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ABSTRACT 

 

 Ultra high strength fiber reinforced concrete (UFC) has rapidly been developed over 

the past decade. Due to its outstanding mechanical and durability properties, UFC has been 

successfully implemented in various kinds of applications throughout the world and especially 

in Japan. UFC provides the ultra high strength characteristics of more than 150 MPa and 5 

MPa in compression and tension, respectively. High ductility can be archived due to the 

existence of steel fibers. Moreover, the excellent durability properties such as resistance to 

chloride ion attack and abrasion mean lower maintenance cost and longer service life. The 

utilization of UFC in practical construction is considered one of the approaches to build high 

performance and sustainable infrastructure. 

 The hybrid structures consisting of steel and prestressed concrete (PC) are widely used 

in Japan, such as in extradosed and cable-stayed bridges, due to their structural and 

economical benefit for all the design and construction processes. The steel-PC bridge consists 

of segmental concrete at both ends and main steel girder at the middle part of span. Because 

of high strength material, cross section of web member can be reduced. Besides, the 

decrement of self weight and longer span length can be achieved due to the steel girder 

employed at the middle part. However, durability problems such as the corrosion of steel 

girder are major concerns. By comparing the weight of prestressed UFC with H-steel beams at 

the same design bending moment of 150 kN-m, the self weight of both UFC and steel beams 

were found to be the same at 50 kg/m. Therefore, in order to eliminate the drawback while 

maintaining the benefits of steel girder, the so-called “UFC-PC hybrid structure”, which 

replaces steel girder with UFC segmental girders, is proposed in this study. 

 The main objective of this study is to experimentally investigate the applications of 

UFC for the development of UFC-PC structures. Firstly, the experimental study on shear 

behavior of RC beams using UFC as the permanent formwork for the PC segments was 

conducted. UFC U-shaped permanent formwork with the shear keys and screws and bolts 

construction system was introduced. Loading experiments of a total of nine specimens, varied 

in interface and presence of screws and bolt system, thickness of permanent formwork, 

presence of stirrups and shear span to effective depth ratio (a/d), were carried out. The shear 

resistance mechanisms were investigated. The results indicated that by using the UFC 

permanent formwork, the shear capacity of RC beams significantly increased. Moreover, the 

compatibility between RC and UFC permanent formwork was formed by using the shear keys 
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and screws and bolts system. The diagonal crack model together with tensile stress obtained 

from the tension softening curve were used to investigate the contribution on shear carried by 

UFC permanent formwork. The calculation results showed good agreement with the 

experimental results. 

 Second, the connection method, which is one of the most important factors in 

developing the UFC-PC hybrid structure, was studied. The perfobond strip (PBL) with cast-

in-place UFC joint connection was proposed and its shear performance was examined. Push-

out test of twelve specimens with simulated the construction process of the connection was 

conducted. Thickness of PBL, diameter of PBL, diameter of transverse rebar, prestressing 

stress on the connection part and the ratio of spacing to diameter of PBL were selected as the 

parameters in the experiment. The results indicated that PBL with cast-in-place UFC was 

capable of transferring the shear forces between two segments. Each contribution to the shear 

capacity was clarified. As a result, shear capacity equation of PBL with cast-in-place UFC 

connection was developed based on the shear resistance mechanism. The proposed calculation 

method can provide a reasonable agreement with the experimental results. In addition, the 

effect of bending moment on shear behavior of PBL with cast-in-place UFC was discussed. 

The results showed that the shear capacity gradually decreased as the increase of bending 

moment occurred at the location of the connection.       
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CHAPTER 1 

Introduction 

1.1 Background 

For the last decade, hybrid structural system integrating steel and prestressed concrete 

(PC) so called “Steel-PC hybrid structure” is remarkably developed and widely implemented 

to long-span bridges in Japan such as extradosed and cable-stayed bridges (Mutsuyoshi et al., 

2010 and Yoshioka, 2005). The steel-PC hybrid bridges compose of steel girder at the middle 

part of span and segmental concrete at both side ends. Due to the high strength of materials, 

the cross sectional area of the web members can be reduced. As a result, the total weight of 

structure can be also reduced. Moreover, longer span can be constructed due to the steel girder 

employed at middle span. However, the durability is one of the main concerns of this type of 

structure; the middle steel girder part may face the problem of corrosion (Kayser and Nowak, 

1989). To overcome this problem, Ultra High Strength Fiber Reinforced Concrete (UFC) is 

proposed to use instead of the steel girder for middle part of span in this study so called 

“UFC-PC hybrid structure”.             

UFC is one of the advanced cementitous compostite materials which has been 

aggressively developed over the decade and rapidly implemented throught out the world 

especially in Japan. Through the “Ultra high” strength properties, UFC provides with 

characteristic values in excess of 150 MPa in compressive strength and 5 MPa in the tensile 

strength together with very high bending toughness and ductility due to the presence of micro 

steel fibers. The excellent on durability properties are also reported such as resistance to 

chloride attack, carbonation, abrasion and freeze-thaw action which lead to the decrement of 

maintenance cost and service life improvement. Moreover, members can be cast with various 

of shapes due to high flowability. 
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Comparing the weight of prestressed UFC beam with normal RC beam and I-shaped 

steel beam according to the same design bending moment equal to 150 kN-m, the result shows 

that the weights of steel and prestressed UFC beams have the same weight at 50 kg/m which 

is only 1/4 of a normal RC beam. As a result, the member depth is also reduced by half 

compared with normal RC beams (Musha, 2009). 

Follow the above point of view, by replacing the steel girder with the UFC girder, the 

benefits of steel can be remained while taking the advantages of UFC. Therefore, in this study 

the development of UFC-PC hybrid structure is proposed. Figure 1-1 demonstrates the typical 

view of UFC-PC hybrid bridge. The UFC-PC hybrid bridge consists of UFC girder at the 

middle part of span where the shape of UFC can be whether T-shaped or box girders and 

prestressed segmental concrete at the both side ends. Figure 1-2 demonstrates the 

construction process of UFC-PC hybrid bridge. First is to perform the construction of PC 

segmental girder. After that, UFC girder is erected into the middle of span. Finally, the 

construction of joint connection parts which used to connect between PC and UFC girder is 

done. This development is focused on the new alternative structural system that proffers an 

improvement in durability and minimizes the required volume of material also, in which fully 

use of particular part of UFC can be achieved. 

In this study, the use of UFC as the permanent formwork for the prestressed concrete 

segmental girder is developed. Moreover, one of the most essential in development of UFC-

PC hybrid structure is to clarify and determine the proper joint connection which can secure 

the efficiently transferring force between UFC and PC girder. Unfortunately, the available 

study on the performance of UFC-PC hybrid structure cannot be found. In addition, the 

research on the connection technologies between UFC and PC girders is scarce.    

 

    

 
Prestressed concrete girder Prestressed concrete girder UFC girder 

Connection parts 

  

Figure 1-1 Typical view of the UFC-PC hybrid bridge 
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1.2  Objective and Scope of the Study 

 The major objective of this study is to develop the UFC-PC hybrid structures. 

Therefore, in order to develop the UFC-PC hybrid girders, the study on the utilization of UFC 

for each part of structure is focused, which includes the two main following objectives; 

1. To investigate the shear behaviors of RC beams using UFC U-shaped 

permanent formwork 

2. To investigate the shear behavior of proposed PBL with cast-in-place UFC 

joint connection for UFC-PC hybrid girders 

In the first objective, the use of UFC as the permanent formwork is introduced to use 

for the precast segmental concrete part. The experiments of nine RC beams using UFC U-

shaped permanent formwork were conducted. Various parameters affecting the shear behavior 

which are interface between UFC and inside RC and presence of screws and bolts, thickness 

 
 

    

 

    Movable scaffolding 

PC segment 

    Connection parts 

Figure 1-2 Construction process of the UFC-PC hybrid bridge 

(a) Construction of PC segmental girders 

(b) Erection of UFC girders 

(c) Construction of connection parts 

UFC girder

PylonPylon 
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of UFC permanent formwork, presence of stirrups and shear span to effective depth ratio (a/d) 

were considered. The shear carried by UFC permanent formwork was investigated based on 

stress obtained from the tension softening curve. The weights of RC beams using UFC 

permanent formwork were compared with the normal RC beams, in order to discuss the 

weight reduction.  

 To achieve the second objective which is one of the most important requirements in 

developing of UFC-PC hybrid girders, the PBL with cast-in-place UFC connection is 

proposed and the experimental study by the push-out tests of twelve specimens was performed. 

The fabrication step of the connection is pointed out. Shear resisting mechanisms is discussed 

based on the various affecting parameters which are thickness of PBL, hole diameter of PBL, 

diameter of transverse rebar, prestressing stresses on the connection and the ratio of spacing to 

the diameter of PBL (S/D). Predictive equation is proposed based on the observed resisting 

mechanism. In addition, the effect of bending moment on the shear capacity also discussed 

The findings on the utilization of UFC in this study provide the understanding and 

offer the basic knowledge for the development of competitive UFC-PC hybrid structural 

system that proffers an improvement in durability and minimize the required volume of 

material, in which fully use of particular part of UFC can be made.      

1.3 Outline of the Dissertation 

The dissertation consists of six chapters as the flowchart is shown in Fig. 1-3. The 

contents of each chapter are briefly explained as follows. 

Chapter 1 introduces the general background of UFC-PC hybrid structure, together 

with objective of this study. The explanation of the outline of the dissertation is also briefly 

summarized in this chapter. 

Chapter 2 reviews the basic knowledge and the use of UFC, along with the hybrid 

structural system technologies. Mechanical properties and structure with practical use of UFC 

are introduced. Previous researches on performance of composite and hybrid structure using 

UFC are also reviewed.  
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In Chapter 3, the use of UFC as the permanent formwork for reinforced concrete 

(RC) beams is introduced. The experimental study on shear behavior of RC beams using UFC 

U-shaped permanent formwork is presented. The outline of the experiment is explained as the 

specimen details, materials, experimental parameters, fabrication of specimen, loading method 

and measurement items are described in details. Shear behaviors of RC beams using UFC 

permanent formwork and reference specimen are compared in terms of shear capacities, crack 

patterns and load-displacement relationship and shear resistance mechanisms are also 

discussed based on the effect of each experimental parameters. In addition, weight reduction 

of beams is also examined. The shear carried by UFC permanent formwork of both specimens 

failed in diagonal tension and shear compression is also investigated.  

Chapter 4 focuses on joint connection for the UFC-PC hybrid girders. The Perfobond 

strip (PBL) filled with cast-in-place UFC joint connection is proposed as the connection 

method for UFC-PC hybrid girders. The construction process of the connection is explained. 

The results push-out tests of PBL with cast-in-place UFC connection specimens are discussed 

in order to investigate the shear behavior of PBL with cast-in-place UFC connection. Shear 

resisting mechanism with various affecting parameters is examined. Predictive equation is 

mechanically modelled based on the shear resistance mechanism of the connection. 

In Chapter 5, the effect of bending moment on the shear capacity of the PBL with 

cast-in-place UFC connection is examined. The results from four-point bending tests of three 

UFC-PC hybrid girder specimens are presented. The experimental program is explained. 

Shear behaviors of PBL with cast-in-place UFC from bending test in this chapter and push-out 

test from chapter 4 are compared in term of shear capacities, force-displacement relationship 

and failure patterns. 

Finally, the conclusions of this study and the recommendations for the further study 

are presented in Chapter 6.  
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CHAPTER 2 

Literature review 

2.1 Introduction 

In this chapter, the definition and basic knowledge of Ultra High Strength Fiber 

Reinforced Concrete (UFC) and hybrid structure are introduced. The existing composite and 

hybrid prestressed concrete and UFC structures are presented. Moreover, previous 

investigations on mechanical performance of UFC composite structures are reviewed. 

2.2 Ultra High Strength Fiber Reinforced Concrete (UFC) 

Ultra high Strength Fiber Reinforced Concrete (UFC) as also known as Ultra High 

Performance Fiber Reinforced Concrete (UHPFRC) in Europe region (AFGC, 2013) is an 

advanced cementitious composite material which has been rapidly developed in recent years. 

Due to its high performance, UFC has been implemented in several applications especially in 

the bridge construction in Japan and throughout the world (Hajar et al., 2004, Musha et al., 

2013(a)). UFC was developed based on the original technology of RPC (Reactive Powder 

Concretes) in France in 1994 (Richard and Cheyrezy, 1995). The technology of UFC is 

adopted and utilized in Japan as the design and construction of Sakata-Mirai Bridge is the 

initiated example (JSCE, 2006). 

2.2.1 General mechanical properties of UFC   

 UFC can be made by mixing premixed powder, water, superplasticizer and steel fibers. 

Premixed powder is consisted of cement, silica sand and silica fume in the optimum 

proportion. The close-packed particle structures can be achieved by controlling the size of 

particles in the premixed powder.  

 Table 2-1 summarizes the mechanical properties of UFC and normal concrete. Figure 

2-1 shows materials for UFC. Through the proper “Ultra high” strength parameters, this 
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Table 2-1 Mechanical properties of UFC (Murata, 2007) 

Characteristics UFC 
High strength concrete Normal concrete 

(28 days curing) (28 days curing) 

Density  (t/m3) 2.5 2.4 2.3 

Compressive strength (MPa) 150-200 60 30 

Flexural strength  (MPa) 45 9 5 

Tensile strength (MPa) 9 4 3 

Young's modulus (GPa) 50 35 25 

Abrasion resistance *1 (mm) 1 8 2.3 

Freeze-thaw resistance *2 (%) 100 95 - 

    *1 by Abrasion resistance test (ASTM-C779), *2 by Freeze-thaw test (JIS A 6204) 

Figure 2-2 Load-displacement curves of 
notch beams tests (Murata, 2007) 

Premixed 
powder 

Steel fiber Superplasticizer

Figure 2-1 Materials for UFC 

Normal 
Concrete

UFC

Normal 
Concrete

UFC

0 2 4 6 8 10

Displacement (mm) 

Load (kN) 

0

2

4

6

UFC

Normal 
concrete

material provides with characteristic values in excess of 150 MPa in the compressive strength 

and 5 MPa in the tensile strength which is several times higher than normal concrete. Due to 

the existence of steel fibers, the high bending toughness and ductility can be achieved. Figure 

2-2 shows the load-displacement relationship of notched beams under three point bending test 

of UFC and normal concrete.  

Furthermore, with close-packed micro-structures as shown in Fig. 2-3, UFC has 

excellent durability properties such as resistance to chloride ion attacks and abrasion which 

lead to maintenance cost reduction and service life improvement. In addition, due to high 

workability, members can be formed with various shapes. 
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120 sec 

    

(a) (b) (c) (d) 

(a) Mixing of 
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powder  
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steel fibers
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properties test

Casting
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*Mixed with superplasticizer

90 sec 180 sec 420 sec
Mixing 
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Figure 2-4 Mixing process of UFC 

Figure 2-5 Heat curing pattern of UFC 

100 

80 

60 

40 

20 

0 
0 24 75 

Curing duration (hours) 

Temperature (°C) 

+15 °C/hour 

90 °C for 48 hours 

Cooling 

Figure 2-3 Close-packed structures 
(Murata, 2007) 

Cement 

Silica sandSilica fume 

2.2.2 Production of UFC   

 Figure 2-4 explains the mixing process of UFC. The longer mixing duration is 

required in UFC comparing with normal concrete due to the high amount of powder and very 

low water to cement ratio. The high workability of UFC is measured following JIS R5201 

standard. In general, the flow value of UFC is around 250-270 mm (corresponding to 600-650 

mm in slump flow of normal concrete) and the segregation cannot be observed due to the high 

viscosity of UFC. In order to attain a high density and decrease the effect of shrinkage and 
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Figure 2-6 MuCEM footbridge 

creep, the heat curing process is performed. Figure 2-5 illustrates the heat curing pattern of 

UFC. The compressive strength of 200 MPa can be achieved after the heat curing process.  

2.3 Existing Structures using UFC 

 Since the introduction of Sherbrook footbridge, Quebec, Canada in 1997 as the 

world’s first major structure using UFC (Blais and Couture, 1999), and in 2002, Sakata-Mirai 

bridge in Yamagata prefecture had been introduced as the first bridge made by UFC in Japan 

(Tanaka et al., 2002), many advanced application in bridges have been reported and the 

proven of the efficiency of designing the slender structure with high durability performance  

(Hosotani et al., 2008, Benjamin, 2013, Resplendino and Toutlemonde, 2013, Musha et al., 

2013(b)). Over the past decades, the technologies in design and contruction using UFC have 

advanced and definitively boarded wide over the world especially in Japan. Emphasizing of 

some essential demonstration of UFC structure is explained hereby. UFC slab for the Runway 

D extension project is considered as the world’s largest utilization of UFC (Musha et al., 

2013(a)). 6,900 precast UFC slabs with total volume of 22,000 m3 were installed in 192,000 

m2 area of runway over the sea. By using UFC slab, the high durability of structure against the 

aggressive environment of Tokyo bay can be secured. Moreover, the dead load can be reduced 

by 56% comparing with normal concrete slab, resulting in the improvement of seismic 
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performance. The Kayogawa railway bridge, the first railway bridge constructed by UFC is 

one of the applications in order to overcome the unreachable condition of ordinary concrete. 

