
 

 
 

 
 
 

Study on Structural Performance of FRCC  

Beam-Column Joints using Discrete Polymer Fibers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

March 2020 

 

 

MU YU 
 
 
 
 



 

 
 

 
 
 

Study on Structural Performance of FRCC  

Beam-Column Joints using Discrete Polymer Fibers 
 
 
 
 
 
 
 
 
 
 
 
 

Graduate School of Systems and Information Engineering 

University of Tsukuba 
 

March 2020 

 

 

MU YU



 

I 
 

CONTENTS 
LIST OF TABLES ................................................................................................................... III 
LIST OF FIGURES ................................................................................................................. IV 
DISSERTATION ABSTRACT.................................................................................................. 1 
CHAPTER 1 Introduction ......................................................................................................... 7 

1.1 Research Background ...................................................................................................... 7 
1.2 Literature Review ............................................................................................................ 9 
1.3 Objective and Scope ...................................................................................................... 12 
1.4 Outline of the Thesis ..................................................................................................... 14 

CHAPTER 2 Tensile and Bending Behavior of FRCC ........................................................... 18 
2.1 Introduction ................................................................................................................... 18 
2.2 Uniaxial Tension Test .................................................................................................... 19 

2.2.1 Outline of experiment ............................................................................................. 19 
2.2.2 Experimental results and discussion ....................................................................... 22 

2.3 Bending Test .................................................................................................................. 31 
2.3.1 Outline of experiment ............................................................................................. 31 
2.3.2 Three-point bending test ......................................................................................... 31 
2.3.3 Four-point bending test .......................................................................................... 33 

2.4 Conclusions ................................................................................................................... 35 
CHAPTER 3 Influence of Fiber Types on Structural Performance of FRCC Beam-Column 

Joints ........................................................................................................................................... 36 
3.1 Introduction ................................................................................................................... 36 
3.2 Experimental Program ................................................................................................... 37 

3.2.1 Specimens............................................................................................................... 37 
3.2.2 Materials properties ................................................................................................ 40 
3.2.3 Loading and measurement...................................................................................... 42 
3.2.4 Experimental results ............................................................................................... 44 

3.3 Conclusions ................................................................................................................... 52 
CHAPTER 4 Influence of Casting Method on Structural Performance of FRCC Beam-Column 

Joints ........................................................................................................................................... 53 
4.1 Introduction ................................................................................................................... 53 
4.2 Experimental Program ................................................................................................... 54 

4.2.1 Specimens and materials properties ....................................................................... 54 



 

II 
 

4.2.2 Casting methods ..................................................................................................... 55 
4.2.3 Loading and measurement...................................................................................... 57 
4.2.4 Experimental results ............................................................................................... 57 

4.3 Conclusions ................................................................................................................... 59 
CHAPTER 5 Evaluation of Shear Capacity of FRCC Beam-Column Joints ......................... 60 

5.1 Introduction ................................................................................................................... 60 
5.2 Proposed Evaluation Method for FRCC Beam-Column Joint ...................................... 60 
5.3 Verification .................................................................................................................... 63 
5.4 Conclusions ................................................................................................................... 64 

Chatper 6 Conclusions ............................................................................................................ 65 
REFERENCES ........................................................................................................................ 67 
ACKNOWLEDGEMENTS .................................................................................................... 72 
PUBLICATIONS ARISING FROM THE THESIS ................................................................ 73 
 

  



 

III 
 

 
LIST OF TABLES 

Table 2. 1 Mechanical properties of fiber ............................................................................ 19 
Table 2. 2 Mixture proportion of FRCC .............................................................................. 20 
Table 2. 3 Mechanical properties of concrete ...................................................................... 20 
Table 2. 4 Tensile test results of specimens without notch .................................................. 24 
Table 2. 5 Counted total number of fiber across section of specimens without notch ........ 26 
Table 2. 6 Tensile test results specimens with notch ........................................................... 28 
Table 2. 7 Counted total number of fibers across section of specimens with notch ............ 30 
 

Table 3. 1 Specimens list ..................................................................................................... 38 
Table 3. 2 Mechanical properties of FRCC ......................................................................... 41 
Table 3. 3 Mixture proportion of concrete used for beam and column ............................... 41 
Table 3. 4 Mechanical properties of concrete ...................................................................... 41 
Table 3. 5 Mechanical properties of rebars ......................................................................... 42 
Table 3. 6 Summary of crack properties at the maximum load ........................................... 50 
Table 3. 7 Maximum load and story drift angle at maximum load ..................................... 51 
 

Table 4. 1 Specimens list ..................................................................................................... 55 
Table 4. 2 Mechanical properties of fiber ............................................................................ 55 
Table 4. 3 Mechanical properties of concrete and PVA FRCC ........................................... 55 
 

Table 5. 1 Parameters for tensile force calculation .............................................................. 63 
Table 5. 2 Experimental value and calculated value ........................................................... 63 

  



 

IV 
 

 
LIST OF FIGURES 

Fig. 1. 1 LRV-Precast System ................................................................................................ 9 
Fig. 1. 2 Research flow ........................................................................................................ 14 

 
Fig. 2. 1 Aramid fiber and PP fiber used in this study ......................................................... 19 
Fig. 2. 2 Flowability test using funnel ................................................................................. 20 
Fig. 2. 3 Molds for uniaxial tension test specimen .............................................................. 20 
Fig. 2. 4 Tensile test specimen ............................................................................................ 21 
Fig. 2. 5 Notch in the middle of the specimen .................................................................... 22 
Fig. 2. 6 Cross section of tensile test specimen with notch or without notch ...................... 22 
Fig. 2. 7 Fibers across the crack during loading .................................................................. 23 
Fig. 2. 8 Tensile stress –axial deformation curve ................................................................ 23 
Fig. 2. 9 Final condition of cross section of aramid specimens .......................................... 25 
Fig. 2. 10 Final condition of cross section of PP specimens ............................................... 25 
Fig. 2. 11 Fibers across the crack during loading aramid specimens .................................. 27 
Fig. 2. 12 Fibers across the crack during loading of PP specimens..................................... 27 
Fig. 2. 13 Tensile stress-crack with curve ........................................................................... 28 
Fig. 2. 14 Final condition of cross section of aramid specimens ........................................ 29 
Fig. 2. 15 Final condition of cross section of PP specimens ............................................... 30 
Fig. 2. 16 Three-point bending test ..................................................................................... 31 
Fig. 2. 17 Notched part of three-point bending test ............................................................. 31 
Fig. 2. 18 Failure patterns of aramid specimens .................................................................. 32 
Fig. 2. 19 Failure patterns of PP specimens ........................................................................ 32 
Fig. 2. 20 Bending stress – rotation angle curve ................................................................. 33 
Fig. 2. 21 Four-point bending test ....................................................................................... 33 
Fig. 2. 22 Failure patterns of aramid specimens .................................................................. 34 
Fig. 2. 23 Failure patterns of PP specimens ........................................................................ 34 
Fig. 2. 24 Bending stress – rotation angle curve ................................................................. 35 
 

Fig. 3. 1 Casting separately ................................................................................................. 36 
Fig. 3. 2 LRV-Precast System ............................................................................................. 37 
Fig. 3. 3 Specimen dimensions ............................................................................................ 38 
Fig. 3. 4 Foundation platform .............................................................................................. 39 
Fig. 3. 5 Mold for panel zone .............................................................................................. 39 
Fig. 3. 6 Casting the panel zone .......................................................................................... 39 



 

V 
 

Fig. 3. 7 Demolding............................................................................................................. 40 
Fig. 3. 8 Install lateral reinforcements and the molds ......................................................... 40 
Fig. 3. 9 Casting beam and column ..................................................................................... 40 
Fig. 3. 10 Loading method .................................................................................................. 43 
Fig. 3. 11 Measurement of story drift angle ........................................................................ 43 
Fig. 3. 12 Measurement of local deformation ..................................................................... 44 
Fig. 3. 13 Failure patterns .................................................................................................... 45 
Fig. 3. 14 Photographing region .......................................................................................... 45 
Fig. 3. 15 Details of photographing region ......................................................................... 46 
Fig. 3. 16 Crack patterns of No.25 (PVA) ........................................................................... 46 
Fig. 3. 17 Crack patterns of No.30 (aramid) ....................................................................... 47 
Fig. 3. 18 Crack patterns of No.31 (PP) .............................................................................. 47 
Fig. 3. 19 Evaluation of crack properties ............................................................................ 48 
Fig. 3. 20 Crack width ......................................................................................................... 48 
Fig. 3. 21 Crack opening ..................................................................................................... 49 
Fig. 3. 22 Crack sliding ....................................................................................................... 49 
Fig. 3. 23 Principal strain angle and crack angle ................................................................. 49 
Fig. 3. 24 Summary of crack opening, sliding and width ................................................... 50 
Fig. 3. 25 Relationships of load and story drift angle ......................................................... 52 
 

Fig. 4. 1 Example of fiber orientation after vibrating.......................................................... 53 
Fig. 4. 2 Casting directions .................................................................................................. 54 
Fig. 4. 3 Example of horizontal casting............................................................................... 56 
Fig. 4. 4 Example of vertical casting ................................................................................... 56 
Fig. 4. 5 Casting procedures ................................................................................................ 57 
Fig. 4. 6 Crack pattern at maximum load ............................................................................ 58 
Fig. 4. 7 Position of main reinforcing bars in column ......................................................... 58 
Fig. 4. 8 Load-story drift angle curve .................................................................................. 59 
Fig. 4. 9 Comparison of skeleton curves ............................................................................. 59 

 
Fig. 5. 1 Internal actions into panel zone ............................................................................ 61 
Fig. 5. 2 Calculation of tensile force ................................................................................... 62 
Fig. 5. 3 Calculation of shear force ..................................................................................... 62 



 

1 
 

 
 

DISSERTATION ABSTRACT 
 

Beam-column joint is the crucial part of a reinforced concrete (RC) frame, which is to ensure 
the ductility of the whole structure especially when the frame is subjected to huge earthquake. 
Under seismic response, major damage should be avoided in the beam-column joint. Even the 
beam and column step into inelastic state, the joint has to remain the ability to transfer actions. 
The reasons to avoid large damage in beam-column joint under seismic response are to keep 
transferring capacity of the gravity load in the panel zone,  to accomplish large ductility and 
energy dissipation by other elements such as beam, and difficulty of repair the joint after 
earthquake. 

 

Shear failure in the panel zone causes a typical brittle damage in beam-column joint, so its 
shear capacity should be given gratifyingly. Shear capacity of beam-column joint is mainly 
supplied by the dimensions of the panel zone and concrete strength. An adequate amount of lateral 
confining reinforcements in the panel zone also provides non-shear failure. In general, however, 
the dimensions of the panel zone are limited by the dimensions of connecting columns and beams. 
In addition, increasing confining reinforcements will cause great construction difficulties in 
reinforcement cage and casting.  

 
Using fiber-reinforced concrete into panel zone of beam-column joint to increase shear capacity 

is not a new attempt. By the introduction of steel fibers in beam-column joints, steel fiber-
reinforced concrete (SFRC) is attractive to inhibit the damage of joint panel and increase 
maximum load. However, decreased stress caused by steel fiber corrosion is a severe problem 
that has to be faced. With the development of polymer material, various synthetic fibers have 
become the best selection to improve concrete capacity and failure resistance without the 
corrosion of fibers.  

 
A newly cementitious-composite-based material named fiber-reinforced cementitious 

composite (FRCC) is cement composite with the mixture of short fibers to increase ductility of 
cement composite. Comparing to the conventional concrete, FRCC has a remarkable 
deformability especially under tensile and bending load with a large energy absorption capacity 
due to the fiber bridging effect. After first cracking, fiber can transfer tensile force through crack 
which strongly affects the tensile performance of FRCC. When fibers tent to orient 
perpendicularly to crack surface, higher effect of bridging of fibers is observed. When fibers tend 
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to orient parallel to crack, however, bridging performance of fibers becomes poor.  
 

