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Abstract 

The history of Fiber Reinforced Plastics (FRP) application is about 40 years at 

most. Among the methods against the corrosion of steel reinforcement, FRP is considered 

a suitable as a new material that can replace conventional reinforcement, mitigate resists 

the steel corrosion, and improves the durability and serviceability. FRP has outstanding 

properties in comparing with conventional steel such as light weight, high tensile strength, 

high corrosion resistance, high fatigue characteristic, and low linear expansion. Carbon 

Fiber Reinforced Plastic (CFRP) has been studied as an alternative  to steel in construction 

engineering to limit the deterioration due to salt damage. CFRP was applied in various 

constructions in the world including reinforcing construction, precast concrete, and bridge 

structures. The aim of this present study is to contribute more studies regarding the 

durability and practicability of concrete bridge using Carbon Fiber Reinforced Plastic 

(CFRP) tendon. With this purpose, this study focused on the experiments and numerical 

simulation for using CFRP in the girder and the cast-in-place joint of precast concrete 

slabs. One full-scale girder of Shinmiya Bridge, the first prestressed concrete bridge in 

Japan and the world used CFRP tendons in the main girders against salt damage, was 

brought to the laboratory after nearly 30 years of service in a corrosive environment. A 

series of experiments were conducted on this prestressed concrete girder. First, the 

effective stress was estimated using the stress release technique with a core incision, and 

the obtained value was compared with the design value. Next, the bending fracture 

experiment was carried out on the girder; the load-bearing capacity, the relationship 

between applied load and displacement, failure model, strain distribution and crack 

pattern were considered and evaluated. The transfer length of the prestressed girder, 

which obtained by recording a relationship between strains on the concrete girder surface 

versus the distance to the end of the girder before and after cutting the upper and lower 

flanges, was examined by using half of the girder after the flexural experiment. On the 

other half of the girder, the concrete cores were collected, the compressive strength test 

was conducted, and salt content was measured. Finally, the mechanical and chemical 

characteristics of the CFRP removed from the main girder were determined. From the 

results, the serviceability and durability of the girder were been confirmed, the suitability 

of using CFRP in the structural bridge was also clarified.  
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In addition, a numerical model was proposed to observe the behavior of a main 

prestressed concrete girder using a finite element analysis program called LS-DYNA and 

DIANA. The first model was built in LS-DYNA software. The accuracy of the model 

was evaluated by comparing the analysis result and experimental result including the 

load-bearing capacity, the relationship between applied load and displacement. Then, a 

parametric study considered the loss of prestress force and the decrease of the 

compressive concrete strength to the change of structural behavior. The second model 

was built by the commercial finite element software, DIANA. The method, which creased 

directly the presstress force, and load control were used in this model to surmise the 

behavior of a prestressed concrete girder using the CFRP tendons. Moreover, parametric 

studies were conducted with the following objectives: to investigate the influence of the 

input data from the results of the CFRP tensile test and concrete compressive test on the 

results on the accuracy of the simulation; to determine the change in structural behavior 

with the modification of the material properties; and finally to study the model with or 

without the bond-slip model for contact between the CFRP and concrete. 

The final work of this study is conducted three series of fundamental pull-out test 

for the cast-in-place joint of precast concrete slabs reinforced by CFRP. Experiments were 

performed with the difference in setup of specimens. Two diameters of CFRP were 

selected including Ø12.5 mm and Ø15.2 mm. Three types of fixation length were chosen 

in the relationship with CFRP diameter namely 10Ø, 15Ø, and 20Ø. In addition, straight 

type (S-type), no filling inside tuft body in non-twisted type (N-type) and filling inside 

tuft body in non-twisted type (F-type) also known as three methods using CFRP in joint. 

Final, the method using CFRP with a diameter of Ø15.2 mm, the fixation length of 15Ø, 

and F-type (filling inside tuft body) was proposed to apply in the precast concrete slabs  

and the cast-in-place joint to enhance the durability and shortest the width of join. 

 



Chapter 1 

 

NGUYEN THI HUE 1724052004                                                                                         11 

 

Chapter 1. Introduction 

1.1 General introduction 

Corrosion of steel reinforcement caused by exposed the natural environment, 

especially the aggressive environmental conditions. The phenomenon is considered to be 

one of the main reason for the degradation of concrete structures. In the world, this 

problem consumes a larger amount of money to solve by repair method, maintenance and 

even new construction. The number was estimated approximately $128 billion to repair 

and replace 54007 bridges (9.1% the total bridges) in the United States in 2006 due to 

structural degrading [1]. Therefore, it is a current required challenge that motivates 

scientist to study a new method, new material in term of more efficient, durable 

construction regarding cost, technical, serviceable life and long-term performance. 

Epoxy-coated steel, stainless steel, cathode protection, and improved concrete 

quality have been studied. They are the methods for making the corrosion process slow. 

However, there are limits regarding efficiency, complexity and long-term durability.  

Another approach is to find a new material that can replace the steel and bring the 

expected effectiveness. Fiber Reinforced Plastics (FRP), which is a composite material 

made of polymer matrix reinforced with fibers, have attracted the attention of scientists 

to research for addressing steel corrosion owing to their non-corrosive properties. In 

structural engineering, the lightweight of FRP not only reduces the weight of construction 

but also make convenience in transport and installation. In addition, FRP has a higher 

tensile strength in comparing with conventional steel. Therefore, the application FRP in 

construction engineering has an increasing trend from the late of 80’s. Three commonly 

FRP are Aramid (AFRP), Glass (GFRP) and Carbon (CFRP). They can be fabricated in 

the various size and used in the concrete structure in plates, laminates, bars, cables and 

wraps form. However, FRP has some drawback in use, for example high cost, lack of 

design code, which are focusing on by researchers to solve in the applying FRP in civil 

engineering field. The detail of the main advantages and main disadvantage of using FRP 

in comparing with normal steel as follows. 
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Advantages of FRP in comparison with traditional steel 

 High ratio of strength and high ratio of stiffness to mass density  

The previous studies show that FRP has the higher strength in comparing with 

convention steel and the weight of FRP is lighter than steel [2]. Therefore, the strength-

to-weight ratio improves remarkably, it is around 10 to 15 times larger than that of steel 

[3]. 

 High corrosion resistance 

Because this characteristic, FRP is selected to replace conventional steel in 

structures or external application to upgrade the strength, especially the structures 

exposed in the salt damage environment. The serviceably of these structures using FRP 

was confirmed after long-term without maintenance request [4] [5]. 

 High electromagnetic transparency 

FRP is  a composite material so that FRP does not conduct electricity, it can be 

used for constructions located in areas obtained the risk of electric shock like footbridges 

in railway area [6]. 

 Light weight 

FRP is lightweight, it is about 20% the density of steel in case of CFRP [7]. This 

feature can support the transport process to become convenient. In addition, the 

installation of structures using FRP becomes easier, the requirements related to machines 

or equipment are reduced. Furthermore, using FRP makes a significant decrease in the 

weight of structures that bring the benefits for construction, especially bridge 

construction.  

 High fatigue characteristic 

FRP has excellent fatigue performance, especially CFRP that the fatigue 

characteristic is superior to the steel strands [7] [8].  

 Low linear expansion 

Among three types of fiber, CFRP has lowest coefficient of linear expansion, it is 

about 1/20 of the steel [9] [10]. 

 Flexibility 

The various in dimension, shape and type of FRP make it possible for FRP 

application in many different structures. 
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Disadvantages of FRP in comparison with traditional steel 

 Higher initial cost and uncertain long-term cost 

FRP has the lightweight and high corrosion resistance; it can help a decrease in 

construction cost or a decrease in cost of transport and installation. However, the cost for 

material using FRP is higher of 5 to 50 times [3] than the cost of conventional steel. In 

addition, this is a new material that requires knowledge, training and new equipment in 

using, fabrication. Therefore, the initial cost of using FRP is higher than using convention 

steel. 

Regarding the long-term cost, it concluded the maintenance cost, repair cost, 

replacement cost, etc…It is difficult to estimate accurately this cost because of various 

unpredictable cots and the lack of previous data. 

Nowadays, technical and science is more development, the life-cycle cost 

including the initial cost and long-term cost becomes more important for construction 

project and an essential factor to evaluate the effectiveness of project. 

 Lack of ductility 

FRP is anisotropic whereas steel is isotropic. It lacks of ductility owing to stress-

strain behavior is linear up to failure. The yield was not show in stress-strain behavior of 

FRP, which observed in regular steel. This characteristic creases a concern of a sudden 

 

Figure 1.1 Relationship between stress and strain of FRP and steel [3] 
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destruction of structure. The relationship between stress-strain of FRP, and steel were 

shown in Figure 1.1. 

However, the researchers found the design method to structures using FRP to 

achieve a safe mode of failure that involved slow failure and larger deformation [6] 

 Low fire resistance 

Fire resistance is also a requirement for materials in many constructions. In 

comparing with steel, FRP has the index of fire resistance lower than that of traditional 

steel. Strength of FRP can begin loss in a low degree, such as 80oC for polyester. If there 

is a potential danger due to fire, considerable improvement of the behavior can be 

achieved using phenol matrices instead of polyester. 

 Lack of design standard 

FRP is a new material, and then it requires the investment for more studying 

regarding behavior of structures with FRP application. Those are fundamental for making 

codes, design standard that is necessary and support for engineering to design and apply 

in projects. 

Japan, the United States and Canada are the few developed countries that currently 

have standards and codes for the application of FRP in construction engineering field. 

 Uncertain durability 

The durability of FRP and structures using FRP have been examined by numerous 

experiments. However, most of experiments were conducted in laboratory; they were not 

real structures and were not exposed in nature environment. In addition, the design life of 

a civil engineering structure is between 50 to 100 years. On the other hand, the application 

history of FRP is about 40 years at most, hence only a few of data are evidence for long-

term serviceability and long-term quality of FRP and structure using FRP. This is an 

important factor for a comprehensive evaluation of the application of materials including 

technical, quality and cost. 

The application of FRP for construction in Japan and in the world 

Overall, the FRP application in construction divides two ways. The first way is 

used FRP to retrofit structures with external application. The second application is the 

use of FRP reinforcements instead of steel reinforcing bars or prestressing strands in 

concrete structures. This thesis focuses on the second way of using FRP. 
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FRP is considered suitable as a new material that can replace conventional 

reinforcement owing to the outstanding properties [3]. FRP was applied in girder, deck, 

column and beam of many bridges as well as other structures in develop countries 

including Japan, USA, Europe, Canada, etc. 