The lower slab thickness of bridges can be reduced from 390 in normal concrete to 250 mm in 

UFC. Recently, MuCEM footbridge is illustrated the achievement which the very long span 

length of 76.52 m can be constructed with maintain the slender cross section (Mazzacane et al., 

2013).           

2.4 Existing Steel-Prestressed Concrete Hybrid Bridges 

 The hybrid structure integrating prestressed concrete (PC) and steel are widely used to 

long-span bridges in Japan such as the extradosed and cable-strayed bridges due to the 

economical and structural advantages all thought the design and construction process. A steel-

PC hybrid bridge consists of steel girder at the middle span and segmental prestressed 

concrete at the both side ends. Figure 2-7 shows the typical view of Steel-PC hybrid bridge. 

Shinkawa bridges which located in Takamatsu, Kagawa prefecture is the example of Steel-PC 

hybrid bridges (Kurita and Ohyama, 2003). Kiso-Ibi kawa bridges are also of the example in 

Japan (Ikeda et al., 2002) . The extradosed system is also provided in this bridge in order to 

reduce the height of pylon and construct the longer span length of bridge (Ikeda et al., 2002). 

In such a case, the weight of structure can be more reduced by using the corrugated steel web 

PC box girder instead of ordinary PC box girder, as the Yahagigawa bridges located in Aichi 

prefecture is one of the example (Yoshioka, 2005). Figure 2-8 shows the side view of 

corrugated steel web PC box girder bridge.  

Figure 2-7 Typical view of the steel-PC hybrid bridge 

Prestressed concrete girder Prestressed concrete girder Steel girder 

Connection parts
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Figure 2-8 Typical view of corrugated steel web PC box girder bridge 
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2.5 Previous Study on Composite Structures using UFC 

2.5.1 UFC permanent formwork 

Until now, many studies for developing UFC permanent formwork have been carried 

out. In combination with the normal concrete, the implementation of UFC as thin layer 

structure is one of the promising applications. Considerable researches have been conducted 

on concrete structures with using UFC permanent formwork can be summarized as follow.   

Shirai et al. (2008) studied on the durability of UFC permanent formwork and its 

application which applied for strengthening of Tedorigawa bridge pier in Ishikawa prefecture, 

Japan. Various experiments such as chloride ion penetration test, impact wear resistance and 

abrasion resistance were conducted. It is reported that UFC permanent formwork significantly 

increased durability against chloride ion attack, abrasion and impact wear for bridge pier.   

Abe et al. (2009) introduced a composite slab system which consists of concrete slab 

cast onto a UFC permanent formwork. The punching shear failure mechanism was 

investigated, a RC slab and UFC permanent formwork composite structure failed in punching 

shear and the UFC permanent formwork separated from the composite surface at the same 

time. 

Hong and Kang (2013) performed the experimental study on the flexural behavior of 

RC and UFC composite beams in order to investigate the structural performance of RC and 

UFC composite slab system. The 30 mm thickness of UFC permanent formwork which the 
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main parameter was the presences of longitudinal steel inside UFC permanent formwork were 

prepared. Moreover, the effect of with and without providing heat treatment was presented. 

The results indicated that by providing longitudinal steel inside UFC permanent formwork, 

the flexural capacity increased drastically. However, the heat treatment of UFC deteriorates 

the efficiency of composite bond as resulting in the brittle bond failure of composite beams. 

2.5.2 Composite structures using UFC  

Murata et al. (2007) proposed to replace the steel web with UFC web for the 

corrugated steel PC box girder. The test of simply supported composite PC beams using the 

UFC warren truss for the web was performed in order to investigate the mechanical 

properties. The results indicated that comparing composite PC beams with I-shaped PC beams 

having the same resistance capacity, the weight of a beam with prestressed UFC truss can be 

extremely reduced. 

Shibata et al. (2009) studied the shear strengthening effect of UFC panels on RC 

beams. UFC panels were attached by epoxy resin and anchor bolts. The various shaped and 

attached location of UFC panels were investigated. Test results showed that by attaching UFC 

panels on the bottom or both sides of RC beams, the shear carrying capacity increased 

drastically. The researchers also discussed that the bond characteristics between concrete and 

UFC panels would be very important in order to improve the load carrying capacity.    

Makita and Bruhwiler (2013) studied the fatigue behavior of composite RC structure 

with adding the thin (30 to 50 mm) UFC layer on the surface. It was reported that the high 

fatigue resistance was achieved by adding the the thin UFC layer on the surface. The practical 

application of layered thin UFC for strengthening of bridges’s slab was also presented.    

2.6 Connection System for UFC-PC Hybrid Structures 

 One of the most important items in order to examine the hybrid girder with different 

materials is to ensure the continuous behavior of two girders. At present, many connection 

methods are practically used for steel girder with concrete slab such as stud shear connector, 

angel steel joint (Kurita and Ohyama, 2003) and perfobond strip (PBL) (JSCE, 2009). The 

some of the combination of those connections are also existed. However, researches reported 

on the connection method between UFC and PC girders are slight.  



CHAPTER 2 
 

14 

Tanaka et al. (2006) reported the use of perfobond strip (PBL) applied for UFC girder 

with normal concrete slab. Various experiment programs were performed to confirm the shear 

performance of the PBL joint. The results demonstrated that shear transferring capacity and 

transferring rigidity between the UFC web and slab were efficient than stud shear connector. 

In addition, the practical application of PBL for construction of Akakura Onsen Yukemuri 

footbridge and Horikoshi highway bridge were also demonstrated.      

Perry and Royce (2007) presented the cast-in-place UFC together with dowel steel bar 

for the connection of precast concrete deck in bridge construction. The increase of bond 

capacity and decrease the congested steel can be achieved.   
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CHAPTER 3 

Shear behavior of RC beams using UFC U-shaped permanent 
formwork 

3.1 Introduction 

 In this chapter, the application of UFC as structurally integrated permanent formwork 

for concrete structures is focused in order to implement for the prestressed concrete segmental 

part in UFC-PC hybrid girders. The shear behavior of RC beams using UFC permanent 

formwork is presented as for the fundamental study of the performance of composite system.  

The definition for permanent formwork described from CIRIA C558 (Wringley, 2001) 

is the structural elements that is used to contain the cast-in-place concrete and mold it 

according to the required dimensions and will remain in place for the whole life of the 

structure. By using permanent formwork systems, the outstanding properties of UFC and 

concrete can be maximized while facilitating the construction process. A permanent formwork 

is first fabricated, and then the process involves only the casting of fresh concrete into the 

permanent formwork. Therefore, such a site’s needed skill work can be neglected, erection 

time can be speed up and etc. Moreover, wastes from construction can also reduced in 

comparison of using wooden formwork.  

 The UFC permanent formwork is practically used in Japan for strengthening 

durability of concrete structure. However, the available studies on the mechanical 

performance of RC beams using a UFC permanent formwork is insufficient and the interfacial 

bonding between concrete and UFC has not been considered. To overcome this problems, the 

UFC U-shaped permanent formwork with interface shear keys and screws and bolts system 

has been examined. The explanation of the UFC permanent formwork concept is firstly 

presented in this chapter as shown above. Shear behavior of RC beams using a UFC 

permanent formwork with considering the effect of internal surface and presence of screws 

and bolts has been examined. Moreover, discussion about weight reduction compared with 

normal RC beams is presented. Finally, a calculation method for evaluating the shear carried 

by UFC permanent formwork is proposed.  
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3.2 Experimental Program 

3.2.1 Experimental cases 

Totally nine specimens were prepared in order to investigate the shear behavior of RC 

beams with U-shaped UFC permanent formwork. Four-point bending tests were conducted. 

Table 3-1 summarizes the test variation and the designated specimen name. Figure 3-1 shows 

the details of specimens; dimension, arrangement of reinforcing bar and cross section of all 

specimens. The effective depth, width, height and tension reinforcement ratio are d=220 mm, 

b=250 mm, h=300 mm and pw=1.41%, respectively. The failure side of shear span is 

controlled by differently provide a number of stirrups in each span. The experimental 

parameters which influencing the shear mechanism were selected and can be classified into 

four series as the details are described as follow; 

No. Name 
t 

(mm) 
Internal  
surface 

Screw 
and bolt

Stirrup 
ratio 
 (%) 

a/d Series 

1 Ref - - - 0 3.27 I, II 

2 UFC20-K 20 Shear keys - 0 3.27 

I 3 UFC20-SB 20 Smooth Provided 0 3.27 

4 UFC20-S 20 Smooth - 0 3.27 

5 UFC20-KB 20 Shear keys Provided 0 3.27 I, II, III, IV

6 UFC30-KB 30 Shear keys Provided 0 3.27 II 

7 UFC20-KB-ad1 20 Shear keys Provided 0 1.00 III 

8 UFC20-KB-ad21 20 Shear keys Provided 0 2.16 III 

9 UFC20-KB-r 20 Shear keys Provided 0.28 3.27 IV 

 t: the thickness of UFC permanent formwork (mm), a/d: shear span to effective depth ratio 

 Specimen’s name: UFC20 – S B – ad1 

Formwork thickness  Bolt and screw Internal surface 

a/d ratio or stirrups 

Table 3-1 List of the experimental cases 
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In Series-I, the shear keys and screws and bolts are introduced in order to fix the inside 

RC and UFC permanent formwork. Therefore, the effect of shear keys at the internal surface 

between UFC formwork and inside RC together with the presence of screws and bolts were 

considered. The name of specimens as shown in Table 3-1 corresponds to the internal surface 

condition and presence of screws and bolts. The detail of UFC permanent formwork and the 

shear keys internal surface are shown in Fig. 3-2. It should be noted that shear key at interface 

used in this study is commercially used in Japan. The reference specimen which is the UFC 

U-shaped permanent formwork was not provided was also prepared named as Ref. For 

UFC20-S specimen, only smooth surface on the internal surface was provided. In UFC20-K 

specimen, shear keys at the internal surface between UFC formwork and inside RC were 

provided. UFC20-SB is the specimen which smooth surface at the internal surface and screws 

and bolts were provided. On the other hand, both shear keys on the internal surface and 

screws and bolts were provided for UFC20-KB specimen. 

The effect of thickness of UFC permanent formwork was investigated in Series-II. The 

total cross section of the specimen was the same but the thickness of UFC permanent 

formwork increased to 30 mm in UFC30-KB in both sides and bottom part. 

Unit: mm 

Figure 3-1 Detail of specimens 
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In Series-III, there are three specimens with different shear span length in order to 

examine the effect of shear span to effective depth ratio (a/d). Effective depth of the beams 

was the same, but the shear span was varied. UFC20-KB specimen with a/d was 3.27 is the 

original specimen. The a/d of UFC20-KB-ad1 and UFC20-KB-ad21 were 1.00 and 2.16, 

respectively. Figure 3-3 presents the details of specimens in Series-III.  

In Series-IV, the stirrups were provided in UFC20-KB-r with 0.28% of the stirrup ratio 

and spacing of 240 mm. The dimension of specimen was the same as that in Series-I and shear 

keys and screws and bolts were provided. 

Figure 3-3 Detail of specimens in Series-III 
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Figure 3-2 Detail of UFC formwork and shear keys 
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3.2.2 Materials  

Self-compacting concrete, UFC, steel reinforcements and screws and bolts were used 

in the experiment. The detailed description of the each material is provided as follow. 

a) Concrete 

Table 3-2 summarizes the details of mix proportion. The self-compacting concrete 

was used in this experiment because the complex shaped of shear keys at the internal surface 

of UFC U-shaped permanent formwork. The materials used in the concrete mixes were high-

early strength cement, lime stone powder, fine aggregates, coarse aggregates, viscosity 

improver and superplasticizer, which was high-performance air entrained (AE) water reducing 

agent. The maximum aggregate size was 13 mm. The designed compressive strength of 

concrete was 35 MPa at 7-day age. 

Table 3-2 Mix proportion of concrete 

Gmax 
Water 

Cement 
Ratio 

Fine 
Aggregate 

Ratio 

Unit weight (kg/m3) 

(mm) (%) (%) W C L S G SP V 

13 57 45 165 292 249 718 857 C×1.5% C×0.15%
 

where,         Gmax : maximum size of coarse aggregate 

W : water     

C : high early strength cement, density = 3.14 g/cm3 

L : Lime stone powder 

S  : fine aggregate, density = 2.64 g/cm3, F.M. = 2.75 

G  : coarse aggregate, density = 2.61 g/cm3, F.M. = 6.37 

SP : Superplasticizer 

V : Viscosity improver 

Table 3-3 Mix proportion of UFC 

Flow 
(mm) 

Unit quantity (kg/m3) Admixture 
(kg/m3) Water Premix binder Steel fiber 

260±20 180 2254 157 24 
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b) UFC 

UFC can be produced by mixing pre-mix powder silica sand with water and high 

performance polycarboxylic superplasticizer and steel short fiber in the designed proportion. 

Table 3-3 shows the mix proportion of UFC. The steel fiber with 0.2 mm diameter x 15 mm 

length was used and the volume of steel short fiber was 2%. The characteristics of steel fiber 

are shown in Table 3-4. 

c) Steel reinforcements 

 The detailed properties of the steel reinforcements used in this study are listed in 

Table 3-5. A deformed steel reinforcement with nominal diameter equal to 21.4 mm was used 

for the longitudinal reinforcement. The specifications for the longitudinal reinforcements are 

according to JIS G 3109. The deformed steel reinforcement of 9.53 mm in nominal diameter 

was arranged as compression reinforcement. The yield strength was 336 MPa. 

Type 
Nominal 
Diameter 

(mm) 

Fiber 
Length 
(mm) 

Aspect 
Ratio 

Density 
(g/cm3) 

Nominal 
Tensile 
Strength 
(MPa) 

Elastic 
Modulas

(GPa) 

Steel fiber 0.2 15 75 7.86 2500 210 

Table 3-4 Characteristics of steel fiber 

Table 3-5 Details of steel reinforcements 

Reinforcement Type 
Diameter 

(mm) 
Grade Yield strength (MPa) 

Longitudinal 
reinforcements 

D22 21.4 SPBD930 1022 

Stirrups D10 9.53 SD295A 339 

Compression 
reinforcement 

D10 9.53 SD295A 336 

 
Diameter 

(mm) 
Grade 

Yield strength 
(N/mm2) 

Tensile strength (MPa) 

Screw 10 SUS304 240 568 

Bolt 10 SUS304 240 568 

Table 3-6 Details of screws and bolts 
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d) Screws and bolts 

The stainless steel screws and bolts with 10 mm diameter follow SUS304 specification 

grade were used in the experiment. The yield strength and the tensile strength were 240 and 

568 MPa, respectively as shown in Table 3-6.  

e) UFC permanent formwork 

The UFC U-shaped permanent formwork was fabricated in advance. The mold for 

casting the UFC U-shaped permanent formwork was made from the plywood which is 

designed for concrete work. The plywood was cut and form as a pattern of shear keys. The 

flowability performance of UFC is achieved to exhibit a flow value (JIS-R-5202.11) with 

around 260 mm for the material temperature of 20-25ºC even for including the steel fiber by 

2% in volume. Therefore, it turns to be able to cast into the mold with only 20 mm thickness.  

After 24 hours, the UFC permanent formwork was removed of the mold. Then, it undergoes 

the stream curing at 90ºC for 48 hours. In each casting batch of UFC, three cylinders of 

Ø50x100 mm and three cylinders with Ø100x200 mm were prepared and put in the same 

condition as specimen in order to measure the compressive strength and tensile strength of 

UFC, respectively. 

3.2.3 Fabrication of specimens 

The fabrication step of specimen is presented in this section. The specimen consisted 

of two parts. One was a UFC U-shaped permanent formwork which has been fabricated in 

advance. The other was reinforced concrete which was then cast into the formwork in order to 

make a integrated component. Figure 3-4 illustrates the fabrication step of UFC20-SB 

specimen. First, UFC formwork which has been already fabricated was prepared in the 

position. Then, the internal surface of UFC permanent formwork was cleaned by using air 

spray. After that, reinforcing bars were arranged and put in a UFC permanent formwork. In 

the case of specimen with screws and bolts, screws and bolts were provided according to the 

location of the screws and bolts shown in Fig. 3-1. Then, the concrete was cast into the UFC 

permanent formwork. After the casting, the specimens were covered with moist cloths and 

plastic sheets. The specimens were cured under covered with moist cloths and plastic sheet for 

7 days and three specimen of Ø100x200 mm and three cylinders with Ø150x300 mm were 

prepared for compressive and tensile strength test, respectively. 
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Cleaning of permanent formwork Installing reinforcement bars 

Installing the screws and bolts Specimen with ready for casting 

Mixing of concrete Casting of concrete 

Figure 3-4 Fabrication steps of the specimen (UFC20-SB) 

Moist-curing 
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3.2.4 Loading method 

Figure 3-5 presents the environment of specimen under the loading test. The 

specimens were subjected to a four-point bending test. The load was applied to both the UFC 

and RC at the same time. The specimens were placed on the roller supports in order to satisfy 

the simple supporting condition. The horizontal friction was prevented by inserted Teflon 

sheets and grease between the specimen and supports. The steel plates with 50 mm width, 

steel rollers and load distribution beam were placed on the top surface of the specimen at the 

location of loading points. The loading rate was about 0.2 kN per second. 