FRCC consists of a typical self-compacting cementitious matrix with a high viscosity. It has 
been considered that fresh-state properties, casting method, vibration, flow and framework, etc. 
have the effect on the orientation of fibers. For tensile characteristics of FRCC, the previous 
research has already studied the influence of casting direction on the fiber orientation of FRCC 
through a visualization simulation and higher tensile stress of the second peak was observed in 
horizontal casting specimens than that of vertical casting specimens.  

 
This remarkable bridging capacity makes FRCC an appropriate choice for application in beam-

column joint of RC structures to resist inelastic deformation. Until now, FRCCs can be constituted 
with a category of fibers, such as carbon, steel and polymer fibers. Whereas, most research in 
materials field has been focused on FRCC with a high modulus polyethylene (PE) fiber, and has 
been conducted by bending and tensile test. Structural performance of beam-column joints using 
polyvinyl alcohol (PVA) and steel fiber in panel zone with a fiber volume fraction of 1% have 
been confirmed. Fibers can restrain expansion of crack width, increase shear capacity and improve 
structural performance rather than the specimen without fiber. The previous research has also 
revealed that PP-ECC (a sort of polypropylene fiber-reinforced cementitious composite) can serve 
as transverse reinforcements to carry the applied load. 

 
Precast construction method which is widely used in RC buildings especially in high skyscraper 

in Japan becomes more and more popular by ensuring better quality, simplified install procedure 
and shorter duration. Until now, a new precast system which casting the joint panel combining 
with beam and separating column into two parts has been proposed. Even though the FRCC 
constructability is tough, by adopting this precast method, FRCCs can be used in practical 
engineering easily. Therefore, it is a smart way of enable FRCC to play a better role in a beam-
column joint. 

 
In this study, various polymer fibers have been utilized in the FRCCs beam-column joint to 

increase shear capacity and reduce the damage of the panel zone. Compared with steel fiber, 
polymer fibers have a better durability in cement matrix. The loading test of FRCCs beam-column 
joints with a fiber volume fraction of 1% are conducted to make clear the influence of fiber type 
on shear capacity of panel zone. The loading test of two PVA FRCC beam-column joints with a 
fiber volume fraction of 1% are conducted to evaluate the effect of casting direction on structural 
performance and crack behavior of panel joint by which horizontal casting and vertical casting 
are applied. Tensile and bending performance of FRCCs characterized from uniaxial tension test 
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is also discussed. A new calculation method for evaluating shear capacity of FRCCs beam-column 
joint is proposed based on the standard of Architectural Institute of Japan. 

  
 
The following is a brief description of the contents of each chapter in the thesis. 
 
CHAPTER 1 Introduction 
In this chapter, the literature review on the use of FRCC to strength concrete structures and the 

research background on FRCC beam-column joint are introduced. The research objectives are 
enumerated, and the research approach is described. Finally, the aims and outline of this doctoral 
thesis are introduced. 

 
CHAPTER 2 Tensile and Bending Behavior of FRCC 
FRCCs are a group of cement composites with the mixture of short fibers to increase their 

ductility and strength by the effect of fiber bridging after first cracking. Though the bending test 
and uniaxial tension test are usually carried out to characterize their performance, both notched 
specimens and un-notched specimens have been used for these tests. PVA, aramid and PP fiber 
are used as 1% volume fraction. The water cement ratio is set to 0.56. 

 
The specimens for uniaxial tension test are divided into two series, i.e., without notch or with 

notch. The test regions of cross section are 50 mm × 50 mm and 40 mm ×40 mm for the specimens 
without and with notch, respectively. The total length of the specimen is 510 mm. Pin-fix ends 
were adopted at the boundaries to minimize possible effects of external moment. Tensile load and 
deformation in the test region were obtained directly from the experiment. Tensile stress is 
calculated by considering the different section area of two types of specimens. The tensile 
behavior after first cracking differs by types of fiber. Except the PP specimen without notch, the 
tensile stress showed a significant drop after first cracking. Due to the fiber bridging effect, the 
tensile stress increased until to the second peak and then decreased gradually. For the aramid 
specimen without notch, multiple cracks were observed after first cracking which leads to the 
several increase and decrease of tensile stress. In case of the PP specimen without notch, the 
second peaks could not be measured due to sudden opening over 1 mm crack width. The average 
tensile stress of aramid specimen with and without notch at second peak is 3.02 MPa and 3.31 
MPa, of that for PP specimen is 1.61 MPa and 1.33 MPa, respectively. 

 
The bending test was conducted for same FRCC with uniaxial tension test specimens. Three-

point bending test and four-point bending test were carried out separately to obtain the bending 
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performance of FRCCs. The notched beam specimens (three-point bending test) with 100mm 
square section specified in JCI-S-002-2003 were used. The notch was cut in the middle of 
specimen with a depth of 30mm. One LVDT was set to measure the load point deflection. The 
four-point bending test based on JCI-S-003-2007 was conducted. Three LVDTs were set to 
measure the load point deflections and the deflection at the center of the specimen. For three-
point bending test specimen, the rotation angle is defined as load point deflection divided by half 
of span (150mm). In case of four-point bending test specimen, the rotation angle is defined as the 
average of load point deflections divided by shear span (100mm). In order to compare the 
difference of specimens with or without notch, the bending stress is also defined as bending 
moment at the load point divided by section modulus. In case of aramid specimens, the load was 
increased significantly after first cracking to maximum for both types of bending test. For PP 
specimens, the load dropped after the maximum load and increased gradually again showing 
second peak load. The average of bending stresses at the maximum load after the sudden drop of 
the load (second peak) is 4.37 MPa and 5.48 MPa for aramid three-point and four-point specimen. 
The bending stress of PP specimen at second peak is 2.13 MPa and 2.44 MPa. 

 
The tensile and bending behavior of FRCC has been confirmed from uniaxial tension test and 

bending test directly by specimens with or without notch. The maximum tensile stresses for PVA, 
aramid and PP specimens are 1.80 N/mm2, 3.02 N/mm2 and 1.61 N/mm2 which could be used to 
evaluate the structural performance of FRCC. 

 

CHAPTER 3 Influence of Fiber Types on Structural Performance of FRCC Beam-Column 
Joints 

With the development of polymer material, various synthetic polymer fibers have become the 
best selection to improve concrete capacity and failure resistance without corrosion of fibers. The 
influence of fiber types on tensile and bending performance of FRCC has been confirmed in 
Chapter 2. In this Chapter, aramid and PP fibers were used as 1% volume fraction in panel zone 
to seek the influence of fiber types on structural performance of FRCC beam-column joint. The 
results of beam-column joint without fiber and beam-column joint using PVA FRCC are also 
included to compare with aramid and PP FRCC beam-column joints. 

 
Two specimens (aramid and PP) were designed to fail by shear in panel zone before flexural 

yielding to evaluate the shear performance of joint panel. The reversed cyclic loading is applied 
to the beams controlling story drift angles from R = ±1/400 to ±1/20rad. The results of similar 
specimens using PVA fiber tested in previous study are also discussed together. Comparing with 
specimen without fiber, the damage of specimens with fibers is inhibited due to the effect of fiber 
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bridging. The maximum loads of beam-column joints increase by adding fiber. Specimen No.30 
has the highest maximum load which is 544kN. It is recognized that the bridging effect is different 
by types of fiber. 

 
CHAPTER 4 Influence of Casting Method on Structural Performance of FRCC Beam-Column 

Joints 
To clarify the influence of fiber orientation on structural performance of PVA FRCC beam-

column joint by using two types of casting method, horizontal and vertical casting beam-column 
joint specimens are tested by reversed cyclic load simulating earthquake force. A vibrator rod is 
also applied during the casting. 

PVA fiber is used for all specimens with a fiber volume fraction of 1%. Two types of casting 
method, which is horizontal casting and vertical casting were used. During the casting, a vibrator 
rod was being inserted into the matrix along with the direction of casting to arrange the fiber 
orientation of panel zone. The testing parameter is the casting direction along the horizontal and 
vertical directions. The dimensions of specimens and loading method are as same as mentioned 
in Chapter 3. 

 
 The maximum load of horizontal casting specimen was observed at the cycle of 1/50 rad and 

that of vertical casting specimen was at 1/67 rad. After the maximum load, although the crack 
width increased with the increase of story drift angle, damage of joint panel was inhibited by the 
fiber bridging effect comparing to specimen without fiber. From the comparison between 
horizontal specimen and vertical specimen, of which maximum load is 461kN and 468kN 
respectively. This indicates that casting direction of panel zone do not affect shear capacity of 
PVA FRCC beam-column joint significantly. Specimens of horizontal casting and vertical casting 
show almost the same shear capacities. 

 
CHAPTER 5 Evaluation of Shear Capacity of FRCC Beam-Column Joints 
By assuming that the shear stress in the panel zone is also carried by fiber bridging effect, shear 

capacity of beam-column joint is evaluated through the tensile characteristics of FRCC. 
 
It is considered that the strut mechanism in FRCC beam-column joint keeps until to story drift 

angle of R=1/50rad due to the bridging effect of fibers which are across the diagonal crack on the 
surface of panel zone. After that, diagonal cracks start to move to shear sliding direction which 
leads to the maximum load. At the maximum load, by assuming failure of strut mechanism and 
disappear of fiber bridging effect are occurred simultaneously, calculation method for shear 
capacity of FRCC beam-column joint can be proposed as the summation of the value given by 



 

6 
 

Design Guidelines for Earthquake Resistant Reinforced Concrete Buildings Based on Inelastic 
Displacement Concept and shear force carried by FRCC. The second peak load in uniaxial tension 
test are adopted for maximum tensile stress in each type of fibers. 

 
Experimental and calculated values of shear capacity are converted to the shear force which is 

applied to beam. The difference of below 7% between calculated value and experimental value 
demonstrates that the calculation method is feasible. By adopting this method, shear capacity of 
FRCC beam-column joint can be calculated from uniaxial tension test. 

 
CHAPTER 6 Conclusions 
The retrospective view of this research objectives and the conclusions drawn from this work 

have been summarized. Recommendations for future research are also highlighted in this chapter. 
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CHAPTER 1 Introduction 
1.1 Research Background 

It is generally known that concrete is a brittle material due to the quite lower tensile strength 
than the compressive strength. In reinforced concrete (RC) structures, it is expected that the 
compressive force is carried by concrete and the tensile force is carried by reinforced rebars. 
Brittle failure in RC members is mainly due to tensile fracture of concrete. For example, bond 
splitting failure in which the integrity of concrete and reinforcing bar impaired is also due to the 
low tensile performance of concrete. In order to improve the tensile performance, attempts have 
been made to ensure the toughness of mortar and concrete by incorporating short fibers with a 
length of several to several tens of millimeters during the past few decades [1.1]. Such these 
materials have named as fiber-reinforced cementitious composites (FRCCs). The fibers used in 
FRCC are mainly divided into three categories: natural fibers, inorganic fibers and polymer fibers.  

 

Natural fibers are consisted of animal-based, mineral-derived and plant-based fibers. These 
fibers are renewable sources which have been renewed by nature and human ingenuity for 
thousands of years [1.2]. Natural fibers are environment friendly, completely renewable, low 
density, non-abrasive, bio-degradable, low cost and local availability [1.3-1.5]. However, 
scattering performance of natural fibers caused by un-controlled manufacturing process which 
limited the use of natural fibers [1.6]. 

 
Steel fiber is a typical type of inorganic fibers, which has a higher strength compared to natural 

fibers. Steel fiber-reinforced concrete (SFRC) is gradually being used for auxiliary reinforcement 
for temporary conditions and partial replacement of conventional reinforcement [1.7-1.9]. Under 
certain circumstances, the use of steel fibers to replace partial or total conventional reinforcing 
bars has become a good choice for the construction of precast section lining of bored tunnel 
[1.10,1.11]. However, the long-term durability of SFRC under chloride and carbonation is a 
severe problem that has to be faced [1.12-1.14]. The damage of fiber bridging at fiber-matrix 
interface of steel fiber-reinforced cementitious composite (SFRCC) exposed to corrosive 
environment conditions has been confirmed by many researchers [1.15]. 