Japan has the highest number of construction using FRP. Since 1980’s the 

application of FRP in Japan has a significantly increase. It was applied for seismic 

construction, upgrading construction, and improving durability. Figure 1.2 shows the 

statistics of using FRP reinforcement in Japan. 

1.2 Carbon fiber reinforced plastic 

Carbon fiber was made from poly-acrylonitrile (PAN-based) or pitch-based. It is 

a type of FRP so it fully involves the properties of this composite material. Among three 

types of FRP reinforcement, CFRP has the highest tensile modulus of elasticity. The form 

of CFRP reinforcement includes rod, tendon and rope. The modulus of elasticity  of CFRP 

is about 65% or more of that of steel [3]. In addition, CFRP has excellent creep and fatigue 

resistance, low linear expansion coefficient and low stress relaxation. These 

characteristics are necessary for reducing the losses of prestressing force in tendons so 

CFRP was selected and developed to fabricate in the main form of tendon. 

 

Figure 1.2 Amount of using FRP reinforcement in Japan 

(Data source: ACC Club) 
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Several brands are available for CFRP prestressing tendons, namely Carbon Fiber 

Composite Cable (CFCC) of Tokyo Rope in Japan, Leadline of Mitsubishi Kasai of Japan, 

Jitec of Cousin Composites in France and Bri-Ten of British Ropes in England. Figure 

1.3 and Figure 1.4 show the outside image and cross section of a standard steel strand 

and CFRP strand (CFCC). 

 

 

CFCC of Tokyo Rope was made from carbon fiber of poly-acrylonitrile (PAN-

based). The weight of CFCC is around 1/5 weight of steel strands. It contained the 

outstanding characteristic of high acid resistance, alkali resistance, and non-magnetic 

interact. The thermal coefficient of linear expansion is 0.6x10-6/oC, which is about 1/20 

of the steel. The tensile strength and tensile elastic modulus of CFCC for type (1x7, Ø12.5 

mm) were 2.69 kN/mm2 and 150 kN/mm2, respectively. CFCC was fabricated with 

various diameter from 5 to 50 mm and made from 1, 7, 19, or 37 wires in cross-section.  

 

 

Figure 1.6 CFRP strand (top) and steel (bottom)Figure 1.3 CFRP strand (top) and steel (bottom) 

 

 
Figure 1.4 Cross section of steel (left) and CFRP strand (right)  [19] 
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New standard specification of CFCC and standard characteristics were shown in Table 

1.1 and Table 1.2. 

Table 1.1 New standard specification of CFCC 

(Data source: Tokyo Rope) 

 

 

 

Table 1.1 New standard specification of CFCC 

(Data source: Tokyo Rope) 

 

 
 

 

Table 1.2 Standard characteristics of CFCC 

(Data source: Tokyo Rope) 
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With outstanding characteristic, CFRP was applied widely in various 

constructions in building engineering such as reinforcing structures, using in concrete 

precast, application for bridge construction and other construction.  

1.3 Literature review regarding the application of CFRP in bridge 

construction 

Since the 1980s in Japan, Carbon-Fiber-Reinforced Plastic (CFRP) had been 

studied as an alternative to steel in civil engineering to combat deterioration due to salt 

damage [7]. Therefore, CFRP was selected as the tensioning material for the main girders 

of the new Shinmiya Bridge in October 1988. The new Shinmiya Bridge was the first 

prestressed concrete bridge in Japan and the world to utilize CFRP tendons against salt 

damage [11]. 

Subsequently, researchers across the globe took note of this technique and it began 

to be applied in a variety of structures in civil engineering. In November 1993, the 

Beddington Trail Bridge was built in Calgary, Alberta, Canada. CFRP tendons and 

Leadline strands were selected to prestress two spans of this bridge [12]. In 1997, 

Abdelrahman and Rizkalla in Canada conducted another study on the flexural behavior 

of concrete beams prestressed by CFRP reinforcement. In this study, T beams with 6.2 m 

in length and 0.33 m in depth were used, the CFRP bars had a diameter of 8 mm, and the 

tensile strength and elastic modulus were 1970 MPa and 147 GPa, respectively. While 

eight concrete beams were prestressed by CFRP bars, two beams were prestressed by 

regular steel strands for comparison. The observations of the different failure modes 

indicated deflection and cracks [13]. In the United States, the Bridge Street Bridge was 

built in Southfield, Michigan in 2001. It was the first bridge in the USA that used a CFRP 

tendon in the T beam. The deflections, concrete strains, CFRP and CFRP strains will be 

monitored until 2020 to record the long-term value [14]. The first CFRP application for 

a prestressed girder in the road bridge in Belgium was in 2004. Carbon-fiber polymer 

wires with a diameter of 5 mm, tensile strength of 2450 MPa, and Young’s modulus of 

160 GPa were chosen for a T beam [15]. In 2012, Enomoto et al. summarized the results 

of the structural bridges using CFRP and confirmed that CFRP were suitable for 

prestressed concrete bridges [16].  
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Furthermore, Grace et al. (2012) conducted a study about comparing the life-cycle 

cost analysis (LCCA) of the bridges using cathodic method, epoxy-coated method and 

using CFRP. The results of this study showed that the initial cost of CFRP was higher 

than the regular steel-reinforced bridges, but the life cycle cost of the prestressed concrete 

bridge using CFRP bars or strands was not high. The cost will become the least significant 

obstacle after 20–40 years of service time belong to traffic volume and bridge geometry. 

[17]. 

Therefore, recent studies on the usage of CFRP in a prestressed concrete structure 

focus on standards in design and durability in actual service. The Concrete Committee of 

the Japan Society of Civil Engineers established Research committee on Continuous 

Fiber Reinforcing Material (CFRM) in 1898. This organization was study the design 

method, construction methods, specifications and standard test method from 1993 to 1995. 

Recommendations for design and construction of concrete structures using continuous 

fibre reinforcing materials was published in Japanese in 1996 and translated in 1997 [7]. 

In the same time, one design guidelines has been developed and taken by the AIC 

Committee 440 in 1996 [18]. In 2015, a study analyzed a concrete beam prestressed with 

a CFRP tendon according to ACI 440.4R-04 and ISIS design manual No.5. The difference 

in the structural behavior between both codes was presented [19]. In 2016, Sevil Yaman 

conducted a series of experiments for CFRP application as a corrosion-resistant material 

in the prestressed precast concrete bridge for marine environments. T-Beam specimens 

(length of 3350 mm, height of 304.80 mm, flange width of 914.40mm and 304.80 mm in 

the web width) were analyzed and compared the results obtained using the ACI 318 Code 

prediction [20]. 

However, there were few findings to be confirmed regarding the durability of the 

bridge prestressed by CFRPs subjected to actual long-term salt damage. In 2017, Mark 

F.Green presented research on the durability of CFRPs for bridges over a long period in 

Canada. The strength and durability of a prestressed CFRP sheet and CFRP tendon over 

13 years were confirmed [4]. In Shinmiya Bridge, the first prestressed concrete bridge in 

the world using CFRP tendons in the main girders, investigations to clarify the 

serviceability and durability of the main girders reinforced by CFRP tendons have been 

conducted from the time of construction. Three test girders were manufactured with the 

same size as the main girders in 1988. At the same time, one girder was used to perform 
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a flexural experiment to determine the ultimate behavior and load carrying capacity of 

the prestressed concrete girder [21] as well the deflection and the strain behavior of the 

CFRP [22]. Furthermore, two other girders (mountainside, seaside) were placed next to 

the main girders in the same conditions for confirming their long-term quality. Six years 

after the construction time (1994), a destructive test was carried out on the seaside girder, 

a comparison of load-carrying capacity with the results at the time of construction was 

done, and the durability of the CFRP tendon was confirmed [23].  

1.4 Research Objective 

The main object of this study is to study on durability and practicability of 

concrete bridge using Carbon Fiber Reinforced Plastic (CFRP) tendon.  

The first object is to investigate and clarify the quality, durability of CFRP as well 

as the structure reinforced by CFRP after long-term service. One full-scale girder of 

Shinmiya Bridge was brought from the site after nearly 30 years of service in a corrosive 

environment. This girder was prestressed by eight CFRP tendons. A series of experiments 

were conducted on this prestressed concrete girder. Finally, the serviceability and 

durability of the girder were confirmed, the suitability of using CFRP in the structural 

bridge was also clarified.  

In addition, an analytical model was developed by finite element method to 

understand deeply the flexural behavior in the prestressed concrete girder by CFRP 

tendons. Furthermore, parametric study using this model had been done to evaluate the 

change in structural behavior. 

To develop the application of CFRP for the precast concrete slabs is the thirds 

object of this study.  Series of investigation using CFRP for precast concrete slabs at the 

cast-in-place joint position were conducted. The aim of this investigation is to find the 

method to enhance the durability of the joint and reducing the width of the joint as short 

as possible. A lot of specimens were fabricated and three series of the fundamental pull-

out experiment were performed. A method for joints of precast concrete slabs reinforced 

by CFRP was proposed for the application in a real structure. 

The objective of this study can be summarized in the following points: 
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 To study the serviceability and durability of prestressed concrete girder using 

CFRP tendons after 30 years in a salt damage environment. This study was 

examined about the following factors: 

 Effective stress 

 Bending load 

 Transfer length 

 Salinity analysis 

 Compressive strength of concrete 

 Tensile strength of CFRP 

 Chemical analysis of CFRP 

 A simulation model was developed for the analysis flexural behavior of the 

prestressed concrete girder using CFRP tendon via finite element method. The 

verification of the model was evaluated by comparing numerical result and 

experimental result including load-bearing capacity, the curve of applied load 

versus middle span deflection, and crack pattern. After the good agreement was 

be confirmed, the model is fundamental to consider the variables affected on the 

structural behavior by LS-DYNA and DIANA software such as: 

 Level of prestress force 

 Compressive strength of concrete 

 The input parameters for material card 

 Change of characteristic of main materials 

 The bond slip model 

 To investigate the method for using CFRP in the cast-in-place joint of precast 

concrete slabs reinforced by CFRP via a series of experiments with the variation 

difference including: 

 Two types of CFRP diameter 

 Three types of the fixation length 

 Three method using CFRP in joint 

 Method filling inside tuft body 
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1.5 The structure of the dissertation 

The dissertation presented in five chapters, the entire study is described roughly 

by structure shown in Figure 1.5. 