3.2.5 Measurement Items  

 Figure 3-6 illustrates the general measuring items and loading condition during the 

loading test. The applied load was monitored and mid-span deflection was measured by using 

transducers. Strain gauges were used for measuring the strain of tension steel bars at mid-span 

and concrete on the top fiber at mid-span. At the top surface of UFC permanent formwork and 

RC parts, the strain gauges were attached to check the compatibility between UFC and 

concrete in the longitudinal direction of the beam as shown in Fig. 3-6. Moreover, the 

separation widths between inside concrete and UFC permanent formwork were also measured 

by using π-gauges along longitudinal direction of the specimen with interval of 90 mm. In 

addition, on the side surface of UFC permanent formwork of the test span, the diagonal crack 

opening widths along the diagonal line between the loading point and supporting point were 

measured by using four π-gauges as the position is presented in Fig. 3-7. 

Figure 3-5 Loading test condition and setup 

Spreader beam 

Loading plates 

Transducers Cameras 
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 In case of UFC20-KB-ad1 specimen, strains of inside concrete and side surface of UFC 

permanent formwork were measured by using the acrylic bars and strain gauges, respectively. 

Figure 3-8 shows the location of acrylic bars inside concrete. Three strain gauges were 

attached on each acrylic bar and set at the center of the cross section width of compressive 

strut from along the loading point to the supporting point in order to measure the compressive 

strain near the loading point, center of the compressive strut and the supporting point as the 

details and arrangement of acrylic bars is shown in Fig. 3-9. Five acrylic bars were set at 17 

Figure 3-6 Measurement items and 
loading condition 

Figure 3-7 π-gauges along the diagonal crack line

Unit: mm π: π-gauge with 100 mm length 
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Figure 3-8 Location of acrylic bars 
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Figure 3-9 Arrangement of acrylic bars 

Figure 3-10 Details of acrylic bars 

70 

70 

70 

70 
20 

Top 

Bottom 

Middle

Figure 3-11 Arrangement of strain 
gauges on UFC permanent formwork

Unit : mm 

17 

：Strain gauge on acrylic bars 

Bottom 

Middle 

Top 

100 

100

UFC 

C L 

π4

π3

π2 
π1 

Strain gauge 

Dent 



Shear behavior of RC beams using UFC U-shaped permanent formwork  

25 

mm intervals. According to the method by Nakamura and Higai (1999), acrylic bar was fixed 

by making the dent form as details is shown in Fig. 3-10. Concrete strain gauges were also 

attached at the same position of those on acrylic bars as shown in Fig. 3-11.  

3.3 Experimental Results and Discussions 

3.3.1 Shear capacities in Series-I 

Table 3-7 summarizes the mechanical properties of concrete and UFC, and the testing 

results in Series-I. The ratio of shear capacity (R) is a ratio of shear capacity in each specimen 

divided by that of the Ref specimen which can be calculated by using Eq. (3-1). 

f

u

V

V
R

Re

  (3-1) 

where, Vu is shear capacity of each specimen, VRef  is shear capacity of Ref specimen 

  From Table 3-7, in order of the ratio of shear capacity, the specimens can be 

arranged as UFC20-S, UFC20-K, UFC20-SB and UFC20-KB with 2.32, 2.42, 2.58 and 2.78, 

respectively. This result indicates that the shear capacity significantly increase by using the U-

shaped UFC formwork on the cross section of a RC beam. Even if only smooth surface was 

provided and without presence of screws and bolts in UFC20-S specimen, the drastically 

Name 

Mechanical 
properties 
of concrete 

Mechanical 
properties 
of UFC 

Results of loading test 

f'c 

(MPa) 
ft 

(MPa)
f'c_UFC 

(MPa) 
ft_UFC 

(MPa)
Pcr 

 (kN) 
Pmax 
 (kN) 

Vu 

(kN) R 

Ref 32.8 2.1 - - 45.0 138.0 69.0 1.0 

UFC20-S 43.5 2.5 194.7 10.1 105.1 319.6 159.8 2.32

UFC20-K 36.6 2.7 191.5 13.9 90.6 334.6 167.3 2.42

UFC20-SB 33.5 2.5 192.6 11.4 95.3 355.8 177.9 2.58

UFC20-KB 40.4 2.1 184.2 11.9 82.1 384.0 192.0 2.78
f’c: compressive strength of concrete, ft : tensile strength of concrete, f'c_UFC : compressive 
strength of UFC, ft_UFC : tensile strength of UFC, Pcr: Flexural cracking load, Pmax: Peak 
load, Vu : Shear Capacity, R : Ratio of shear capacity 

 

Table 3-7 Mechanical properties of concrete and UFC, and the testing result in Series-I 
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increase of shear capacity with more than twice comparing with normal RC beam was 

observed. Moreover, the shear capacity of the beam with providing screws and bolts was 

much larger than that with only providing shear keys. Furthermore, the shear capacity of the 

beam with shear keys and providing screws and bolts was the largest. It should be noted that 

the variation of compressive strength of concrete was very slight. 

3.3.2 Load-displacement relationships and crack patterns in Series-I 

 The relationships between the load and the mid-span displacement of all specimens in 

Series-I are shown in Fig. 3-12. The mid-span displacement was obtained by subtracting the 

displacements at the supporting points from the mid-span displacement. Figure 3-13 shows 

the crack patterns observed after the loading tests. In case of UFC20-S, UFC20-K, UFC20-SB 

and UFC20-KB specimens, the crack patterns of both UFC and inside RC part are illustrated. 

The critical cracks are represented by the bold lines in Fig. 3-13. The crack and failure pattern 

in each specimen is discussed below. 

a) Ref 

The flexural crack was observed at 45.0 kN. The diagonal crack initiated at the middle 

of test span and load suddenly dropped at the peak load (138.0 kN) as shown in Fig. 3-13(a).  

Load (kN) 

Displacement (mm) 

Figure 3-12 Load-displacement relationships in Series-I 
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b) UFC20-S 

When the load reached 105.1 kN, the flexural cracks on UFC permanent formwork on 

the UFC permanent formwork was observed. Then, the inclined crack on UFC permanent 

formwork initiated. And then, slipping between RC and UFC permanent formwork occurred 

at the peak load. After the testing, UFC formwork was removed and a diagonal crack of inside 

RC part was observed as shown in Figs. 3-13(b-1) and (b-2).  

Figure 3-13 Crack patterns in Series-I 

(a) Ref 

(b-1) UFC20-S (UFC) (b-2) UFC20-S (RC) 

(c-1) UFC20-K (UFC) (c-2) UFC20-K (RC) 

(d-1) UFC20-K (UFC) (d-2) UFC20-K (RC) 

(e-1) UFC20-K (UFC) (e-2) UFC20-K (RC) 

Crushing 

Crushing 
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c) UFC20-K 

The flexural cracks on UFC permanent formwork initiated when the load was 90.6 kN.  

When the load reached to the peak, the inclined crack located from the support to loading 

point propagated as shown in Figs. 3-13(c-1) and (c-2). Moreover, the crushing under the 

loading point on UFC permanent formwork was observed. The separation crack between UFC 

permanent formwork and internal RC was observed after the loading test. 

d) UFC20-SB 

From the beginning, the specimen behaved linearly until the first flexural crack at 95 

kN. After that, the flexural and flexural shear cracks appeared in a sequence form the mid-

span to mid of the shear span. When the load reached to the peak, a number of cracks 

occurred as shown in Fig. 3-13(d-1). Figure 3-13(d-2) shows the diagonal crack of internal 

RC part. The critical crack penetrated from a bolt to a bolt and looked very different from 

those in UFC.  

e) UFC20-KB 

The flexural crack on UFC appeared around mid of span at the load of 82 kN. At 215 

kN, the main diagonal crack on the UFC permanent formwork was observed. At the peak 

load, the critical diagonal crack was propagated and widened, and the crushing of UFC under 

the loading point occurred as shown in Fig. 3-13(e-1). After the loading test, UFC permanent 

formwork was removed. It is shown that the diagonal crack of internal RC part occurred at the 

same location of that in the UFC permanent formwork as shown in Fig. 3-13(e-2). 

3.3.3 Shear resistance mechanisms in Series-I 

The shear resistance mechanisms of UFC20-S, UFC20-K, UFC20-SB and UFC20-KB 

were investigated. The effect of shear keys at the internal surface and the effect of screws and 

bolts on the shear resistance mechanisms is pointed out. The shear resistance mechanisms in 

all specimens are explained below. 

 

a) UFC20-S 

Figure 3-14 shows the relationships between the load and average separation width 

between internal RC and UFC permanent formwork on the top surface of all specimens except 

for Ref as the location of π-gauges are shown in Fig. 3-6. The relationships between the load 
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and strain at the top surface of RC and UFC formwork at the mid of shear span of UFC20-S 

specimen (see Fig. 3-6) is illustrated in Fig. 3-15. Positive value represents the tensile strain, 

conversely, negative shows the compressive strain. The widening of diagonal crack was 

prevented due to the bonding between UFC and RC. However, at 90 percent of the peak load 

(0.9Pmax) or 287.5 kN, UFC formwork could not resist the opening of diagonal crack. Hence, 

the slipping between RC and UFC permanent formwork occurred and the UFC formwork and 

RC part showed different behavior after 0.9Pmax as shown in Fig. 3-15.  

 

b) UFC20-K 

The opening of the diagonal crack of the RC part was prevented through the side shear 

keys between UFC and concrete surface. At 0.9Pmax, the opening width between RC and UFC 

formwork increased drastically due to the lateral force from the interlocking action as shown 

in Fig. 3-14. It is reflected that the UFC permanent formwork and RC part showed different 

behavior after 0.9Pmax as illustrated in Fig. 3-16.  

 

c) UFC20-SB 

In UFC20-SB where smooth surface and screws and bolts are provided, the diagonal 

crack in RC part attempted to widen as the load increased, but it was resisted by forces which 

were generated at the top and bottom of bolts. Consequently, since the forces were 

concentrated around the bolts, the diagonal crack was propagated to connect from a bolt to a 

bolt as shown in Fig. 3-13(d-1). At 0.7Pmax, the opening width between RC and UFC 
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Figure 3-16 Load-strains at 
the upper surface (UFC20-K)

Figure 3-15 Load-strains at 
the upper surface (UFC20-S)
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Figure 3-14 Load-separation 
width in Series-I and II 
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formwork was slightly increased (Fig. 3-14). After that, the difference of strain behavior 

between UFC permanent formwork and RC part was observed as shown in Fig. 3-17.  

 

d) UFC20-KB 

Figure 3-18 presents the strains at the top surface of RC part and UFC permanent 

formwork. The similar behavior between UFC permanent formwork and RC was observed. In 

other words, the beam had compatibility until the test finished. It should be noted that the 

separation width between RC and UFC permanent formwork was very small as shown in Fig. 

3-14.  The diagonal crack in RC part was resisted by synergetic effect of forces which were 

generated at the top and bottom of screws and bolts and the shear key at the interface as the 

load increased. After that, the main diagonal crack on UFC permanent formwork occurred at 

0.7 Pmax, while the opening width of diagonal crack was increasing as the average crack width 

from four measured crack widths along the diagonal crack is shown in Fig. 3-19. Then, the 

load dropped and failure occurred.  

In comparison, the diagonal crack was resisted to widen by shear keys at the internal 

surface in the beam with only providing shear keys. On the other hand, for the beam with 

providing screws and bolts, the diagonal crack was resisted and transferred effectively by 

screws and bolts. Therefore, as the combination of both screws and bolts and shear keys, the 

synergetic action occurred. Consequencely, the compatibility system and efficiency bonding 

between UFC permanent formwork and inside RC part of the beam were secured and the 

shear resistance mechanism became effective. From the above reason, the UFC permanent 

formwork with shear keys internal surface and screws and bolts system were used in the latter 

series.  
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Diagonal crack width (mm) 

Figure 3-19 Load-diagonal 
crack width (UFC20-KB) 

Figure 3-18 Load-strain at the 
upper surface (UFC20-KB)

Figure 3-17 Load-strain at the 
upper surface (UFC20-SB) 
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3.3.4 Effect of the thickness of permanent formwork 

In Series-II, The effect of thickness of UFC permanent formwork is discussed based 

on the experimental results of Ref, UFC20-KB and UFC30-KB specimens. 

Table 3-8 shows the mechanical properties of concrete and UFC, and the testing result 

in Series-II. Figure 3-20 presents the load-displacement relationships of all speciemens in 

Series-II. The specimens can be arranged as UFC20-KB and UFC30-KB in order of 

enhancement ratio of shear capacity (R). Also, Fig. 3-21 illustrates that as replacement 

percentages of UFC formwork per total cross section area of beams increased by 0, 22.9 and 

33.6 %, the shear capacity increased with the actual shear capacity of each case was 69, 192.0 

and 223.5 kN, respectively. It is indicated that the shear capacity of RC beams with using U-

shaped UFC permanent formwork increased drastically with increase in thickness of UFC 

Table 3-8 Mechanical properties of concrete and UFC, and the testing result in Series-II 

Name 

Mechanical 
properties 
of concrete 

Mechanical 
properties 
of UFC 

Results of loading test 

f'c 

(MPa) 
ft 

(MPa) 
f'c_UFC 

(MPa) 
ft_UFC 

(MPa)
Pcr 

 (kN) 
Pmax 
 (kN) 

Vu 

(kN) R 

Ref 32.8 2.1 - - 45.0 138.0 69.0 1.0 

UFC20-KB 40.4 2.1 184.2 11.9 82.1 384.0 192.0 2.78

UFC30-KB 36.2 2.2 181.8 12.0 92.0 447.0 223.5 3.24
f'c: compressive strength of concrete, ft : tensile strength of concrete, f'c_UFC : compressive 
strength of UFC, ft_UFC : tensile strength of UFC, Pcr: Flexural cracking load, Pmax: Peak load, 
Vu : Shear Capacity, R : Ratio of shear capacity 
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permanent formwork and it was proportional. This is because the separation opening width 

between RC and UFC permanent formwork slightly increased compared to UFC20-KB 

specimen as shown in Fig. 3-14. Then, the shear transfer from the internal surface decreased. 

Therefore, the shear capacity slightly decreased. 

Figure 3-22 shows the crack patterns of UFC30-KB. In UFC30-KB, the failure pattern 

was the same as that observed in UFC20-KB specimen. Figure 3-23 presents the load-strain 

relationship at the upper surface. The shear resisting mechanism of UFC30-KB was also the 

same as observed in UFC20-KB specimen as already explained. Moreover, separation width 

between RC and UFC permanent formwork was very small as shown in Fig. 3-24. Hence, 

even if the thickness of formwork increased, shear keys and screws and bolts system could 

contribute the compatibility and sufficient bonding between UFC permanent formwork and 

RC part. Figure 3-25 shows the load-diagonal crack width relationship of UFC30-KB. 

Figure 3-23 Load-strain at 
the upper surface  
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Figure 3-24 Load-separation 
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Figure 3-22 Crack patterns of UFC30-KB 
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3.3.5 Effect of shear span to effective depth ratio 

a) Load-displacement relationships and crack patterns in Series-III 

Table 3-9 summarizes the experimental results in Series-III. The relationships 

between the load and the mid-span displacement are illustrated in Fig. 3-26. Fig. 3-27 shows 

the crack patterns of UFC20-KB-ad21, UFC20-KB-ad1 and UFC20-KB which the first two 

specimens failed in shear compression failure mode and UFC20-KB failed in diagonal tension. 

In UFC20-KB-ad21 specimen, the diagonal crack on the UFC formwork occurred at 

347.3 kN, however, the load was still increasing. The crushing of UFC under the loading point 

Name 

Mechanical  
Properties of 

concrete 

Mechanical  
Properties of 

UFC 
Results of loading test 

f'c 

(MPa) 
ft 

(MPa) 
f'c_UFC

(MPa)
ft_UFC 

 (MPa)
Pcr 

(kN) 
Pmax 
(kN) 

Vu 

(kN) 
Failure 
mode 

UFC20-KB 40.4 2.1 184.2 11.9 82.1 384.0 192.0 DT 

UFC20-KB-ad21 33.1 2.2 182.7 12.6 142.8 496.2 248.1 SC 

UFC20-KB-ad1 30.6 2.3 177.8 10.8 334.2 1058.6 529.3 SC 
f’c: Compressive strength of concrete, ft : Tensile strength of concrete, f'c_UFC : Compressive 
strength of UFC, ft_UFC : Tensile strength of UFC, Pcr: Flexural cracking load, Pmax: Peak 
load, Vu : Shear Capacity, DT: Diagonal tension failure, SC: Shear compression failure 

Table 3-9 Mechanical properties of concrete and UFC, and the testing results of Series-III  
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Figure 3-26 Load-deplacement relationships in Series-III 
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occurred at the peak load as crack pattern of UFC permanent formwork is shown in Fig. 3-

27(a-1). Figure 3-27(a-2) shows the diagonal crack of inside RC part. 