 
With the development of polymer material, various synthetic polymer fibers have become the 

best selection to improve concrete capacity and failure resistance without corrosion of fibers 
[1.16]. Polymer fibers, such as polyethylene (PE), polyvinyl alcohol (PVA), polypropylene (PP) 
and aramid fiber, can be used for reinforcement and to offer mechanical support to concrete. A 
tensile strength exceeding 5.5 MPa and tensile strain capacity of 6% of engineered cementitious 
composite (ECC) with 1.5% by volume fraction has been confirmed. The strain-hardening 
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behavior after first cracking results in an improvement in toughness and ductility [1-17,1-18]. 
PVA fiber is also widely used due to the feature of high interfacial chemical bond behavior 
between fiber and matrix. High friction stress is observed in case of PVA fiber which ensures the 
slip-hardening ability in cementitious matrix. PVA-ECC with a fiber volume fraction of 2% 
achieved tensile strength of 4.5 MPa and ultimate strain of 4% [1.19]. Aramid fibers having an 
extraordinary tensile strength of over 2000 MPa have been used in aircraft, military vehicles, 
bullet proof vests and many other. The low cost of PP fibers makes it to be used for FRCC. Such 
these polymer fibers are expected to be used to improve the capacity of the key parts of in real 
RC structures. 

 

Beam-column joint is the crucial part of a RC frame, which is to ensure the ductility of the 
whole structure especially when the frame is subjected to huge earthquake. Under seismic 
response, major damage should be avoided in the beam-column joint. Even the beam and column 
step into inelastic state, the joint has to remain the ability to transfer actions. The reasons to avoid 
large damage in beam-column joint under seismic response are to keep transferring capacity of 
the gravity load in the panel zone,  to accomplish large ductility and energy dissipation by other 
elements such as beam, and difficulty of repair the joint after earthquake [1.20]. 

 
Shear failure in the panel zone causes a typical brittle damage in beam-column joint, so its 

shear capacity should be given gratifyingly. Shear capacity of beam-column joint is mainly 
supplied by the dimensions of the panel zone and concrete strength. An adequate amount of lateral 
confining reinforcements in the panel zone also provides non-shear failure. In general, however, 
the dimensions of the panel zone are limited by the dimensions of connecting columns and beams. 
In addition, increasing confining reinforcements will cause great construction difficulties in 
reinforcement cage and casting.  

 
Comparing to the conventional concrete, FRCC has a remarkable deformability especially 

under tensile and bending loading with large energy absorption capacity due to the effect of fiber 
bridging is expected to be used in the crucial part of a RC frame to improve the structural 
performance. However, according to the flowability of cementitious composites during casting, 
fiber clustering is an avoidable problem for the application of FRCC. Since the FRCC is very 
expensive, it could be only used in the panel zone of beam-column joint. Separated casting of 
panel zone from beam and column is required for making of FRCC beam-column joint. Such 
difficulties limit the utilization of FRCC into a real RC frame. 

 
Precast construction method which is widely used in RC buildings especially in high skyscraper 
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in Japan becomes more and more popular by ensuring better quality, simplified install procedure 
and shorter duration. Until now, a new precast system which casting the joint panel combining 
with beam and separating column into two parts has been proposed [1.21]. Even though the FRCC 
constructability is tough, by adopting this precast method, FRCCs can be used in practical 
engineering easily. Therefore, it is a smart way of enable FRCC to play a better role in a beam-
column joint. 

 

 
Fig. 1. 1 LRV-Precast System [1.21] 

 
In this research, various polymer fibers have been utilized in the FRCCs beam-column joint to 

increase shear capacity and reduce the damage of the panel zone. Compared with steel fiber, 
polymer fibers have a better durability in cement matrix. The loading test of FRCCs beam-column 
joints with a fiber volume fraction of 1% are conducted to make clear the influence of fiber type 
on shear capacity of panel zone. Tensile performance of FRCCs characterized from uniaxial 
tension test is also discussed. A new calculation method for evaluating shear capacity of FRCCs 
beam-column joint is proposed based on the standard of Architectural Institute of Japan. 

 
1.2 Literature Review 

 
Using fiber-reinforced concrete (FRC) into panel zone of beam-column joint to increase shear 

capacity is not a new attempt. This section introduces the literature review related to this research 
conducted to date. 

 

Henager, C. H., designed and tested two seismic-resistant joints to confirm the possibility of 
minimizing steel congestion in joint. Experimental comparison was performed on two full-scale 
beam-column joints. One was with conventional reinforcing hoops and the other was a modified 
joint using steel fiber in joint area to replace the use of hoops. The two joints were subjected under 
loading of two major typical earthquakes. The SFRC beam-column joint had a higher ultimate 
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moment capacity and high stiffness compared to the conventional joint. Better damage tolerance 
and crack resistance of SFRC beam-column joint were observed. The reduced steel congestion 
makes the manufacture of the joint simpler. It is considered that using FRCC into joint can save 
US$ 100 per joint [1.22]. 

 
Halvorsen, G. T., et al reported that cracking of the matrix caused by pullout of the fibers would 

result in the failure of SFRC beams. Ordinary steel fiber and deformed steel fiber were adopted 
to compare the performance of 100 mm x 150 mm x 1625 mm SFRC beams. The specimens using 
deformed fibers showed higher flexural strength which indicated that fibers must be ductile and 
have a better pullout resistance [1.23]. 

 
Craig, R. et al conducted ten beam-column joints of which half of these joints using steel 

hooked end fibers of volume fraction of 1.5% to study the failure conditions. Through the 
analyzing the test results, it can be confirmed that the steel fibers with hook-shaped ends in the 
joint panel has: 1) better interfacial bond; 2) better confinement compared with hoops; 3) more 
stiffer structures 4) higher moment capacity; 5) higher shear strength; 6) more ductile; 7) 
compared with ordinary concrete joints, the energy dissipation capacity has been significantly 
improved [1.24]. 

 

Naaman, A. E., et al introduced a framing system with high fiber content reinforced concrete 
as the primary matrix in the case-in-place joint which is to ensure higher ductility, increase the 
energy absorption reduce spalling, and improve shear capacity resisted reversed cyclic loading 
[1.25].  

 
Gefken, P. R. et al tested ten beam-column joints to study whether using SFRC could replace  

ordinary concrete in the joint panel. The results indicated that the joint hoop spacing could be 
increased by using fiber in joint area. The specimens with fibers showed very little or no spalling 
of concrete, however, extensive spalling of concrete was observed in case of specimens using 
normal concrete [1.26]. 

 
Jiuru, T., et al made clear that SFRC increases the shear strength of joint, energy dissipation 

capacity and ductility through 12 beam-column joints test. The influence of reinforcement ratio, 
the volume ratio of the stirrups and the beam bar length was also discussed. Experimental results 
revealed that using SFRC in panel zone could minimize the influence of congestion of steel 
reinforcement in a beam-column joint. A better bond performance and the improvement of 
anchorage behavior were confirmed by using FRCC in the beam-column joint. A formula to 



 

11 
 

describe the shear strength of SFRC beam-column joint has been proposed [1.27]. 
 

Durrani, A. J., et al discussed the effect of fiber-reinforcement on the seismic behavior of three 
half-scale interior and exterior connections. Ductile low carbon steel was used. The energy 
dissipation capacity and ductility were increased significantly due to the addition of fiber 
reinforcement. The seismic response was improved by adding fiber to slab-column connections 
[1.28].  

 
Filiatrault, A. et al represented three full-scale interior beam-column joints which is normal 

concrete specimen, specimen equipped with full seismic details, and normal concrete specimen 
included hook-end steel fibers in the joint corn area. The test results revealed that the shear 
strength of joint was increased by fibers bridging across the crack meanwhile closely spaced ties 
could be achieved [1.29]. 

 
By the introduction of steel fibers in beam-column joints, SFRC is an attractive choice to inhibit 

the damage of joint panel and increase maximum load. However, decreased stress caused by steel 
fiber corrosion [1.30,1.31] is a severe problem that has to be faced. The effect of corrosion was 
studied by measurement of fiber corroded surface, evaluation of minimum fiber diameter after 
exposure, and toughness. The experimental results showed that the strength and toughness 
decreased after a part of corrosion was occurred which leaded to the degradation of total 
mechanical properties. Furthermore, a much more dramatic decrease in toughness and strength 
happened in the case of a certain level of exposure. According to the above researches, although 
SFRC could be used in beam-column joint or other crucial parts of RC structures, the corrosion 
of steel fiber limits the use of SFRC. 

 
With the development of polymer material, various synthetic polymer fibers have become the 

best selection to improve concrete capacity and failure resistance without corrosion of fibers 
[1.32]. Polymer fibers, such as PE, PVA, PP and aramid fiber, can be used for reinforcement and 
to offer mechanical support to concrete. 

 
Comparing to the conventional concrete, FRCC has a remarkable deformability especially 

under tensile and bending load with a large energy absorption capacity due to the fiber bridging 
effect. After first cracking, fiber can transfer tensile force through crack which strongly affects 
the tensile performance of FRCC. Kanakubo, T., et al pointed out that fiber orientation strongly 
affects the tensile performance of FRCC after cracking. The visualization simulation using water 
glass solution and uniaxial tension test of two types of specimens were conducted. Horizontal 
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casting specimens had an average tensile stress of 3.51 MPa which is more than 2 times of the 
corresponding value of the vertical casting specimens. A bridging law which is to describe the 
fiber crack bridging behavior was also proposed [1.33].  

 

Sano, N., has reported that the damage of beam-column joint was inhibited and the shear capacity 

was increase by the fiber bridging effect though a loading test of two beam-column joint specimens. 

The crack width was measured by taking photos of the surface of beam-column joint every 10 seconds. 

Due to the shear force is determined by crack width and principal strain angle, the shear capacity was 

evaluated by tensile stress calculated from bridging law. The calculated value showed a similar 

tendency with the shear force increment obtained from experiment [1.34]. 

 

Yamada, H., compared six beam-column joints containing the specimens without fiber, specimens 

with PVA fibers, and specimens with steel fibers. The shear capacity of steel fiber reinforced beam-

column joint was higher than that of the specimen with PVA fiber. And also, the photos of the surface 

of beam-column joint were taken every 10 seconds to measure the crack width and principal strain 

angle. According to the calculation, in the case of PVA specimens, the calculated shear force agreed 

with the experimental results. However, the calculated shear force of specimens with steel fiber 

disagreed with the test results [1.35]. 

 

Zhang, R., applied PP-ECC in beam-column joint connections of rigid-framed railway bridge to 

reduce stirrups and hoops. The reverse cyclic loading test of beam-column joints and four-point 

bending test were conducted to study the effects of PP fibers on shear capacities of PP-ECC 

applications. The results indicated that PP-ECC could take place of the transverse reinforcements in 

beam-column joint to carry the applied load [1.36]. 

 

This remarkable bridging capacity makes it an appropriate choice for application in beam-column 

joint of RC structures to resist inelastic deformation. Fibers can restrain expansion of crack width, 

increase shear capacity and improve structural performance rather than the specimen without fiber. 

However, most researches have been conducted on structural performance of SFRC members and 

material test of FRCC using polymer fibers. More studies should be carried out to investigate the 

influence of polymer fibers on structural performance of FRCC members. Therefore, it is important 

to conduct more material tests and beam-column joint tests of FRCC specimens using polymer fibers. 

 
1.3 Objective and Scope 

 
Although researches on FRCC beam-column joint have been extensively conducted, as 
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mentioned before, the substantial existing researches mostly focus on FRCC using steel fibers. 
The experimental study of FRCC beam-column joint using polymer fibers deserved more 
attention. Therefore, the principal objective and scope of this thesis research are as follow: 

 
First, the tensile and flexural characteristics of FRCC using various polymer fibers were 

investigated. The maximum tensile stress of FRCC was obtained directly from the uniaxial 
tension test which could be used to predict the shear capacity of FRCC beam-column joint. 

 

Second, beam-column joint test under reversed cyclic loading was carried out to examine the 
shear performance of FRCC beam-column joints. The different failure patterns of beam-column 
joints with each type of fibers were observed. The relationship of load and story drift angle of 
each specimen was obtained directly from the experiments. The influence of fiber types on shear 
behavior of FRCC beam-column joints was discussed. 