Chapter 1 describes the backgrounds, previous studies, motivation and the 

objectives of this study. 

Chapter 2 presents the series of the experiment conducted on the prestressed 

concrete girder using CFRP after 30 years exposed in the aggressive environment. The 

durability and serviceability of CFRP and the girder were confirmed. It is evidence for a 

suitable of application CFRP in bridge construction in long-term  

Chapter 3 built the three-dimentional model of the prestressed concrete girder 

using CFRP tendons in software to bring a deeply understand regarding the flexural 

behavior of the girder. After the accuracy of the model was confirmed, the parametric 

study was examined on the fundamental model to evaluate the effect of some factors to 

the structural behavior that need to consider in future.  

Chapter 4 focuses to investigate the method for using CFRP in the cast-in-place 

joint of precast concrete slabs reinforced by CFRP. A lot of specimens were conducted 

for the fundamental experiment. Final, one method was proposed to apply CFRP in 

precast concrete slabs and the joint position that can enhance the durability of joint and 

reduce the width of joint. This study encourages the development and application of 

CFRP in precast concrete slabs. 

Chapter 5 is the summary for this study. Several conclusions were given to apply 

CFRP in bridge structures. In addition, recommendations for future work is considered. 
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Chapter 2. Load-carrying capacity and durability of 

prestressed concrete girder using CFRP tendons under 

long-term exposure in corrosive salt environment  

2.1 Introduction 

The Hokuriku region, which is along the coastline of the Sea of Japan, is highly 

affected by seasonal-wind-based airborne salinity from the Northwest. Reinforced 

concrete structures are corroded by salt penetration, and thus the serviceability and 

durability of the structures are decreased. This problem has become a challenge for civil 

engineering works, especially for bridges. The old Shinmiya Bridge in Ishikawa located 

on the coast of Ishikawa Prefecture was a reinforced concrete bridge that had been 

damaged by salt corrosion. It was necessary to build a new bridge after 12 years in service 

[1]. 

The appearance of FRP brought another approach to solve the problem of 

structural deterioration caused by steel corrosion. The use of Carbon-Fiber-Reinforced 

Plastic (CFRP) as an alternative to ordinary steel has increased rapidly since the 1980s in 

Japan. In October 1988, CFRP was selected as the tensioning material for the main girders 

of the new Shinmiya Bridge. This is  the first prestressed concrete bridge in Japan and the 

world to utilize CFRP tendons against salt damage [2].  

After 30 years of Shinmiya Bridge construction, the technical of CFRP application 

in the bridge construction was developed strongly in other countries such as the United 

State, Canada, Belgium, Germany [3]–[5]. However, the uncertain of long-term durability 

is a barrier for application expansion of CFRP in the world. Therefore, this problem 

becomes the research topic for sciences. Many studies were conducted both of in 

laboratory and in outside with the various in the shape and form of structures using CFRP. 

It is difficult that CFRP is a new material and the design life of a civil engineering 

structure is between 50 to 100 years. Hence, the long-term serviceability and long-term 

quality of CFRP and structure using CFRP are lack of data. Only several studies of the 

bridge structure using CFRP under a real of corrosion environment were recorded.   
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From the time of Shimmiya Bridge construction, the long-term observation and 

study were performed by the three full-scale girders. These girders were fabricated the 

same of main girders and two girders placed next to the main girders under the same 

environment in two directions including seaside and mountainside. The other one was 

subjected for loading test to determine the ultimate behavior and load-carrying capacity 

of the prestressed concrete (PC) girder [6] as well the deflection and the strain behavior 

of the CFRP [7] in 1989. In 1994 (six years after the construction time), the seaside girder 

was remove form site and conducted a destructive test, the load-carrying capacity of the 

seaside girder was compared with the result of the first girder, and the durability of the 

CFRP tendons was confirmed [8].  

In this study, the load-carrying capacity and durability of prestressed concrete 

girder using CFRP tendons affected by an actual corrosive salt environment for nearly 30 

years were investigated. A series of experiment were conducted for the girder exposed at 

mountainside of Shinmiya Bridge. The destructive bending experiment was performed 

on the girder to clarify the flexural capacity. The ultimate load and crack initiation load 

were compared with those values at the time of construction and six years after the time 

of construction. In addition, after the bending test, a larger number of concrete cores were 

 

Figure 2.1 Shinmiya Bridge - October 2017 
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taken from the girder to estimate the mechanical properties of concrete such as 

compression strength, static elastic modulus. Amount of salt in the girder was measured 

to evaluate and discuss from the cores collected.  The mechanical and chemical tests were 

conducted on CFRP tendons removed from the main girder. From the experimental 

results, the mechanical properties and durability of prestressed girder as well CFRP were 

confirmed. 

2.2 Description of Shinmiya Bridge 

The Shimiya Bridge was built at the Shika town, Hakui district, Ishikawa 

Prefecture, Japan in October 1988. Originally, the bridge was a reinforced-concrete-slab 

bridge, but under the corrosive environment of the building site, the steel material 

significantly corroded and the concrete surface was broken within 12 years after the 

original construction. Therefore, CFRP was selected to reinforce the main girders in the 

new bridge in October 1988. Figure 2.1 shows the Shinmiya Bridge on October in 2017. 

Figure 2.2 and 2.3 respectively show the side view and cross-section of the 

Shinmiya Bridge. The bridge length was 6100 mm and the effective width was 7000 mm. 

As shown in Figure 2.3, the main bridge has a structure in which 24 main girders with an 

I-shaped cross-section (JIS A 5313, S106-325). Regarding countermeasures against salt 

damage to the main girders, a D6 epoxy-coated rebar and eight CFRPs of Ø12.5 mm with 

seven strands were selected. On both sides of the bridge, two full-scale test girders at 

mountainside and seaside were fabricated and transversely tightened together with the 

main girders of the bridge in the same environment to confirm their long-term robustness. 

When six years passed (1994) after construction, the test girder at the seaside was 

removed and the bending fracture experiment was conducted using this girder. In addition, 

the transmission length test, salinity measurement, tensile test and chemical composition 

test of the CFRP tendons removed were performed. In this research, other test girder on 

the mountainside was removed from the main bridge and subjected to the same tests as 

mentioned above. 
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Figure 2.2 Side view (mountainside) of Shinmiya Bridge 

 

 

                           

Figure 2.3 Side view (mountainside) of Shinmiya Bridge 

 

 

 

Figure 2.3 Cross-section of Shinmiya Bridge (unit: mm) 

 

 

 

 

Figure 2.3 Cross-section of Shinmiya Bridge (unit: mm) 

 

                                    

Figure 2.4 Cross-section of main girder (unit: mm) 
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Figure 2.4 shows the I-shaped cross-section of the mountainside girders. The 

length, height, and width of upper flange, width of lower flange are 6060 mm, 325 mm, 

200 mm, and 320 mm respectively. The girder was reinforced with eight CFRPs with Ø 

12.5 mm and seven strands, in which six CFRPs was used for the tensile zone and two 

CFRPs located in the compression zone. The space between CFRPs in upper flange was 

80 mm while this number was 50 mm of five CFRPs in the lower flange. The number 

three of CFRPs in the tensile zone was located at the center of the lower flange and at a 

height of 90 mm from the bottom of the girder (seen in Figure 2.4). Epoxy coated rebar 

of D6 was set up for stirrups and the compressive strength of 59.8 N/mm2 for concrete 

 

(a) 

 

(b) 

Figure 2.5 The mountain girder after removing from the site 
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was recorded in 1988.  Figure 2.5 (a)-(b) show the condition of the mountainside girder 

after removing from the site and moving to the laboratory. 

2.3 Experimental method 

The experimental process followed in this research is shown in Figure 2.6. First, 

after removing the test girder from the bridge site, it was brought into the laboratory; the 

effective stress was estimated using the stress release technique with a core incision, and 

the obtained value was compared with the design value. Next, a flexural experiment by 

applying a bending load was carried out, and the difference from the ultimate load 

obtained in the same test conducted six years after construction was considered. The 

transfer length of the prestressed girder, which obtained by obtained by recording a 

relationship between strains on the concrete girder surface versus the distance to the end 

of the girder before and after cutting the upper and lower flanges, was examined by using 

half of the girder after the flexural experiment. Furthermore, the concrete cores were 

collected, the compressive strength test was conducted and salt content was measured. 

Finally, the mechanical and chemical characteristics of the CFRP removed from the main 

girder were determined. 

 

Figure 2.6 The flow chart of research 
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2.4 Estimate of effective stress 

2.4.1 Test method 

Regarding the use of CFRP, it was considered that the effective stress might 

decrease owing to material fatigue caused by repeated live loading and relaxation caused 

by material deterioration under exposure to an actual service environment over a long 

period. Therefore, to determine whether the effective stress of the prestressed concrete 

girder using CFRP tendons was still in the design stress state after nearly 30 years, the 

effective stress estimation method based on the stress release technique [9] was used. The 

effective stress was estimated by the release of the working stress and measuring the strain.  

The measurement procedure divided 7 steps. First, three survey positions were 

selected for this test. This test girder was a pre-tensioned beam, and a transfer length 

existed at the end of the girder. The stress was stabilized in the cross-section at the center 

of the span, and the bottom flange with a large stress was selected as the measurement 

position. Although no noticeable deterioration was observed in the appearance of the test 

specimen, the stress might vary along the width of the bottom flange. Hence, the positions 

deviated from the center of the cross-section to the left and right at 160 mm from the 

center and 60 mm from the edge, and the distance between the two positions was 1000 

mm. Three positions considered in this experiment can see in Figure 2.7. 

 

Figure 2.7 Measurement position 

Next, strain gauges were pasted on the survey positions as shown in Figure 2.8 

(a). A gauge for concrete with a gauge length of 30 mm was attached to the measurement 

position in two directions perpendicular to the prestress direction. In order to make a note 

by the core drill around the gauge, a type that lead wire can be attached and detached with 

solder was used. Initial of strain was recorded with a static strain gauge as the initial value 

before the release of core incision.  
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In term of the stress decreased by core incision, the core incision was made to a 

depth of 18 mm using a drilled core of Ø50 mm,. Figure 2.8 (b) show core cut condition. 