In case of UFC20-KB-ad1 specimen, at 334.2 kN, the flexural crack on the UFC 

permanent formwork was initiated. Then, a number of cracks propagated in the direction from 

the support to the loading point with increasing in load as shown in Fig. 3-27(b-1). After the 

loading test, the separation failure of RC and UFC permanent formwork and the crushing of 

inside RC part under the loading point were observed as shown in Fig. 27(b-2).  

b) Shear resisting mechanism of UFC20-KB-ad21 

UFC20-KB-ad21 specimen failed with the shear compression failure. Even if a 

diagonal crack on UFC permanent formwork occurred, the diagonal tension failure did not 

occur since UFC permanent formwork prevented widening of diagonal crack inside RC part. 

Hence, the compressive stress acted above the diagonal crack. Consequently, the strains at the 

top fiber of both UFC permanent formwork and concrete were changed into the reverse 

direction as shown in Fig. 3-28. Therefore, the tension stress occurred at the upper edge of 

both UFC and RC. Finally, the load reached to the peak because of the crushing of UFC near 

the loading point as shown in Fig. 3-27(a-1). 

As the discussion above, it is found that the failure mode changed from the diagonal 

tension failure to the shear compression failure when the a/d ratio changed from 3.27 to 2.16 

because of the compression stress acted above the diagonal crack and crushing of the UFC 

occurred near the loading point.  

(a-2) UFC20-KB-ad21 (RC) (b-2) UFC20-KB-ad1 (RC) 

Figure 3-27 Crack patterns (Series-III) 

Crushing 

(a-1) UFC20-KB-ad21 (UFC) (b-1) UFC20-KB-ad1 (UFC) 

Crushing 
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c) Compressive strain of concrete in the strut formation of UFC20-KB-ad1 

UFC20-KB-ad1 also failed in shear compression failure mode same as in UFC20-KB-

ad21. Therefore, the failure mechanism of UFC20-KB-ad1 was examined by using the strains 

measured in the compressive strut of both concrete and UFC. The locations of strain gauges 

are shown in Figs. 3-8 and 3-11.  

The development of the maximum compressive strain of concrete near the loading 

point (Top), center of the strut (Middle) and near the supporting point (Bottom) of concrete 

and UFC are shown in Figs. 3-29 and 3-30, respectively. In both concrete and UFC, 

compressive strains increased drastically near the peak load because the compression struts 

were formed in both concrete and UFC formwork. As a result, the compressive strains 

reached ultimate strain and reflected that crushing of concrete occurred as shown in Fig. 3-

27(b-2). It should be noted that the distribution of compressive strain of both concrete and 

UFC seems to be different. This is because the compatibility between RC and UFC permanent 

formwork cannot be secured and the separation crack between UFC permanent formwork and 

inside RC was also observed. 
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3.3.6 Effect of presence of stirrups  

In Series-IV, the influence of the presence of stirrups was investigated based on the 

experimental result of UFC20-KB and UFC20-KB-r. Figure 3-31 shows the load-

displacement relationships of UFC20-KB and UFC20-KB-r specimen. In order of 

enhancement ratio of shear capacity (R), the specimens can be arranged as UFC20-KB and 

UFC20-KB-r with 2.78 and 3.10, respectively as shown in Table 3-10. The failure pattern of 

UFC20-KB-r was similar to UFC20-KB and UFC30-KB as explained before. The crack 

patterns of UFC20-KB-r are shown in Fig. 3-32(a) and (b).  

Figure 3-31 Load-displacement relationship in Series-III 

Displacement (mm) 

Load (kN) 

Table 3-10 Mechanical properties of concrete and UFC, and the testing result in Series-IV 

Name 

Mechanical 
properties 
of concrete 

Mechanical 
properties 
of UFC 

Results of loading test 

f'c 

(MPa) 
ft 

(MPa) 
f'c_UFC 

(MPa) 
ft_UFC 

(MPa)
Pcr 

 (kN) 
Pmax 
 (kN) 

Vu 

(kN) R 

Ref 32.8 2.1 - - 45.0 138.0 69.0 1.0 

UFC20-KB 40.4 2.1 184.2 11.9 82.1 384.0 192.0 2.78

UFC30-KB 36.4 2.7 170.5 12.4 92.6 427.6 213.8 3.10
f'c: compressive strength of concrete, ft : tensile strength of concrete, f'c_UFC : compressive 
strength of UFC, ft_UFC : tensile strength of UFC, Pcr: Flexural cracking load, Pmax: Peak 
load, Vu : Shear capacity, R : Ratio of shear capacity 
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Figure 3-33 shows the relationship between the load and stirrup strains. Stirrup [1], 

[2] and [3] are corresponding to those in Fig. 3-1. Strains of stirrup [1] and [2] reached the 

yielding strain before the peak load. It indicated that the opening of diagonal crack in concrete 

was resisted by UFC formwork and stirrups, and both still carried the load until the peak load. 

Hence, since the stirrups were provided in RC part, the shear capacity of the beams was 

increased.  

In comparison, the shear resisting mechanism of UFC20-KB-r was the same as that of 

UFC20-KB and UFC30-KB as mentioned above. As the similar strain behavior is shown in 

Fig. 3-34 and the separation crack width is shown in Fig. 3-35, in case of stirrups were 

provided, compatibility and efficient bonding of RC and UFC formwork by using shear keys 

and bolts can be secured. Figure 3-36 shows diagonal crack widths of UFC20-KB-r.     

Figure 3-33 Load-stirrup strain 
relationships 
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Figure 3-34 Load-strain at the 
upper surface (UFC20-KB-r) 
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3.4 Weight Reduction Compared with Ordinary RC Beams 

3.4.1 Design of normal RC beams 

 In order to discuss about the degree of weight reduction of the RC beams using UFC 

permanent formwork, ordinary RC beams with the same load carrying capacity as specimens 

in series I and II were designed. The characteristics of designed RC beams are the same as in 

the RC beams with U-shaped UFC permanent formwork as shown in Fig. 3-1 and described 

in Table 3-11. The shear carrying capacity of ordinary RC beams can be obtained from Eq. 

(3-2) (Niwa, 1987).   

db
dad

pfV wwcc )
/

4.1
75.0()

1000
()100()'(2.0 4/13/13/1   (3-2) 

where, Vc is shear capacity of ordinary RC beam without stirrups (N), f’
c is the compressive 

strength of concrete (MPa), pw is longitudinal reinforcement ratio, bw is web thickness (mm), d 

is the effective depth (mm)  

 By set the value of shear capacity of ordinary RC beam (Vc) corresponding to the half 

of the load carrying capacity of RC beam using U-shaped UFC permanent formwork from the 

experiments, the width of beams (bw), can be calculated. Therefore, the width of cross section 

and weight of RC beams with the same load carrying capacity as composites beams were 

determined. From the densities of RC and UFC are 2.5 t/m3, the weights of the normal RC and 

RC beam using U-shaped UFC permanent formwork were compared. The rate of weight 

reduction is calculated from Eq. (3-3). 

100
)(





RC

UFCRC
W W

WW
R  (3-3) 

where, Rw is the rate of weight reduction (%), WRC is weight of ordinary RC beam (kg), WUFC 

is weight of RC beam using U-shaped UFC permanent formwork obtained from the 

experiment (kg) 
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3.4.2 Comparison of weight 

 Table 3-12 and Fig. 3-37 show the calculation results of weight reduction by using 

UFC permanent formwork. The weight of the members can be reduced with 68.1, 72.7, 76.2, 

76.7 and 82.4 % in UFC20-S, UFC20-K, UFC20-SB, UFC20-KB and UFC30-KB, 

respectively. From this result, it clearly indicates that the RC beams using U-shaped UFC 

permanent formworks can make a significant contribution on the weight reduction of the 

members.  

WRC = Total weight of normal RC beams, WUFC = Total weight of composite beams 

Table 3-12 Comparison of the weight using experimental results 

Name 
Vc 

(kN) 
bw 

(kN) 
WRC 
(kg) 

WUFC 
(kg) 

Rw 

(%) 

UFC20-S 159.8 784.19 935.15 298.1 68 
UFC20-K 167.3 915.6 1091.8 298.1 73 
UFC20-SB 177.9 1049.4 1251.4 298.1 76 
UFC20-KB 192.0 1071.7 1277.9 298.1 77 
UFC30-KB 223.5 1420.5 1693.9 298.1 82 

 

Normal RC beam RC beams with UFC

Weight of beam (kg) 
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Table 3-11 Characteristics of ordinary RC beams and its material properties 

Compressive strength of concrete, f’
c (MPa) 35 

Shear span, a (mm) 3.27 
Effective depth, d (mm) 220 
Cross sectional area of longitudinal reinforcement, As (mm2) 774.2 

Figure 3-37 Weight reduction rates 
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3.5 Investigation on Shear Carried by U-Shaped UFC Permanent 

Formwork 

 In this section, the shear carried by UFC permanent formwork is presented. First, the 

shear carried by UFC permanent formwork of the specimens failed in diagonal tension is 

discussed. In second half, the shear carried by UFC permanent formwork of UFC20-KB-ad1 

which failed in the shear compression failure is examined.   

3.5.1 Shear carried by UFC U-shaped permanent formwork failed in diagonal tension 

The shear carried by UFC permanent formwork of UFC20-KB, UFC30-KB and 

UFC20-KB-r which failed in diagonal tension was investigated. The shear capacity of RC 

beams using UFC U-shaped permanent formwork was assumed to be the summation of shear 

carried by concrete, stirrups and UFC permanent formwork. The calculation method for UFC 

permanent formwork is discussed below. 

a) Shear carried by UFC permanent formwork observed from the experiment 

From the experimental result, the shear carried by UFC permanent formwork was 

obtained by subtracting the shear carried by concrete and stirrups from the total shear capacity 

observed from the loading test with as can be obtained by Eq. (3-4) 

scuUFC VVVV   (3-4) 

where, VUFC is the shear carried by UFC formwork, Vu is the total shear capacity, Vc is the 

shear carried by concrete, Vs is the shear carried by stirrups 

In this study, the shear carried by concrete was calculated by Eq. (3-2) which 

considering only inside RC part. The thickness of permanent formwork was excluded from 

the width of beams (bw).  

The shear carried by stirrups was obtained from the measured strain of steel by strain 

gauges as can be calculated by Eq. (3-5). 









)(

)(

yswys

yssss
s fA

EA
V



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where, As is the total cross section area of stirrup, Es is the elastic modulus of stirrup, εs is the 

average stirrup strain, εy is the yielding strain of stirrup, fwy is the yielding strength of stirrup  

b) Shear carried by UFC permanent formwork obtained in the calculation 

The shear carried by UFC permanent formwork was calculated based on a simplified 

shear carrying model. A linear crack with maintaining the angle of diagonal crack is assumed 

in order to compute the shear carried by UFC permanent formwork, as shown in Fig. 3-38. 

The crack length of UFC permanent formwork and the angle of diagonal crack are represented 

by l and θ, respectively. Therefore, the crack length of UFC permanent formwork is given by, 

sin

d
l   (3-5) 

where, l is the crack length (mm), θ is the angle of the diagonal crack (°)  

The tensile stress of UFC permanent formwork is assumed to be applied in the 

perpendicular direction to the linear crack line. Consequently, the shear carried by UFC 

permanent formwork is vertical component of the summation of tensile stress along the 

diagonal crack line. The pictures of the side surface of UFC permanent formwork taken at the 

peak load were used to measure the angles of diagonal cracks. Therefore, the shear carried by 

UFC permanent formwork based on this model is given by Eq. (3-6). 




tan

2 dt
V UFC

UFC


       (3-6) 

where, t is the thickness of UFC permanent formwork (mm), and d is effective depth (mm)  

Figure 3-38 Shear carrying model for UFC permanent formwork 
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If the tensile stress (σUFC) is assumed to be the tensile strength of UFC (ft_UFC) at the 

peak load,  the shear carried by UFC permanent formwork is given as, 

tan

2 _ dft
V UFCt

UFC


  (3-7) 

where, f t_UFC is the tensile strength of UFC (MPa) 

c) Result of the calculation 

Table 3-13 lists the experimentally investigated and computationally calculated shear 

carried by UFC permanent formwork of UFC20-KB, UFC30-KB and UFC20-KB-r specimens 

by using Eqs. (3-4) and (3-7), respectively. The shear carried by UFC permanent formwork 

obtained from the experiment became smaller than that calculated by Eq. (3-7) in all three 

specimens. This is explained as the tensile strength was used for the stress of UFC permanent 

formwork (σUFC = ft_UFC). However, from the experimental observation, it is found that the 

crack width corresponding to the tensile strength value were definitely smaller than the critical 

crack width in the UFC permanent formwork, for example, in the case of UFC20-KB-r as 

shown in Figs. 3-39 (a) and (b). Therefore, the tensile stress (σUFC) was modified and 

examined according to the tension softening curve of UFC measured by Kakei et al. (2003). 

The procedures of obtaining tensile stress from the tension softening curve are shown in Fig. 

3-39. The diagonal crack width measured by using four π-gauges along the diagonal crack as 

Table 3-13 Shear carried by UFC permanent formwork 

Specimens t 
(mm) 

θ 
(°) 

ft_UFC 
(MPa) 

σ  

(MPa)
VUFC-exp

(kN) 
VUFC-cal1

(kN) 
VUFC-cal2 

(kN) 
VUFC-exp  
/VUFC-cal1 

VUFC-ex 

/VUFC-cal2

UFC20-KB 20 22.1 11.9 3.8 127.3 297.0 118.8 0.43 1.07 

UFC30-KB 30 21.0 12.0 5.0 160.9 375.0 156.3 0.43 1.03 

UFC20-KB-r 20 25.3 12.4 4.0 102.7 319.6 103.0 0.32 1.00 

t: thickness of UFC permanent formwork, θ: angle of diagonal crack measured from the 
experiment, ft_UFC: tensile strength of UFC, σ :the average of tensile stress obtained from 
tension softening curve, VUFC-exp: experimental value of shear carried by UFC permanent 
formwork, VUFC-cal1: calculated value of shear carried by UFC permanent formwork by using 
tensile strength, VUFC-cal2: calculated value of shear carried by UFC permanent formwork by 
using tensile stress obtained from tension softening curve 
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the locations of π-gauges are shown in Fig. 3-7. Consequently, the tensile stresses were 

modeled as four elements corresponding to the interval of π-gauge (Fig. 3-7). After that, the 

diagonal crack width along the diagonal crack line was transformed to the tensile stress by 

using the tension softening curve as shown in Fig. 3-39(b). The average tensile stress is given 

by the following equation. 







 4

1

4

1

i
i

i
ii

l

l
  (3-8) 

where, σ  is the average of tensile stress (MPa), σi is the tensile stress obtained from tension 

softening curve of each element (MPa) , li is diagonal crack length of each element (mm) 

After the average of tensile stress was obtained, the average value of tensile stress was 

substituted into Eq. (3-6) and the shear carried by UFC permanent formwork can be computed. 

The computationally value of shear carried by UFC permanent formwork obtained by using 

tensile stress obtained from the tension softening curve and its ratio compared with 

experimentally observed are summarized in Table 3-13. In all three specimens, the good 

agreement between calculation values and the experimental values are shown. Therefore, the 

proposed model with using the tensile stress obtained from the tension softening curve of 

UFC was able to give a reasonable result. This is also inferred to the diagonal crack on both 
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(b) Tension softening relationship of UFC
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Figure 3-39 Investigation procedures of tensile stress. 
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UFC formwork and RC part was located almost the same position is one of the obvious reason, 

and also the diagonal crack width of UFC was measured. From the result of average tensile 

stress, it is also indicated that the thickness of UFC permanent formwork affects the shear 

carried by UFC permanent formwork. In the case of specimens with stirrups, On the other 

hand, the diagonal crack width on UFC permanent formwork did not reduce compared to the 

specimens without stirrup. Therefore, it can be said that the effect of presence of stirrups on 

shear carried by UFC permanent formwork is not significant. Moreover, it should be noted 

that the results have not been discussed up to the design level yet. Further experiment should 

be done. The rational reduction factor of the tensile strength which is the empirical value of 

tensile strength based on the results from the tension softening curve which can be used for 

design should be introduced. 

3.5.2 Shear carried by UFC U-shaped permanent formwork failed in shear compression 

As aforementioned, UFC20-KB-ad1 specimen failed in the shear compression failure 

mode. The shear carried by UFC permanent formwork failed in the shear compression failure 

mode is discussed.  

a) Width of the compressive strut and the compressive stress distribution 

The compressive stress distribution of inside concrete and surface of UFC permanent 

formwork were investigated. The compressive stress acting on the concrete was calculated 

based on the result of the strain gauges attached on acrylic bars, and the compressive stress of 

UFC was calculated by using the strain measured by strain gauges at the location are shown in 

Fig. 3-8 and 3-11. Figure 3-40 illustrates the definition of the width of the compressive strut. 