 
Next, the influence of casting directions on shear performance of FRCC beam-column joints 

was examined. Two types of casting directions which are horizontal casting and vertical casting 
were adopted for the fabrication of specimens. The influence of casting directions on shear 
capacity of FRCC beam-column joints was studied. 

 
Finally, a new calculation method for evaluating shear capacity of FRCCs beam-column joint 

was proposed based on the standard of Architectural Institute of Japan [1.37]. 
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1.4 Outline of the Thesis 
The flow of this research is shown Fig. 1.2. 

 
 

Fig. 1. 2 Research flow 
 
The following is a brief description of the contents of each chapter in the thesis. 
 

 

CHAPTER 1 Introduction 
In this chapter, the literature review on the use of FRCC to strength concrete structures and the 

research background on FRCC beam-column joint are introduced. The research objectives are 
enumerated, and the research approach is described. Finally, the aims and outline of this doctoral 
thesis are introduced. 

 

CHAPTER 2 Tensile and Bending Behavior of FRCC 
The bending test and uniaxial tension test are carried out to characterize FRCCs’ performance, 

both notched specimens and un-notched specimens have been used for these tests. PVA, aramid 
and PP fiber are used as 1% volume fraction. The water cement ratio is set to 0.56. 

 
The specimens for uniaxial tension test are divided into two series, i.e., without notch or with 
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notch. The test region of cross section is 50 mm × 50 mm and 40 mm × 40 mm for the specimens 
without and with notch, respectively. The total length of the specimen is 510mm. Pin-fix ends 
were adopted at the boundaries to minimize possible effects of external moment. Tensile load and 
deformation in the test region were obtained directly from the experiment. Tensile stress is 
calculated by considering the different section area of two types of specimens. The tensile 
behavior after first cracking differs by types of fiber. Except the PP specimen without notch, after 
a significant drop of tensile stress at first cracking, the tensile stress increased until to the second 
peak and then decreased gradually. For the aramid specimen without notch, multiple cracks were 
observed after first cracking which leads to the several increase and decrease of tensile stress. In 
case of the PP specimen without notch, the second peaks could not be measured due to sudden 
opening over 1mm crack width. The average tensile stress of aramid specimen with and without 
notch at second peak is 3.02 MPa and 3.31 MPa, respectively. While the average tensile stress of 
PP specimen with notch at second peak is 1.61 MPa, the average stress after sudden crack opening 
in PP specimen without notch is 1.33 MPa. 

 
The bending test was conducted for same FRCC with uniaxial tension test specimens. Three-

point bending test and four-point bending test were carried out separately to obtain the bending 
performance of FRCCs. The notched beam specimens (three-point bending test) with 100mm 
square section specified in JCI-S-002-2003 were used. The notch was cut in the middle of 
specimen with a depth of 30mm. One LVDT was set to measure the load point deflection. The 
four-point bending test based on JCI-S-003-2007 was conducted. Three LVDTs were set to 
measure the load point deflections and the deflection at the center of the specimen. For three-
point bending test specimen, the rotation angle is defined as load point deflection divided by half 
of span (150mm). In case of four-point bending test specimen, the rotation angle is defined as the 
average of load point deflections divided by shear span (100mm). In order to compare the 
difference of specimens with or without notch, the bending stress is also defined as bending 
moment at the load point divided by section modulus. In case of aramid specimens, the load was 
increased significantly after first cracking to maximum for both types of bending test. For PP 
specimens, the load dropped after the maximum load and increased gradually again showing 
second peak load. The average of bending stresses at the maximum load after the sudden drop of 
the load (second peak) is 4.37 MPa and 5.48 MPa for aramid three-point and four-point specimen. 
The bending stress of PP specimen at second peak is 2.13 MPa and 2.44 MPa. 

 
The tensile and bending behavior of FRCC has been confirmed from uniaxial tension test and 

bending test directly by specimens with or without notch. The maximum tensile stresses for PVA, 
aramid and PP specimens obtained from uniaxial tension test specimens with notch are 1.80 MPa, 
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3.02 MPa and 1.61 MPa which could be used to evaluate the structural performance of FRCC. 
 
CHAPTER 3 Influence of Fiber Types on Structural Performance of FRCC Beam-Column 

Joints 
The influence of fiber types on tensile and bending performance of FRCC has been confirmed 

in Chapter 2. In this Chapter, aramid and PP fibers were used as 1% volume fraction in panel zone 
to seek the influence of fiber types on structural performance of FRCC beam-column joint. The 
results of beam-column joint without fiber and beam-column joint using PVA FRCC are also 
included to compare with aramid and PP FRCC beam-column joints. 

 
Two specimens (aramid and PP) were designed to fail by shear in panel zone before flexural 

yielding to evaluate the shear performance of joint panel. The reversed cyclic loading is applied 
to the beams controlling story drift angles from R = ±1/400 to ±1/20rad. The results of similar 
specimens using PVA fiber tested in previous study are also discussed together. Comparing with 
specimen without fiber, the damage of specimens with fibers is inhibited due to the effect of fiber 
bridging. The maximum loads of beam-column joints increase by adding fiber. Specimen with 
aramid fiber (No. 30) has the highest maximum load which is 544 kN. It is recognized that the 
bridging effect is different by types of fiber. 

 
CHAPTER 4 Influence of Casting Method on Structural Performance of FRCC Beam-Column 

Joints 
To clarify the influence of fiber orientation on structural performance of PVA FRCC beam-

column joint by using two types of casting method, horizontal and vertical casting beam-column 
joint specimens are tested by reversed cyclic load. A vibrator rod is also applied during the casting. 

 
PVA fiber is used for all specimens with a fiber volume fraction of 1%. Two types of casting 

method, which is horizontal casting and vertical casting were used. During the casting, a vibrator 
rod was being inserted into the matrix along with the direction of casting to arrange the fiber 
orientation of panel zone. The testing parameter is the casting direction along the horizontal and 
vertical directions. The dimensions of specimens and loading method are as same as mentioned 
in Chapter 3. 

 
The maximum load of horizontal casting specimen was observed at the cycle of 1/50rad. and 

that of vertical casting specimen was at 1/67rad. After the maximum load, although the crack 
width increased with the increase of story drift angle, damage of joint panel was inhibited by the 
fiber bridging effect comparing to specimen without fiber. From the comparison between 
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horizontal specimen and vertical specimen, maximum load is 461 kN and 468 kN respectively. 
This indicates that casting direction of panel zone do not affect shear capacity of PVA FRCC 
beam-column joint significantly. Specimens of horizontal casting and vertical casting show 
almost the same shear capacities. 

 
CHAPTER 5 Evaluation of Shear Capacity of FRCC Beam-Column Joints 
By assuming that the shear stress in the panel zone is also carried by fiber bridging effect, shear 

capacity of beam-column joint is evaluated through the tensile characteristics of FRCC. 
 
It is considered that the strut mechanism in FRCC beam-column joint keeps until to story drift 

angle of R = 1/50rad. due to the bridging effect of fibers which are across the diagonal crack on 
the surface of panel zone. After that, diagonal cracks start to move to shear sliding direction which 
leads to the maximum load. At the maximum load, by assuming failure of strut mechanism and 
disappear of fiber bridging effect are occurred simultaneously, calculation method for shear 
capacity of FRCC beam-column joint can be proposed as the summation of the value given by 
Design Guidelines for Earthquake Resistant Reinforced Concrete Buildings Based on Inelastic 
Displacement Concept and shear force carried by FRCC. The second peak loads in uniaxial 
tension test by notched specimens are adopted for maximum tensile stress in each type of fibers. 

 
Experimental and calculated values of shear capacity are converted to the shear force which is 

applied to beam. The difference of below 7% between calculated value and experimental value 
demonstrates that the calculation method is feasible. By adopting this method, shear capacity of 
FRCC beam-column joint can be calculated from uniaxial tension test. 

 
CHAPTER 6 Conclusions 
The retrospective view of this research objectives and the conclusions drawn from this work 

have been summarized. Recommendations for future research are also highlighted in this chapter. 
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CHAPTER 2 Tensile and Bending Behavior of FRCC 
2.1 Introduction 

FRCC is cementitious composite with the mixture of short fibers to increase ductility. 
Comparing to the conventional concrete, FRCC has a remarkable deformability especially under 
tensile and bending load with a large energy absorption capacity due to the fiber bridging effect. 
After first cracking, fiber can transfer tensile force through crack which strongly affects the tensile 
and bending performance of FRCC. However, more researches are necessary to study this fiber 
contribution of fiber bridging effect to cementitious composite to make clear the influence of fiber 
types on tensile and bending behavior of FRCC. 

 
In case of ordinary concrete, tensile characteristics are unimportant in the design procedure, 

which resulted that the standardization of tensile test and evaluation method has been ignored. 
Due to the difficulties of precise molds and special loading jigs, the uniaxial tension test is hard 
to conduct to obtain the tensile behavior directly. Generally, the splitting test and three-point 
bending test are options taking a place of uniaxial tension test. The uniaxial tension test requires 
special loading devices [2.1]. And also the load transmitting mechanism and boundary condition 
are considered as factors on the success of uniaxial tension tests [2.2]. Failure at the ends of a 
specimen should be avoided during loading. The bending moment occurs in case of the precision 
of specimen shapes, non-uniformity of material itself, setup condition of specimens and stiffness 
of loading machine [2.3]. The pin-fix boundary condition could minimize the effect external 
bending moment and the occurring cracks from one side of specimen shall be avoided. 
Furthermore, smaller specimens have tendency of showing higher strength both in case of 
cementitious composite materials and conventional concrete materials.  

 
In this chapter, the bending test and uniaxial tension test are carried out to characterize their 

performance, both notched specimens and un-notched specimens have been used for these tests. 
PVA, aramid and PP fiber are used as 1% volume fraction. The maximum tensile stresses for PVA, 
aramid and PP specimens obtained from the uniaxial tension test by notched specimens could be 
used to evaluate the structural performance of FRCC.  
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2.2 Uniaxial Tension Test 
2.2.1 Outline of experiment 
2.2.1.1 Material properties 
Aramid fiber and PP fiber were used to test the tensile property of FRCC. Fiber volume fraction 

for each specimen was 1%. The photos and mechanical properties of each polymer fibers are 
shown in Fig. 2.1 and Table 2.1. Aramid fiber and PP fiber are cut with a same length of 30 mm, 
while 12 mm for PVA fiber. Diameter for Aramid and PP is 0.5 mm and 0.7 mm independently. 
Aramid fiber has an extraordinary tensile strength of 3432 N/mm2. The used aramid fiber was 
stranded from single fibers. Surface roughness embossing has been made on the PP fiber to 
improve the bond property. 

 

    
Fig. 2. 1 Aramid fiber and PP fiber used in this study 

 

Table 2. 1 Mechanical properties of fiber 

ID Fiber 
Length 
(mm) 

Diameter 
(mm) 

Tensile strength 
(MPa) 

Elastic modulus 
(GPa) 

No.30 Aramid 30 0.5 3432 73 

No.31 PP 30 0.7 580 4.6 
 

The mixture proportion of mortar matrix is listed in Table 2.2. In order to get a better mixture 
of cementitious composites, higher water-cement ratio of 0.56 was adopted which is based on the 
previous study [2.4]. High-early-strength Portland cement was used. The rheology of mortar 
matrix before mixing the fiber is inspected by the flow time [2.5]. As shown in Fig. 2.2, the flow 
time is measured using a funnel based on “Test method for flowability of grout for prestressing 
tendons (JSCE-F531-2013)” [2.6]. The time of pouring cementitious matrix was controlled to be 
a constant to ensure good distribution of fibers. As listed in Table 2.3, compressive strength of 
aramid and PP specimens was 51.3 MPa and 51.5 MPa by testing of 100 × 200 mm cylinder test 
specimens (ID corresponds to the beam-column joint specimen in Chapter 3). 
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Table 2. 2 Mixture proportion of FRCC 

Fiber volume 

fraction (%) 

Water-binder 

ratio 

Sand-binder 

ratio 

Unit weight  (kg/m3) 

Water Cement Fly ash Sand 
1.0 0.39 0.50 380 678 291 484 

Notes: Cement is high-early-strength Portland cement; fly ash is Type Ⅱ of Japanese Industrial 

Standard (JIS A 6202); sand is size under 0.2mm; high-range water-reducing admixture is binder × 0.6%. 