After cutting, gauge lead wires were wired and measured at intervals of 150 

second intervals. Then, the stability of the strain value was confirmed and the 

measurement was terminated. The Young modulus required for stress conversion, the 

measured value by the core sample was adopted. From the measured values, the present 

prestress was estimated and calculated from the estimation equation of effective stress [9]. 

2.4.2 Estimation results 

By applying the effective stress estimation method based on the stress release 

technique, the effective stress on the main girders was estimated and compared to the 

design value of the effective stress to evaluate the durability of the CFRP tendons. Table 

2.1 compares the design value of the effective stress with the estimated values (these 

values did not consider stress due to dead load). The estimated values at each 

measurement sample almost approximated to the design value. In comparison with 

sample 2 (No.2), the value of sample 3 (No.3) was slightly higher by 0.3 N/mm2 and the 

value of sample 1 (No.1) was lower by about 1 N/mm2. This result was consistent with 

the deformation behavior of the warp due to the increase and decrease in the tensile force. 

The average of the three positions (11.51 N/mm2) was higher than the design value by 

0.43 N/mm2, and the ratio between the average value and the design value was 104%. It 

      

(a) Strain gauge attachment                              (b) Core cut condition 

      

 

      

(b) Strain gauge attachment                              (b) Core cut condition 

      

Figure 2.8 The setup of experiment 

 

Figure 2.8 The setup of experiment 
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appeared that there was no significant difference between the effective stress in this study 

and the design value. 

2.5 Loading test 

2.5.1 Test method 

The loading test was conducted using the same method that was used in 1988 and 

six years after the construction (1994). The loading method is shown in Figure 2.9, and 

the arrangement of measurement points is shown in Figure 2.10. In the destructive 

bending experiment, the static bending load was applied at two points in the middle of 

the span with a distance of 1000 mm. Measurement items included the displacement at 

the support positions, at the center of the main girder, embedded strain gauge, and 

concrete surface strain gauge. 

The loading procedure was the same as that used in the flexural experiment, which 

was conducted in 1988 and 1994. First, the load was applied up to 35.4 kN (design load 

35.3 kN) and returned to 0 kN. Second, the sample was loaded to crack initiation load and 

returned to 0 kN again. Finally, the sample was loaded to the ultimate load as the final 

stage. 

Table 2.1 Comparison of effective stress of design value and estimated value 

 (Did not consider stress due to dead load) 

 

Table 2.2 Comparison of effective stress of design value and estimated value 

 (Did not consider stress due to dead load) 

No. 
Design value 

(N/mm2) 

Estimated value 

(N/mm2) 
Ratio Difference 

1 11.08 10.76 97% -0.32 

2 11.08 11.72 106% 0.64 

3 11.08 12.05 109% 0.97 

Average 11.08 11.51 104% 0.43 
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Table 2.1 

Comparison 

of effective 

stress of 

design 

value and 

estimated 

valueNo. 

Design value 

(N/mm2) 

Estimated value 

(N/mm2) 
Ratio Difference 

1 11.08 10.76 97% -0.32 

2 11.08 11.72 106% 0.64 

3 11.08 12.05 109% 0.97 

 

Figure 2.9 The setup of loading test 
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2.5.2 Results and discussion   

Figure 2.11 and Figure 2.12 show the situations of the girder before the test and 

at the failure, respectively. The crack pattern after loading test is shown in Figure 2.13 

and the load-displacement relationship obtained by the loading test is shown in Figure 

2.14. In addition to the results of this flexural experiment, the crack initiation load, load-

carrying capacity at the time of construction and six years after construction, and design 

values are summarized in Table 2.2. 

 

Figure 2.10 Measurement positions (unit: mm) 

 

 

 

Figure 2.10 Measurement positions (unit: mm) 

 

 

Figure 2.11 Girder specimen before test 
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Figure 2.12 Girder specimen at failure 

 

 

 

 

 

 

Figure 2.14 Load-displacement relationship at the center of the girder

 

 

Figure 2.14 Load-displacement relationship at the center of the girder 

 

 

 

 

Figure 2.13 Crack pattern after loading test
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Figure 2.13 Crack pattern after loading test 

 

Figure 2.13 Crack pattern after loading test 
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The failure mode imposed in this loading test was the crushing of concrete in the 

compressive area after the bending crack propagation. This failure mode occurred 

because two reasons. Firstly, CFRP is linear elastic and has no yield phenomenon. 

Secondly, the girder was calculated and designed to be a destructive form, in which the 

concrete in the compressive zone collapsed before the CFRP in the tensile zone ruptured. 

This destruction was similar to that observed on test girders in the experiments at the time 

of construction and six years after construction. 

Figure 2.15 shows the condition of the prestressed concrete girder surface after 

the concrete collapse with detailed CFRP observations. It was found that the CFRP in the 

upper side was twisted and broken after crushing of the concrete. The situation of CFRP 

in the upper side was shown on the yellow dash-line areas on Figure 2.15. However, 

failure due to tension could not be confirmed at the CFRP on the lower side. 

The design crack initiation load (68.3 kN) and design bending fracture load (131.2 

kN) are mentioned in Figure 2.14. From the load-displacement relationship, when the 

load was removed after loading up to design load and crack initiation load, almost no 

residual displacement could be confirmed. Although the results of the loading test of the 

Table 2.2 Comparison of crack initiation load and ultimate load 

 Design 

value 

In 1988 In 1994 In 2017 

At the time 

of 

construction 

After 6 

years 

After 29 

years 

Crack initiation load (kN) 68.3 70.6 98.3 82.8 

Ultimate load (kN) 131.2 132.3 167.1 157 

 

 

Table 2.4 Comparison of crack initiation load and ultimate load 

 Design 

value 

In 1988 In 1994 In 2017 

At the time 

of 

construction 

After 6 

years 

After 29 

years 

Crack initiation load (kN) 68.3 70.6 98.3 82.8 

Ultimate load (kN) 131.2 132.3 167.1 157 

 
 

Figure 2.15 Status of CFRP in compression and tension zone at failure 

 

 

Table 2.3 Comparison of crack initiation load and ultimate load

 

Figure 2.15 Status of CFRP in compression and tension zone at failure 
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mountainside girder at this time and of the seaside girder at six years after construction 

time were almost overlapped, the ultimate load is lower around 6% as compared with the 

result obtained at six years after construction. However, crack initiation load and ultimate 

load in both 1994 and 2017 respectively exceeds the value at the time of construction and 

design value as shown in Table 2.2. Therefore, it can be judged that the load-carrying 

capacity of the girder has been still in good condition. 

 

Figure 2.16 Load-strain relationship of concrete 

 

 

 

Figure 2.16 Load-strain relationship of concrete 
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Figure 2.17 The neutral axis depth 
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The load-strain relationships of concrete on the top and bottom surfaces at the 

span center are presented in Figure 2.16. The result obtained from the bending experiment 

in 1994 was added to compare. As can be seen from Figure 2.16, the relationship between 

applied load and strain obtained by this experiment was close to the results in 1994. The 

neutral axis depth from the top edge was calculated from the concrete surface strain gauge 

and embedded strain gauge (see Figure 2.17). It assumed the linear distribution of strain 

in the cross-section for the neutral axis calculation. In the elastic stage, the neutral axis 

depth was almost similar between two results. After reached the crack initiation load of 

82.8 kN, the values of the neutral axis were a slight difference. However, both of them 

had the trend toward the compression zone with an increase of the applied load. This 

difference may be due to one of the concrete surface strain gauges on the lower side that 

was broken before ultimate load and the strain distribution on the cross-section was not 

linear. In term of the result calculated, the neutral axis depth of test girder was 

approximately 81 mm at 156.2 kN. 

2.6 Transfer length test 

2.6.1 Test method 

In pre-tensioning concrete members, the steel strands has an initial stress 

following the required force, then concrete is cast around strands. When the concrete 

reaches a sufficient compressive strength, the prestress force is transferred to the concrete 

due to the bond between the strands and the surrounding concrete through the release of 

prestress. After this release, there is a variability in the prestressed force from zero in the 

end of structure to the constant maximum value (effective prestressing force) in the center 

zone. The length required to achieve the effective prestressing force is defined as 

transmission length or transfer length [10]. 

After long-term service of the girder, to investigate whether the bond between the 

CFRPs and concrete was decreased or not and the transmission length changed or not, a 

transfer length test was conducted.  

In this test, the technique of concrete surface strain, which recorded a relationship 

between strains on the concrete girder surface versus the distance to the end of the girder, 

was used to determine the transfer length. After the flexural test, the main girder was cut 

at the center of the span and one of two half girders was used. First, 40 strain gauges were 
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attached on the neutral axis in an interval of 2000 mm from the end of the girder. Figure 

2.18 shows an arrangement of strain gauges following the zigzag because the size of the 

 

 

 

Figure 2.18 Setup of transfer length test

Figure 2.18 Setup of transfer length test 

 

                                                                                                         

 

Figure 2.19 The ½ girder before and after cutting flanges 



Chapter 2 

 

NGUYEN THI HUE 1724052004                                                                                         41 

 

strain gauge (WFLM-60-11) for this test was large. Next, the web where tendons were 

not present was removed from the main girder by concrete cutting machine (see Figure 

2.19). The blue line in Figure 2.18 indicates the boundary among the web, lower flange, 

and upper flange. The strains were measured at the time of cutting and the transmission 

length was determined by observing the variation of strains.  

2.6.2 Results and discussions 

Figure 2.20 shows the measurement values of strain in three cases. The blue 

circles are used to show the measured strains after the lower flange was completely cut. 

The orange triangles indicate the results measured immediately after both of the upper 

and lower flanges were cut off.  And the green squares serve to illustrate values of strain 

on the concrete surface measured after 16 hours since both of the upper and lower flanges 

were cut off.  

The transmission length according to the road bridge specification is defined as 

65Ø [11] hence it was 812.5 mm in the case of this main girder. However, from the results 

of this test shown in Figure 2.20, the transmission length was considered 500 mm, which 

was smaller than 65Ø. The same result was obtained in the test conducted six years after 

construction [8], and it became clear that both of the transfer length and the bond between 

the CFRP and concrete had not changed. 

