
OPYRIG

HT U
PM



 

 
iv 

hibrid dengan campuran konkrit pengurangan kadar air yang tinggi. Model 
konstitutif untuk setiap hibrid yang dikaji telah diformulasikan dan diguna sebagai 
model analitik dalam penganalisaan angkaan. Data yang diperolehi kemudiannya 
diguna untuk mengukur ketepatan model yang telah dihasilkan melalui persamaan 
matematik yang dirumus sebagai suatu faktor yang mempengaruhi tingkah laku 
stress-tegasan konkrit bertetulang gentian hibrid. Hasil daripada ujikaji eksperimen 
yang dijalankan telah menunjukkan bahawa campuran kombinasi Ferro-Ferro telah 
meningkatkan prestasi konkrit di peringkat anjalan manakala kombinasi Ferro-Ultra 
telah menghasilkan daya tarikan mempat yang tinggi di peringkat plastik. Untuk 
daya regangan pula, kombinasi Ferro-Ferro menghasilkan daya tarikan mampat yang 
tertinggi di peringkat anjalan manakala kombinasi Ferro-Ultra terbukti memberi 
daya ketahanan tambahan kepada konkrit di peringkat plastik. Dengan itu, enam 
spesimen rasuk-tiang konkrit berbentuk L telah dituang menggunakan lima konkrit 
bertetulang gentian hibrid dan satu spesimen kawalan untuk diuji secara eksperimen 
di bawah bebanan kitaran sisi. Keputusan eksperimen yang diperolehi menunjukkan 
bahawa konkrit bertetulang gentian hibrid yang dikaji telah meningkatkan prestasi 
spesimen rasuk-tiang konkrit berbentuk L dari segi kapasiti pelesapan tenaga, kadar 
kemerosotan kekakuan, ketahanan anjakan kemuluran, keterikan tetulang besi dan 
juga tingkah laku histeresis. Justeru itu, enam model unsur terhingga untuk spesimen 
rasuk-tiang konkrit berbentuk L telah dihasilkan untuk disah menggunakan 
keputusan eksperimen ujikaji yang telah dilakukan.  Ketepatan model unsur 
terhingga yang dihasilkan menunjukkan purata peratus perbezaan sebanyak 25.89% 
untuk beban puncak, 3.45% untuk beban puncak anjakan, dan 0.18% untuk anjakan 
maksimum jika dibandingkan dengan data eksperimen. Penyelidikan ini 
menyimpulkan bahawa konkrit bertetulang gentian hibrid yang dihasilkan mampu 
untuk dijadikan sebagai alternatif dalam menyediakan kos yang lebih efisien dalam 
pembinaan struktur konrit bertetulang di kawasan yang mempunyai tahap risiko 
seismik yang rendah hingga sederhana. 
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1

CHAPTER 1 

1 INTRODUCTION 

1.1 Background 

Earthquakes are unpredictable and violent in nature and the resultant tremors can 
inflict significsingleant damage towards Reinforced Concrete (RC) structures. There 
have been a lot of cases where buildings collapsed during earthquakes namely the 
2001 Gujarat, 2004 Indonesia, 2011 Japan as well as the 2015 Nepal natural 
disasters. Henceforth, it is of paramount importance to further reinforce structures in 
seismic-prone regions to limit the structural damage and prevent the total collapse of 
structures. The beam-column joint is one of the critical points within a structure that 
is susceptible to excessive damage during earthquakes (Bindhu et al., 2009; Chun & 
Shin, 2014; Korkmaz & Tankut, 2005; Parastesh et al., 2014). In an RC framed-
structure, the forces from columns and adjacent beams are transferred through the 
beam-column joints. These joints are subjected to compressive, tensile as well as 
shear forces and consumes the highest damage during earthquakes from the 
accumulation of these combined forces. Therefore, strengthening these joints would 
correspond to an increase in structural ductility as more deformation can be resisted 
before the connection fails. 

Generally, beam-column connections can be divided into two categories – either 
ductile or rigid connections. Ductile connections are connections where the plastic 
hinge develops in the joint regions. Henceforth, the connections can plastically-
deform to a wide range of displacement due to their ductile nature. Rigid connections 
are connections that force the plastic hinge to occur outside of the joint region and 
in the beams. The plastic hinge mechanism would dissipate energy and provide a 
damping mechanism for the structure to endure seismic vibrations. Most RC beam-
column connections are classified as rigid connections due to the seismic detailing. 
Although the hinge mechanism induces a certain amount of ductility to RC 
structures, the location of the plastic-hinge often occurs near the face of the columns 
which have been proven to cause rapid stiffness degradation, loss of strength, and 
reduces column capacity (Bahrami et al., 2017; Khoo et al., 2006; Priestley & 
MacRae, 2014). 

To retain the strength and stiffness of the joint-area, current design loads require a
higher amount of transverse reinforcements in the column encompassing the joint 
(IS 13920, 1993; Joint ACI-ASCE Committee 352, 2002; NA to BS EN 1998-
1:2004, 2008). However, increasing steel reinforcements have caused several 
problems during construction. The available space in the beam-column joint is 
limited and having a high percentage of steel reinforcements resulted in steel 
congestions. These congestions led to on-site complications whereby wet concrete 
were inadequately compacted and steel reinforcements were not thoroughly covered,
due to the space constraints. This caused corrosion in steel thus weakening the
performance of steel reinforcements, produced hollow space and cavities inside 
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concrete known as honeycombs, and result in bond-slip failure for the primary 
reinforcements (Foroughi-Asl et al., 2008; Kadarningsih et al., 2017; Kang et al., 
2010). Nevertheless, the elastic behavior of the joint can still be retained by 
relocating the plastic hinge to the beam instead of on the column face. This would 
reduce the percentage of transverse reinforcements needed on the joint as well as 
maintaining the strength and stiffness of the joints. 

Consequently, numerous research have been conducted to develop novel beam-
column connection designs by relocating the plastic hinge to the beams and 
subscribing to the weak beam-strong column design philosophy (Fadwa et al., 2014; 
Weichen Xue & Zhang, 2014; Yuksel et al., 2015). However, this most often 
produced complex steel designs and difficult construction procedures. Specialized 
laborers were required for fabrication and transportation which increases the overall 
cost of construction. Structural behaviors that are commonly observed amongst 
researchers when improving the performance of moment resisting connections are; 
displacement ductility, energy dissipation capacity, stiffness and strength 
degradation, failure modes, drift capacity, flexural strength, and P-∆ hysteretic 
response. 

Furthermore, Nakaki et al. (2014) argued that relocating the plastic hinge region 
increases the overstrength of the connection and imposes a large amount of stress on
the steel reinforcements, causing it to yield. Attempt to strengthen the steel 
connection using high strength bars resulted in concrete compression failure due to 
the high strain at yield point which exceeds the concrete crushing strain – the higher 
the reinforcement stress, the wider the crack width.  

Generally, the conventional design of RC employs continuous steel reinforcement to 
recompense the low tensile, flexural, and shear strain capacity of concrete. The 
combination between steel and concrete have worked well for decades but its 
application in seismic-resistant structures can become complex especially on the 
beam-column joints (Choi et al., 2013; Kabir et al., 2016; Kulkarni & Li, 2014). The 
steel design requires a high tensile strength ratio of steel, in a limited confinement 
area subjected to large inelastic deformations; while also taking into consideration 
the plastic hinge positioning. Henceforth, the design and constructional limitations 
suggest a more direct approach in addressing the problem – such as using Fiber 
Reinforced Concrete (FRC) materials for the joint sections.   