 

       
Fig. 2. 2 Flowability test using funnel 

 

Table 2. 3 Mechanical properties of concrete 

ID Fiber 
Compressive strength 

(MPa) 

Elastic modulus 

(GPa) 

No. 30 Aramid 51.3 17.7 

No. 31 PP 51.5 17.2 

 

As shown in Fig. 2.3, the molds were slanted with 1/33 slope in order to obtain a uniform fiber 
orientation, the cementitious matrix was pouring into the mold from upper side.  

 

Fig. 2. 3 Molds for uniaxial tension test specimen 
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2.2.1.2 Test specimens and loading measurement 
The details of the specimen and the loading method are shown in Fig. 2.4. The total length of 

the specimen is 510 mm with carbon fiber sheets attached at both ends to avoid peel-off of the 
steel plate. Since the increasing external moment caused by setup irregularity and local fracture 
caused by secondary moment will be an inevitable factor to the experiment, pin-fix ends were 
applied at the boundaries to minimize possible effects to the results. Types of specimens were 
designed to verify the tensile performance of FRCC: specimen with notch and without notch. As 
shown in Fig. 2.5, a notch was being made in the middle of the specimen after removing the mold. 
The depth of notch is 5mm. The cross section of the test area is 50 mm × 50 mm for specimen 
without notch. The sectional area at ligament is 40 mm × 40 mm in case of specimen with notch. 
Fig. 2.6 shows the cross section of tensile test specimen with notch or without notch.  

 
The test parameters are types of fiber and specimen with or without notch. A 2000 kN universal 

loading machine was used. Tensile load and axial deformation in the test region were obtained 
directly from the experiment. The crack width is assumed to be the average value of two pi-type 
LVDTs in case of notched specimen. 

 

 
Fig. 2. 4 Tensile test specimen 
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Fig. 2. 5 Notch in the middle of the specimen 
 

                 

Fig. 2. 6 Cross section of tensile test specimen with notch or without notch 
 

2.2.2 Experimental results and discussion 
2.2.2.1 Test results for specimen without notch 
The example photographs of the fibers across the crack during loading are shown in the Fig. 

2.7. Several cracks were obersved in case of aramid specimens without notch. For PP specimens 
without notch, only one crack was observed during loading. The tensile tress is calculated by 
tensile load divided by cross sectional area. The relationships of tensile stress versus axial 
deformation are shown in Fig. 2.8. The test results are summarized in Table 2.4. 
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Fig. 2. 7 Fibers across the crack during loading 
  

                  
Fig. 2. 8 Tensile stress –axial deformation curve 

 

The tensile behavior after first cracking differs by types of fiber. For the aramid specimen 
without notch, multiple cracks were observed after first cracking which leads to the several 
increase and decrease of tensile stress. In case of the PP specimen without notch, the second peaks 
could not be measured due to sudden opening over 1mm crack width.The second peak for PP 
specimens is defined as the maximum load after cracking which the turning point as shown in Fig. 
2.8. 
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Table 2. 4 Tensile test results of specimens without notch 

ID 

At first cracking 

 （first peak） 

Maximum after cracking 

 （second peak） 

Tensile 

stress  

（MPa） 

Axial 

deformation 

 （mm) 

Tensile 

stress  

（MPa） 

Axial 

deformation 

 （mm) 

Aramid 

No.30-1 3.74 0.300 3.51 1.126 

No.30-2 4.39 0.029 3.67 0.918 

No.30-4 4.08 0.031 2.73 1.044 

Average 4.07 0.120 3.31 1.029 

PP 

No.31-1 5.01 0.025 1.38 1.301 

No.31-3 4.62 0.026 1.32 1.087 

No.31-4 5.17 0.035 1.28 1.201 

Average 4.93 0.029 1.33 1.196 

 
The formula expressing the total number of fibers across section in the case of ideal condition 

can be given by Eq. (2.1). The calculated total number of fibers for aramid specimen and PP 
specimen is 127.4 and 65.0. The final condition of cross section are shown in the Fig. 2.9 and Fig. 
2.10. The bridging fibers across the section were counted after loading. The total numbers of fiber 
from up side and bottom side are listed in Table. 2.5.  

 

/f f m fN V A A                                     (2.1) 

 

where Nf is the calculated total number of fibers, Vf is fiber volume fraction, Am is cross section area 

of specimen, Af is the section area of fiber. 

 
The total number of fibers for specimen No.30-1, No.30-2 and No.30-4 are 158, 183 and 132 

which leads to No.30-2 has the highest tensile strength and No. 4 has the lowest tensile strength 
among the aramid specimens. In the case of PP specimens, the nunmber of fibers is basically the 
same in three specimens. The total counted numeber of fibers of aramid specimens is more than 
the calculated value.  
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Fig. 2. 9 Final condition of cross section of aramid specimens 
 

        

         

Fig. 2. 10 Final condition of cross section of PP specimens 
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Table 2. 5 Counted total number of fiber across section of specimens without notch 

ID 

Numbers of fiber across section 

Up side Bottom side Total (Up+Bottom) 

Of each Average Of each Average Of each Average 

Aramid 

No.30-1 75 

76.3 

83 

81.3 

158 

157.7 No.30-2 87 96 183 

No.30-4 67 65 132 

PP 

No.31-1 28 

29.0 

28 

29.3 

56 

58.3 No.31-3 23 23 46 

No.31-4 36 37 73 

 

2.2.2.2 Test results for specimen with notch 
In order to compare the structural performance of FRCC members using other polymer fiber, 

PVA fiber with a tensile strength of 1200 MPa which is the same as previous research [2.7] was 
aslo used in the case of specimens with notch. The length of PVA fiber is 12mm and the diameter 
is 0.1mm.  

 
All specimens fractured by one single crack at the ligament. Fig. 2.11 and Fig. 2.12 shows the 

example photographs of the fibers across the crack during loading. Tensile stress is calculated by 
tensile load divided by sectional area at the ligament considering the specimen with notch.The 
relationships of tensile stress versus crack width (opening at the ligament) are shown in Fig. 2.13. 
The test results are summarized in Table 2.6. As the same as the aramid specicens without notch, 
a signicant drop can be observed at first cracking and the second peak can be obtained from the 
experiment result. The average tensile stresses of aramid, PP and PVA specimens at the second 
peak are 3.02 MPa (crack width at 0.995mm), 1.61MPa (crack width at 1.199mm) and 1.80MPa 
(crack width at 0.680mm), respectively. 
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Fig. 2. 11 Fibers across the crack during loading aramid specimens 
 

        

 

Fig. 2. 12 Fibers across the crack during loading of PP specimens 
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Fig. 2. 13 Tensile stress-crack with curve 

 
Table 2. 6 Tensile test results specimens with notch 

ID 

At first cracking 

 （first peak） 

Maximum after cracking 

 （second peak） 

Tensile 

stress  

（MPa） 

Crack width 

 （mm) 

Tensile 

stress  

（MPa 

Crack width 

 （mm) 

Aramid 

with 

notch 

No.30-7 1.93 0.002 3.18 0.885 

No.30-8 2.13 0.019 2.23 1.081 

No.30-9 3.96 0.012 3.66 1.020 

Average 2.67 0.011 3.02 0.995 

PP 

with 

notch 

No.31-5 4.20 0.020 0.63 1.264 

No.31-6 4.57 0.021 2.05 1.531 

No.31-7 3.34 0.274 2.15 0.802 

Average 4.03 0.11 1.61 1.20 

 
The final condition of cross section are shown in the Fig. 2.14 and Fig. 2.15. The bridging fibers 

across the section were counted after loading. The total numbers of fiber from up side and bottom 
side are listed in Table 2.7. The calculated total number of fibers using Eq (2.1) for aramid and 
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PP specimens with notch is 81.5 and 41.6. Aramid specimens showed the same tendacy with the 
specimen without notch as that the counted total number of fibers was more than calculated value. 

 
The total number of fibers for specimen No.30-7, No.30-8 and No.30-9 are 95, 76 and 143 

which leads to No.30-9 has the highest tensile strength and No. 8 has the lowest tensile strength 
among the aramid specimens. The total number of fibers for specimen No.31-5, No.31-6 and 
No.31-7 are 27, 50 and 54 which results in No.31-5 has the lowest tensile strength. No.31-6 and 
No.31-7 have almost the same number of fibers which results in a same tendency of tensile 
strength. 

 

         

 
Fig. 2. 14 Final condition of cross section of aramid specimens 
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Fig. 2. 15 Final condition of cross section of PP specimens 

 
Table 2. 7 Counted total number of fibers across section of specimens with notch 

ID 

Numbers of fiber across section 

Up side Bottom side Total (Up+Bottom) 

Of each Average Of each Average Of each Average 

Aramid 

with 

notch 

No.30-7 49 

54.7 

46 

50.0 

95 

104.7 No.30-8 39 37 76 

No.30-9 76 67 143 

PP 

with 

notch 

No.31-5 12 

20.3 

15 

23.3 

27 

43.7 No.31-6 22 28 50 

No.31-7 27 27 54 

 
Although both the results of unnotched specimens and notched specimens could express the 

tensile behavior of FRCC, however the relationship of tensile stress and crack width could not be 
measured from the experiment directly due to the influence of multiple cracks. Since only one 
single crack was occurred in the case of notched specimens, the relationship of tensile stress and 
crack width was obtained more precisely comparing to the specimens without notch. 
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2.3 Bending Test 
2.3.1 Outline of experiment 

The bending test was conducted for the same FRCCs used in uniaxial tension test. The 
specimens are devided into two series, i.e., three-point bending test with notched specimen and 
four-point bending test without notch. 

 

2.3.2 Three-point bending test 

2.3.2.1 Test specimens and loading method 
The notched beam specimens with 100mm square section (as shown in Fig. 2.16) specified in 

JCI-S-002-2003 [2.8] were used. As shown in Fig. 2.17,the notch was cut in the middle of 
specimen with a depth of 30mm. One LVDT was set to measure the load point deflection (LPD). 

 

 

Fig. 2. 16 Three-point bending test 
 

 
Fig. 2. 17 Notched part of three-point bending test 

 
2.3.2.2 Experimental results and discussion 
The failure patterns of three-point bending specimens are shown in Fig. 2.18 and Fig. 2.19. All 

specimens fractured by only one single crack at the ligament. For three-point bending test 
specimen, the rotation angle is defined as load point deflection (LPD) divided by half of span 
(150mm). In order to compare the difference of specimens with or without notch, the bending 
stress is also defined as bending moment at the load point divided by section modulus. The 
relationships of bending stress and rotation angle for aramid and PP specimens are shown in Fig. 
2.20. In case of aramid specimens, the load was increased significantly after first cracking to 
maximum. For PP specimens, the load dropped after the maximum load and increased gradually 
again showing second peak load. The average of bending stresses at the maximum load after the 
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sudden drop of the load (second peak) is 4.37 MPa and 2.13 MPa for aramid three-point and PP 
three-point specimen. 

        

         

Fig. 2. 18 Failure patterns of aramid specimens 

        

         

Fig. 2. 19 Failure patterns of PP specimens 
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Fig. 2. 20 Bending stress – rotation angle curve 

 

2.3.3 Four-point bending test 
2.3.3.1 Test specimens and loading method 
The four-point bending test (as shown in Fig. 2.21) based on JCI-S-003-2007 [2.9] was carried 

out. Three LVDTs were set to measure the load point deflections (D1, D2) and the deflection at 
the center of the specimen. 