 

Figure 2.20 Changes in transfer length in web 
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2.7 Measurement of salt content 

2.7.1 Test method 

After the flexural test, four drilled cores were collected on the web side and bottom 

surface of the girder as shown in Figure 2.21. Three cores were on the web side and one 

core was on the bottom surface of the girder. Then, the salt content was measured on these 

samples.  

On the web side, three concrete cores with a diameter Ø 40 mm and length of L = 

80 mm were collected at positions of 1080 mm, 1150 mm and 1280 mm from the end of 

the girder. One core with a length of L = 30 mm from the concrete surface to the stirrup 

position at the position 920 mm from the end of the girder was collected on the bottom 

surface of the girder. The concrete cores were sliced to a 10-mm-thick layer, and the total 

chloride ion concentration in each slice was measured according to JIS A 1154 [12]. From 

the measurement results of the chloride ion concentration, the total chloride ion 

concentration at each depth was calculated using the Fick’s diffusion coefficient of 

chloride ions and surface chloride ion concentration as following equation. 

In here, C (x, t): chloride concentration at depth x (cm) and time t (year) 

Co: Surface chloride concentration (kg/m3) 

D: Fick’s diffusion coefficient of chloride ions (cm2/year) 

𝐶(𝑥, 𝑡) = 𝐶0 (1 − 𝑒𝑟𝑓 (
𝑥

2√𝐷 ∗ 𝑡
)) 

 

Figure 2.21 The method collecting the cores 

 

 

 

Figure 2.21 The method collecting the cores 
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2.7.2 Results and discussion 

From the measured and calculated results, the total chloride ion concentration on 

the web side (three samples) and lower flange are shown in Figure 2.22 and Figure 2.23, 

respectively. In Figure 2.22, the red circles, blue triangles and green squares show 

measurement results of cores at positions of 1080 mm, 1150 mm and 1280 mm on the 

web, respectively. These values were measured with 10 mm-thick layers of samples, 

hence they are plotted in the center of each slice. In addition, the red line, blue line and 

green line illustrate the calculated results of the total chloride ion concentration for each 

           

Figure 2.22 Chloride ion concentration on web of main girder 

 

 

         

Figure 2.23 Chloride ion concentration on the lower flange of main girder          
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Figure 2.23 Chloride ion concentration on the lower flange of main girder 
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depth of cores corresponding to three positions (1080 mm, 1150 mm and 1280 mm). In 

the same way, the red circles are used to demonstrate measured results of the core in the 

bottom surface while the red line shows the calculated results of salt content at each depth 

of this core in Figure 2.23. Moreover, blue triangles and green squares, which indicate 

the results of the chloride concentration survey in 2012 by the drill method at positions 

located on the bottom surface of this girder on two directions (abutment A1 and abutment 

A2, as shown in Figure 2.2), were added on Figure 2.23 for comparison. 

First, in terms of comparing the results in Figure 2.22 and Figure 2.23 of two 

measurement sites, the bottom surface has a higher chloride ion concentration than the 

side surface. It was considered that this phenomenon was caused by rinsing of the salt on 

the concrete surface on the side by rainwater. 

Second, considering the results for the web of the girder in Figure 2.22, there is a 

decrease of chloride ion concentration in the width of the web from the mountainside to 

the adjacent girder side. Salinity penetration from the mountainside was remarkable. In 

addition, the results chloride ion concentration on the adjacent girder side (the side that 

was face-to-face with the other girder) was quite lower. The average value of the surface 

chloride ion concentration (C0) was 3.58 kg/m3, and the average value of the diffusion 

coefficient of chloride ions (D) was 0.04 cm2/year. 

However, from the results for the bottom surface of the girder, the surface chloride 

ion concentration (C0) was 8.42 kg/m3, and the diffusion coefficient of chloride ions (D) 

was 0.83 cm2/year. Compared to the chloride ion concentration on bottom surface 

measured in 2012, there was no significant increase in chloride ion concentration for the 

depths from 0.0 to 2.0 cm from the concrete surface in Figure 2.23, but the chloride ion 

concentration at a depth from 2.0 to 3.0 cm from the concrete surface has significant 

change. It was confirmed that the concentration increased, and it was estimated that the 

chloride ion concentration was nearly 6.0 kg/m3 at the position of the stirrup rebar 

(reinforcement cover was 27.5 mm). It largely exceeded the corrosion occurrence limit 

of steel, 1.2 kg/m3; the rebar could have been considered corroded if general steel 

materials were used.  
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2.8 Compression test of concrete 

2.8.1 Collected the samples 

After bending fracture experiment, two cores with a diameter of approximately 

Ø40 mm was taken from the upper flange of the girder at 740 mm and 870 mm from the 

end of the span, and the compressive strength test was carried out. Figure 2.24 shows the 

sample and the setup for the compressive test. 

2.8.2 Experimental result 

The compressive strength, elastic modulus, and Poisson's ratio was calculated and 

summarized in Table 2.3. It seems that the average value of the compressive strength 

(75.1 N/mm2) is higher than the value recorded (59.8 N/mm2) in 1988, which is also given 

in Table 2.3. 

                        

 
Figure 2.24 Setup the compressive experiment 

 

Table 2.6 Results of compressive strength test of concrete 

 Compressive strength 

(N/mm2) 

Elastic modulus 

(kN/mm2) 
Poisson's ratio 

No. 1 79.8 39.8 0.2 

No. 2 70.4 34.6 0.2 

Average 75.1 37.2 0.2 

In 1988 59.8 32.1 0.2 

 

 

Table 2.7 Results of compressive strength test of concrete 

 Compressive strength 

(N/mm2) 

Elastic modulus 

(kN/mm2) 
Poisson's ratio 
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2.9 Tensile test of CFRP 

2.9.1 Collected the samples 

A concrete cutting machine removed CFRPs in the upper and lower flanges of the 

girder that were separated in the transfer length test. CFRPs were collected as samples for 

this test with the length of 2.2 m as shown in Figure 2.25. Subsequently, they were 

subjected to preparation for the tensile test (see Figure 2.26). 

                                 

Figure 2.25 CFRP after removed from the girder and prepare for the tensile test 

 

Table 2.8 Results of CFRP tensile testFigure 2.25 CFRP after removed from the girder 

and prepare for the tensile test 

 

Figure 2.26 Setup the tensile experiment of CFRP 
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2.9.2 Experimental results 

The ultimate tensile load and elastic modulus were determined. In addition to the 

ultimate tensile load and elastic modulus obtained in this study, the results at the time of 

the construction, the results at six years after construction, and the standard values are 

summarized in Table 2.4. 

The elastic modulus decreased by approximately 7% from the value obtained six 

years after construction, but this value was still within the allowable variation range. In 

addition, the ultimate tensile load was comparable to that of past values and residual 

tension load capacity was confirmed. 

2.10 Chemical analysis of CFRP tendon 

2.10.1 FE-SEM observation 

CFRPs were exposed to an alkaline environment in concrete and were affected by 

chloride ions and repeated loading due to the live load. Here, surface observation was 

carried out for CFRPs at positions ③, ④, and ⑧, shown in Figure 2.4. The CFRP 

(polyester, wrapping) surface was observed with an optical microscope; the surface of the 

carbon fiber removed from the CFRP surface coating and the epoxy resin were observed 

in detail by FE-SEM (field emission scanning electron microscopy). Figure 2.27 shows 

the CFRP surface observed with an optical microscope (20 times) in the left side and the 

surface of the carbon fiber observed with FE-SEM (2000 times) in the right side.  

Although some scratches were caused when CFRPs were collected from concrete, 

there was no part where the coatings and carbon fibers themselves seemed to have 

Table 2.9 Results of CFRP tensile test 

 
Rupture load 

Elastic modulus 

(kN/mm2) 
Average   

(kN) 

Maximum 

(kN) 

Minimum 

(kN) 

At the time of 

construction 

(in 1988) 

156.8 165.1 148.0 139.2 

After 6 years 

(in 1994) 
155.8 165.4 148.8 142.1 

After 29 years 

(in 2017) 
156.8 161.0 148.6 132.5 

Quality standard 

value 
137.2 129.4～144.1 

 

 

Table 2.10 Results of CFRP tensile test 

 
Rupture load 

Elastic modulus 

(kN/mm2) 
Average   

(kN) 

Maximum 

(kN) 

Minimum 

(kN) 

At the time of 

construction 

(in 1988) 

156.8 165.1 148.0 139.2 

After 6 years 

(in 1994) 
155.8 165.4 148.8 142.1 

After 29 years 

(in 2017) 
156.8 161.0 148.6 132.5 

Quality standard 

value 
137.2 129.4～144.1 
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deteriorated owing to the salt environment and live load. Therefore, it was confirmed that 

there was no problem in the CFRP surface and carbon fiber surface. 

2.10.2 Fourier Transform Infrared Spectroscopy (FT-IR) Analysis  

FT-IR (Fourier Transform Infrared Spectroscopy) analysis was conducted using 

CFRPs from positions ③, ④, and ⑧, shown in Figure 2.4. A total of nine core wires 

and two helical wires of each cable were used as samples to investigate the chemical 

structural changes that accompany deterioration. As an example of the analysis results 

obtained using FT-IR, Figure 2.28 shows the comparison between the result of the core 

strand of the CFRP in position ④ and that obtained six years after construction. There 

was no major change in the result of this test compared with the FT-IR measurement 

result at six years after construction, but there was a position where a fine peak appeared. 

 

Figure 2.27 CFRP surface and carbon fiber surface 

 

Figure 2.28 Analysis result by FT-IR 
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This may be because of the excellent accuracy of the current measuring machine. 

Therefore, it can be said that although several differences were observed, no deterioration 

attributed to chemical structural changes occurred because large changes, such as the 

disappearance of the main peak, could not be confirmed. 

2.11 Conclusions 

In this study, the series of experiments was conducted on the prestressed concrete 

girder using CFRP tendons, which was exposed to an actual corrosive environment for 

nearly 30 years. The measurement of effective stress, the transfer length test, compressive 

strength test of concrete, the destructive bending experiment were carried out on the main 

girder and the mechanical and chemical properties of CFRPs removed from the main 

girder after the flexural experiment were examined. From the results and discussions, the 

load-carrying capacity and the durability of the girder were confirmed. The remarkable 

conclusions in this research are as follows. 