The term FRC was defined by the ACI 116R, Cement and Concrete Terminology as 
concrete containing dispersed randomly oriented fibers. These fibers provide 3-
dimensional reinforcement in cementitious composites which is advantageous in 
limiting the inducement of large loads to primary steel reinforcements from all 
directions (FORTA Corporation, 2017). Reinforcing concrete with high strength and 
short fibrous material has long been used, and can be dated to approximately 3,500 
years ago. Ancient civilization used thatches to reinforced brittle sun-dried bricks, 
straw fibers to enhance baked-clay mud huts, animal hairs for masonry mortars, and 
many more, with the aim of improving the mechanical properties of construction 
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materials at that time. Several investigations have already shown FRC improving the 
performance of conventional concrete in tensile strength, compressive strength, 
elastic modulus, crack resistance, crack control, durability, fatigue life, resistance to 
impact and abrasion, shrinkage, expansion, thermal characteristics, and fire 
resistance (Buratti et al., 2011; Khanlou et al., 2012; Naaman, 2007; Roesler et al., 
2006; Thomas & Ramaswamy, 2007).

The ACI Committee 544 (2002) classify fibers into four categories – Type I (steel), 
Type II (synthetic), Type III (glass), and type IV (natural). The use of steel fibers 
have been popular since the 1970s because of the substantial improvement it imparts 
on concrete. However, recent advancement in petrochemical and textile industries 
has led to the widespread use of synthetic materials because of its fast manufacturing 
process, economical price, new types of organic fibers and versatile applications 
(Sadrmomtazi & Haghi, 2008; Salvador Cesa et al., 2017; Zheng & Feldman, 1995).
Several companies have begun manufacturing macro synthetic fibers, a synthetic 
fiber in a macro-sized scale, which has been claimed as a replacement for secondary 
steel reinforcements (Alani & Beckett, 2013; McCraven, 2002). In addition, the 
application of FRC in different beam-column joint have been studied by several 
researchers and the results showed improvement on the beam-column structural 
ductility (Abbas et al., 2014; Oinam et al., 2014; Röhm et al., 2012; R. Zhang et al., 
2015). The fiber application in cement matrix harbors great potential by the possible 
reduction of steel reinforcements in the beam-column joint regions while providing 
a more straightforward connection design, without the ductile detailing 
complications that commonly ensues. 

1.2 Problem Statements 

The beam-column joint is considered as one of the most critical location in a 
Reinforced Concrete (RC) structure when subjected to earthquake vibrations. Loads 
are transferred from beams to columns via the joints and since the load-path is 
discontinuous, the joint consumes the highest damage during vibrations. For non-
seismic steel detailing, it has been observed that RC structures fail because of the 
huge shear demand on the joint, as a result of concrete crushing and weakening of 
the concrete-steel reinforcements bond (Kotsovou & Mouzakis, 2012). Concrete is 
brittle and does not have a large deformation capacity in its plastic stage. After 
achieving peak stress, it fails and would not be able to endure the formation of 
diagonal cracks in the joint caused by the slippage of steel reinforcements in the 
beam during the flexural yielding of reinforcements (Siva Chidambaram & Agarwal, 
2014). The compressive and tensile stresses acting on the face of the joint section 
further contribute to the formation of diagonal shear cracks (Antonopoulos & 
Triantafillou, 2002). Hence, current structural design codes dictate the use of high 
amounts of steel reinforcements in the frame joint to manage the large strain demand 
in seismic-prone regions. This is known as seismic steel detailing and are used 
worldwide in RC structures located in areas with high seismic risk.  However, the 
increase in steel reinforcements resulted in congestion of steel reinforcements in the 
limited joint-area and produced numerous construction complications (Tsonos, 
2007). In fact, the weak link in the beam-column joint remained even after satisfying 

© C
OPYRIG

HT U
PM



 

 
4 

the minimum requirement for seismic steel detailing according to the design codes 
(Khose et al., 2012). Sharma & Bansal (2019) even reported that all the various 
beam-column joints in RC structures exhibited different levels of damage pattern. 
Therefore, it can be deduced that the life safety and structural failure cannot be 
guaranteed during seismic vibrations despite satisfying the minimum requirements 
established by the various structural design codes (Siva Chidambaram & Agarwal, 
2018).  

The strengthening of the beam-column joint using FRC is dependent on the capacity 
of the fibers inside concrete to retain excessive loads and reduce the damage on steel 
reinforcement connections. The mechanical properties of FRC in compression, 
flexure, tension, and shear can be determined from experimental tests but the results 
should not be used as a basis for the material to be applied universally on all 
structural components, particularly for the beam-column joints. This is because the 
performance of the beam-column joint differs with different structural 
configurations. Positive results of using steel-FRC in external beam-column joints 
should not fundamentally translate to improved performance in the external, T, or 
knee beam-column joints. In fact, it has been shown that the knee-type beam-column 
arrangement performed the weakest among the interior, exterior, and T-type 
connections (Xue & Yang, 2014). The absence of lateral and vertical restraints due 
to its discontinuous L-shaped assembly resulted in an unbalanced structure. 
Henceforth, the knee-type connection is susceptible to more damage compared to the 
rest of the joints during seismic vibrations and might require a tougher FRC in the 
joints compared to steel-FRC. 

The use of single-fiber in FRC also limits the fiber-bridging capabilities because they 
are bounded by crack-zones and volume fraction limitations. Cracking is a multiscale 
and gradual process, microcracks coalescent into macrocrack which propagates at a 
stable rate until instability occurs and fractures the cementitious composites. The use 
of only one type of fiber implies that the fiber would only be able to reinforce one 
level of crack and within its cracking-strain limit (Fu et al., 2018; Guler, 2018; 
Swolfs et al., 2014; Yao et al., 2019). Hence, high-volume fractions of fiber are 
typically designed to overcome the strain-limit, but then this caused problems such 
as workability complications during concrete casting (Siva Chidambaram & 
Agarwal, 2018). In general, micro and macro synthetic fibers are fibers manufactured 
from synthetic materials that have diameters smaller than 0.3mm and larger than 
0.3mm, respectively. By hybridizing micro and macro synthetics from two or more 
different materials in cement matrix, the Hybrid Fiber Reinforced Concrete (HyFRC) 
can reinforce higher range of crack levels, reduce applied damage and achieve equal 
or greater performance capability than using single-FRC. HyFRC combinations were 
also more effective than traditional FRC in bridging micro-crack and result in strain-
hardening of concrete as well as improving the post-cracking mode of failure (Nayar 
& Gettu, 2015; Sahoo et al., 2014; Soutsos et al., 2012; Yap et al., 2014).  

Fibers are usually hybridized between a primary load-bearing fiber and a secondary 
fiber. Steel fibers are widely popular in being considered as the load-bearing fiber in 
any combination mix because of its high strength, stiffness, ductility, and large 
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macro-size compared to the other types of fiber (Mo et al., 2017; Thomas & 
Ramaswamy, 2007; Wille & Naaman, 2012; F. Zhang et al., 2016). However, recent 
developments in producing macro synthetic fibers might break the over-dependency 
on steel fibers as the primary choice for the load-bearing fiber. Macro-sized synthetic 
fibers are more advantageous to be used because it is more economical than steel 
fibers and have been reported to achieve similar reinforcing capabilities (Buratti et 
al., 2011; Yin et al., 2015), produce a significantly lower carbon footprint (Shen et 
al., 2010; Strezov & Herbertson, 2006), and non-corrosive compared to steel, which 
was known to deteriorate in performance over time. The use of steel fibers more than 
2% in concrete also led to fiber segregation and air entrapment which affects the 
tensile and flexural stress-resisting capabilities of the fibers (Chidambaram &
Agarwal, 2015). Furthermore, there is currently limited literature available on the 
shear behavior of concrete with different fiber hybridization especially for synthetic 
fibers, and this warrants further research. 