 

 

Fig. 2. 21 Four-point bending test 
 

2.3.3.2 Experimental results and discussion 
In case of four-point bending test specimen, the rotation angle is defined as the average of load 

point deflections (D1, D2) divided by shear span (100mm). The bending stress is also defined as 
bending moment at the load point divided by section modulus. The failure patterns of four-point 
bending test are shown in Fig. 2.22 and Fig. 2.23. The relationships of bending stress and rotation 
angle for aramid and PP specimens are shown in Fig. 2.24. As same as three-point bending test, 
the load of aramid four-point specimens was increased significantly after first cracking to 
maximum and then decreased gradually. For PP specimens, the load dropped after the maximum 
load and increased gradually again showing second peak load. The average of bending stresses at 
the maximum load after the sudden drop of the load (second peak) is 5.48 MPa and 2.44 MPa for 
aramid four-point and PP four-point specimen. 
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Fig. 2. 22 Failure patterns of aramid specimens 
 

         

 

Fig. 2. 23 Failure patterns of PP specimens 
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Fig. 2. 24 Bending stress – rotation angle curve 

 

The results of unnotched specimens and notched specimens indicated that both three-point bending 

test and four-point bending test could describe the flexural performance of FRCC. The notch on 

bending test specimen does not largely affect the peak stress after first cracking. 

 

2.4 Conclusions 
The tensile and flexural behavior of FRCC has been confirmed from uniaxial tension test and 

bending test directly by specimens with or without notch.  
Since only one single crack was occurred in the case of notched specimens of uniaxial tension 

test, the relationship of tensile stress and crack width was evaluated more accurately by the result 
obtained from the experiment directly. The maximum tensile stresses of specimens with notch for 
PVA, aramid and PP specimens are 1.80 MPa, 3.02 MPa and 1.61 MPa which could be used to 
evaluate the structural performance of FRCC. 

Both three-point bending test and four-point bending test could represent the flexural behavior 
of FRCC and only one single crack was observed during loading for two types of bending 
specimen. The notch on bending test specimen nor uniaxial tension test specimen does not largely 
affect the peak stress after first cracking in case of FRCCs tested in this study.  
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CHAPTER 3 Influence of Fiber Types on Structural Performance of 

FRCC Beam-Column Joints 
3.1 Introduction 

Beam-Column Joint is the crucial part of a RC frame, which is to ensure the ductility of the 
whole structure especially when the frame is subjected to huge earthquake. Major damage should 
be avoided in the beam-column joint. Even the beam and column step into inelastic state, the joint 
has to remain the ability to transfer actions. With the development of society, new materials are 
demanded to reinforce the new modern buildings. Comparing to the conventional concrete, FRCC 
has a remarkable deformability especially under tensile and bending loading with large energy 
absorption capacity due to the effect of fiber bridging is expected to be used in the crucial part of 
a RC frame to improve the structural performance. However, due to the difficulties to keep 
flowability, avoiding fiber clustering during casting and high cost, it could be only used in the 
panel zone of beam-column joint. Separated casting of panel zone from beam and column is 
required for making of FRCC beam-column joint (Fig. 3.1). Such difficulties limit the utilization 
of FRCC into a real RC frame.  

 
Fig. 3. 1 Casting separately 

 

Precast (PCa) construction method which is used in reinforced concrete buildings especially in 
high skyscraper becomes more popular by ensuring good quality, simplified install procedure and 
shorter duration. As shown in Fig. 3.2, the main idea of this precast system is to cast the joint 
panel combined with the beam and separate the column into counterparts [3.1]. By manufacturing 
in factory, PCa construction method could ensure FRCC to play a better role in the panel zone of 
beam-column joint to improve the structural performance. 
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Fig. 3. 2 LRV-Precast System [3.1] 

 

With the development of polymer material, various synthetic polymer fibers have become the 
best selection to improve concrete capacity and failure resistance without corrosion of fibers. The 
influence of fiber types on tensile and bending performance of FRCC has been confirmed in 
Chapter 2. In this Chapter, aramid and PP fibers were used as 1% volume fraction in panel zone 
to seek the influence of fiber types on structural performance of FRCC beam-column joint. The 
results of beam-column joint without fiber and beam-column joint using PVA FRCC are also 
included to compare with aramid and PP FRCC beam-column joints. 

 

3.2 Experimental Program 
3.2.1 Specimens 

Assuming from the middle to upper floors of high-rise RC buildings by full precast construction 
method, two beam-column joint specimens (No.30 and No. 31) were designed to fail by shear in 
panel zone before flexural yielding to evaluate the shear performance of joint panel. FRCCs were 
only used in the panel zone. Dimensions of the FRCC beam-column joints are shown in Fig. 3.3 
and Table 3.1. The column section was 500 mm × 500 mm and the beam section was 380mm 
wide and 420mm deep. The span of beam and column was 2700 mm and 1560 mm which is 
considered as a half scale of real RC structure. High strength rebars were adopted for main 
reinforcing bars in beam and column to insure the priority of shear failure in panel zone. To grasp 
the fiber influence on the shear performance of panel zone, no hoop was used in panel zone.  
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Fig. 3. 3 Specimen dimensions 

 
Table 3. 1 Specimens list 

ID 
Panel Beam Column 

Parameter Reinforcing bar Stirrup Reinforcing bar Hoop 

No.24* Without fiber 

18-D22 

(USD685) 

6-D10@60 

(SD785) 

16-D22 

(USD685) 

6-D10@60 

(SD785) 

No.25* PVA 

No.30 Aramid 

No.31 PP 
*Specimen No.24, No.25 are from the previous study (Sano et al., 2015) [3.2]  

 

In order to compare FRCC beam-column joints shear performance better, specimens from the 
previous study [3.2] is also listed in this study. The authors have reported the experimental results 
of No. 24 (without fiber) and No. 25 which is the specimen has 1% PVA fiber in panel zone. All 
other parameters are same as this research. 

 
For simplifying the procedure of making specimens, the mechanical connections and grouted 

mechanical sleeves have not been used in the fabrication. First, a foundation for the mold was 
prepared as shown in Fig. 3.4. Second, bar arrangement and the mold for panel zone were made 

Unit: mm 
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as shown in Fig. 3.5. Third, casting the panel zone using FRCC was done as shown in Fig. 3.6. 
Fourth, demolding the mold of panel zone as shown in Fig. 3.7 and then install lateral 
reinforcements and molds for beam and column were made as shown in Fig. 3.8. Last, 
conventional concrete was casted in the beam and column as shown in Fig. 3.9. 

 

 
Fig. 3. 4 Foundation platform 

 
                           Fig. 3. 5 Mold for panel zone 
 

 
Fig. 3. 6 Casting the panel zone 

 



 

40 
 

 
Fig. 3. 7 Demolding 

 

 
Fig. 3. 8 Install lateral reinforcements and the molds 

 

 
Fig. 3. 9 Casting beam and column 

 

3.2.2 Materials properties 
FRCC used in beam-column joint test is as same as the materials used in tensile and bending 

test which has been introduced in Chapter 2. The fiber volume fraction was set to 1% for all 
specimens. The mechanical properties of FRCC used in joint core region are listed in Table 3.2. 
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Table 3. 2 Mechanical properties of FRCC 

ID Parameter Place 
Compressive strength 

(MPa) 

Elastic modulus 

(GPa) 

No.24* Without fiber 

Joint core region 

50.3 17.6 

No.25* PVA 52.5 17.1 

No.30 Aramid 51.3 17.7 

No.31 PP 51.5 17.2 
*Specimen No.24, No.25 are from the previous study (Sano et al., 2015) [3.2] 

 

Conventional concrete was used in the column and beam parts of the specimen. The 
compression test and splitting test were carried out with the cylinder test pieces (φ100 mm x 200 
mm). In The mixture proportion of concrete is listed in Table 3.3 and the mechanical properties 
of concrete are listed in Table 3.4.  

 

Table 3. 3 Mixture proportion of concrete used for beam and column 

ID Parameter Place 

Target 

Strength 

(MPa) 

Unit weight (kg/m3) 

Water Cement 
Fine 

aggregate 

Coarse 

aggregate 
Admixture 

No.24* 
Without 

fiber 
Beam 

Column 

36 170 378 833 910 3.78 

No.25* PVA 

No.30 Aramid 
68 175 593 746 867 7.41 

No.31 PP 
*Specimen No.24, No.25 are from the previous study (Sano et al., 2015) [3.2] 

 

Table 3. 4 Mechanical properties of concrete 

ID Parameter Place 
Compressive 

strength (MPa) 

Splitting tensile 

strength (MPa) 

Elastic modulus 

(GPa) 

No.24* Without fiber 

Beam 

Column 

39.9 3.55 29.6 

No.25* PVA 39.1 3.42 28.0 

No.30 Aramid 83.4 4.09 37.1 

No.31 PP 72.8 4.15 38.0 
*Specimen No.24, No.25 are from the previous study (Sano et al., 2015) [3.2] 

 

To prevent the flexural failure of beam, high strength rebars were adopted for main reinforcing 
bars in beam and column. The mechanical properties of reinforcing bars and hoops are listed in 
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Table 3.5. The nominal cross-section area was adopted for the calculation of yield strength, tensile 
strength and elastic modulus. 

 

Table 3. 5 Mechanical properties of rebars 

Type Diameter Place 
Yield strength 

(MPa) 

Tensile strength 

(MPa) 

Elastic modulus 

(GPa) 

USB685 
D22 

(22 mm) 

Longitudinal 

reinforcing bar 
717 900 195 

SD785 
D10 

(10 mm) 

Stirrup 

Hoop 
832 996 218 

 

3.2.3 Loading and measurement 
The reversed cyclic loading is applied to the beams by controlling story drift angles R=±1/400, 

±1/200, ±1/100, ±1/67, ±1/50, ±1/33, ±1/25, ±1/20 and +1/14 rad. Story drift angle was controlled 
by the actuators attached to the inflection points of beams which is shown in Fig. 3.10. Oil jacks 
were used on the inflection points to support the columns. The axial force ratio was set to 0.05 
which was applied on the column manually. The measurements were the applied load on beams, 
story drift angle, deformations of beam and column. Setups of linear variable displacement 
transducers (LVDTs) are shown in Fig. 3.11 and Fig. 3.12. 
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Fig. 3. 10 Loading method 

 

 

Fig. 3. 11 Measurement of story drift angle 
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Fig. 3. 12 Measurement of local deformation 
 

3.2.4 Experimental results 
3.2.4.1 Failure modes 
Crack patterns of all specimens observed at maximum load are shown in Fig. 3.13. Except for 

No.30, maximum loads of all specimens were observed at story drift angle R=1/50rad. Due to 
aramid fiber has a higher fiber bridging effect, maximum load of No. 30 was observed at story 
drift angle R=1/33rad. The failure in strut mechanism of No. 30 was observed at story drift angle 
R=1/33rad. of which R=1/50rad. for No. 31 specimen. For all specimens, shear crack occurred on 
panel zone first, then flexural crack and shear crack on beams were observed in this order. 
Diagonal shear crack on panel zone developed more and more visible due to crack opening and 
closing under the increased cyclic load. Large number of diagonal cracks appeared on the surface 
of panel zone during loading which leads to the shear failure. In comparison with No. 24, the 
cracks of all specimens with fibers have been inhibited due to the effect of fiber bridging. After 
maximum load, the cracks of specimens with fibers developed wider and deeper, however if 
compared to No. 24, the change was not obvious. By using fibers into beam-column joint, the 
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damage of panel zone can be improved. 

     

No. 24 (No fiber) * R=1/50 rad.              No. 25 (PVA) * R=1/50 rad. 

     

No.30 (aramid) R=1/33 rad.               No. 31 (PP) R=1/50 rad. 

Fig. 3. 13 Failure patterns 
*Specimen No.24, No.25 are from the previous study (Sano et al., 2015) [3.2] 

 

3.2.4.2 Crack patterns and crack width 
To observe the shear crack patterns and crack width of beam-column joint, photos of the surface 

of joint core region were taken during loading by two cameras which were installed in front to 
the specimen. Due to shear diagonal cracks were expected to be occurred in the middle of joint 
panel, the target photographing region was set as shown in Fig. 3.14.  

 

 
Fig. 3. 14 Photographing region 
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As shown in Fig. 3.15, meshes of 10 mm × 10 mm were drawn on the target photographing 
region before loading. To grasp the transition of crack properties which changed with deformation, 
the photographing region was set as 120 mm × 80 mm by considering 1 pixel is equivalent to 0.02 
mm. The shooting interval was set to every 10 seconds by considering the loading speed.  

 

 
Fig. 3. 15 Details of photographing region 

 
The photos of peak of each loading cycles are shown in Fig. 3.16-Fig. 3.18. The results in Fig. 