(1) No significant difference between the effective stress in this study and the design value. 

(2) From the load-displacement relationship, the results of this test and the results at six years 

after the construction were almost overlapped, but the ultimate load in this study were 

approximately 6% lower than that at six years after construction. However, the results exceeded 

the design value and value at the time of construction. It could be considered that the load-carrying 

capacity of the girder has been still in good condition. 

(3) The transfer length of the specimen was determined to be 500 mm, which was smaller 

than 65Ø. The same result was obtained in the test conducted six years after the original 

construction, and it became clear that the transfer length and the bond between CFRPs and 

concrete did not change. 

(4) From the analysis results of the salt content in the core collected from the lower surface 

of the main girder, chloride ion concentration in the bottom surface was higher than that in the 

side surface; the chloride ion concentration was estimated to be approximately 6.0 kg/m3 at the 

position of the stirrup rebar (reinforcement cover was 27.5 mm). 

(5) The compressive strength of concrete (75.1 N/mm2) is higher than the value recorded 

(59.8 N/mm2) in 1988. 

(6) The tensile test of the CFRPs taken out after the flexural experiment was confirmed, the 

rupture load was comparable to the previous results and residual tension load capacity was 

observed. The elastic modulus of CFRP decreased by approximately 7% from the value in 1994. 
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(7) There was no position where the coatings and carbon fibers themselves seemed to be 

deteriorated, according to the FE-SEM observations of the CFRP tendons. It was confirmed that 

there was no problem in the CFRP surface and carbon fiber surface. In addition, from the FT-IR 

analysis results, no significant change, such as the disappearance of the main peak or appearance 

of a new peak, could be confirmed. Therefore, it was considered that deterioration caused by 

chemical structural change did not occur. 
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Chapter 3. Numerical analysis on the flexural behavior 

of the prestressed concrete girder using CFRP tendons 

3.1 Introduction 

The reduction in the lifespan of concrete structures in bridges due to steel 

corrosion has become a significant problem, especially with structures built on the coast 

area. Since the 1980s, Japanese engineers have used Carbon Fiber Reinforced Plastic 

(CFRP) in the research to replace the conventional steel, counteract corrosion and 

enhance durability because of superior CFRP characteristics. 

The durability and serviceability of structure using CFRP have been investigated 

since 1988 when the Shinmiya Bridge was built. This was the first bridge using CFRP 

tendons (CFRP strand of Tokyo Seiko Rope Mfg. Co., Ltd) in main girders both in Japan 

and in the world. The Shinmiya Bridge was built near the coastal line at the Shika town, 

Hakui district, Ishikawa Prefecture. The maximum precipitation per day in this area 

fluctuated from 51 mm to 144 mm from 1988 to 2017, the highest temperature was 38.7oC 

in 1999 and the lowest temperature was -8 oC in 1988. This area is one of the areas 

affected significantly by salt damage in Japan. Therefore, CFRP tendons were applied in 

the main girders of the prestressed concrete bridge in order to counteract the salt damage. 

In Shinmiya Bridge, two test girders were fabricated, placed next to the main girders, and 

exposed to the actual corrosive environment. After six years of construction time (1994), 

one of the girders was subjected to the bending test. The durability of the girder and CFRP 

tendons were confirmed. After nearly 30 years (2017), the second girder was also 

removed from the main bridge and subjected to the flexural experiment. The results of 

the load-carrying capacity and durability have been evaluated. They have been already 

shown in Section 2.5 of Chapter 2.  

Nowadays, the development of the science and technology provided commercial 

soft-wares for numerical simulation with finite element method. These commercial soft-

wares are effective tools and can be more economical in comparing with the investment 

for conducting experiments. The finite element method can be used to model various 



Chapter 3 

 

NGUYEN THI HUE 1724052004                                                                                         52 

 

combinations of geometric and loading conditions. Therefore, utilize of them became 

popular in architectural engineering and civil engineering field. This chapter aims to use 

numerical analysis to predict the flexural behavior of the prestressed concrete girder of 

Shinmiya Bridge, which reinforced by CFRP tendons and exposed to the actual 

environment after nearly 30 years. CFRP has linear elastic behavior, the model will 

support to observe the flexural response of the girder until the failure. The properties of 

the material used in modelling the girder were based on the experimental tests in Chapter 

2. The results obtained from the finite element method was firstly compared with the 

results of the experiment to evaluate the accuracy of the model. Then, the fundamental 

model was proposed to study factors that can be affected the behavior of the girder. 

3.2 Finite element model using LS-DYNA software 

3.2.1 Overview of analysis 

To obtain a deeper understanding of the variations in the structural behavior of 

the girder, numerical simulations were performed using the finite element method (FEM). 

The three-dimensional analysis model was built in LS-DYNA as shown in Figure 3.1. In 

the numerical approach, the models were first verified by comparing the elicited results 

with those obtained in real-scale tests. The emphasis here is on the methodology, i.e., on 

the identification of ways to apply FEM analysis to the CFRP girder that possesses new 

characteristics. Because the destructive test, itself encompasses nonlinear structural 

features and is associated with significant deformation, modelling the behavior of the 

specimen until the final state requires the consideration of both high-order geometrical 

and nonlinear mechanical parameters, particularly for the selected nonlinear models. The 

developed model considered the nonlinear mechanical properties of the materials. This 

 

 

 

 

 

Figure 3.1 Three-dimensional analysis model for mountainside girder in LS-DYNA 
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model is closely as the experimental girder with five main part namely the supports, 

concrete beam, tendons, stirrups and the load plates.  

3.2.2 Method for prestressed in tendon 

Pre-stress can apply to the structure by many methods in LS-DYNA. In this study, 

applying a thermal gradient was employed for the tendons obtained the pre-stress. The 

decrease in the temperature in tendons causes shrinkage and tensile stress was creased in 

tendons. The material property of tendons with the variation of temperature was defined 

by using the material card *MAT_ELASTIC_PLASTIC_THERMAL (MAT 004) [1]. 

Following this card, the *LOAD_THERMAL_LOAD_CURVE card [1] was used for 

defining the relationship between time and temperature, two curves needed to add for this 

option. The dynamic relaxation phase was carried out by *DYNAMIC RELAXATION 

card [1] that required the first curve. This curve was a sudden decrease in temperature, it 

began from an initial temperature to a determined temperature and then the temperature 

kept constant. The second curve was used for an explicit phase; it was a constant 

temperature with time variation. The change in the temperature can be calculated from 

the following equation [2][3]: 

c c t t

f f
T

E A E A 
                                                (3.1) 

Here, T  is the temperature change; cE , tE  are respectively Young’s modulus 

of concrete and tendons; cA , tA  are respectively sectional area of concrete and tendons; 

  is the thermal expansion coefficient of the tendons. In this study, a temperature 

gradient of 1866.2oC was input for CFRP tendons to obtain the required pre-stress. 

3.2.3 Material modelling 

3.2.3.1 Constitutive model for concrete 

Concrete was modelled by using solid eight-node element. The mesh size was 

considered the number of elements and the sensitivity analysis of mesh. In LS-DYNA 

software, there are various types of material for modelling concrete model, such as 

MAT_PSEUDO_TENSOR (MAT 016), MAT_CONCRETE_DAMAGE (MAT 072), 

MAT_CONCRETE_DAMAGE_REL3 (MAT 072R3), 

MAT_WINFRITH_CONCRETE (MAT 084/085) and 
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MAT_CONTINUOUS_SURFACE_CAP_MODEL (MAT 159) [1], each of these types 

has both of advantage and disadvantage. Concrete a pressure-dependent material, hence 

the general form of the yield function was be written as following. 

1 2 3( , , ) 0Y I J J                                                    (3.2) 

In here, 1I is the first invariant of stress tensor, which indicated volumetric 

responses; 2J and 3J are the second and third invariant of deviatoric stress tensor and they 

present for deviatoric responses. In general, the primary difference between concrete 

constitutive models is how the deviatoric and volumetric responses are mentioned.  

In this study, *MAT 72R3_REL3 was employed for the simulation of concrete. 

The Karagozian & Case concrete model (KCC) - Release 3 is a plasticity, it has three 

independent strength surfaces including the maximum strength surface, yield strength 

surface and residual strength surface [1] (see Figure 3.2). The three surfaces denoted by

y , m and r  represent the yield, maximum and residual stress difference, 

respectively, where 23 J   . The yield function is defined as: 

1 2 3 2 1 2 3( , , , ) 3 ( , , , )Y I J J J I J J                                 (3.3) 

where 
 
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( ) ( ) ( )
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r J

r J

      


      

            
       

                               (3.4) 

where ( )   is nonlinear function that rangers from zero to unity for m   and from 

unity to zero when m   and   is accumulated as a function of the effective plastic 

strain using three damage accumulation parameters: 1b , 2b , 3b . 

Three parameters 0ia , 1ia , and 2ia (9 parameters total for the three surfaces define 

each of failure surface as flowing equation. 

0

1 2

( )i i

i i

p
F p a

a a p
 


                                             (3.5) 

In here, p is the pressure-normal stress; iF  is the thi of the three surface. For 

hardening, the plastic surface used in the model is interpolated between the yield and 

maximum surfaces based on the value of damage parameter,  . For softening, a similar 

interpolation is performed between the maximum and residual surface. [4]  
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To provide a simple users, this material card was developed, in which almost 

parameter can be generated automatically based on inputting only the unconfined 

compressive strength of concrete and density of concrete [4][5]. Moreover, this model 

obtained accurate results for analysing the concrete behavior in the prestressed concrete 

structure in the previous studies [6][3]. In this study, Young’s modulus and unconfined 

compressive strength of concrete were collected from the results of the compressive test, 

which was carried out for specimens collected from the tested girder after the bending 

test as mentioned in Chapter 2. The parameters used in LS-DYNA to define concrete 

model shown in Table 3.1. 

When the tensile stress in the concrete element reached the value that larger than 

the maximum initial tensile stress, the concrete element fails and removes from the model. 

*MAT_ADD_EROSION card [1] was used in this study to define the maximum initial 

tensile stress at failure. 