Conjointly, conducting numerical analyses for unconventional materials proved 
challenging as most commercial FE software material libraries are constrained to 
conventional concrete. Most of the studies that have been conducted in the reviews 
performed small-scale experimental testing in compression, tension, and flexure 
while large-scale tests were narrowed to using steel fibers hybrid combinations as it 
has higher chances of obtaining favorable results, thus lowering the cost of 
experimental testing. This poses a problem as combinations of other types of fibers 
in large-scale tests were limited to steel fiber hybrids due to the possible risk of 
unfavorable or mediocre results. Hence this paper attempts to develop non-steel 
HyFRC synthetic fiber combinations and formulate constitutive modeling of these 
materials for FE modeling and numerical analyses. This would lower the costs of 
experimental testing while broadening the opportunity for these materials to be 
numerically tested in various structural applications, unconstrained by overhead 
costs. 

In summary, it can be deduced that the most advantageous type of fibers to be used 
in RC structures are synthetic fibers due to their resultant ductility improvements. 
Hybridizing multiple different types of synthetic fibers would improve the crack 
fiber-bridging effect in cementitious composites, allowing it to absorb more energy 
than single-fibers. Therefore, it can be hypothesized that the developed HyFRC in 
this research would undertake the steel congestion problems in beam-column joints 
by reducing the need for more steel reinforcements. Moreover, it might also improve 
the overall performance of the weakest beam-column connections – the knee joint, 
under reversed cyclic loading. Numerical models would then be developed using 
commercial FE software and verified against the experimental results for future 
applications using the developed novel materials. 

1.3 Aim and Objectives 

This research aims to develop several novel HyFRC combinations by hybridizing 
different types of synthetic fibers with HRWRA. The developed HyFRC would be 
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used on the joint-region of a knee beam-column structure to limit the inducement of 
excessive strains to the primary steel reinforcements and improve its structural 
performance under reversed cyclic loads. The objectives are specified further below; 

1. To develop HyFRC with improved Average Residual Strength (ARS) and
shear strength as well as to verify the adequacy of the hybridization synergy
between the synthetic fiber combinations.

2. To evaluate the mechanical properties of the HyFRC with High Range Water
Reducing Admixture (HRWRA) and determine the optimal fiber volume
fraction in providing adequate slump, compressive and tensile strengths.

3. To improve the constitutive models and develop the CDP for the HyFRC
while also proposing FE analytical models from the derived data.

4. To evaluate the performance of HyFRC beam-column knee joint
experimentally under reversed cyclic loads and verify the accuracy of the
proposed FE models by comparing the numerical analyses with the
experimental results.

1.4 Scope of Research 

This study consists of developing new synthetic HyFRC from FORTA-manufactured 
fibers to enhance the post-crack behavior of conventional concrete in flexure and 
shear. The fiber content for hybridization was limited to 0.4% to 0.6% for the primary 
fiber and 0.2% to 0.3% for the secondary fibers, with a total of sixteen hybrid-
combinations between five different fibers. The improvements in the developed 
HyFRC were tested using methods from accredited test-standards.  

Subsequently, five hybrid-combination cases representing each of the different types 
of fibers used were selected to ascertain their hybridization efficacy with the addition 
of HRWRA. Incremental admixture dosage from 0.2% to 1.0% was applied to the 
selected cases, to assess its impact on HyFRC compressive and tensile strength at 
28-days as well as their wet concrete workability through slump tests. The objective 
is to obtain adequate slump result without significant reduction in compressive and 
tensile strength. 

Uniaxial tests were then conducted to develop Concrete Damaged Plasticity (CDP) 
constitutive models in Abaqus FE software. The results were also used to calculate 
the improvement in strength and toughness of the HyFRC in compression as well as 
tension. Consequently, six knee RC beam-column joint analytical models were 
proposed based on the constitutive data and were further evaluated using numerical 
analyses. The accuracy of the models was then verified using data obtained from 
experimental testing of quasi-static cyclic load reversals on RC knee beam-column 
HyFRC joints. 
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The knee beam-column joint is selected to be investigated because it is the weakest 
type of all the beam-column structures. The main aim of this study has always been 
to develop five novel synthetic hybrid fibrous concrete for experimental tests in 
beam-column joints. Conducting FE analyses and verifying the results with 
experimental testing using the developed HyFRC would provide a more detailed and 
insightful finding on the knee beam-column joints as compared to widening the 
scope and testing it on all internal, external, and T beam-column structures. 

1.5 Thesis Layout 

This thesis can be divided into five chapters. 

Chapter one presents the background problems encountered in RC beam-column 
connections and the potential application of FRC on beam-column joints. The 
problem statements, aim, and objectives, as well as the research scope limitations, 
are all defined in this chapter. 

Chapter two is a collection of reviews from existing literature. It is subdivided into 
two parts – the materials and applications section. The materials section studies the 
available fibers currently on the market for the development of HyFRC while the 
application part reviews past experimental tests conducted on similar fiber-
hybridization ideas. 

Chapter three describes the methodology employed in this research; outlining 
standards, codes, and procedures undertaken in this study. Details of the HyFRC 
development, experimental tests procedure, damage plasticity constitutive modeling, 
and numerical computational methods are presented in detail. 

Chapter four discusses the results obtained from the experimental tests in sequential 
order. The post-crack Average Residual Strength (ARS), shear-resisting capabilities, 
admixture parametric study, constitutive modeling, knee beam-column cyclic tests, 
and the verification of the models are all elaborated in this chapter. 

Chapter five concludes the research outcome from the obtained results. The overall 
research is summarised with regards to prior aims and objectives while further 
recommending future investigation in certain aspects of the study. © C

OPYRIG
HT U

PM



 
 

 
153 

6 REFERENCES 

Abbas, A. A., Syed Mohsin, S. M., & Cotsovos, D. M. (2014). Seismic response of 
steel fibre reinforced concrete beam-column joints. Engineering Structures, 
59, 261–283. 

AbdelAleem, B. H., Ismail, M. K., & Hassan, A. A. A. (2018). Effect of synthetic 
fibers on shear capacity of reinforced rubberized concrete beams. ACI 
Materials Journal, 115(2), 279–288. 

ACI Committee 212. (1998). Guide for the Use of High-Range Water-Reducing 
Admixtures (Superplasticizers) in Concrete. American Concrete Institute, 1–
10. 

ACI Committee 318. (2014). Building Code Requirements for Structural Concrete. 
American Concrete Institute. 

ACI Committee 544. (2002). State-of-the-Art Report on Fiber Reinforced Concrete. 
American Concrete Institute. 

Akkaya, Y., Peled, A., & Shah, S. P. (2006). Parameters related to fiber length and 
processing in cementitious composites. Materials and Structures, 33(8), 
515–524. 

Alani, A. M., & Beckett, D. (2013). Mechanical properties of a large scale synthetic 
fibre reinforced concrete ground slab. Construction and Building Materials, 
41, 335–344. 

Altoubat, S., Yazdanbakhsh, A., & Rieder, K. A. (2009). Shear behavior of macro-
synthetic fiber-reinforced concrete beams without stirrups. ACI Materials 
Journal, 106(4), 381–389. 

Ananiev, S., & Ozbolt, J. (1989). A plastic-damage model for concrete. International 
Journal of Solids and Structures, 25(3), 299–326. 

Anderson, T. L. (2017). Fracture Mechanics (4th Editio). Taylor & Francis Group. 

Angelakos, B. (1999). The Behavior of Reinforced Concrete Knee Joints Under 
Earthquake Loads. University of Toronto. 