3.16 are from the previous research [3.2]. The widest crack is pointed out by the red arrows in 
each photo. by analyzing the widest crack occurred in each loading cycles.  

    

R=1/200 rad.                    R=1/100 rad.                    R=1/67 rad. 

  

R=1/50 rad.                 R=1/33 rad. 
Fig. 3. 16 Crack patterns of No.25 (PVA) * 

*Specimen No.25 is from the previous study (Sano et al., 2015) [3.2] 
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R=1/200 rad.                   R=1/100 rad.                     R=1/67 rad. 

  
R=1/50 rad.                   R=1/33 rad. 

Fig. 3. 17 Crack patterns of No.30 (aramid) 
 

    
R=1/200 rad.                      R=1/100 rad.                    R=1/67 rad. 

  
R=1/50 rad.               R=1/33 rad. 

Fig. 3. 18 Crack patterns of No.31 (PP) 
 

The evaluation method of crack properties is shown in Fig. 3.19. It is considered that the shear 
crack surface generated in the panel zone is under a biaxial stress state where tensile stress and 
shear stress act simultaneously. Therefore, the crack opening is defined as the displacement in the 
direction perpendicular to the crack due to the action of tensile stress. The displacement in the 
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direction along the crack due to the action of shear stress is defined as crack sliding. The 
displacement in the principal stress direction by considering the crack opening and crack sliding 
is defines as crack width. From the photo, the crack opening, sliding and width at each intersection 
could be evaluated by the coordinates generated by the meshes.  

 

       
Fig. 3. 19 Evaluation of crack properties 

 

The calculated crack width of specimen No. 30 and No. 31 are shown in Fig. 3.20. In all 
specimens, the crack width increased as the panel zone deformation progressed and the residual 
crack width increased with the increment of each cycle. 

 

  
Fig. 3. 20 Crack width 

 

The calculated crack opening of specimen No. 30 and No. 31 are shown in Fig. 3.21. All 
specimens showed similar tendency to crack width, the crack opening increased as the panel zone 
deformation progressed and the residual crack width increased with the increment of each cycle. 
The calculated results of crack sliding are shown in Fig. 3.22.  
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Fig. 3. 21 Crack opening 

 

 
Fig. 3. 22 Crack sliding 

 
Similarly, the principal strain angle and crack angle were also calculated by using the captured 

coordinates of the intersection of mesh and crack. Each point in the figure represents the principal 
strain angle or crack angle of the peak load of each loading cycle as shown in Fig. 3.23. The 
principal strain angle decreased with the increment of each loading cycle. Meanwhile, the crack 
angle was remained the same which was around 45 degrees.  

 

 
Fig. 3. 23 Principal strain angle and crack angle 

*Specimen No.25 is from the previous study (Sano et al., 2015) [3.2] 
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As shown in Fig. 3.24, the crack width, crack opening and crack sliding were also summarized 
as the value of the peak load of each loading cycle. The crack properties at the maximum load are 
summarized in Table 3.6.  
 

        
 

 
Fig. 3. 24 Summary of crack opening, sliding and width 

*Specimen No.25 is from the previous study (Sano et al., 2015) [3.2] 

 

Table 3. 6 Summary of crack properties at the maximum load 

ID 
Cycle of 

maximum load 

Crack 

width 

(mm) 

Crack 

opening 

(mm) 

Crack 

sliding 

(mm) 

Principle 

strain angle 
(◦) 

Crack 

angle 
(◦) 

No. 25 PVA* 1/50 rad. 0.771  0.666 0.324 21.9 43.5 

No.30 Aramid 1/33 rad. 0.517  0.469 0.124 28.3 48.4 

No.31 PP 1/50 rad. 0.773  0.733 0.213 27.4 46.6 
*Specimen No.25 is from the previous study (Sano et al., 2015) [3.2] 

 

For all specimens, the crack width increased with the increasing loading cycle. A better fiber 
bridging effect of aramid fiber was confirmed since the crack width of aramid specimen at 
maximum load is 0.517 mm which is about 70% of that in PVA and PP specimens. In the case of 
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PVA specimen, the crack width showed a slowing increasement after maximum load (R = 1/50rad.) 
compared with PP specimen. It is considered PVA fiber has a better performance in inhibiting the 
crack width than PP fiber after maximum load. 

 
The crack opening for all specimens had a same tendency with crack width. The crack opening 

increased with the increasement of loading cycle. Aramid specimen also showed a better ability 
in inhibiting the crack opening compared to PVA and PP specimen. 

 
The crack sliding for PVA, aramid and PP specimens is 0.324 mm, 0.124 mm and 0.213 mm. 

The better characteristics of aramid specimen was also observed in inhibiting the deformation 
along the shear sliding direction. Comparing with crack width and crack opening, the small 
gradient of crack sliding results indicated that the crack sliding increased not obviously due to the 
effect of fiber bridging. However, after the loading cycle of maximum load, the crack sliding 
increased rapidly. At the same time the pull-out of fibers were observed obviously. It is considered 
that fibers resisted in the direction of shear force to the maximum load.  

 
3.2.4.3 Relationships of shear force and story drift angle 
Fig. 3.25 shows the relationships of load and story drift angle obtained from the cyclic loading 

test. The maximum loads are listed in Table 3.7. Specimen No. 30 has the highest value of 544 
kN, which was mainly attributed by its higher fiber bridging effect. Since all the specimens were 
designed by failure of panel zone, maximum load of specimens with fibers were increased 
significantly compared to No. 24 due to the effectiveness of fiber bridging. 

 

Table 3. 7 Maximum load and story drift angle at maximum load 

ID Maximum load Story drift angle 

No.24 No fiber 389 kN 1/50 rad. 

No. 25 PVA 443 kN 1/50 rad. 

No.30 Aramid 544 kN 1/33 rad. 

No.31 PP 495 kN 1/50 rad. 
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No. 24 (No fiber) * R=1/50 rad.              No. 25 (PVA) * R=1/50 rad. 

 

 
No.30 (Aramid) R=1/33 rad.               No. 31 (PP) R=1/50 rad. 

Fig. 3. 25 Relationships of load and story drift angle 
*Specimen No.24, No.25 are from the previous study (Sano et al., 2015) [3.2] 

 

3.3 Conclusions 
Comparing with specimen without fiber, the damage of specimens with fibers is inhibited due 

to the effect of fiber bridging. The maximum loads of beam-column joints increase by adding 
fiber. Specimen No.30 has the highest maximum load which is 544 kN. It is recognized that the 
bridging effect is different by types of fiber. 

The observed crack width of diagonal shear crack was 0.771mm, 0.517mm, and 0.773mm for 
specimens with PVA, aramid and PP fiber at the condition of maximum load. Comparing with 
crack width and crack opening, the crack sliding increased not obviously. It is considered that 
fibers resisted in the direction of shear force.  
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CHAPTER 4 Influence of Casting Method on Structural 

Performance of FRCC Beam-Column Joints 
4.1 Introduction 

FRCC used in this study has self-compacting characteristics with a high viscosity. It has been 
considered that fresh-state properties, casting method, vibration, flow and framework, etc. have 
the effect on the orientation of fibers [4.1]. When fibers tent to orient perpendicularly to crack 
surface, higher bridging effect of fibers is observed. When fibers tend to orient parallel to crack, 
however, bridging performance of fibers becomes poor. For tensile characteristics of FRCC, as 
one of the examples, the influence of casting direction on the tensile performance of FRCC has 
been studied through uniaxial tension test [4.2] and 2.1 times higher tensile stress of the second 
peak was observed in horizontal casting specimens than that of vertical casting specimens. 

 
In this chapter, furthermore, a vibrator rod is used to reorient the fiber. Using a compacting 

vibrator shows an effectiveness to improve the bending behavior of FRCC [4.3]. Fig. 4.1 shows 
the example of visualization simulation using water glass solution conducted as like previous 
study [4.4]. The black-colored “target fibers” made from nylon were added to the matrix to ease 
the observation of fiber orientation. The cross-sectional size of the mold is 180mm x 280mm. The 
right-side photo shows the upper surface of the matrix after vibration using a compacting vibrator. 
It can be clearly observed that the fibers orient along concentric circles centering the point of 
vibrating. In this study, a vibrator rod is inserted into the matrix along with the direction of casting 
to arrange the fiber orientation of panel zone. The influence of using a vibrator rod during casting 
is also discussed based on the experimental results. 

 

   

Fig. 4. 1 Example of fiber orientation after vibrating [4.4] 
 

To clarify the influence of fiber orientation on structural performance of PVA FRCC beam-
column joint by using two types of casting method, horizontal and vertical casting beam-column 

Vibrator 

Water glass solution 

Vibrating 

point 
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joint specimens are tested by reversed cyclic load. A vibrator rod is also applied during the casting. 
 
PVA fiber is used for all specimens with a fiber volume fraction of 1%. The dimensions of 

specimens and loading method are as same as mentioned in Chapter 3. 
 

4.2 Experimental Program 
4.2.1 Specimens and materials properties 

The dimension of specimens has already presented in Fig. 3.5. PVA fiber is used for all 
specimens with a fiber volume fraction of 1%. Two types of casting method, as shown in Fig. 4.2, 
which is horizontal casting and vertical casting were used. The testing parameter is the casting 
direction along the horizontal and vertical directions. Specimens are listed in Table. 4.1. Specimen 
No. 24 of which has been reported in the previous study [4.5] are also discussed. Specimen No.24 
is the control sample in which there is no fiber in panel zone. Characteristics of PVA fiber are 
listed in Table 4.2. All specimens are designed to fail by shear in panel zone before flexural 
yielding as same as the specimens in Chapter 3. Mechanical properties of concrete and PVA FRCC 
are listed in Table 4.3. 

  

 

Fig. 4. 2 Casting directions 
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Table 4. 1 Specimens list 

ID 
Panel Beam Column 

Parameter Reinforcing bar Stirrup Reinforcing bar Hoop 

No.24* Without fiber 

18-D22 
(USD685) 

6-D10@60 
(SD785) 

16-D22 
(USD685) 

6-D10@60 
(SD785) 

No.32 Horizontal casting 
Vibrator 

No.33 Vertical casting 
Vibrator 

*Specimen No.24 is from the previous study (Sano et al., 2015) [4.5] 

 
Table 4. 2 Mechanical properties of fiber 

Fiber 
Length 

(mm) 

Diameter 

(mm) 

Tensile strength 

(MPa) 

Elastic modulus 

(GPa) 

PVA 12.0 0.10 1200 28 

 
Table 4. 3 Mechanical properties of concrete and PVA FRCC 

Type ID Place 
Compressive 

strength (MPa) 

Splitting tensile 

strength (MPa) 

Elastic modulus 

(GPa) 

Concrete No.24* 
Beam 

Column 
39.9 3.55 29.6 

PVA 

FRCC 
No.24* 

Panel 

zone 
50.3 - 17.6 

Concrete 
No.32 Beam 

Column 

75.5 4.47 35.0 

No.33 75.6 4.11 33.3 

PVA 

FRCC 

No.32 Panel 

zone 

49.1 - 17.1 

No.33 48.0 - 15.7 
*Specimens No.24 is from the previous study (Sano et al., 2015) [4.5] 

 

4.2.2 Casting methods 
As shown in Fig. 4.3, horizontal casting is to cast FRCC from beam side into panel zone. 

Otherwise vertical casting is to cast FRCC from column side into panel zone which is shown in 
Fig. 4.4. During the casting, a vibrator rod was being inserted into the matrix along with the 
direction of casting to arrange the fiber orientation of panel zone. As shown in Fig. 4.5, first pour 
the FRCC into panel zone mold to half, second insert a vibrator rod for 45 seconds. Then continue 
to pour FRCC into panel zone mold to full and insert a vibrator rod for 45 seconds again. Other 
procedures of making specimens is as the same as described in Chapter 3. 
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Fig. 4. 3 Example of horizontal casting 
 

 

Fig. 4. 4 Example of vertical casting 

Horizontal casting 

Vertical casting 



 

57 
 

    

1) Pour to half                           2) Insert vibrator rod 

    

3) Pour to full                           4) Insert vibrator rod 
Fig. 4. 5 Casting procedures 

 
4.2.3 Loading and measurement 

As introduced in Chapter 3, the reversed cyclic loading is applied to the beams by controlling 
story drift angles from R = ± 1/400 to ± 1/20rad. The story drift angle was controlled by actuators 
attached to the inflection points of the beams. Oil jacks were used on the inflection points to 
support the columns. 