At 0.95Pmax, both minimum strain points and the maximum strain point were connected by 

straight lines as shown in Fig. 3-40. The distance between the points where the strains equal 

to 0 is assumed to be the width of compression strut. By assuming that the strains of acrylic 

bars and concrete were the same and the stress state was assumed as uni-axial compression 

and the strain that measured on UFC was considered also in the same way, the measured 

strains of both concrete and UFC were transformed to the stress by using the stress-strain 

relationship. In case of concrete, the compressive stress was calculated by using the stress-

strain model proposed by Thorenfeldt et al. (1987) as shown in Fig. 3-41(a) and can be 

obtained as follow. 
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where, σ’
c is the compressive stress of concrete (MPa), ε’

p is the strain of concrete at the 

maximum stress, ε’
c is the compressive strain of concrete, Ec is the modulus of elasticity of 

concrete (GPa) 

In case of UFC, the stress-strain model of UFC based on the experimental results 

proposed by Kakei et al. (2003) shown in Fig. 3-41(b) was used to calculate the compression 

stress.  

The compressive stress distributions of concrete and UFC permanent formwork are 

shown in Figs. 3-42(a) and (b), respectively. In concrete, the strut width at the middle was 

Figure 3-40 Definition of the compressive strut  
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wider than that at near the loading point and near the support. This can be inferred that the 

stress concentrations were observed at both near the loading and supporting points. On the 

other hand, in case of UFC, the significant difference on the strut width of all locations on 

UFC permanent formwork was not observed. This is due to the constraint effect of UFC 

permanent formwork that confined the inside RC part with screws and bolts. 

b) Calculation of the compressive force 

The compressive force acting on the concrete strut and UFC strut can be calculated as 

the vertical component of the stress distributions of both concrete and UFC by using Eqs. (3-

13) and (3-14).   

ist bDF                (3-13) 

sin'  stFF              (3-14) 

Figure 3-42 Compressive stress 
distributions 
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where, Fst is the compressive force acting on the concrete or UFC strut, D is the force per unit 

width under the compressive stress distribution curve, bi is the width of cross section of 

concrete or both of UFC formwork thickness, F’ is the vertical component of Fst, α is the 

angle of the strut with respect to the longitudinal axis of beams 

The comparison of the summation of calculated value F’ from RC and UFC with the 

experimental shear capacity Vexp is shown in Fig. 3-43. In addition, in order to examine the 

increase of shear capacity, the shear capacity of normal RC deep beams which having the 

same cross section as UFC20-KB-ad1 specimen (250 mm width) was calculated. The shear 

carrying capacity of normal RC deep beams can be obtained from Eq. (3-15) (Niwa, 1983).  

2

3/2'

_
)/(1

)1)(/33.31(244.0

da

pdrdbf
V wwc

deepc 


  (3-15) 

where, Vc_deep is shear carrying capacity of normal RC deep beams (N), r is width of loading 

and supporting plates (mm) 

From Fig. 3-43, it is clearly found that by using the UFC U-shaped permanent 

formwork, the shear capacity increased more than twice in case of the RC deep beam failed in 

shear compression. The summation of vertical component of compressive forces at the middle 

Figure 3-43 Comparison of calculation and experimental value of shear resisting force 
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provided the good agreement with Vexp. However, the summation of vertical component of 

compressive forces at the top and bottom location underestimated the experimental result. 

This is because the uni-axial stress-strain model (Thorenfeldt’s model) was used for the 

calculation. However, the compression strut of inside concrete was constrained by the UFC 

formwork with screws and bolts.  

3.6 Summary of Chapter 3 

The application of UFC as the U-shaped permanent formwork was presented in this 

chapter. The shear keys and screws and bolts system was also introduced. The shear behavior 

of RC beams using U-shaped UFC permanent formwork was discussed based on the 

experimental results of nine specimens. The influences of four experimental parameters which 

were internal surface and presence of screws and bolts, thickness of UFC permanent 

formwork, shear span to effective depth ratio and the presence of stirrups on shear resisting 

mechanisms were examined. Shear carried by UFC permanent formwork were also reported. 

The results can be summarized as follow.      

1) By using a U-shaped UFC permanent formwork, the shear carrying capacity of RC beams 

increased drastically. The shear carrying capacity varied depending on the internal surface 

between UFC formwork and RC inside and the presence of screws and bolts. This is 

because a UFC formwork carried shear force and resisted the opening of diagonal crack in 

RC part. 

2) Shear resisting mechanism of RC beams using a UFC U-shaped permanent formwork with 

shear keys and bolts was investigated. By using shear keys and screwed bolts system, the 

sufficient compatibility behavior between UFC and RC can be formed. Since a UFC 

permanent formwork prevented widening of diagonal crack inside RC by shear keys and 

screws and bolts, the shear capacity drastically increased. 

3) With increasing in the thickness of UFC permanent formwork, the shear capacity of RC 

beams with using a UFC permanent formwork increased. However, it was proportional to 

the thickness of a UFC permanent formwork. 

4) By providing the stirrups, the shear capacity of RC beams with using a UFC permanent 

formwork increased. This is because both UFC permanent formwork and stirrups 
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prevented widening of the diagonal crack. However, the effect of stirrups on the shear 

carried by a UFC permanent formwork was very slight. 

5) Failure mode of RC beams using a UFC U-shaped permanent formwork changed 

depending on the shear span to effective depth ratio. Compression strut was formed in a 

UFC formwork in the case of a/d equal to 2.16 and 1.0. 

6) By comparing RC beams whose cross section was replaced by a UFC U-shaped 

permanent formwork to normal RC beams having the same shear capacity, the weight of 

the member can be extremely reduced by 68% to 82%. Especially, the specimens with 

providing shear keys and screws and bolts showed the highest in the weight reduction rate. 

7) The shear carried by a UFC permanent formwork in RC beams failed in the diagonal 

tension mode was investigated by assuming and using the tensile stress obtained from the 

tension softening curve. The computational values showed the good agreement with the 

experimental values. 

8) The calculation of compression forces of a UFC permanent formwork and RC part in the 

specimen with a/d equal to 1.0 by using uni-axial stress-strain model did not show the 

good agreement near the screwed bolts. It indicated that the constraint effect of screwed 

bolts should be considered to evaluate the shear compressive capacity. 
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CHAPTER 4 

Shear behavior of PBL joint connection for UFC-PC hybrid girders 

4.1 Introduction 

In hybrid structure problems when two difference materials are connected together 

along the span of structure, the forces are transferred from one to another which resulting the 

connection part as the critical point. The assurance of continuously and efficiently transferring 

force between two materials is crucial. As mentioned in Chapter 2, the available studies on the 

connection technology for UFC structures structure is insufficient, moreover, the connection 

system for UFC and PC girder could not be found. Therefore, the objective of this chapter is 

to propose connection part for UFC-PC hybrid girders and investigate its shear behavior. As 

shear failure of connection is the most severe and needed to be prevented. Therefore, shear 

resistance was firstly considered in this study.   

The connection consisted of Perfobond strips (or Perfobond Leisten, PBL) filled with 

cast-in-place UFC is proposed as the one of solution technologies. By using the PBL together 

with cast-in-place UFC, the high shear resistance capacity is expected. This chapter is 

therefore presented the experimental study using push-out test of PBL joint connection 

specimen. The element specimen simulated the construction process was prepared. Various 

experimental parameters affecting the shear behavior were carefully selected. The shear 

behavior of PBL with cast-in-place UFC was discussed based on the result of  shear capacities, 

load and displacement relationship, crack patterns and shear resisting mechanism. 

Subsequently, the effect of thickness of PBL, hole diameter of PBL, transverse rebar, 

prestressing level and spacing between PBLs were clarified. Finally, the predictive equation 

for evaluating the shear capacity was also developed. 

4.2 Proposed PBL Connection and Materials Used 

The PBL with cast-in-place UFC joint connection is proposed in this study. The PBLs 

and cast-in-place UFC were used in the connection part. Moreover, self-compacting concrete, 
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Figure 4-2 Schematic outline of proposed structure 

Small scale test for connection 

    

Prestressed concrete girder Prestressed concrete girder UFC girder 

Connection parts 

      
PC girder UFC PC girder 

Connection part

PBL

Figure 4-1 Example of PBL used in this study 

steel reinforcement, UFC and prestressing bars were used in the specimen. The detailed 

description of the each material is explained as follow. 

4.2.1 Proposed connection 

The connection consisted of Perfobond strip (PBL) filled with cast-in-place UFC is 

proposed. PBL is a steel flat plate containing a number of holes as shown in Fig. 4-1. The 

PBL was originally developed in Germany by Leonhardt (1987). It is widely used as the 

connector for steel girder with RC deck slab composite bridges due to many advantages such 

as high shear resisting capacity and stiffness. Easy installation is also achieved according to 

the flat shaped of the PBL rib. As a result, used together with filled cast-in-place UFC, the 

connection can eliminate the imperfection of segmental girder erection and also the need for 
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Table 4-1 Mix proportion of UFC

Flow 
(mm) 

Unit quantity(kg/m3) Admixture 
(kg/m3) Water Premix binder Steel fiber 

260±20 180 2254 157 22 

fabricate a segment by the match cast method can be eliminated. The specimens consisted of 

middle UFC part and concrete parts at the both side which were connected by the proposed 

connection. Figure 4-2 shows a schematic outline of the proposed structure considering the 

connection part.         

4.2.2 PBL 

One of the PBL used in this study is shown in Fig. 4-1. The dimension, thickness and 

hole diameter of PBL were varied depending on the specimen. The nominal yield strength was 

325 MPa and tensile strength was 422 MPa according to SS400 steel grade.  

4.2.3 UFC 

UFC is a material produced by mixing pre-mix powder of cement, silica fume, silica 

fine powder and silica sand in the optimum proportion with water and high performance 

polycarboxylic superplasticizer and steel short fiber. The volume fraction of steel short fiber 

(0.2 mm diameter x 15 mm length) used in this research was 2%. Table 4-1 shows the mix 

proportion of UFC.  

The UFC segment was fabricated in advance before the connection with RC segment. 

After casting, the segment underwent the steam curing following the JSCE recommendation 

(2004). The designed compressive strength of UFC segment was 180 MPa. In case of cast-in-

place UFC, the designed compressive strength was 100 MPa with normal curing for 7 days. 

4.2.4 Concrete 

Table 4-2 summarizes the details of mix proportion which self-compacting concrete 

was used in this experiment. The materials which are high-early strength cement, fine 

aggregates, coarse aggregates, viscosity improver and superplasticizer which was high-

performance air entrained (AE) water reducing agent were used in the concrete mixes. The 

designed compressive strength of 7-day age concrete was 70 MPa. 
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4.2.5 Steel reinforcement and prestressing rod 

The steel reinforcements with 9.53 mm nominal diameter were used for RC part and as 

transverse rebar inside the hole of PBL. A prestressing rod with nominal diameter: d=20.46 

mm, the yield strength: fy=1206 MPa and the ultimate strength: fu=1287 MPa were used for 

the specimen in series of prestressing force. The specifications for the rebars were according 

to JIS G 3109. The characteristics of the reinforcement and prestressing rod used in this study 

are shown in Table 4-3. 

   

Table 4-2 Mix proportion of concrete 

Gmax 
Water  

Cement 
Ratio 

Fine  
Aggregate 

Ratio 
Unit weight (kg/m3) 

(mm) (%) (%) W C S G SP V 

15 30 45 165 550 831 792 W×1.1% C×0.15%
 

where,         Gmax : maximum size of coarse aggregate 

W : water     

C : high early strength cement, density = 3.14 g/cm3 

S  : fine aggregate, density = 2.59 g/cm3, F.M. = 2.42 

G  : coarse aggregate, density = 2.68 g/cm3, F.M. = 6.82 

SP : Superplasticizer 

V : Viscosity improver 

Table 4-3 Details of PBL, steel reinforcements and prestressing rod 

 
Nominal 
diameter 

(mm) 
Grade 

Yield strength 
(MPa) 

Tensile strength 
(MPa) 

PBL - SS400 325 422 

Steel reinforcement 9.53 SD345 405 510 

Prestressing rod 20.46 SBPR930 1206 1287 

Transverse rebar 9.53 SD345 395 530 
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4.3 Experimental Program 

4.3.1 Experimental parameters and specimens 

The push-out tests of twelve specimens were carried out in order to investigate the 

shear behavior of PBL with cast-in-place UFC connection. The summary of test variables and 

details of specimens are provided in Table 4-4 and Fig. 4-3. Figure 4-3 displays the detailed 

dimension, locations of PBLs and arrangement of steel reinforcement inside RC part of all 

specimens. The specimens consisted of three parts in order to simulate the connection part 

between UFC and PC girders by using proposed PBL with cast-in-place UFC connection. The 

UFC precast segment was located at the middle part and two RC parts were located at both 

sides of a specimen. All parts were connected together with two joints between RC and UFC 

parts. Transverse rebars were inserted into the hole of PBL. Then, cast-in-place UFC was cast 

No. Name 
t 

(mm) 

Diameter 
of PBL 

hole  
(mm) 

Diameter 
of rebar 
(mm) 

Prestressing 
level  

(MPa) 
S/D Series 

1 PBL9 9 40 

10 

- 

1.5 

I 

2 PBL16 16 40 
I, II, III, 
IV, V 

3 PBL22 22 40 I 

4 PBL-D30 

16 

30 II 

5 PBL-D50 50 II 

6 PBL-r13 

40 

13 III 

7 PBL-r16 16 III 

8 PBL-P5 

10 

5 IV 

9 PBL-P10 10 IV 

10 PBL-P15 15 IV 

11 PBL-1 
- 

- V 

12 PBL-SD25 2.5 V 

 t: the thickness of PBL, D: diameter of PBL hole, S: spacing between inner two PBL, S/D: 
shear span to effective depth ratio 

Table 4-4 List of the experimental cases 
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in the connection part of all specimens. The whole PBLs were embedded in all parts as the 

configuration is shown in Fig. 4-4. The detail dimension of PBLs used in the experiment is 

shown in Fig. 4-5. The height and length of specimen are about 10 time smaller comparing 

with real connection of Kiso-gawa bridge (Nakasu et al., 2000) 

 

Figure 4-3 Detail of specimens 

Figure 4-5 Dimension of PBLs used in this 
study 

Unit: mm 

Figure 4-4 Detail of RC and UFC segments 
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Five series of experimental parameters were selected in order to investigate the 

influence of each parameter on the shear resistance mechanism. Consequently, the predictive 

equation was mechanically modelled based on the contribution of each shear resistance. The 

experimental cases can be classified into five series. The effect of thickness of PBL was 

examined in Series-I. The influence of diameter of hole in PBL was studied in Series-II. The 

effect of transverse rebar inside the hole of PBL was studied in Series-III. The prestressing 

force on the connection part was simulated and its influence was investigated in Series-IV. 

Lastly, Series-V was for the effect of spacing of PBLs. The details in each parameter are 

explained follow. 

First, the effect of thickness of PBL was investigated in Series-I. The name of 

specimens listed in Table 4-4 corresponds to them. The thickness of PBL was varied from 9, 

16 and 22 mm in PBL9, PBL16 and PBL22, respectively. The same height and length of PBL 

were provided in all specimens. 

Three specimens with different in the holes diameter of PBL were tested in order to 

discuss the influence of the holes diameter of PBL in Series-II. The dimension and 

arrangement of PBL are illustrated in Fig. 4-5. The hole diameter of PBL-D30, PBL 16 and 

PBL-D50 were 30, 40 and 50 mm, respectively. The thickness of all specimens were the same 

which was 16 mm. Size of PBL was different in this case according to the size of hole 

diameter of PBL. The results of PBL-D30 and PBL-D50 were discussed with PBL16.  

In Series-III, the influence of dowel action by varying the diameter of transverse rebar 

inside PBL hole was examined in Series-III, the transverse rebars that were inserted in the 

PBL holes were varied from 10, 13 and 16 mm in the specimens PBL16, PBL-r13 and PBL-

r16, respectively.   

In Series-IV, the prestressing force was induced to the connection part by using the 

prestressing rods as the locations are shown in Fig. 4-3. The size of the specimen and PBL 

remained the same as previous specimens. The prestressing levels were determined based on 

the real construction of the connection for Kiso-Ibi gawa bridges (Nakasu et al., 2000) which 

was around 15 MPa. The prestressing level can be calculated from the forces divided with the 

cross section area of connection which equal to 400 mm height and 150 mm width in this 

study. The prestressing levels were 5, 10 and 15 MPa in PBL-P5, PBL-P10 and PBL-P15, 

respectively.        



CHAPTER 4 

58 

In Series-V, the effect of spacing of PBL was considered. In this case of the ratio of 

the PBL spacing between inner two PBLs to the hole diameter of PBL (S/D). In all specimens 

except PBL-SD25, the ratio of spacing to the hole diameter of PBL was 1.5 (60 mm spacing 

in actual). However, the spacing to diameter ratio of PBL-SD25 was 2.5 (100 mm spacing in 

actual). The spacing was measured as the distance between centerline of PBL embedded in 

UFC segments. The number of PBL was reduced from two PBLs per row to only one per row 

in the case of PBL-1. Therefore, there was no spacing in this case.             