Annadurai, A., & Ravichandran, A. (2018). Seismic Behavior of Beam–Column 
Joint Using Hybrid Fiber Reinforced High-Strength Concrete. Iranian 
Journal of Science and Technology, Transactions of Civil Engineering, 
42(3), 275–286. 

Antonopoulos, C. P., & Triantafillou, T. C. (2002). Analysis of FRP-Strengthened 
RC Beam-Column Joints. Journal of Composites for Construction, 6(1), 41–
51. 

© C
OPYRIG

HT U
PM



 
 

 
154 

ASTM C1399/C1399M-10. (2015). Standard Test Method for Obtaining Average 
Residual-Strength of Fiber-Reinforced Concrete. ASTM International. 

ASTM C143/C143M-15a. (2015). Standard Test Method for Slump of Hydraulic-
Cement Concrete. ASTM International. 

ASTM C1609/C1609M-12. (2005). Standard Test Method for Flexural Performance 
of Fiber-Reinforced Concrete (Using Beam With Third-Point Loading). 
ASTM International. 

ASTM C39/C39M-16a. (2016). Standard Test Method for Compressive Strength of 
Cylindrical Concrete Specimens. ASTM International. 

ASTM C494/C494M-17. (2017). Standard Specification for Chemical Admixtures 
for Concrete. ASTM International. 

ASTM C496/C496M-11. (2011). Standard Test Method for Splitting Tensile 
Strength of Cylindrical Concrete Specimens. ASTM International. 

ASTM C78/C78M-16. (2016). Standard Test Method for Flexural Strength of 
Concrete (Using Simple Beam with Third-Point Loading). ASTM 
International. 

ASTMC469/C469M-14. (2014). Standard Test Method for Static Modulus of 
Elasticity and Poisson’s Ratio of Concrete. ASTM International. 

Aveston, J., Mercer, R. A., & Sillwood, J. M. (1974). Fibre-Reinforced Cements - 
Scientific Foundations for Specifications: Composites - Standards Testing 
and Design. National Physical Laboratory Conference Proceedings, 93–103. 

Awwad, E., Mabsout, M., Hamad, B., Farran, M. T., & Khatib, H. (2012). Studies 
on fiber-reinforced concrete using industrial hemp fibers. Construction and 
Building Materials, 35(2012), 710–717. 

Bahrami, S., Madhkhan, M., Shirmohammadi, F., & Nazemi, N. (2017). Behavior of 
two new moment resisting precast beam to column connections subjected to 
lateral loading. Engineering Structures, 132, 808–821. 

Banthia, N., & Gupta, R. (2004). Hybrid Fiber Reinforced Concrete: Fiber Synergy 
in High Strength Matrices. RILEM, Material and Structures, 37(274), 707–
716. 

Banthia, N., & Nandakumar, N. (2003). Crack Growth Resistance of Hybrid Fiber 
Reinforced Cement Composites. Cement and Concrete Composites, 25(1), 
3–9. 

Banthia, N., & Sappakittipakorn, M. (2007). Toughness enhancement in steel fiber 
reinforced concrete through fiber hybridization. Cement and Concrete 
Research, 37(9), 1366–1372. 

© C
OPYRIG

HT U
PM



 
 

 
155 

Banthia, N., & Sheng, J. (1991). Micro-reinforced Cementitious Materials. MRS 
Proceedings, 211, 25–32. 

Banthia, N, Majdzadeh, F., Wu, J., & Bindiganavile, V. (2014). Fiber synergy in 
Hybrid Fiber Reinforced Concrete (HyFRC) in flexure and direct shear. 
Cement and Concrete Composites, 48, 91–97. 

Banthia, Nemkumar, Bindiganavile, V., Jones, J., & Novak, J. (2012). Fiber-
reinforced concrete in precast concrete applications: Research leads to 
innovative products. PCI Journal, 57(3), 33–46. 

Banthia, Nemkumar, & Soleimani, S. M. (2005). Flexural response of hybrid fiber-
reinforced cementitious composites. ACI Materials Journal, 102(6), 382–
389. 

Barluenga, G. (2010). Fiber-matrix interaction at early ages of concrete with short 
fibers. Cement and Concrete Research, 40(5), 802–809. 

Barragán, B., Gettu, R., Agulló, L., & Zerbino, R. (2006). Shear failure of steel fiber-
reinforced concrete based on push-off tests. ACI Materials Journal, 103(4), 
251–257. 

Bentur, A., & Akers, S. (1989). The microstructures and ageing of cellulose fiber 
reinforced cement composites cured in a normal environment. International 
Journal of Cement Composites and Lightweight Concrete, 11(2), 99–109. 

Betterman, L. R., Ouyang, C., & Shah, S. P. (1995). Fiber-matrix interaction in 
microfiber-reinforced mortar. Advanced Cement Based Materials, 2(2), 53–
61. 

Bharti, R., Chidambaram, R. S., & Kwatra, N. (2017). Influence of Fiber Reinforced 
Concrete on Plastic Behavior on Exterior Beam Column Joint under Cyclic 
Loading. Procedia Engineering, 173, 1122–1129. 

Bindhu, K. R., Sukumar, P. M., Jaya, K. P., & Division, S. E. (2009). Performance 
of Exterior Beam-Column Joints Under Seismic Type Loading. ISET Journal 
of Earthquake Technology, 46(503), 47–64. 

Brandt, A. M. (2008). Fibre reinforced cement-based (FRC) composites after over 
40 years of development in building and civil engineering. Composite 
Structures, 86(1–3), 3–9. 

BS EN 1992-1-1:2004. (2014). Eurocode 2. Design of concrete structures. General 
rules and rules for buildings. British Standard Institution. 

BS EN 1992-2:2005. (2019). Concrete. Complementary British Standard to BS EN 
206. Specification for constituent materials and concrete. British Standard 
Institution. 

© C
OPYRIG

HT U
PM



 
 

 
156 

Buratti, N., Mazzotti, C., & Savoia, M. (2011). Post-cracking behavior of steel and 
macro-synthetic fibre-reinforced concretes. Construction and Building 
Materials, 25(5), 2713–2722. 

Caratelli, A., Meda, A., & Rinaldi, Z. (2016). Monotonic and cyclic behavior of 
lightweight concrete beams with and without steel fiber reinforcement. 
Construction and Building Materials, 122, 23–35. 

Casamatta, D. M. (1986). Synthetic Fiber Reinforced Concrete. Code News, No.6. 

Chi, Y., Xu, L., & Zhang, Y. (2014). Experimental Study on Hybrid Fiber–
Reinforced Concrete Subjected to Uniaxial Compression. Journal of 
Materials in Civil Engineering, 26(2), 211–218. 

Chidambaram, R. S., & Agarwal, P. (2015). Seismic behavior of hybrid fiber 
reinforced cementitious composite beam-column joints. Materials and 
Design, 86, 771–781. 

Choi, H. K., Choi, Y. C., & Choi, C. S. (2013). Development and testing of precast 
concrete beam-to-column connections. Engineering Structures, 56, 1820–
1835. 

Chun, S. C., & Shin, Y. S. (2014). Cyclic testing of exterior beam-column joints with 
varying joint aspect ratio. ACI Structural Journal, 111(3), 693–704. 

Coutts, R. S. P. (1983). Flax Fibers as a Reinforcement in Cement Mortars. 
International Journal of Cement Composites and Lightweight Concrete, 5(4), 
257–262. 

Daniel, J. I., & Anderson, E. D. (1986). Acrylic Fiber Reinforced Cement 
Composites. Third International Symposium on Development in Fiber 
Reinforced Cement Composites, 1. 

Dehghan, A., Peterson, K., & Shvarzman, A. (2017). Recycled glass fiber reinforced 
polymer additions to Portland cement concrete. Construction and Building 
Materials, 146, 238–250. 