3.2.3.2 Constitutive model for stirrup and CFRP tendons 

The stirrups selected Hughes-Liu with 2x2 Gauss cross-section for beam elements 

and *MAT_PIECEWISE_LINEAR_PLASTICITY (MAT 003) [1] for the material. As 

while the CFRP tendons chose Hughes-Liu with 2x2 Gauss cross-section for beam 

elements with *MAT_ ELASTIC_PLASTIC_THERMAL (MAT 004) for material. 

 

 

 

Figure 3.2 Stress-strain concrete behavior in LS-DYNA 
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*MAT 004 was used to define the temperature-dependent material property for tendons 

and linked the keyword *LOAD_THERMAL_LOAD_CURVE to define the variation of 

temperature versus time. The parameters were input for stirrups and CFRP tendons as 

shown in Table 3.1.  

3.2.3.3 Constitutive model for supports and plates 

Solid element and *MAT_ELASTIC (MAT 001) [1] were employed for the 

support. This material model has the simple isotropic elastic behavior and can be used for 

any element type in LS-DYNA. The load plate used the shell element and *MAT_RIGID 

(MAT 020) card [1] was selected in numerical simulation. Table 3.1 shows the input 

values for material properties of numerical model used to define these material models.  

Part Material model card Input parameter Value Unit 

Concrete 
*MAT 72R3 

MAT_CONCRETE_DAMAGE_REL3 

Mass density 2.30E-09 t/mm3 

Unconfined 

strength 
7.51E+01 N/mm2 

Young's modulus 3.72E+04 N/mm2 

Tendon 
*MAT 004 

MAT_ELASTIC_PLASTIC_THERMAL 

Mass density 1.99E-09 t/mm3 

Young's modulus 1.33E+05 N/mm2 

Poisson’s ratio 0.3  

Yield stress 2063 N/mm2 

Plastic hardening 

modulus 
1000 N/mm2 

Thermal expansion 

coefficient 
2.00E-06  

Stirrups 
*MAT 003 

MAT_PIECEWISE_LINEAR_PLASTICITY 

Mass density 7.83E-09 t/mm3 

Young's modulus 2.07E+05 N/mm2 

Poisson’s ratio 0.3  

Yield stress 395 N/mm2 

Tangent modulus 2000 N/mm2 

Support 
*MAT 001 

MAT_ELASTIC 

Mass density 7.83E-09 t/mm3 

Young's modulus 2.07E+05 N/mm2 

Poisson’s ratio 0.3  

Plate 
*MAT 020 

MAT_RIGID 

Mass density 7.83E-09 t/mm3 

Young's modulus 2.07E+05 N/mm2 

Poisson’s ratio 0.3  

 

 

 

Table 3.1 Material properties of numerical model 
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3.2.4 Contact and boundary conditions 

The bonding between the concrete, steel, and CFRP tendons was assumed a fully 

bond in this study. Because of the geometry characteristic, the node of concrete has not 

overlapped the node of reinforcement; shared nodes can be not modelled for the perfect 

bond in this case. Therefore, the card *CONSTRAINED_BEAM_IN_SOLID [8] was 

selected to couple beam element to solid elements.  The slave nodes were defined for 

reinforcing beam nodes. Concrete nodes were indicated the master nodes. Coupling 

direction had defaulted on “0” which means the constraint along with all directions. 

The interface for the contact between the supports and concrete, as well the load 

plates and concrete were defined by contact card 

*AUTOMATIC_SURFACE_TO_SURFACE [1]. This keyword allows creasing two 

surfaces that can connect the nodes on the surfaces during the duration of simulation. The 

compression load was transferred from the slave surface to the master surface. All 

directions of the supports were constrained moving and rotating. 

3.2.5 The analysis method 

Normally, the quasi-static problem was solved by the implicit finite element 

method. However, it is sometimes difficult to converge on the model of nonlinear and 

progressive damage failure [6]. Therefore, the explicit finite element method was chosen 

in this study. The stress and strain of nodes in the model was calculated in LS-DYNA at 

small time steps during the duration of the analysis. The number of time-step in explicit 

method was calculated from the theory of LS-DYNA depend on the stiffness, density of 

materials and element length in the model. If the model has two or more material, the LS-

DYNA software will calculate the shortest time-step and use for analysis.  

Control displacement was performed instead of control load or acceleration in this 

simulation. The analysis was carried out by applying incremental displacement via 

keyword *BOUNDARY_MOTION_RIGID [1]. 

3.2.6 Comparison between analytical and experimental results 

The comparison between numerical and experimental results was done to evaluate 

the accuracy of the finite element method. Load-bearing capacity, the curve of applied 

load versus middle span deflection, and crack pattern were the objects in this evaluation. 
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Figure 3.3 shows the relationship between the applied load and middle-span 

deflection obtained from the experiment (EXP) and simulation (FEM). Overall, the trend 

of the analytical curve was similar to the experimental curve from the beginner to the 

failure. The value of yield load, which was the value transferred between the elastics stage 

and plastic stage, was modelled well. However, both of the ultimate load and middle-span 

deflection predicted from the numerical analysis slightly higher than these values in the 

experiment. The finite element model predicted the load-bearing capacity and middle 

span deflection at the failure of the tested prestressed concrete girder were 158 kN and 91 

mm, respectively. In fact, these numbers in the results of the experiment were 157 kN of 

the ultimate load and 84 mm of the displacement in the central of the span.  

Crack pattern of the prestressed concrete girder at the failure stage cannot be 

directly shown because concrete model KCC is unable to track cracks. However, the 

cracks can be equivalently illustrated by effective plastic strains. Deformation and strain 

situation in several stages of the simulation were shown in Figure 3.4. Firstly, the strain 

changed in the middle of the span in the tensile zone when load was applied. Then, these 

strain expanded and developed higher to the compressive zone. Finally, the failure model 

of the tested girder was crushing of concrete in the compressive zone as the observation 

in the experiment. It is seen that the area with the distribution of the change of deformation 

and strain agree well with the experiment ones, respectively.  

 
 

Figure 3.3 Relationship between applied load and displacement  
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In summary, the good agreement of numerical analysis and experiment results 

indicates the validity of the numerical model. The model is fundamental to investigate the 

effect of parameters.  

3.2.7 Parametric study 

3.2.7.1 Overview 

This section studied the effect of the prestressing force in tendons to the change 

of the behavior of the tested girder. The pre-stressing loss varied from 10% to 30% of the 

initial prestressing force of the girder. In addition, the influential parameter in the 

performance of concrete is compressive strength. In this section, a reduction of 10% and 

30% in compressive concrete strength was studied to consider the effect on the behavior 

of the structure.  

3.2.7.2 Effect of the pre-stressing force in tendons. 

In Figure 3.5, the relationship between the load and deflection in the mid-span in 

case of the initial pre-stress is showed in the red curve. The yellow curve and green curve 

are those relationships when the pre-stress losses 10% and 30%, respectively. According 

to Figure 3.5, the deflections in the mid-span obtained from three studied cases are quite 

similar. However, the inclination angle in the plastic stage has a lower trend and the load-

 

 

Figure 3.6 Deformation and strain situation in several stages of simulation

Figure 3.4 Deformation and strain situation in several stages of simulation 
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bearing capacity of the girder decreases significantly when the pre-stress in the tendons 

was reduced. This difference in load-bearing capacity is small, which is just around 4% 

when the pre-stressing loss was 10%. Whereas, this change quickly climbed to 12.2% 

when the pre-stressing loss was 30%. 

It can be confirmed that the level of pre-stress in the tendons significantly affects 

the behavior of the prestressed concrete girder, especially load-bearing capacity as shown 

above. The pre-stressing level is an important factor that needs to consider and record in 

future research. 

3.2.7.3 .Effect of the reduction in compression concrete strength 

According to Figure 3.6, the behavior of the experimental girder in the original 

simulation the red curve was compared with the case of the reduction of 10% in 

compressive concrete strength (the blue curve) and the case of the reduction of 30% in 

compressive concrete strength (the black curve). In LS-DYNA, the input parameters of 

concrete are interconnected. Therefore, when the compressive strength of concrete 

decreases, Young’s modulus of concrete will also decrease. This is a reason for the 

phenomena that the angle of inclination in the elastic phase is different between the three 

relationship curves. These inclination angles tend to be smaller when the compressive 

strength of concrete decreases. This change is the starting point of changes in later stages 

 

 

 

 

Figure 3.5Relationship between applied load and middle-span 

deflection in case of prestressing decrease 
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of girder behavior. The load-bearing capacity of the girder declined by 1.34% and 8.87% 

when the compressive concrete strength reduces by 10% and 30%, respectively. 

Based on the above discussion, it can be seen that the reduction in the load-bearing 

capacity of the prestressed concrete girder in the cases of pre-stressing loss is higher than 

in the case of compressive strength reduction.  

3.3 Finite element model using DIANA software 

3.3.1 Overview of this model 

The flexural behavior of the prestressed concrete girder was investigated by LS-

DYNA software in the first part of this chapter, the results show the good agreement 

between experiment and simulation. Furthermore, the model was the fundamental model 

for studying some factors namely prestressing force, compressive strength of concrete to 

the change in structural behavior. However, the final behavior of this girder continues to 

be performed by the second laboratory software in this part of the chapter with the other 

approach. The numerical model was developed using DIANA and validated by 

experimental result. Constitutive materials, contact between components were selected 

compatibly with this software. Instead of the pre-stressing load was assigned to CFRP by 

temperature variations included shrinkage in pre-stress strand in the first phase of analysis, 

the pre force was applied to pre-stress in this study. The force control changed to the 

 

Figure 3.6 Relationship between applied load and 

middle-span deflection in case of middle-span deflection in case 

of decrease of concrete strength 

 

 

 

 

Figure 3.9 Relationship between applied load and 

middle-span deflection in case of middle-span deflection in case 

of decrease of concrete strength 
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displacement control as another factor in analysis method. The constitutive models and 

element types were carefully selected to model the experimental behavior of the 

prestressed concrete girder 

As shown in Figure 3.7, a three-dimensional (3D) numerical model is produced 

in accordance with the specifications of the actual specimen using FX+ in DIANA, which 

is a commercially available program used for nonlinear FE analyses.  

3.3.2 Material properties of concrete and steel 

3.3.2.1 Concrete 

Concrete was modelled using solid element. The rotating total strain crack model 

for concrete [7] was employed in this study, which includes the JSCE tension softening 

model for tensile behavior, and the multilinear model for compressive behavior. The 

parameters of concrete for the rotating strain crack model are presented in Table 3.2. 