4.3.2 Fabrication of the specimens 

The specimen consisted of three parts. One was the precast concrete segment located 

at both ends of the specimen. The middle part was precast UFC segment. Both precast 

concrete and UFC segment had been fabricated in advance. Figure 4-6 shows the fabrication 

of the UFC segment and precast concrete segments. The fabrication step of UFC segment is 

sequenced in Fig. 4-6(a), (b) and (c). The formwork was made from the plywood which is 

designed for concrete work. The plywood was cut and the form as the shape of segment which 

the location of PBL was also made. The PBLs were embedded into the formwork as the 

closed up view is shown in Fig. 4-6(b). Then, UFC was cast into the formwork. After 24 

hours, the UFC permanent formwork was removed of the mold. Then, it undergoes the stream 

curing at 90ºC for 48 hours. Three cylinders of Ø50x100 mm and three cylinders with 

Ø100x200 mm were prepared and put in the same condition as the specimens in order to 

measure the compressive strength and tensile strength of UFC, respectively. The target 

compressive strength of the UFC segment was 180 MPa. In case of precast concrete segment, 

the step of fabrication was similar to UFC segment as the sequence is shown in Figs. 4-6(d), 

(e) and (f). Steel reinforcement was provided in the precast concrete segment in order to 

prevent the failure of precast concrete part as the location is shown in Fig. 4-6(e). After PBLs 

and steel reinforcements were arranged into the formwork, concrete was cast. Precast concrete 

segment was cured under covered with moisted cloths and plastic sheet for 7 days. The 

designed compressive strength of the precast concrete segment was 70 MPa.  

After all segments were prepared, the process of connection was performed. Figures 

4-7(a1), (a2) and (a3) show the all completed segment which are precast concrete (Left), UFC 

and precast concrete (Right) segments, respectively. The PBLs were embedded in both 

concrete and UFC precast segments. First, the three segments were set into the designed 

position as shown in Fig. 4-7(b). Then, transverse rebars were inserted into PBL holes  
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(a) Formwork for UFC segments 

(c) Casting of UFC 

Figure 4-6 Fabrications of UFC and precast concrete segments 

(d) Formwork for precast concrete segment 

(e) Close-up of formwork for precast concrete(b) Close-up of formwork for UFC segment 

(f) Casting of concrete 
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(c) Transverse rebar 

Figure 4-7 Fabrication of specimen 

(b) Positioning of all segments 

(d) Formwork for cast-in-place UFC

(a2) UFC segment (a1) Concrete segment 
 (Left) 

(a3) Concrete segment 
(Right) 

(e) Cast-in-place UFC 

UFC RC RC

Cast-in-place UFC 

(f) Curing of specimen (g) Completed specimen 
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Figure 4-8 Measurement items 
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Figure 4-9 Specimen setup 

(a) PBL22 (b) PBL-P5 

(Fig. 4-7(c)). Figure 4-7(d) shows the specimen which ready for casting. Last step, cast-in-

place UFC was cast into the connection position (Fig. 4-7(e)). After that UFC was cured for 7 

days. The target compressive strength of the cast-in-place UFC was 100 MPa. The completed 

specimen is shown in Fig. 4-7(g). 

4.3.3 Loading method 

The specimens were subjected to a push-out test with the load applied at the both end 

of UFC segment beside the connection part as shown in Fig. 4-8. The supporting points which 

located at the end of RC segment near the connection part were placed on the roller supports. 

Teflon sheets and grease were inserted between the specimen and supports. At the loading 

points on the top surface of the specimen, steel plates with 50 mm width, steel rollers and a 

load distribution beam were placed. The loading rate was about 0.15-0.25 kN per second. 
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4.3.4 Measurement items 

  The location of measurement items used in the experiment is shown in Fig. 4-8. 

During the loading test, the applied load was measured. Displacement at the middle of 

connection part and supporting point was measured by using transducers as shown in Fig. 4-8. 

Strain gauges were used for measuring the strain of PBL strips plate. Moreover, the strains of 

the transverse rebars were measured at the middle point of rebars by using strain gauges. The 

opening widths between RC segment and connection part were measured by using transducers 

with interval of 100 mm along vertical direction of the specimens. In the same way, the 

opening widths between connection part and UFC segment were measured by using π-gauges 

and transducers with interval of 100 mm along vertical direction of the specimen. In addition, 

in PBL-P5, PBL-P10 and PBL-P15, the strains of prestressing rod were measured at the mid-

span. Figure 4-9 illustrates the specimen setup and environment of loading tests.  

Table 4-5 Mechanical properties of concrete and UFC, and the result of loading tests 

Name 

Mechanical 
properties 
of concrete 

Mechanical  
properties 

of cast-in-place 
UFC 

Mechanical  
properties 
of precast  

UFC 

Results of loading test

f'c 

(MPa) 
ft 

(MPa) 
f'c_UFC 

(MPa) 
ft_UFC 

(MPa)
f'c_UFC_PC

(MPa) 
ft_UFC_PC

(MPa) 
Pmax 

(kN) 
Vu 

(kN) 
VUFC 

(kN) 

PBL9 78.7 3.7 102.5 10.5 

185.4 13.6 

765.8 382.9 

374.5 

PBL16 84.3 3.3 123.8 11.2 789.4 394.7 

PBL22 76.5 2.9 107.5 11.8 858.2 429.1 

PBL-D30 74.6 3.0 112.4 11.5 701.8 350.9 

PBL-D50 76.1 2.8 107.9 11.3 835.0 417.5 

PBL-r13 75.1 2.6 110.2 10.8 880.5 440.2 

PBL-r16 73.2 3.1 107.5 10.4 908.1 454.0 

PBL-P5 75.3 3.1 108.5 11.6 

187.5 12.8 

1440.8 720.4 

PBL-P10 74.1 3.4 107.4 10.5 1633.0 816.5 

PBL-P15 72.5 2.9 113.5 11.1 2147.0 1073.5 

PBL-1 71.6 3.1 109.4 10.4 590.8 295.4 

PBL-SD25 73.5 2.7 104.6 10.6 750.2 375.1 
f’c: compressive strength of concrete, ft: tensile strength of concrete, f'c_UFC: compressive 
strength of cast-in-place UFC, ft_UFC: tensile strength of cast-in-place UFC, f'c_UFC_PC: 
compressive strength of UFC segment, ft_UFC_PC: tensile strength of UFC segment, Pmax: 
peak load, Vu: shear capacity of connection, VUFC: shear capacity of UFC segment 
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4.4 Experimental Results and Discussions 

4.4.1 Shear capacities  

Table 4-5 lists the mechanical properties of concrete, cast-in-place UFC and precast 

UFC, and the result of loading tests. The shear capacity of UFC segment can be calculated 

based on the JSCE recommendation (JSCE, 2006) by using Eqs. (4-1), (4-2) and (4-3). 

VUFC = Vrpcd + Vfd                         (4-1) 

dbfV wPCUFCcrpcd
'

__18.0        (4-2) 

zbfV wuvdfd )tan/(                                (4-3) 

where, VUFC  is shear capacity of UFC segment (N), Vrpcd is shear capacity of a linear member 

without shear reinforcement (N), Vfd  is shear capacity provided by fiber reinforcement (N),  

f’c_UFC_PC is compressive strength of UFC segment (MPa), bw is width of web (mm), d is 

effective depth (mm), fvd  is the design average tensile strength (MPa), βu is an angle between 

member axis and a diagonal crack (º), z is the distance from the location of compressive stress 

resultant to the centroid of tension steel which is equal to d/1.15 (mm) 

From Table 4-5, the shear capacities of PBL with cast-in-place UFC (Vu) obtained 

from the experiment in Series-I and II were higher than the calculated shear capacity of UFC 
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segment (VUFC) excepted in PBL-D30 specimen. It can be seen that by using the PBL with 

cast-in-place UFC connection, the sufficiently transferring forces can be secured between two 

girders because the connection failure can be prevented. 

4.4.2 Load-displacement relationships, failure modes and crack patterns 

 The relationships between the load and the relative displacement of Series-I and II are 

plotted in Figs. 4-10 and 4-11, respectively. The relative displacement was obtained by 

subtracting the displacements at the supporting points from the displacement at the middle 

point of the connection part as locations are shown in Fig. 4-8. 

 Figures 4-12 and 4-13 present the observed crack patterns at the peak loads in Sereis-I 

and II. It is obvious that only one critical crack was remarkable in each specimen. The failure 

(c) PBL22 

Figure 4-12 Crack patterns of Series-I  

(a) PBL16 

UFC RC 

C L 
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Figure 4-13 Crack patterns in Series-II  
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modes of all specimens with PBL connections were determined as the shear failure at the 

connection. 

 Similar behavior was found in all specimens and can be explain as follow. First, 

specimens exhibited linear behavior from the initial up to the first separation crack at the 

interface between concrete and cast-in-place UFC. After the first separation crack occurred, 

the load and relative displacement relation was still linear increase up to the propagation of 

the main diagonal crack occurred on a connection part. The main diagonal crack continuity 

initiated from first separation crack. Afterwards, the main crack propagated to the interface 

between precast RC and cast-in-place UFC. Additionally, the appearance of the diagonal crack 

reduced the inclination of load-displacement relationship of the specimens. After this stage, 

the rate of load increment became slow and the load and relative displacement behaved 

nonlinearly. Near the peak, the separation crack between precast and cast-in-place UFC 

propagated, the load reached the peak and dropped as the separation crack between precast 

and cast-in-place UFC propagated and widened. Similar failure pattern of shear failure was 

observed in all specimens. 

4.4.3 Effect of the thickness of PBL 

In series-I, the influence of thickness of PBL is discussed based on the experimental 

results of PBL9, PBL16 and PBL22 specimens which the thickness was varied as 9, 16 and 22 

mm, respectively. From Table 4-5 and Fig. 4-14, the specimens can be arranged as PBL9, 

0 
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Figure 4-15 Shear capacity-hole diameter 
of PBL relationship 

Figure 4-14 Shear capacity-thickness of 
PBL relationship 
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PBL16 and PBL22 in order of shear capacity of connection with 382.9, 394.7 and 429.1 kN, 

respectively. Figure 4-10 shows the load and relative displacement of Series-I. It is clear that 

the shear capacity of PBL joint filled with cast-in-place UFC increased with the increase in 

thickness of PBL. Additionally, it should be noted that the crushing of cast-in-place UFC at 

the end of PBLs was not observed in all specimens. As seen from load-relative displacement 

relationship, it can be seen that there is the clear tendency of the influence of thickness of PBL 

on the post-peak behavior of PBL with cast-in-place UFC connection. The ductility of 

connection in post-peak region increases as the thickness of PBL increases as shown in Fig. 4-

10. This is because the contacting area between the end of PBL and cast-in-place UFC 

increases. As the crushing was not observed in all specimens, it can be confirmed that the end-

bearing resisting force was still in elastic manner.   

4.4.4 Effect of the hole diameter of PBL 

Three specimens (PBL-D30, PBL16 and PBL-D50) with the hole diameter of PBL 

varied from 30, 40 and 50 mm in Series-II are used to clarify the effect of hole diameter of 

PBL. Figure 4-15 draws the relationship between shear capacities against hole diameter of 

PBL. Figure 4-11 demonstrates the load-relative displacement in Series-II. From the 

observation, the separation cracks between concrete and cast-in-place UFC were observed at 

568.4, 580.2 and 654.0 kN in PBL-D30, PBL16 and PBL-D50, respectively. Then, the main 

diagonal cracks initiated on the connection part and the load reached to the peak at 701.8, 

789.4 and 835.0 kN, respectively. It is obvious that the shear capacity gradually increases with 

the increase in hole diameter of PBL because the area of cast-in-place UFC inside PBL hole 

increased which it is comfirmed that the shear resistance of PBL depends on the hole diameter 

of PBL. However, it should be pointed out that there was the dispersing behavior on the post-

peak region of load-relative displacement curves where the increment tendency on ductility of 

the connection due to the increase in diameter of PBL hole could not be found. 

4.4.5 Effect of the diameter of transverse rebar 

In order to explain the effect of the diameter of transverse rebar, the results of three 

specimens in Series-III are discussed. In this series, diameter of transverse rebar inserted in 

PBL hole was varied from 10, 13 and 16 mm in PBL16, PBL-r13 and PBL-r16 specimens, 

respectively. Figure 4-16 displays the relationship between the load and relative displacement 



Shear behavior of PBL joint connection for UFC-PC hybrid girders 

67 

in Series-III. The relationship between shear capacities and diameter of transverse rebar in 

PBL hole is drawn in Fig. 4-17. The increase of shear capacity is obvious as the increase in of 

diameter of transverse rebar. This is because the contribution of shear resisting of rebar is 

increased when the diameter of rebar increases. Furthermore, as indicated in Fig. 4-16, the 

increase of relative displacement at the peak load with the increase in diameter of transverse 

rebar was observed. From this discussion, it can be inferred that the diameter of transverse 

rebar affects the ductility of PBL with cast-in-place UFC connection. In addition, it should be 

pointed out that no yielding of transverse rebars was observed in all specimens. It implied that 

the shear resistance of transverse rebar was still in elastic manner. However, even if the 

diameter of transverse rebar affected the relative displacement at the peak load, there was the 

scattering behavior on the post-peak region of load-relative displacement curves. Therefore, 

the tendency on ductility of the connection due to the increase in diameter of transverse rebar 

could not be observed.  

Figure 4-16 Load-relative displacement 
in Series-III  
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4.4.6 Effect of prestressing forces 

The prestressing force on the connection in segmental bridge was simulated. The 

prestressing rods were used to induce the confining forces on the cross section of connection 

area. The prestressing area in this study was 400 mm height and 150 mm width. The 

prestressing stress was varying from 0, 5, 10 and 15 MPa in PBL16, PBL-P5, PBL-P10 and 

PBL-P15, respectively.  

The relationship between the load and relative displacement in Series-IV is 

demonstrated in Fig. 4-19. Table 4-5 summarizes the experimental results in Series-IV. The 

crack patterns of PBL-P5, PBL-P10 and PBL-P15 with the last specimen failed in flexural 

failure of UFC segment are illustrated in Fig. 4-20(a), (b) and (c).   

Figure 4-20 Crack patterns in Series-IV 
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Figure 4-19 Load-relative displacement 
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In PBL-P5 and PBL-P10, The shear capacity increased by 82.5 and 106.9% compared 

to PBL16 specimen with the actual load of each was 1440.8 and 1633.0 kN in PBL-P5 and 

PBL-P10, respectively. The specimens failed in shear at the connection part. Fig. 4-19 shows 

the load-relative displacement relationships in Series-IV. PBL-P5 and PBL-P10 behaved 

similarly which the load linearly increased with relative displacement until the first diagonal 

crack on the connection part with 864.0 and 915.0 kN in PBL-P5 and PBL-P10, respectively. 

The separation crack between connection part and other was not observed during the test. This 

indicates that the prestressing force significantly influences the shear capacity of connection. 

The load would be drastically carried by the friction between connection part and the other. 

Hence, due to the confining stress on the connection, the main diagonal crack width 

significantly reduced. Apparently, the crack pattern of both specimens looked different from 

previous specimens. In which the separation width could not be observed. It is noted that load 

relative displacement of both specimens are slightly different from previous specimen.   

In PBL-P15 specimen, the specimen failed in flexural failure of UFC segmental part. 

The separation crack and cracking on connection part were not observed. When the load 

reached 2035 kN, the flexural crack appeared at the middle part of UFC segment as shown in 

Fig. 4-20(c). Then, the load reached to peak at 2147 kN.  

The relationship between shear capacities and prestressing level is plotted in Fig. 4-21. 

It is demonstrated that with the increase in prestressing level, the shear capacity increases and 

the linear relationship agrees well between the test results. Nevertheless, the failure mode 

changes from shear failure of connection to flexural failure of UFC part when the prestressing 

level reaches 15 MPa. In this specimen, the shear failure load of connection was higher than 

the observed maximum load in the experiment. Therefore, the failure was changed to the 

flexural failure of UFC segment instead. This can be denoted that the PBL with cast-in-place 

UFC is efficient and conservative for the shear capacity of the connection between UFC and 

PC segmental girders.   

4.4.7 Effect of PBL spacing 

In Series-V, the specimens PBL-1 and PBL-SD25 were combined with PBL16 in 

order to discuss the effect of PBL spacing. Figure 4-22 plots the load and relative 

displacement relationship of all specimens. Figure 4-23 shows the crack patterns of all 

specimens. In Fig. 4-22, all specimens exhibited linear relationship until the separation crack 
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occurred at 398.6, 580.4 and 572.8 kN in PBL-1, PBL16 and PBL-SD25, respectively. After 

that, the load reached to peak at the load of 590.8, 750.2 and 789.4 kN in PBL-1, PBL-SD25 

and PBL16, respectively. It can be said that the difference in the shear capacities of two PBL 

with cast-in-place UFC was insignificant although the ratio of the PBL spacing to the hole 

diameter of PBL (S/D) increased from 1.5 to 2.5. It can also be observed that the differences 

in crack pattern of all specimens were very slight. However, the spacing of PBL seems to 

affect the post-peak behavior of PBL with cast-in-place UFC even if the effect on shear 

capacity was slight.       

4.5 Resistance Mechanism of PBL with Cast-in-place UFC Connection 

The high shear resistance can be achieved by using the PBL with cast-in-place UFC, 

due to the high strength of UFC and high shear resistance of PBL. Figure 4-24(a) illustrates 

Figure 4-23 Crack patterns of Series-II  

Figure 4-22 Load-relative displacement in Series-V  
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Fig. 4-24 Shear resistance mechanism of PBL with cast-in-place UFC connection 
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the mechanical resistance characteristics of a PBL with cast-in-place UFC connection and all 

of the contributions in PBL are explained in Fig. 4-24(b). 