Ding, Y., You, Z., & Jalali, S. (2010). Hybrid fiber influence on strength and 
toughness of RC beams. Composite Structures, 92(9), 2083–2089. 

Fadwa, I., Ali, T. A., Nazih, E., & Sara, M. (2014). Reinforced concrete wide and 
conventional beam-column connections subjected to lateral load. 
Engineering Structures, 76, 34–48. 

Foroughi-Asl, A., Dimaghani, S., & Famili, H. (2008). Bond strength of 
reinforcement steel in self-compacting concrete. International Journal of 
Civil Engineering, 6(1), 24–33. 

FORTA Corporation. (2017). Retrieved October 28, 2019, from http://www.forta-
ferro.com/engineers/ 

© C
OPYRIG

HT U
PM



 
 

 
157 

Fu, Q., Niu, D., Zhang, J., Huang, D., & Hong, M. (2018). Impact response of 
concrete reinforced with hybrid basalt-polypropylene fibers. Powder 
Technology, 326, 411–424. 

Gale, D. M., Riewald, P. G., & Champion, A. R. (1986). Cement Reinforcement with 
Man-Made Fibres. In International Man-Made Fibres Congress. Dornbirn, 
Austria: E.I. Du Pont de Nemours and Co. 

Ganesan, N., Indira, P. V., & Sabeena, M. V. (2014a). Behavior of hybrid fibre 
reinforced concrete beam-column joints under reverse cyclic loads. Materials 
and Design, 54, 686–693. 

Ganesan, N., Indira, P. V., & Sabeena, M. V. (2014b). Bond stress slip response of 
bars embedded in hybrid fibre reinforced high performance concrete. 
Construction and Building Materials, 50, 108–115. 

Ghadban, A. A., Wehbe, N. I., & Underberg, M. (2018). Effect of fiber type and 
dosage on flexural performance of fiber-reinforced concrete for highway 
bridges. ACI Materials Journal, 115(3), 413–424. 

Goldfein, S. (1965). Fibrous Reinforcement for Portland Cement. Modern Plastics, 
42(8), 156–160. 

Greenough, T., & Nehdi, M. (2008). Shear Behavior of Self-Consolidating Fibre-
Reinfored Concrete Slender Beams. ACI Materials Journal, 105(5), 468-477. 

Guler, S. (2018). The effect of polyamide fibers on the strength and toughness 
properties of structural lightweight aggregate concrete. Construction and 
Building Materials, 173, 394–402. 

Hahn, H., Karl, S., & Worner, J. D. (1986). Properties of Polyacrylonitrile Fiber 
Reinforced Concrete. In Session on Fiber Reinforced Concrete (p. 13). 

Hajsadeghi, M., & Chin, C. S. (2019). Geometrical and material optimisation of 
deformed steel fibres: Spirally deformed fibres. Engineering Structures, 
199(September), 109636. 

Hannant, D. J. (1978). Fibre Cements and Fibre Concretes. New York: John Wiley 
& Sons. 

Hassan, A. M. T., Jones, S. W., & Mahmud, G. H. (2012). Experimental test methods 
to determine the uniaxial tensile and compressive behavior of Ultra High 
Performance Fibre Reinforced Concrete(UHPFRC). Construction and 
Building Materials, 37, 874–882. 

Huang, J. Q., & Dai, J. G. (2019). Direct shear tests of glass fiber reinforced polymer 
connectors for use in precast concrete sandwich panels. Composite 
Structures, 207(May 2018), 136–147. 

IS 13920. (1993). Ductile detailing of reinforced concrete structures subjected to 
seismic forces - Code of practice. Bureau of Indian Standards, New Delhi. 

© C
OPYRIG

HT U
PM



 
 

 
158 

Ismail, M. K., & Hassan, A. A. A. (2017). Use of steel fibers to optimize self-
consolidating concrete mixtures containing crumb rubber. ACI Materials 
Journal, 114(4), 581–594. 

Issa, C. A., & Masri, O. (2015). Numerical simulation of the bond behavior between 
concrete and steel reinforcing bars in specialty concrete. International 
Journal of Civil, Environmental, Structural, Construction and Architectural 
Engineering, 9(6), 767–774. 

Jakel, G. R. (1975). Fiber Reinforced Concrete and Their Formation; Polyesters, 
Cellulose Pulp. U.S. Patent #3899344. 

Jirawattanasomkul, T., Ueda, T., Likitlersuang, S., Zhang, D., Hanwiboonwat, N., 
Wuttiwannasak, N., & Horsangchai, K. (2019). Effect of natural fibre 
reinforced polymers on confined compressive strength of concrete. 
Construction and Building Materials, 223, 156–164. 

Joint ACI-ASCE Committee 352. (2002). Recommendations for Design of Beam-
Column Connections in Monolithic Reinforced Concrete Structures. 
American Concrete Institute. 

Jones, B. H. (1975). Structural Design and Analysis Part II. New York: Academic. 

Jongvivatsakul, P., Matsumoto, K., & Niwa, J. (2013). Shear Capacity of Fiber 
Reinforced Concrete Beams With Various Types and Combinations of 
Fibers. Journal of JSCE, 1, 228–241. 

Joshi, S. S., Thammishetti, N., & Prakash, S. S. (2018). Efficiency of steel and 
macro-synthetic structural fibers on the flexure-shear behavior of prestressed 
concrete beams. Engineering Structures, 171(May), 47–55. 

JSCE-G-533. (2005). Test method for shear strength of steel fiber reinforced 
concrete. Standard Specifications for Concrete Structures, Test Methods and 
Specifications. JSCE, 362. 

JSCE Concrete Committee. (2008). Recommendations for Design and Construction 
of High Performance Fiber Reinforced Cement Composites with Multiple 
Fine Cracks (HPFRCC ). Concrete Engineering Series 82. 

Kabir, M., Alam, M., Said, A., & Ayad, A. (2016). Performance of Hybrid 
Reinforced Concrete Beam Column Joint: A Critical Review. Fibers, 4(4), 
13. 

Kadarningsih, R., Satyarno, I., Muslikh, & Triwiyono, A. (2017). Analysis and 
Design of Reinforced Concrete Beam-column Joint Using King Cross Steel 
Profile. Procedia Engineering, 171, 948–956. 

Kang, T. H. K., Ha, S. S., & Choi, D. U. (2010). Bar pullout tests and seismic tests 
of small-headed bars in beam-column joints. ACI Structural Journal, 107(1), 
32–42. 

© C
OPYRIG

HT U
PM



 
 

 
159 

Kawashima, K., Zafra, R. G., Sasaki, T., Kajiwara, K., Nakayama, M., Unjoh, S., … 
Yabe, M. (2012). Seismic Performance of a Full-Size Polypropylene Fiber-
Reinforced Cement Composite Bridge Column Based on E-Defense Shake 
Table Experiments. Journal of Earthquake Engineering, 16(4), 463–495. 

Kawashima, K., Zafra, R., Sasaki, T., Kajiwara, K., & Nakayama, M. (2011). Effect 
of Polypropylene Fiber Reinforced Cement Composite and Steel Fiber 
Reinforced Concrete for Enhancing the Seismic Performance of Bridge 
Columns. Journal of Earthquake Engineering, 15(8), 1194–1211. 

Kent, D. C., & Park, R. (1971). Flexural Members with Confined Concrete. Journal 
of Structural Engineering Division, 97(7), 1969–1990. 

Khajuria, A., Bohra, K., & Balaguru, P. N. (1991). Long-Term Durability of 
Synthetic Fibers. American Concrete Institute, 851–868. 