 

4.2.4 Experimental results 
4.2.4.1 Failure modes and crack patterns 
The crack patterns of panel zone at maximum load are shown in Fig. 4.6. Shear cracks were 

observed on the surface of panel zone of both two specimens. The failure in strut mechanism of 
specimen No. 32 was observed at the story drift angle of 1/50rad. From the next loading cycle, 
the shear sliding was observed. As mentioned in Chapter 3, specimen No.32 had a same tendency 
with specimen No. 25 of which the pull-out of fibers were observed obviously in the loading cycle 
of R = 1/50rad. As shown in Fig. 4.7, three penetrating cracks were occurred after the maximum 
load in the cover of specimen No. 33 along the middle main reinforcing bars direction. Red dot 
lines indicate the positions of the main reinforcing bars along the longitudinal direction of column. 
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The surface of No. 33 facing to the camera is also the side surface during vertical casting. Due to 
the existing of main bars, it is considered that fibers rarely distribute in this plane which leads to 
the reduction of fibers.  

 

                 

Fig. 4. 6 Crack pattern at maximum load (No.32 at 1/50rad., No.33 at 1/67rad.) 
 

 

Fig. 4. 7 Position of main reinforcing bars in column 
 
4.2.4.2 Relationships of shear force and story drift angle 
The relationship between the applied load on beams (average of both beams) and the story drift 

angle of specimen No. 32 and No. 33 are shown in Fig. 4.8. The maximum load of specimen No. 
32 was observed at the cycle of 1/50 rad. and that of No. 33 was at 1/67 rad. After the maximum 
load, although the crack width increased with the increase of story drift angle, damage of joint 
panel was inhibited by the fiber bridging effect comparing to specimen No. 24. And also the 
maximum loads of beam-column joints increase by adding fiber. It can be recognized that part of 
the shear force was carried by PVA fibers. From the comparison between specimens No. 32 and 
No. 33, of which maximum load is 461 kN and 468 kN respectively. This indicates that casting 
direction of panel zone do not affect shear capacity of PVA FRCC beam-column joint significantly. 
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Fig. 4. 8 Load-story drift angle curve 

 
4.2.4.3 Comparison of skeleton curves 
Skeleton curves of specimens No. 24* (without fiber), No. 32 (horizontal casting + vibrator) 

and No. 33 (vertical casting + vibrator) are shown in Fig. 4.9. Compared with specimen No. 24, 
higher maximum load was observed in both No. 32 and No. 33. Specimens of horizontal casting 
and vertical casting showed almost the same shear capacities. 

 

 
Fig. 4. 9 Comparison of skeleton curves 

*Specimen No.24 is from the previous study (Sano et al., 2015) [4.5] 

 

4.3 Conclusions 
The maximum load of horizontal casting specimen was observed at the cycle of 1/50 rad. and 

that of vertical casting specimen was at 1/67 rad. After the maximum load, although the crack 
width increased with the increase of story drift angle, damage of joint panel was inhibited by the 
fiber bridging effect comparing to specimen without fiber. From the comparison between 
horizontal specimen and vertical specimen, of which maximum load is 461 kN and 468 kN 
respectively. This indicates that casting direction of panel zone do not affect shear capacity of 
PVA FRCC beam-column joint significantly. Specimens of horizontal casting and vertical casting 
show almost the same shear capacities. 
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CHAPTER 5 Evaluation of Shear Capacity of FRCC Beam-Column 

Joints 
5.1 Introduction 

By assuming that the shear stress in the panel zone is also carried by fiber bridging effect, shear 
capacity of beam-column joint is evaluated through the tensile characteristics of FRCC.  

 
In the previous study, as mentioned in Chapter 3, the maximum load of beam-column joint 

specimen No. 24 (without fiber) occurred in the loading cycle of R = 1/50rad. and was keeping 
almost unchanged from loading of R = 1/67rad. to R = 1/33rad. [5.1]. It is considered that the 
compressive strut had achieved the effectiveness compressive capacity around R =1/50 rad. 
Meanwhile, the failure in strut mechanism of specimen No. 31 (PP) and specimen No. 32 (PVA) 
was observed at story drift angle of R = 1/50rad. In the case of specimen No. 30 (aramid), the 
compressive strut crushed at story drift angle of R = 1/33 rad. 

 
For the No. 31 (PP) and specimen No. 32 (PVA), the strut mechanism was remained to the 

loading cycle of R = 1/67 rad. due to the fiber bridging effect. From the next loading cycle, the 
shear sliding was observed obviously. It is considered that the pull-out of fibers became prominent 
which resulted in the maximum load under biaxial stress condition. The same tendency was also 
observed in the case of specimen No. 30 (aramid). The pull-out of fibers were observed obviously 
in the loading cycle of R = 1/33rad. which leaded to the maximum load. 

 
At the maximum load, by assuming failure of strut mechanism and disappear of fiber bridging 

effect are occurred simultaneously [5.2], a cumulative sum calculation method is newly proposed 
to predict the shear capacity of FRCC beam-column joint based on AIJ guideline [5.3]. 

 
5.2 Proposed Evaluation Method for FRCC Beam-Column Joint 

A shear capacity predicting method has been proposed for conventional concrete beam-column 
joint by AIJ guideline [5.3]. The main idea is to treat shear force of panel zone as the difference 
between beam shear force and column shear force. According to the Design Guidelines for 
Earthquake Resistant Reinforced Concrete Buildings Based on Inelastic Displacement Concept 
of AIJ guideline, the shear capacity carried by concrete is given by Eq. (5.1). 

=jc j j jV F b D                                      (5.1). 

where jcV  is shear capacity by AIJ guideline;  is shape coefficient;  is orthogonal beam 
coefficient; Fj is shear strength of panel zone; jb is effective width; jD is column height; 
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In a FRCC beam-column joint, the fiber bridging effect is mainly distributed in the direction 

which is perpendicular the diagonal shear crack. After cracking, fibers could transfer tensile force 
through crack as shown in Fig. 5.1 
 

 
Fig. 5. 1 Internal actions into panel zone 

 
As shown in Fig. 5.2, the total tensile force carried by fibers at maximum load can be calculated 

by the maximum tensile stress which was obtained from the uniaxial tension test as given by Eq. 
(5.2). The crack angle is observed directly from the surface of panel zone. The second peak 
loads in uniaxial tension test with notched specimens are adopted for maximum tensile stress in 
each type of fibers. The effective depth of 346 mm was adopted for this calculation.  

 

,max sin
b

t j
dN b                             (5.2) 

 
where N is the tensile force; ,maxt is maximum FRCC tensile stress; bd is effective depth of 

beam; is the crack angle; jb is effective width. 
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Fig. 5. 2 Calculation of tensile force 

 
As shown in Fig. 5.3, shear force is derived from tension force carried by fibers as given by Eq 

(5.3). The parameters used for calculation are listed in Table 5.1. 
 

,max

sinjf

t b j

V N
d b

                               (5.3) 

where jfV is shear capacity carried by fiber; N is the tensile force; is the crack angle; ,maxt

is maximum FRCC tensile stress; bd is effective depth of beam; jb is effective width. 

 

 
Fig. 5. 3 Calculation of shear force 
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Table 5. 1 Parameters for tensile force calculation 

ID Used fiber 
Maximum 

tensile stress 
Effective 

depth of beam 
Effective 

width 

,maxt  (MPa) bd  (mm) jb  (mm) 

No. 30 Aramid 3.02 
346 440 No. 31 PP 1.61 

No. 32 PVA 1.80 
 

At the maximum load, by assuming failure of strut mechanism and disappear of fiber bridging 
effect are occurred simultaneously, calculation method for shear capacity of FRCC beam-column 
joint Eq. (5.4) can be proposed. Eq. (5.4) is derived as the summation of the Eq. (5.1) given by 
Design Guidelines for Earthquake Resistant Reinforced Concrete Buildings Based on Inelastic 
Displacement Concept [5.3] to shear force carried by FRCC expressed by Eq. (5.3).  

 

ju jc jfV V V                                         (5.4) 

where juV is shear capacity; jcV is shear capacity by AIJ guideline; jfV is shear capacity carried 

by fiber. 
 

5.3 Verification 
Experimental and calculated values of shear capacities are converted to the shear force which 

is applied to beam. As listed in Table 5.2, the difference of below 7% between calculated value 
and experimental value demonstrates that the calculation method is feasible. By adopting this 
method, shear capacity of FRCC beam-column joint can be calculated from the result of uniaxial 
tension test.  

 
Table 5. 2 Experimental value and calculated value 

 No fiber 

(No. 24) 

Aramid 

(No. 30) 

PP 

(No. 31) 

PVA 

(No. 32) 

Experimental value Vexp (kN) 389 544 495 461 

Calculated value 

Eq. (5.1) Vjc (kN) 419 424 426 412 

Eq. (5.3) Vjf (kN) 0 83 44 49 

Eq. (5.4) Vju (kN) 419 507 470 461 

Vexp /Vju 0.93 1.07 1.05 1.00 
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5.4 Conclusions 
A cumulative sum calculation method is newly proposed to predict the shear capacity of FRCC 

beam-column joint based on AIJ guideline. By adopting maximum tensile stress obtained from 
uniaxial tension test of specimen with notch, shear force carried by fibers was calculated. The 
difference of below 7% between calculated value and experimental value demonstrates that the 
calculation method is feasible. By adopting this method, shear capacity of FRCC beam-column 
joint can be calculated from uniaxial tension test. 
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Chatper 6 Conclusions 
FRCC as a new material was succesfully used in the beam-column joint to strength the crutial 

part of a RC structucture. Beam-column joint test of specimens using aramid, PP and PVA fiber 
as volumn fraction of 1% was conducted to seek the influence of fiber types on the shear 
performance of FRCC beam-column joint. Furthermore, The influence of casting direction on the 
shear performance of FRCC beam-column joint was discussed through two specimens using PVA 
fiber as volumn fraction of 1% which were manufactured by horizontal casting and vertical 
casting. In addition, tensile and flexural behavior of FRCC abtained by unxial tension test and 
bending test could be used to evaluate the shear capacity of FRCC beam-column joint. A new 
calculation method for predicting the shear capacity of FRCC beam-column joint based on AIJ 
guideline has been proposed. The main conclusions of this research are summarized as below. 

 
1. The average maximum tensile stress of Aramid specimen with notch at second peak is 

3.02MPa, of that for PP specimen is 1.61MPa and PVA specimen 1.80 MPa which could be used 
to evaluate the structural performance of FRCC. 

 
2. Comparing with specimen without fiber, the damage of beam-column joint with fibers is 

inhibited due to the effect of fiber bridging. 
 
3. Specimen No.30 has the highest maximum load which is 544kN. It is recognized that the 

bridging effect is different by types of fiber. 
 
4. Specimens of horizontal casting and vertical casting show almost the same shear capacities. 
 
5. A new calculation method for evaluating shear capacity of FRCCs beam-column joint is 

proposed based on the standard of Architectural Institute of Japan. The difference of below 7% 
between calculated value and experimental value demonstrates that the calculation method is 
feasible. 
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The following recommendations for future study are introduced. 

 

1. Large-diameter fibers were adopted in this research. With the development of polymer fibers, 
many small-diameter fibers have been studied recent years. Compared to large-diameter fibers, 
small-diameter fibers have a better bond strength due to the larger aspect ratio. It is expected that 
small-diameter fibers could be used in real RC structures. However, the strucural performance of 
matetials with small-diameter fibers still remain too many unknown, more researches should be 
conducted. 

 
2. The shear force was treated as component of tensile force in this research. However, in the 

case of beam-column joint under shear, the biaxial stress conditon is very complicated. Direct 
shear test is required to investigate the shear transmission on the crack surface under the tensile 
action.   

 
3. Further experimental studies over a variety of pamameters, such as different fiber volumn 

fraction, should be conducted in the future study.  
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