It should be mentioned that the effect of normal stress due to the maximum bending 

moment corresponding to the peak load on PBL with cast-in-place connection was calculated 

and checked. By calculating the stress at the location of PBL due to the maximum moment, 

the result indicated that the stress at the location of PBL was very small especially comparing 

with yielding strength of PBL which less than 5 percentage. Therefore, it can be said that the 

influence of normal stress is slight and can be omitted. 

As all results discussed above, the contribution on shear resistance characteristics of 

PBL with cast-in-place UFC connection can be derived from four factors as follows; first, the 

end-bearing resistance between PBL and UFC. This can be expressed as, the end-bearing 

resistance forces from the contacting area between PBL and cast-in-place UFC increase with 

the increase in end-bearing resistance from the thickness of PBL. The experimental 

investigation indicated that the crushing of cast-in-place UFC under the PBL was not 

observed due to the high compressive strength of cast-in-place UFC used in the connection 

part. Consequently, the shear capacity can be significantly increased. In addition, the strain of 

PBL was still in elastic region and the increment tendency from the induced prestressing 

forces could not be observed as the results of strain of PBL at the peak load as shown in Table 

4-6. This is inferred that the end-bearing resisting force was still in elastic manner.   

Second contribution is the resistance of UFC dowel in the hole of PBL. The UFC 
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dowel action is a shear mechanism attributed to the cast-in-place UFC formed through the 

holes of PBL which it occurs when the two faces of PBL attempt to move apart from each 

other which cutting across the formed cast-in-place UFC. The two faces of PBL transfer the 

shear stresses to the cast-in-place UFC in the PBL holes. From the experimental result in 

Series-II, the obvious increment tendency of the shear capacity with the increase in hole 

diameter of PBL due to the dowel effect of the UFC in the hole of PBL was observed.  

The shear resistance of transverse rebar is considered as the third contribution. The 

shear resistance of transverse rebar originates from the dowel action of transverse rebar 

between two faces of PBLs. The strain values of transverse rebar at the peak load in Series-IV 

is summarized in Table 4-6. It is presented that the obvious increment tendency from the 

induced prestressing forces could not be found. Apparently, all of transverse rebar’s strains 

were still in elastic state even at the peak load. Hence, it can be referred as the resistance of 

transverse rebar is related to the elastic modulus of steel. As similar way of the end-bearing 

action, the contribution of shear resistance of transverse rebar and the dowel action of cast-in-

place UFC contributed to the shear resistance. Therefore, the yielding of transverse rebar in 

the hole of PBL cannot be observed. 

The last significant contribution comes from the prestressing stresses on connection 

part. The shear capacity is significantly increased by inducing the prestressing forces on the 

cross section area of the connection part. This can be described as the closure of the separation 

cracks between connection part and the other part which resulting from the confining forces 

on the connection. Therefore, the loads can be carried by the friction force between the 

connection and the other.  

There is a scattering of the strains of PBL and transverse rebar at the peak load in 

Table 4-6 The measured strains of PBL and transverse rebar at the peak load in Series-IV 

Specimen 
Peak load  

(kN) 

The average strain of lower 
PBL on the failure side 

(x10-6) 

The strain of transverse rebar 
inside the of lower PBL 

 (x10-6) 

PBL16 789.4 354 331 

PBL-P5 1440.8 419 382 

PBL-P10 1633.0 450 58 

PBL-P15 2147.0 157 174 
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Series-IV as presented in Table 4-6. This result can be implied that the influence of 

prestressing force on the contribution of end-bearing resistance and shear resistance of 

transverse rebar could not be found. In the case of the dowel action of cast-in-place UFC in 

the PBL holes, because the direction of prestressing force is parallel to the cross section plane 

of cast-in-place UFC, the influence of prestressing force on UFC dowel action was supposed 

to be slight. 

Hence, as considering of the force acting at the PBL with cast-in-place UFC 

connection discussed above, it can be indicated that the shear force is resisted by the 

summation of end-bearing resistance of cast-in-place UFC, dowel action of UFC in the hole of 

PBL, shear resistance of transverse rebar and the prestressing forces on the connection. 

Therefore, the development of predictive equation was mechanically modeled as the 

summation of all contribution which will be explained in next section. It should be also noted 

that as the effect of PBL spacing is neglected in the model as it is less significant

4.6 Investigation on Shear Capacity of PBL with Cast-in-place UFC 

Connection 

4.6.1 Comparison with the existing shear capacity equation of PBL 

The shear capacity of PBL for steel girder and RC slab at rib hole (Vud) can be 

calculated in two conditions according to JSCE standard specifications for hybrid structures 

(JSCE, 2009). In case of the PBL hole contains a transverse rebar, Eq. (4-4) is used. As this 

formula was originally proposed for application to normal strength concrete and steel girder, 

the applicable range is set as shown in Eq. (4-5). In the case of the hole of PBL without a 

transverse rebar, the shear capacity can be computed by using Eq. (4-6) and the applicable 

range for this equation is presented in Eq. (4-7).   

32'22 101.26-))-((45.1  ststcstud ffdV               (4-4) 

32'223 100.488)-(100.51  ststcst ffd   (4-5) 

3'5.02 100.39-)(38.3  cud f
d

t
dV       (4-6) 
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3'5.023 100.194)(100.22  cf
d

t
d      (4-7) 

where, Vud is shear capacity (N), d is diameter of the PBL hole (mm), Øst is diameter of 

transverse rebar (mm), f’
c is compressive strength of concrete (MPa) and fst is tensile strength 

of transverse rebar (MPa), t is thickness of PBL (mm) 

In this calculation, the equations were applied beyond their application range in order 

to clarify the applicability of the existing equation to PBL connection with cast-in-place UFC 

connection. The experimental results of nine shear capacities of PBL connection in this study 

and two specimens from Tanaka et al. (Tanaka et al., 2006) were compared with those 

obtained by the JSCE equation. It should be mentioned that no transverse rebar was provided 

inside the holes of PBL in Tanaka-1 and Tanaka-2 specimens. Moreover, PBL used in 

Tanaka-2 specimen has only two holes. 

Table 4-7 summarizes the calculation results of shear capacity by Eqs. (4-4) and (4-6) 

and the results of experimentally observed. The average of experimental value by calculation 

value (Vexp/Vud) equals to 0.47. The results indicate that Eqs. (4-4) and (4-6) overestimate the 

experimental results. The two main reasons can be explained as first the effect of end-bearing 

resistance which corresponds to the thickness of PBL is not taken into account in these 

equations. Second, the applicable range is originated for the normal strength concrete where 

coarse aggregate is contained. However, the cast-in-place UFC was used in this experiment. 

Although UFC contains no coarse aggregate comparing with normal concrete, cast-in-place 

UFC has much greater compressive strength which around 100 MPa and also the existence of 

steel fibers. Therefore, this equation was applied beyond their limitation and reflected in the 

significant increase in the shear resistance of PBL with cast-in-place UFC. Therefore, the 

equation should be modified in order to use for PBL joint with cast-in-place UFC.      
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4.6.2 Proposed shear capacity equation 

Since the equation which applicable to PBL with cast-in-place UFC is distrusted, the 

shear capacity equation was proposed based on four contribution terms in order to rationally 

evaluate the shear capacity of PBL with cast-in-place UFC connection. The regression model 

is shown in Eq. (4-8).  
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where, VPBL is the shear capacity of PBL with cast-in-place UFC connection (N), nPBL is the 

number of PBLs, nhole is number of holes provided on a PBL, ti is the thickness of PBL i in the 

connection part (mm), hi is the length of PBL i in connection part (mm), Asj is  the area of 

transverse rebar in the PBL hole j (mm2), Esj is the elastic modulus of transverse rebar (GPa), 

dj is the diameter of the hole of PBL j (mm), Øst is the diameter of transverse rebar in the PBL 

hole j (mm), EUFC is the elastic modulus of cast-in-place UFC (GPa), Ac is the prestressing 

area (mm2), σ’c is the prestressing stress (MPa). 

  The four contributions of regression model for predicting shear capacity of PBL with 

cast-in-place UFC are based on the resisting mechanism of each PBL and the prestressing 

forces on the cross section area of connection as explained in section 4.5. The first term 

corresponds to the end-bearing resistance of concrete which is not considered in JSCE 

equation. Elastic modulus of cast-in-place UFC (EUFC) was selected in order to represent the 

contribution of end-bearing resistance since the crushing at the end-bearing of cast-in-place 

UFC was not observed as discussed in section 4.4.3. The contribution of transverse rebar is 

represented in the second term where the elastic modulus of transverse rebar (Es) is used. UFC 

dowel is considered in the third term. Based on the experimental results, it was also shown 

that the square root of compressive strength of UFC agreed well with the shear capacity. 

Moreover, from the study done by Oguejiofor and Hosain (1997), the function of square root 

of compressive strength of concrete was suggested as the expression of dowel action of 

concrete inside the PBL. Therefore, the contribution of UFC dowel is originated by the 

function of cross section area of cast-in-place UFC and square root of compressive strength of 

cast-in-place UFC in this study. The last term is accounted for the contribution of prestressing 

forces which is assumed to be the linear relationship between shear capacity and prestressing 

stress as shown in Fig. 4-21.  
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Figure 4-25 Accuracy of proposed equation 

  According to shear resisting mechanism explained before, the shear capacity is 

assumed to be a combination of resisting components of PBL which are end-bearing 

resistance of PBL, shear resistance of transverse rebar, UFC dowel and shear frictional 

resistance along the failure plane due to the induced prestressing force on the connection area. 

The regression analysis was used to derive the shear capacity equation. By using the least-

squares procedure, α1, α2, α3 and α4 were examined. The coefficient of determination (R2) was 

0.9926. Based on the regression analyses of experimental results, the shear capacity equation 

of PBL with cast-in-place UFC connection can be expressed as shown in Eq. (4-9). 
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4.6.3 Result of the calculation 

 Table 4-7 summarizes the results of calculation obtained by Eq. (4-9) and 

experimentally observed. Figure 4-25 illustrates the accuracy of the proposed equation 

against the experimental values. The two experimental results from Tanaka et al. (2006) were 

also compared with the proposed equation. The average (Avg.) and the coefficient of variation 

(C.V.) of the ratio of the experimental and calculated value (Vexp/Vcal) for total 13 specimens 

are 1.00 and 12.2%, respectively. In the case of 11 specimens without prestressing force, the 
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values of avg. and C.V. are 1.02 and 12.9%, respectively. Even though the numbers of tested 

specimens is limited in order to derive the widely applicable range equation, it is found that 

good agreement between experimental results and calculated results was observed. In case of 

the calculation results of Tanaka-1 and Tanaka-2 specimens, it is also indicated that the 

proposed equation is able to give reasonable results even if the transverse rebar is not 

provided in the specimen and regardless of location of the hole of PBL. Moreover, the 

significant contribution of prestressing forces on the connection part can be accounted for in 

this equation. Thus, the proposed equation can be used to evaluate the shear capacity of PBL 

with cast-in-place UFC connection. However, the empirical equation used to estimate the 

shear capacity of PBL with cast-in-place UFC connection is suggested to be prudently used 

within the limit of the investigated parameters and the safety factor is needed in order to 

provide reliable and safety design. 

It is also recommended to carry out further experimental investigation of PBL with 

cast-in-place UFC connection. The predicting shear capacity equation should be further 

developed which based on the relationship of the contribution. Additional parameters such as 

size and arrangement of PBL shall be considered in order to include rational reduction factors.    

4.7 Summary of Chapter 4 

1) The Perfobond strip (PBL) with cast-in-place UFC connection was proposed for the 

connection for UFC-PC hybrid girder in this study. By comparing shear capacity of the 

proposed PBL with cast-in-place UFC and shear capacity of UFC segment, it is indicated 

that the sufficient performance in transferring shear forces between each UFC and 

concrete segments is secured. 

2) With the increase in thickness and the hole diameter of PBL, the shear capacity of PBL 

with cast-in-place UFC slightly increased. This is because the end-bearing and dowel 

effect of PBL increased with the increase in thickness and hole diameter of PBL. 

Moreover, the shear capacity of PBL with cast-in-place UFC connection increased by 11 

and 15% when the diameter of transverse rebar increased from 10 to 13 and 16 mm, 

respectively, due to the increase of shear resistance of transverse rebar. However, the 

difference in the shear capacity of PBL with cast-in-place UFC connection with different 

specing to diameter ratio (S/D) was very slight. 
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3) By inducing the prestressing force on the cross section of PBL with cast-in-place UFC 

connection, the shear capacity was significantly increased. This is because the friction 

force drastically increases when the prestressing forces are induced on the connection. 

Consequently, the separation crack width greatly reduces.  

4) Shear resisting mechanism of PBL with cast-in- place UFC connection was investigated. 

The contribution on shear resistance characteristics comes from, first, end-bearing 

resistance of UFC. Second is the dowel action of UFC in the hole of PBL together with 

shear resistance of transverse rebar in third term. The last contribution comes from the 

prestressing stress on the connection part. 

5) The equation for predicting the shear capacity of PBL with cast-in-place UFC connections 

was proposed. The proposed equation was found to be capable to accurately predict the 

shear capacity of PBL with cast-in-place UFC connections with and without prestressing 

forces.   
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CHAPTER 5 

Effect of bending moment on shear behavior of PBL joint connection  

5.1 Introduction 

In chapter 4, PBL with cast-in-place UFC connection was proposed as one of the 

connection methods for UFC-PC hybrid structures. Push-out test of PBL with cast-in-place 

UFC connection was conducted in order to investigate the shear behavior of connection. The 

shear resistance mechanism of PBL with cast-in-place UFC connection was investigated. The 

contribution on shear resistance characteristics comes from end-bearing resistance of UFC, 

the dowel action of UFC in the hole of PBL, shear resistance of transverse rebar and the 

prestressing stress on the connection. However, the effect of bending moment and location of 

connection has not been investigated yet. 

   The proper location of connection should be located where the shear force is 

dominant than the bending moment. However, in real construction, the effect of location and 

bending moment on the shear behavior of PBL with cast-in-place UFC connection supposes to 

be varied and should be investigated. The aim of this chapter is to investigate the effect of 

location and bending moment on the shear behavior of the PBL with cast-in-place UFC 

connection. The loading tests of the UFC-PC hybrid girders were carried out. The 

experimental parameter was the location of the connection. Three specimens with different 

locations of the connection were prepared. The effect of bending moment on shear behavior of 

PBL with cast-in-place UFC connection is examined based on the results of shear capacities, 

force and displacement relationship and shear resistance mechanism.  

5.2 Experimental Program 

5.2.1 Experimental cases 

Three specimens with different location of the connection along the shear span were 

prepared in order to investigate the effect of bending moment on the shear behavior of the 
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Figure 5-1 Details of specimens 
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Table 5-1 Experimental cases 

No. Name 
t 

(mm) 
D 

(mm) 
 Øst 

(mm) 
Lj 

(mm) 

1 PBL16 

16 40 10 

85 

2 PBL-M1 100 

3 PBL-M2 150 

4 PBL-M3 200 

t: the thickness of PBL, D: the diameter of PBL hole, Øst: the diameter of transverse rebar, 
Lj: the distance between supporting point to the center of connection 

connection. Four-point bending test were conducted. Table 5-1 summarizes the test variation, 

the location of the center line of connection from the support and the specimen name. The 
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locations of the connection were 100, 150 and 200 mm from the supporting point. Figure 5-1 

illustrates the details of specimen, arrangement of reinforcement and cross section of all 

specimens. The specimen consisted of three parts, which were UFC precast segment located at 

the middle part and two RC parts located at both sides of the specimen. PBLs were embedded 

in each part. Each part of the specimen was joined with two connections between RC and 

UFC parts. The configuration and arrangement of PBL on the part was the same as PBL16 

specimen in chapter 4 as shown in Fig. 4-4. Figure 4-5 shows the detail dimension of PBLs 

used in this experiment. Total span lengths of the specimens were the same but the location of 

connections were different. Therefore, the length of both RC and UFC segments were varied 

as shown in Fig. 5-1. 

In all specimens, three of steel reinforcements with 19.1 mm nominal diameter were 

provided in the tension side of UFC segment. Moreover, steel reinforcements with 9.53 mm 

nominal diameter were used as the longitudinal reinforcements for RC parts and stirrups for 

UFC and RC parts as shown in Fig. 5-1. It should be noted that there was no reinforcement 

provided inside UFC segment for the specimen in push out test experiment (chapter 4). 

5.2.2 Materials 

The self-compacting concrete was used in this experiment. Table 5-2 summarizes the 

details of mix proportion. The designed compressive strength of concrete was 70 MPa at 7-

day age. The materials used in the concrete mixes were high-early strength cement, fine 

aggregates, coarse aggregates, viscosity improver and superplasticizer, which was high-

performance air entrained (AE) water reducing agent. 