Khalid, F. S., Irwan, J. M., Wan Ibrahim, M. H., Othman, N., & Shahidan, S. (2018). 
Splitting tensile and pullout behavior of synthetic wastes as fiber-reinforced 
concrete. Construction and Building Materials, 171, 54–64. 

Khanlou, A., MacRae, G., Scott, A., Hicks, S., & Clifton, G. (2012). Shear 
performance of steel fibre-reinforced concrete. In Australasian Structural 
Engineering Conference (Vol. 1, p. 8). 

Kheni, D., Scott, R. H., Deb, S. K., & Dutta, A. (2015). Ductility enhancement in 
beam-column connections using hybrid fiber-reinforced concrete. ACI 
Structural Journal, 112(2), 167–178. 

Khoo, J. H., Li, B., & Yip, W. K. (2006). Tests on precast concrete frames with 
connections constructed away from column faces. ACI Structural Journal, 
103(1), 18–27. 

Khose, V. N., Singh, Y., & Lang, D. H. (2012). A comparative study of design base 
shear for RC buildings in selected seismic design codes. Earthquake Spectra, 
28(3), 1047–1070. 

Kim, M. J., Yoo, D. Y., & Yoon, Y. S. (2019). Effects of geometry and hybrid ratio 
of steel and polyethylene fibers on the mechanical performance of ultra-high-
performance fiber-reinforced cementitious composites. Journal of Materials 
Research and Technology, 8(2), 1835–1848. 

Kizilkanat, A. B., Kabay, N., Akyüncü, V., Chowdhury, S., & Akça, A. H. (2015). 
Mechanical properties and fracture behavior of basalt and glass fiber 
reinforced concrete: An experimental study. Construction and Building 
Materials, 100, 218–224. 

Kobayashi, K., & Cho, R. (1981). Flexural behavior of Polyethylene Fibre 
Reinforced Concrete. The International Journal of Cement Composites, 3(1). 

© C
OPYRIG

HT U
PM



 
 

 
160 

Konczalski, P., & Piekarski, K. (1982). Tensile Properties oof Portland Cement 
Reinforced with Kevlar Fibers. Journal of Reinforced Platics and 
Composites, 1, 378–384. 

Korkmaz, H. H., & Tankut, T. (2005). Performance of a precast concrete beam-to-
beam connection subject to reversed cyclic loading. Engineering Structures, 
27(9), 1392–1407. 

Kotsovou, G., & Mouzakis, H. (2012). Seismic design of RC external beam-column 
joints. Bulletin of Earthquake Engineering, 10(2), 645–677. 

Krishna, N. K., Prasanth, M., Gowtham, R., Karthic, S., & Mini, K. M. (2018). 
Enhancement of properties of concrete using natural fibers. Materials Today: 
Proceedings, 5(11), 23816–23823. 

Kulkarni, S. A., & Li, B. (2014). Investigations of seismic behavior of hybrid 
connections. PCI Journal, 54(1), 67–87. 

Kwon, S., Nishiwaki, T., Kikuta, T., & Mihashi, H. (2014). Development of ultra-
high-performance hybrid fiber-reinforced cement-based composites. ACI 
Materials Journal, 111(3), 309–318. 

Lameiras, R., Barros, J. A. O., Valente, I. B., Xavier, J., & Azenha, M. (2018). Pull-
out behavior of glass-fibre reinforced polymer perforated plate connectors 
embedded in concrete. Part II: Prediction of load carrying capacity. 
Construction and Building Materials, 169, 142–164. 

Lawler. (2001). Hybrid Fiber-Reinforcement in Mortar and Concrete. Northwestern 
University. 

Lawler, J., Zampini, D., & Shah, S. (2005). Microfiber and Macrofiber Hybrid Fiber-
Reinforced Concrete. Journal of Materials in Civil Engineering, 17(5), 595–
604. 

Lee, J. H. (2017). Influence of concrete strength combined with fiber content in the 
residual flexural strengths of fiber reinforced concrete. Composite Structures, 
168, 216–225. 

Lerch, J. O., Bester, H. L., Van Rooyen, A. S., Combrinck, R., de Villiers, W. I., & 
Boshoff, W. P. (2018). The effect of mixing on the performance of macro 
synthetic fibre reinforced concrete. Cement and Concrete Research, 
103(May 2017), 130–139. 

Li, X. (2007). Finite Element Modeling of Skewed Reinforced Concrete Brides and 
The Bond-Slip Relationship Between Concrete and Reinforcement. Auburn 
University, Alabam. 

McCraven, S. C. (2002). Fibers for Tomorrow. Concrete Construction, 27–30. 

Mirsayah, A. A., & Banthia, N. (2002). Shear strength of steel fiber-reinforced 
Concrete. ACI Materials Journal, 99(5), 473–479. 

© C
OPYRIG

HT U
PM



 
 

 
161 

Mo, K. H., Goh, S. H., Alengaram, U. J., Visintin, P., & Jumaat, M. Z. (2017). 
Mechanical, toughness, bond and durability-related properties of lightweight 
concrete reinforced with steel fibres. Materials and Structures/Materiaux et 
Constructions, 50(1). 

Mobasher, B., & Li, C. (1996). Mechanical Properties of Hybrid Cement Based 
Composites. ACI Materials Journal, 93(3), 284–292. 

Mobasher, B., & Shah, S. P. (1989). Test Parameters for Evaluating Toughness of 
Glass-Fiber Reinforced Concrete Panels. ACI Materials Journal, 448–458. 

Moretti, M. L., Tassios, T. P., & Vintzileou, E. (2014). Behavior and design of corner 
joints under opening bending moment. ACI Structural Journal, 111(1), 3–13. 

Mosaberpanah, M. A., & Eren, O. (2016). Relationship between 28-days 
Compressive Strength and Compression Toughness Factor of Ultra High 
Performance Concrete Using Design of Experiments. Procedia Engineering, 
145, 1565–1571. 

Muthuswamy, K. R., & Thirugnanam, G. S. (2014). Structural behavior of hybrid 
fibre reinforced concrete exterior Beam- Column joint subjected to cyclic 
loading. International Journal of Civil and Structural Engineering, 4(3), 
262–273. 

NA to BS EN 1998-1:2004. (2008). UK National Annex to Eurocode 8. Design of 
structures for earthquake resistance. General rules, seismic actions and rules 
for buildings. British Standard Institution. 

Naaman, A. E. (2007). Engineered Steel Fibers with Optimal Properties for 
Reinforcement of Cement Composites. Journal of Advanced Concrete 
Technology, 1(3), 241–252. 

Naaman, A. E., Likhitruangsilp, V., & Parra-Montesinos, G. (2007). Punching shear 
response of high-performance fiber-reinforced cementitious composite slabs. 
ACI Structural Journal, 104(2), 170–179. 

Nagabhushanam, M., Ramakrishnan, V., & Vondran, G. (1989). Fatigue Strength of 
Fibrillated Polypropylene Fiber Reinforced Concrete. Transportation 
Research Record, 36–47. 

Nakaki, S. D., Englekirk, R. E., & Plaehn, J. L. (2014). Ductile Connectors for a 
Precast Concrete Frame. PCI Journal, 39(5), 46–59. 

Nayar, S. K., & Gettu, R. (2015). Synergy in toughness by incorporating amorphous 
metal and steel fibers. ACI Materials Journal, 112(6), 821–827. 

Nematzadeh, M., & Hasan-Nattaj, F. (2017). Compressive Stress-Strain Model for 
High-Strength Concrete Reinforced with Forta-Ferro and Steel Fibers. 
Journal of Materials in Civil Engineering, 29(10), 04017152. 

© C
OPYRIG

HT U
PM



 
 

 
162 

Nishioka, K., Yamakawa, S., & Shirakawa, K. (1986). Properties and Applications 
of Carbon Fiber Reinforced Cement Composites. In R. T. C. 49-TFR (Ed.), 
Third International Symposium on Development in Fiber Reinforced Cement 
Composites (Vol. 1). RILEM Symposium FRC 86. 

Noushini, A., Hastings, M., Castel, A., & Aslani, F. (2018). Mechanical and flexural 
performance of synthetic fibre reinforced geopolymer concrete. Construction 
and Building Materials, 186, 454–475. 

Oinam, R. M., Sahoo, D. R., & Sindhu, R. (2014). Cyclic response of Non-ductile rc 
frame with steel fibers at Beam-Column joints and plastic hinge regions. 
Journal of Earthquake Engineering, 18(6), 908–928. 

Okoli, O. (2001). The effects of strain rate and failure modes on the failure energy 
of fibre reinforced composites. Composite Structures, 54, 1–5. 

Padron, I., & Zollo, R. . (1990). Effect of Synthetic Fibers on Volume Stability and 
Cracking of Portland Cement Concrete and Mortar. ACI Materials Journal, 
87(4), 327–332. 

Pakravan, H. R., Jamshidi, M., & Latifi, M. (2013). Polymeric fibers pull out 
behavior and microstructure as cementitious composites reinforcement.pdf. 
The Journal of The Textile Institute, 104(10), 1056–1065. 

Paramasivan, P., Nathan, G., Wong, K., & Liu, P. (1974). Study of Fiber Reinforced 
Concrete. In First Australian Conference on Engineering Materials (pp. 
333–350). The University of New South Wales. 

Parastesh, H., Hajirasouliha, I., & Ramezani, R. (2014). A new ductile moment-
resisting connection for precast concrete frames in seismic regions: An 
experimental investigation. Engineering Structures, 70, 144–157. 

Park, J.-J., Yoo, D.-Y., Kim, S., & Kim, S.-W. (2019). Benefits of synthetic fibers 
on the residual mechanical performance of UHPFRC after exposure to ISO 
standard fire. Cement and Concrete Composites, 104(August), 103401. 

Parra-Montesinos, G. J., Peterfreund, S. W., & Chao, S. H. (2005). Highly damage-
tolerant beam-column joints through use of high-performance fiber-
reinforced cement composites. ACI Structural Journal, 102(3), 487–495. 

Paschalis, S. A., & Lampropoulos, A. P. (2016). Ultra-high-performance fiber-
reinforced concrete under cyclic loading. ACI Materials Journal, 113(4), 
419–427. 

Perumal, P., & Thanukumari, B. (2010). Seismic performance of hybrid fibre 
reinforced Beam-Column joint. International Journal of Civil and Structural 
Engineering, 1(3), 749–774. 

Priestley, M. J. N., & MacRae, G. A. (2014). Seismic Tests of Precast Beam-to-
Column Joint Subassemblages With Unbonded Tendons. PCI Journal, 41(1), 
64–81. 

© C
OPYRIG

HT U
PM



 
 

 
163 

Ramakrishnan, V., Gollapudi, S., & Zellers, R. (1987). Performance Characteristics 
and Fatigue of Polypropylene Fiber Reinforced Concrete. American 
Concrete Institute, 159–177. 

Ramakrishnan, V., Wu, G. Y., & Hosalli, G. (1989). Flexural fatigue strength, 
endurance limit, and impact strength of fiber reinforced concretes. 
Transportation Research Record, (1226), 17–24. 

Ramanalingam, N., Paramasivam, P., Mansur, M. A., & Maalej, M. (2001). Flexural 
Behavior of Hybrid Fiber-Reinforced Cement Composites Containing High-
Volume Fly Ash. ACI SP 199, 147–162. 

Rice, E., Vondran, G., & Kunbargi, H. (1988). Bonding of Fibrillated Polypropylene 
Fibers to Cementitious Materials. Materials Research Society Proceedings, 
(114), 145–152. 

Roesler, J. R., Altoubat, S. A., Lange, D. A., Rieder, K. A., & Ulreich, G. R. (2006). 
Effect of synthetic fibers on structural behavior of concrete slabs-on-ground. 
ACI Materials Journal, 103(1), 3–10. 

Röhm, C., Novák, B., Sasmal, S., Karusala, R., & Srinivas, V. (2012). Behavior of 
fibre reinforced beam-column sub-assemblages under reversed cyclic 
loading. Construction and Building Materials, 36, 319–329. 

Rossi, P. (1982). Ultra-high-performance fiber reinforced concretes. Concrete 
International, 46–52. 

Sadrinejad, I., Madandoust, R., & Ranjbar, M. M. (2018). The mechanical and 
durability properties of concrete containing hybrid synthetic fibers. 
Construction and Building Materials, 178, 72–82. 

Sadrmomtazi, A., & Haghi, A. K. (2008). Properties of cementitious composites 
containing polypropylene fiber waste. Composite Interfaces, 15(7–9), 867–
879. 

Saghafi, M. hossein, & Shariatmadar, H. (2018). Enhancement of seismic 
performance of beam-column joint connections using high performance fiber 
reinforced cementitious composites. Construction and Building Materials, 
180, 665–680. 

Sahoo, D. R., Solanki, A., & Kumar, A. (2014). Influence of Steel and Polypropylene 
Fibers on Flexural Behavior of RC Beams. Journal of Materials in Civil 
Engineering, 27(8), 04014232. 

Salvador Cesa, F., Turra, A., & Baruque-Ramos, J. (2017). Synthetic fibers as 
microplastics in the marine environment: A review from textile perspective 
with a focus on domestic washings. Science of the Total Environment, 598, 
1116–1129. 

 

© C
OPYRIG

HT U
PM



 
 

 
164 

Serafini, R., Dantas, S. R. A., Salvador, R. P., Agra, R. R., Rambo, D. A. S., Berto, 
A. F., & de Figueiredo, A. D. (2019). Influence of fire on temperature 
gradient and physical-mechanical properties of macro-synthetic fiber 
reinforced concrete for tunnel linings. Construction and Building Materials, 
214, 254–268. 

Shah, S. P., Swartz, W. E., & Ouyang, C. (1995). Fracture Mechanics of Concrete: 
Applications of Fracture Mechanics to Concrete, Rock, and Other Quasi-
Brittle Materials. New York: John Wiley & Sons. 

Sharma, R., & Bansal, P. P. (2019). Behavior of RC exterior beam column joint 
retrofitted using UHP-HFRC. Construction and Building Materials, 195, 
376–389. 

Shen, L., Worrell, E., & Patel, M. K. (2010). Open-loop recycling: A LCA case study 
of PET bottle-to-fibre recycling. Resources, Conservation and Recycling, 
55(1), 34–52. 

Singh, S., Shukla, A., & Brown, R. (2004). Pullout behavior of polypropylene fibers 
from cementitious matrix. Cement and Concrete Research, 34(10), 1919–
1925. 

Siva Chidambaram, R., & Agarwal, P. (2014). The confining effect of geo-grid on 
the mechanical properties of concrete specimens with steel fiber under 
compression and flexure. Construction and Building Materials, 71, 628–637. 

Siva Chidambaram, R., & Agarwal, P. (2018). Performance Evaluation of Metallic 
and Synthetic Fiber Hybridization on the Cyclic Behavior of Exterior Beam-
Column Joint. Advances in Civil Engineering Materials, 7(1), 20170137. 

Song, P. S., Hwang, S., & Sheu, B. C. (2005). Strength properties of nylon- and 
polypropylene-fiber-reinforced concretes. Cement and Concrete Research, 
35(8), 1546–1550. 