Table 5-3 shows the mix proportion of UFC. The UFC segment was fabricated in 

advance before the connection with RC segments. After casting, the segment underwent the 

steam curing following the JSCE recommendation (JSCE, 2004). The designed compressive 

strength of UFC segment was 180 MPa. In case of cast-in-place UFC, the designed 

compressive strength was 100 MPa with normal curing for 7 days. The steel reinforcements 

with 9.53 mm nominal diameter were used for RC part and as transverse rebar inside the hole 

of PBL. The steel reinforcements with 19.1 mm nominal diameter, the yield strength: fy=395 

MPa and the ultimate strength: fu=520 MPa were used as the tension reinforcement for the 

UFC segment. The characteristics of the reinforcement used in this study are shown in Table 

5-4. 
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PBL with 16 mm in thickness was used in this experiment. Table 5-4 lists the 

characteristics of PBL. 

5.2.3 Fabrication of the specimens 

As shown in Fig. 5-1, the specimen consisted of three parts; the middle part was 

precast UFC segment and two precast concrete segments located at both ends of the specimen. 

Both precast concrete and UFC segment which PBL were embedded had been fabricated in 

Table 5-2 Mix proportion of concrete 

Gmax 
Water  
cement 

ratio 

Fine  
aggregate 

ratio 

Unit weight (kg/m3) 

(mm) (%) (%) W C S G SP V 

15 30 45 165 550 831 792 W×1.1% C×0.15%
 

where,         Gmax : maximum size of coarse aggregate 

W : water     

C : high early strength cement, density = 3.14 g/cm3 

S  : fine aggregate, density = 2.59 g/cm3, F.M. = 2.42 

G  : coarse aggregate, density = 2.68 g/cm3, F.M. = 6.82 

SP : superplasticizer 

V : viscosity improver 

Table 5-4 Details of PBL and steel reinforcements  

 
Nominal 
diameter 

(mm) 
Grade 

Yield strength 
(MPa) 

Tensile strength 
(MPa) 

PBL - SS400 345 450 

D10 9.53 SD345 390 505 

D19 19.1 SD345 395 520 
 

Table 5-3 Mix proportion of UFC 

Flow 
(mm) 

Unit quantity(kg/m3) Admixture 
(kg/m3) Water Premix binder Steel fiber 

260±20 180 2254 157 22 
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advance, then, connecting together by using cast-in-place UFC. In all specimens, the same 

fabrication process of connection as explained in session 4.3.2 was used (See session 4.3.2, 

Figs. 4-6 and 4-7). 

5.2.4 Loading method and measurement items 

The specimens were subjected to a four-point bending test with the load applied on the 

UFC segment as shown in Fig. 5-1. The supporting points were located on the RC segment 

part placed on the roller supports. Total span lengths of the specimens were the same but the 

location of connections were different. Teflon sheets and grease were inserted between the 

specimen and supports. At the loading points on the top surface of the specimen, steel plates 

with 50 mm width, steel rollers and a load distribution beam were placed.  

Figure 5-2 illustrates the location of measurement items used in the experiment. The 

applied load was measured during the loading test. Displacements at the middle of connection 

part and supporting point were measured by using transducers. Strain gauges were used for 

measuring the strain of PBL strips plate. Moreover, the strains of the transverse rebars were 

measured at the middle point of rebars by using strain gauges. The opening widths between 

RC segment and connection part were measured by using transducers with interval of 100 mm 

along vertical direction of the specimens. In the same way, the opening widths between 

connection part and UFC segment were measured by using π-gauges and transducers with 

interval of 100 mm along the vertical direction of the specimen. In addition, strain of cast-in-

place UFC on the upper part were measured by using concrete gauges.  

Figure 5-2 Measurement items  

   : Transducer    : Strain gauge 

       

UFC 
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5.3 Experimental Results and Discussions 

5.3.1 Shear capacities  

Table 5-5 summarizes the mechanical properties of concrete and UFC, and the result 

of loading tests. It can be seen that by increasing the distance of PBL with cast-in-place UFC 

connection from the supporting point, the shear capacity decreased. 

5.3.2 Shear force-displacement relationships, failure modes and crack patterns 

  The relationship between shear force and the relative displacement is plotted in Fig. 5-

3. Figure 5-4 shows the observed crack patterns at the peak loads of all specimens. It is 

obvious that only one critical crack was remarkable in each specimen. 

  In all specimens, the shear failures at the connections were observed. The failure 

behavior was found to be similar with push out test specimens and can be explain as follow. 

First, the specimens exhibited linear behavior from the initial up to the first separation crack at 

the interface between concrete and cast-in-place UFC. After the first separation crack occurred, 

the load still linearly increased up to the propagation of the main diagonal crack occurred on a 

connection part. The main diagonal crack continuously initiated from the first separation crack. 

Afterwards, the main crack propagated to the interface between precast RC and cast-in-place 

UFC. Additionally, the appearance of the diagonal crack reduced the inclination of force-

Table 5-5 Mechanical properties of concrete and UFC, and the result of loading tests  

Name 

Mechanical 
properties 
of concrete 

Mechanical  
properties 

of cast-in-place 
UFC 

Mechanical  
properties 
of precast  

UFC 

Result of 
loading test

f'c 

(MPa)
ft 

(MPa) 
f'c_UFC 

(MPa) 
ft_UFC 

(MPa) 
f'c_UFC_PC 

(MPa) 
ft_UFC_PC 

(MPa) 
Vu 

(kN) 

PBL16 84.3 3.3 123.8 11.2 185.4 13.6 394.7 

PBL-M1 75.4 2.7 135.4 10.8 

199.7 12.5 

462.1 

PBL-M2 70.8 2.8 108.4 10.3 352.2 

PBL-M3 70.4 2.8 108.4 10.3 336.4 
f’c: compressive strength of concrete, ft: tensile strength of concrete, f'c_UFC: compressive 
strength of cast-in-place UFC, ft_UFC: tensile strength of cast-in-place UFC, f'c_UFC_PC: 
compressive strength of UFC segment, ft_UFC_PC: tensile strength of UFC segment, Vu: shear 
capacity of connection 
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relative displacement relationship of the specimens. After this stage, the rate of load increment 

became slow and the load and relative displacement behaved nonlinearly. Near the peak, the 

separation crack between precast and cast-in-place UFC propagated, the load reached the peak 

and dropped as the separation crack between precast and cast-in-place UFC propagated and 

widened. Similar failure pattern of shear failure was observed in all specimens. 

Figure 5-3 Shear force and relative displacement relationships 
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5.3.3 Effect of the bending moment on shear capacity of PBL connection 

The effect of bending moment is discussed based on the experimental results of PBL-

M1, PBL-M2, PBL-M3 and PBL16 specimens in which the bending moment on the 

connection was varied. Figure 5-5 plots the relationship between shear capacity and distance 

from the supporting point to the center of the connection. The shear capacity and bending 

moment relationship of all specimens are illustrated in Fig. 5-6. From Figs. 5-5 and 5-6, there 

is the clear tendency of the decrement of shear capacity as the increase of bending moment on 

the PBL connection. The shear resistance mechanism of PBL with cast-in-place UFC had 

discussed in previous chapter, the shear resistances of connection come from the fictional 

resistance of cast-in-place UFC and shear contributions of PBL. As the bending moment at the 

connection part increases, the frictional resistance of cast-in-place UFC supposes to decrease. 

It should be also noted that there was no yielding of PBL or crushing of cast-in-place UFC in 

the experiment. This is inferred that the influence of bending moment on the shear 

contributions of PBL was slight. In the other word, the bending moment is affected on only 

frictional resistance of cast-in-place UFC.   

 

Figure 5-5 Shear capacity and relative 
displacement relationships 
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5.4 Summary of Chapter 5 

 The effect of bending moment on the shear behavior of PBL with cast-in-place UFC 

connection was investigated. Although within the limited of the experimental data but the 

experimental results indicated that shear capacity of PBL with cast-in-place UFC connection 

decreases as the increase of bending moment at the location of PBL with cast-in-place UFC 

connection. This can be explained as the decrease of frictional resistance of cast-in-place UFC 

when the bending moment at the PBL with cast-in-place UFC increases. Moreover, similar 

shear failure behavior of PBL with cast-in-place UFC connection was also observed.  

 However, with limited number of experimental data, it is recommended to investigate 

further experiment considering range of bending moment together with additional parameters 

such as size and arrangement of PBL.     
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CHAPTER 6 

Conclusions and recommendations 

6.1 General Conclusions 

The concept of UFC-PC hybrid structure is introduced and proposed in this study.  

The UFC-PC hybrid structure consists of PC segment at both ends and UFC segment at the 

middle of span. This proposal lies in the development of new competitive structural system 

that offers improvement in usability, aesthetics and durability, while minimizing the volume 

of materials by making full use of every single part of UFC. Hence, the final goal of this study 

is to develop the UFC-PC hybrid structure. In order to achieve this goal, the study on the 

utilization of UFC for each part of the structure and verification of its performance were 

carried out. First, the application of UFC as the permanent formwork for the precast concrete 

part was studied with the shear keys interface and screws and bolts system introduced. An 

experiment was performed in order to investigate the shear behavior of RC beams using UFC 

U-shaped permanent formwork. It was evident that the shear capacity of RC beams using 

UFC U-shaped permanent formwork significantly increased to more than twice that of normal 

RC beams. Second, the shear performance of the joint connection between UFC and PC 

segments was studied. The Perfobond strip (PBL) with cast-in-place UFC joint connection 

was proposed and its shear performance was examined. An experimental study using push-out 

test was conducted. The efficient force transferring between two segments was confirmed. 

Furthermore, shear capacity equation of PBL with cast-in-place UFC connection was 

developed. The findings on the utilization of UFC in this study provide the understanding and 

offer the basic knowledge for the development of competitive UFC-PC hybrid structural 

system. Based on all of the experimental results, the conclusions of the studies on the 

utilization of UFC for UFC-PC hybrid structures can be drawn as follows.           

a) Shear behavior of RC beams using UFC U-shaped permanent formwork 

The construction method using UFC U-shaped permanent formwork was introduced to 

be used with the PC segment. By using the UFC U-shaped permanent formwork, the shear 

capacity of RC beams can be increased to more than twice comparing with normal RC beams. 
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The bond characteristic between interfaces of RC and UFC permanent formwork is found to 

be important in improving the load carrying capacity and deformation performance. By using 

the proposed shear keys interface and screws and bolts system, the sufficient compatibility 

between UFC permanent formwork and RC can be formed. Since a UFC permanent formwork 

prevents widening of diagonal crack inside RC by shear keys and screws and bolts, the shear 

capacity drastically increases. 

The thickness of UFC permanent formwork and shear span to effective depth ratio 

(a/d) were found to have a significant effect on the shear behavior of RC beams using UFC 

permanent formwork. With an increase in the thickness of UFC permanent formwork, the 

shear capacity of RC beams using UFC permanent formwork increases. Failure mode of RC 

beams using UFC permanent formwork changes depending on the shear span to effective 

depth ratio. Moreover, by providing the stirrups, the shear capacity of RC beams using UFC 

permanent formwork increases as both UFC permanent formwork and stirrups prevent the 

widening of the diagonal crack.  

Significant reduction of the weight of beams by 68 to 82 percent compared with the 

ordinary RC beams can be achieved by using the UFC permanent formwork in this study. The 

significant reduction of the self weight of the structure results in the high performance on the 

seismic resistance. Besides, the shear carried by UFC permanent formwork in RC beams 

failed in the diagonal tension was investigated by using the stress obtained from the tension 

softening curve. The cracking propagation behavior especially crack width at the peak load is 

the essential parameter in order to predict the shear stresses along the diagonal crack line. The 

diagonal model using together with tension softening curve was proven to be the reasonable 

method to predict the shear carried by UFC permanent formwork. In case of RC beams using 

UFC permanent formwork failed in shear compression, shear carried by UFC permanent 

formwork found to be in the function of compression stress along the strut line. The 

compressive stress-strain relationship is one of the methods to calculate the compression 

forces acted on the UFC permanent formwork. In general, the use of UFC permanent 

formwork found to be not only increases the durability performance but also significantly 

enhance the shear performance of the structures. 
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b) Shear behavior of PBL with cast-in-place UFC connection 

The connection system is one of the important requirements in developing UFC-PC 

hybrid structures. In this study, the PBL with cast-in-place UFC connection was proposed as 

the connection for UFC-PC hybrid structures. Its performance was examined by the push-out 

experiment. By comparing the shear capacity of PBL with cast-in-place UFC connection 

obtained from the experiment with the shear capacity of UFC segment, it is found that the 

efficient performance on shear force transferring between UFC and concrete segments can be 

achieved. 

      The influences of thickness of PBL, diameter of PBL hole, diameter of transverse 

rebar, prestressing forces induced on the connection and spacing of PBLs to diameter of PBL 

hole ratio were considered in the experiment. The results revealed that the shear capacity of 

PBL with cast-in-place UFC connection slightly increase with increase in thickness of PBL 

and hole diameter of PBL. This is due to the increase of end-bearing resistance between 

contracting area of PBL and cast-in-place UFC and dowel action of PBL formes inside PBL 

hole. Moreover, the shear capacity of PBL with cast-in-place UFC increases when the 

diameter of transverse rebar increases as a result of increase in shear resistance of transverse 

rebar. However, the difference in the shear capacity of connection with different spacing of 

PBLs to diameter of PBL hole ratio is slight. Additionally, by inducing the prestressing force 

on the cross section of connection, the shear capacity significantly increases due to the 

increase of friction force between interfaces of connection.    

 Shear resistance mechanism of PBL with cast-in-place UFC connection was 

investigated. The contribution of shear resistance characteristics comes from end-bearing 

resistance of UFC, the dowel action of PBL formed, together with shear resistance of 

transverse rebar in PBL hole and prestressing stress on the connection as the last contribution. 

 As a result, the equation for predicting the shear capacity of PBL with cast-in-place 

UFC connection was proposed based on the experimentally observed shear resistance 

mechanism. The equation was validated with 13 specimens in this study and 2 specimen from 

the other researcher and found to capable to accurately predict the shear capacity of PBL with 

cast-in-place UFC connection with and without prestressing forces.     

 In addition, the effect of bending moment on the shear behavior of PBL with cast-in-

place UFC connection was discussed. The results showed that the shear capacity gradually 
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decrease as the increase of the bending moment occurred at the location of the connection. 

This can be explained as the decrease of frictional resistance of cast-in-place UFC when the 

bending moment at the PBL with cast-in-place UFC increases. Moreover, similar shear failure 

behavior of PBL with cast-in-place UFC connection was also observed. 

6.2 Recommendations for the Further Study 

   Since the presented study has engaged with the individual parts of the whole UFC-

PC hybrid structure, in order to precisely implementing the practical design and construct of 

this type of structure, the experiments on the all entire UFC-PC hybrid girders is 

recommended to conduct.  

Besides, for the UFC permanent formwork, the current study showed the significant 

improvement in shear performance for RC beams. The method to investigate the shear carried 

by UFC permanent formwork was proposed based on the crack opening width at the peak load 

of UFC. However, it is difficult to find the certain crack width value in the practical design 

and also the larger size of real structure compare with this study is common. Therefore, it is 

recommended to conduct further experiment in order to introduce rational reduction factor of 

the tensile strength based on tension softening curve in real design.    

The equation for predicting the shear capacity of PBL with cast-in-place UFC 

connection was proposed based on the experimental results whose the applicable range was 

certified in the limited range of the experimental parameters considered in this study. In the 

practical design, the scale of the structure is much larger. The further study should be 

performed in order to extend the applicable range of the equation. 
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APPENDIX 

Pictures of the specimens after the loading tests 

1.1 Shear Behavior of RC Beams using UFC U-shaped Permanent Formwork 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-1 Specimens in Series-I (1) 

(a) Ref 

(b-1) UFC20-S (UFC) 

(b-2) UFC20-S (RC) 
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Figure A-2 Specimens in Series-I (2) 

(a-1) UFC20-K (UFC) 

(a-2) UFC20-K (RC) 

(b-1) UFC20-SB (UFC) 

(b-2) UFC20-SB (RC) 
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Figure A-3 Specimens in Series-I and II  

(a-1) UFC20-KB (UFC) 

(a-2) UFC20-KB (RC) 

(b-1) UFC30-KB (UFC) 

(b-2) UFC30-KB (RC) 



 

104 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-4 Specimens in Series-III and IV  

(a-1) UFC20-KB-r (UFC) 

(a-2) UFC20-KB-r (RC) 

(b-1) UFC20-KB-ad21 (UFC) 

(b-2) UFC20-KB-ad21 (RC) 

(c-1) UFC20-KB-ad1 (UFC) (c-2) UFC20-KB-ad1 (RC) 
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1.2 Shear Behavior of PBL Joint Connection for UFC-PC Hybrid Girder 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure A-5 Specimens in Series-I and II 

(d) PBL-D30 (e) PBL-D50 

(c) PBL22 

(a) PBL9 (b) PBL16 
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Figure A-6 Specimens in Series-III and IV 

(c) PBL-P5 (d) PBL-P10 

(e) PBL-P15 

(b) PBL-r16 (a) PBL-r13 
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1.3 Effect of Bending Moment on Shear Behavior of PBL Connection 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-7 Specimens in Series-V 

(a) PBL-SD25 (b) PBL-SD1 

(a) PBL-M1 (b) PBL-M2 

Figure A-8 Specimens in chapter 5 

(c) PBL-M3 