Soroushian, P., Mirza, F., & Alhozajiny, A. (1993). Plastic Shrinkage Cracking of 
Polypropylene Fiber Reinforced Concrete. ACI Materials Journal, 92(5), 
553–560. 

Soutsos, M. N., Le, T. T., & Lampropoulos, A. P. (2012). Flexural performance of 
fibre reinforced concrete made with steel and synthetic fibres. Construction 
and Building Materials, 36, 704–710. 

Sreekala, M. S., Kumaran, M. G., & Thomas, S. (1997). Oil palm fibers: 
Morphology, chemical composition, surface modification, and mechanical 
properties. Journal of Applied Polymer Science, 66(5), 821–835. 

Sridhara, S., Kumar, S., & Sinare, M. A. (1971). Fiber Reinforced Concrete. Indian 
Concrete Journal, 428–442. 

 

© C
OPYRIG

HT U
PM



 
 

 
165 

Strezov, L., & Herbertson, J. (2006). A Life Cycle Perspective on Steel Building 
Materials. Retrieved from 
https://www.yumpu.com/en/document/read/31684244/a-life-cycle-
perspective-on-steel-building-materials-onesteel 

Stucke, M. J., & Majumdar, A. J. (1976). Microstructure of Glass Fiber Reinforced 
Cement Composites. Journal of Material Science, 11(6), 1019–1030. 

Sun, W., Chen, H., Luo, X., & Qian, H. (2001). The effect of hybrid fibers and 
expansive agent on the shrinkage and permeability of high performance 
concrete. Cement and Concrete Research, 31(4), 595–601. 

Swolfs, Y., Gorbatikh, L., & Verpoest, I. (2014). Fibre hybridization in polymer 
composites: A review. Composites Part A: Applied Science and 
Manufacturing, 67, 181–200. 

Taher, S. F., Atta, A., & Sharkawi, A. E. (2007). Wet vs Dry Techniques in 
Connecting Piecewise Precast Reinforced Concrete Beam-Column Elements 
in Moment Resisting Frames. Tanta University. 

Teychenne, D. C., Franklin, R. E., & H.C., E. (1997). Design of normal concrete 
mixes. Building Research Establishment (Second Edi). London: Construction 
Research Communications Ltd. 

Thomas, J., & Ramaswamy, A. (2007). Mechanical Properties of Steel Fiber-
Reinforced Concrete. Journal of Materials in Civil Engineering @ ASCE, 
19(May), 385–392. 

Tsonos, A. G. (2007). Cyclic Load Behavior of Reinforced Concrete Beam-Column 
Subassemblages of Modern Structures. ACI Structural Journal, 104(4), 468–
478. 

Waller, J. A. (1972). Carbon Fibre Cement Composites. Civil Engineering and 
Public Works Review, 357–361. 

Walton, P. L., & Majumdar, A. J. (1975). Cement Based Composites with Mixtures 
of Different Types of Fibres. Composites, 209–216. 

Walton, P. L., & Majumdar, A. J. (1978). Properties of Cement Composite 
Reinforced with Kevlar Fibers. Journal of Material Science, 13, 1075–1083. 

Wang, Y., & Backer, S. (1987). An Experimental Study of Synthetic Fiber 
Reinforced Cementitious Composites. Journal of Material Science, 22, 
4281–4291. 

Wille, K., & Naaman, A. E. (2012). Pullout behavior of high-strength steel fibers 
embedded in ultra-high-performance concrete. ACI Materials Journal, 
109(4), 479–488. 

© C
OPYRIG

HT U
PM



 
 

 
166 

Xing, H., Xu, F., & Zhou, J. (2014). Comparative experimental study of mechanical 
properties of concrete prepared by different fibres. The IES Journal Part A: 
Civil & Structural Engineering, 7(3), 151–162. 

Xu, L., Huang, L., Chi, Y., & Mei, G. (2016). Tensile behavior of steel-
polypropylene hybrid fiber-reinforced concrete. ACI Materials Journal, 
113(2), 219–229. 

Xue, W., & Yang, X. (2010). Seismic Tests of Precast Concrete, Moment Resisting 
Frames and Connections. PCI Journal, 55(3), 102–121. 

Xue, Weichen, & Yang, X. (2014). Seismic tests of precast concrete, moment-
resisting frames and connections. PCI Journal, 55(3), 102–121. 

Xue, Weichen, & Zhang, B. (2014). Seismic behavior of hybrid concrete beam-
column connections with composite beams and cast-in-place columns. ACI 
Structural Journal, 111(3), 617–627. 

Yao, W., Li, J., Dong, H., Wang, X., Sun, W., Feng, J., & Gao, X. (2019). Influence 
of fiber mixture on impact response of ultra-high-performance hybrid fiber 
reinforced cementitious composite. Composites Part B: Engineering, 
163(May 2018), 487–496. 

Yap, S. P., Bu, C. H., Alengaram, U. J., Mo, K. H., & Jumaat, M. Z. (2014). Flexural 
toughness characteristics of steel-polypropylene hybrid fibre-reinforced oil 
palm shell concrete. Materials and Design, 57, 652–659. 

Yew, M. K., Mahmud, H. Bin, Shafigh, P., Ang, B. C., & Yew, M. C. (2016). Effects 
of polypropylene twisted bundle fibers on the mechanical properties of high-
strength oil palm shell lightweight concrete. Materials and 
Structures/Materiaux et Constructions, 49(4), 1221–1233. 

Yin, S., Tuladhar, R., Collister, T., Combe, M., & Sivakugan, N. (2015). Mechanical 
Properties and Post-crack Behaviors of Recycled PP Fibre Reinforced 
Concrete. In Concrete 2015. Concrete Institute of Australia. 

Yoo, D. Y., & Kim, M. J. (2019). High energy absorbent ultra-high-performance 
concrete with hybrid steel and polyethylene fibers. Construction and 
Building Materials, 209, 354–363. 

Yu, J., & Tan, K. H. (2017). Structural behavior of reinforced concrete frames 
subjected to progressive collapse. ACI Structural Journal, 114(1), 63–74. 

Yuksel, E., Karadogan, H. F., Bal, I. E., Ilki, A., Bal, A., & Inci, P. (2015). Seismic 
behavior of two exterior beam-column connections made of normal-strength 
concrete developed for precast construction. Engineering Structures, 99, 
157–172. 

Zhang, F., Ding, Y., Xu, J., Zhang, Y., Zhu, W., & Shi, Y. (2016). Shear strength 
prediction for steel fiber reinforced concrete beams without stirrups. 
Engineering Structures, 127, 101–116. 

© C
OPYRIG

HT U
PM



167 

Zhang, R., Matsumoto, K., Hirata, T., Ishizeki, Y., & Niwa, J. (2014). Shear 
Behavior of Polypropylene Fiber Reinforced Ecc Beams With Varying Shear 
Reinforcement Ratios. Journal of JSCE, 2, 39–53. 

Zhang, R., Matsumoto, K., Hirata, T., Ishizeki, Y., & Niwa, J. (2015). Application 
of PP-ECC in beam-column joint connections of rigid-framed railway 
bridges to reduce transverse reinforcements. Engineering Structures, 86,
146–156. 

Zheng, Z., & Feldman, D. (1995). Synthetic Fibre-Reinforced Concrete. Progress in 
Polymer Science, 20(94), 185–210. 

Zollo, R.F. (1984). Collated Fibrillated Polypropylene Fibers in FRC. American 
Concrete Institute, 397–409. 

Zollo, Ronald F. (1997). Fiber-reinforced concrete: an overview after 30 years of 
development. Cement and Concrete Composites, 19(2), 107–122. 

© C
OPYRIG

HT U
PM