Specifically, the Young’s modulus and compressive strength of concrete were obtained 

from compression tests on concrete cores collected from the test specimens. The 

multilinear model was utilized to reproduce the compression stress-strain relationship of 

the concrete, as shown in Figure 3.8 (a). Moreover, the critical parameters governing the 

JSCE tension softening model for tensile behavior (see Figure 3.8 (b)) were the fracture 

energy and tensile strength of concrete. The fracture energy of concrete is the energy 

consumed to form cracks per unit area and is calculated based on equation (6) [8].  

(1/3) (1/3)

max10( )f ckG d f                                        (3.6) 

where fG , maxd , and ckf are related to the fracture energy (N/mm), maximum 

aggregate size (mm), and compressive strength of concrete (N/mm2), respectively. In the 

 

Figure 3.7 Three-dimensional (3D) analysis model for the CFRP girder in 

DIANA 

 

 

Table 3.2 Concrete properties for FE analyse

 

Figure 3.10 Three-dimensional (3D) analysis model for the CFRP girder in 

DIANA 
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present study, the value of maxd is assumed to be equal to 20 mm. Additionally, owing to 

the absence of experimental data, the estimation of the tensile strength of concrete ftk can 

be performed using equation (7), based on the characteristic compressive strength 
`

ckf [8]. 

The unit of strength is N/mm2 

` (2/3)0.23tk ckf f           (3.7)      

3.3.2.2 Steel 

The stirrups were assumed to have the same Young’s modulus as the linear elastic 

material model, Es=207000 N/mm2 , and the same Poisson’s ratio, ν = 0.3 . The Von 

Mises that is an elastic-perfectly plasticity was employed to simulate the behaviors of 

CFRPs. Specifically, the CFRP was defined by a property with a Young’s modulus of 

Es=132500 N/mm2 and Poisson’s ratio of ν = 0.3. The yield stress was defined as 2063 

N/mm2 based on results of the tensile test. Regarding the prestressing force, a value of 

931 N/mm2 was assigned to the CFRP. In addition, the prestress was applied to the 

numerical model as the initial stress at the execute start step.  

    

(a) Compressive behavior of concrete                    (b) JSCE softening 

 
Figure 3.8 Stress-strain curve for concrete in DIANA 

 
Table 3.2 Concrete properties for FE analyse 

Young’s 

modulus 

(kN/mm2) 

Poisson’s 
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Compressive 

strength 

(N/mm2) 

Tensile 

strength 

(N/mm2) 

Maximum 

size of 

coarse 

aggregate 

(mm) 

Fracture 

energy 

(N/mm) 

 

  37.2   0.2   75.1    4.09         20 0.1145  

            

 

 

Table 3.3 Concrete properties for FE analyse 

Young’s 

modulus 

(kN/mm2) 

Poisson’s 

ratio 

Compressive 

strength 

(N/mm2) 

Tensile 

strength 

(N/mm2) 

Maximum 

size of 

coarse 

aggregate 

(mm) 

Fracture 

energy 
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  37.2   0.2   75.1    4.09         20 0.1145  
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Regarding the element types used in the analyses, the embedded steel 

reinforcement elements reproduced the stirrups and CFRP. Therefore, the bond between 

steel, CFRP and surrounding concrete was perfect. 

3.3.3 The analytical method 

The energy-controlled convergence norm and regular Newton–Raphson were 

selected as the iterative methods. The analysis was carried out by applying incremental 

load factors with specified sizes. To facilitate simulation, several simplifying assumptions 

for the mechanical properties of the materials and supports were adopted. 

3.3.4 Comparison between analytical and experimental results 

The evaluation of the accuracy of the simulation result was made by comparison 

with the experimental result, including the ultimate load, middle span deflection, and the 

failure mode, crack pattern. The relationships between the applied load and displacement 

of the girder predicted from the numerical simulation was compared with the results 

obtained from the experiment in Figure 3.9. There was a reasonable consistency between 

the experimental and simulation results. In the elastic stage, the load values increase 

linearly with the deflection. The predicted result of the FEM model was close to the 

experimental result in terms of both the load and deflection. In the plastic stage, the load-

displacement curve in the FEM analysis showed a similar trend to that obtained in the 

experiment, which provided a slightly higher inclination angle compared to the numerical 

result. The experimental value reached the final load of 157 kN, and the value of the 

 

 
Figure 3.9 Load-displacement relationship at the middle of span 
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displacement in the center of girder was 84 mm. Regarding the numerical results, the 

applied load was estimated to be 160 kN at the corresponding the maximum displacement 

of 110 mm.  

The failure mode in the simulation result was the compressive failure, which was 

similar to the experiment result. In addition, Figure 3.10 shows the crack patterns of the 

girder from the DIANA analysis and bending test. The ranges of the appearance of 

bending cracks and shear cracks in the actual test was similar to results by the analysis. 

The first cracks were seen in the flexure area after new flexure and shear cracks occurred 

when the load increased. These cracks tended to expand the compression zone.  

 

The numerical results agreed well with those obtained from the experiment. 

Therefore, the proposed model could provide a reasonable outcome. This work is a 

fundamental first step in the parametric analyses presented in the following section. 

3.3.5 Parametric study 

3.3.5.1 Overview 

To deeply understand the results of the loading experiment in Chapter 2, the 

difference in the results obtained by the loading test in this study and the experiment 

conducted in 1994 and predict the behavior change of the girder in future. This section 

considers the factors influencing the results of the numerical simulation as well as the 

behavior of the structure by ten simulation models as shown in Table 3.3. First, the model 

was analyzed when different input data were set for parameters. Second, the behavior of 

 

 
Figure 3.10 Crack pattern due to loading test and DIANA predicted 
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the structure was examined when the parameters of the main material were changed. 

Finally, the difference in the simulation was performed with or without the bond-slip 

 

 

 

Case study 

Material properties 

Bond-

slip 

behavior 

Concrete CFRP  

Compressive 

strength 

Elastic 

modulus 

Tensile 

strength 

Fracture 

energy 

Breaking 

load 

Elastic 

modulus 
 

(N/mm2) (kN/mm2) 
(N/mm2

) 
(N/mm) (kN) (kN/mm2)  

Reference case: 

Concrete average 

+ 

CFRP average 

75.1 37.2 4.1 0.1145 156.8 132.5  

Case 1: 

Concrete average 

+ 

CFRP max 

75.1 37.2 4.1 0.1145 161 132.6 - 

Case 2: 

Concrete average 

+ 

CFRP min 

75.1 37.2 4.1 0.1145 148.6 130 - 

Case 3: 

Concrete max + 

CFRP average 

79.8 39.7 4.3 0.1168 156.8 132.5 - 

Case 4: 

Concrete min + 

CFRP average 

70.4 34.6 3.9 0.1121 156.8 132.5 - 

Case 5:  

Concrete average 

+ 

CFRP,E=0.8 

75.1 37.2 4.1 0.1145 156.8 106 - 

Case 6: 

 Concrete E=0.8 

+ 

CFRP average 

75.1 29.8 4.1 0.1145 156.8 132.5 - 

Case 7: 

 Concrete average 

+ 

CFRP,T=0.8 

75.1 37.2 4.1 0.1145 125.4 132.5 - 

Case 8: 

 Concrete C=0.8 

+ 

CFRP average 

`62 37.2 3.6 0.1074 156.8 132.5 - 

Case 9: Concrete 

average + 

CFRP average,  

Bond-slip model 

1 

75.1 37.2 4.1 0.1145 156.8 132.5 

DSSY=2

975220 

N/mm3>

DSSX=6

48.11 

N/mm3 

Case 10:  

Concrete average 

+ CFRP average, 

 Bond-slip model 

2 

75.1 37.2 4.1 0.1145 156.8 132.5 

DSSY=

DSSX=2

975220 

N/mm3 

 

Table 3.3 Cases to parametric study 
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model for the CFRP tendon.  

In Chapter 2, to investigate the compressive strength of concrete, the samples were 

taken at two different positions on the girder. In addition, four samples were tested to 

determine the tensile strength of the CFRP. Each sample gave one data on the 

characteristic of the material. Thus, model cases 1, 2, 3, and 4 were used to study the 

change in the simulation results when the difference of material characteristic was 

selected for input parameters. Case 1 used the average result for concrete and the largest 

data in the CFRP parameters. Case 2 was the combination of the average data set of 

concrete and the smallest CFRP data set. The largest and smallest data sets for concrete 

were combined with the average data of CFRP set in cases 3 and 4, respectively.  

For clarifying the behavior of the girder, cases 5, 6, 7, and 8 were conducted with 

a modification of the strengths and moduli of the materials. Specifically, in cases 5 and 6, 

the simulation model used the input data with a 20% modulus reduction in the CFRP and 

concrete, respectively. In contrast, when the modulus was unchanged, the tensile strength 

of the CFRP was only 80% of the average tensile strength in case 7. Regarding the 

concrete in case 8, the modulus was maintained, the compressive strength decreased by 

20%, and the tensile strength and fracture energy decreased.  

Another highlight of this study is the implementation of a bond-slip reinforcement 

instead of the regular embedded model. Cases 9 and 10 were added to study the bond-slip 

model in DIANA. The difference in the ultimate behavior in the cases where the CFRP 

tendons were produced with and without bond-slip properties was investigated. Bond is 

the expression used to express the interaction and transfer of force between reinforcement 

and concrete. An excellent bond no longer exists between the concrete and reinforcement 

bars. Therefore, the bond-slip reinforcement models are valid when there is a relative 

displacement between the concrete and reinforcement nodes. Bond slip was introduced 

to the numerical model by defining a bond-slip material. The bond-slip reinforcement 

elements reproduced the stirrups and CFRPs [7]. Regarding the bond-slip interface failure 

model, this study applied the cubic function according to Dörr (Dörr 1980) to describe 

the relations between shear traction and slip. In particular, Dörr proposed a polynomial 

relationship between shear traction and slip, which shows a limit if the slip is larger than 

a specific value, 
0

tu . This bond-slip law is given by a cubic function: 
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                  (3.8)     

where 
tt denotes the bond stress, value c  is the parameter c , and value  

0

tu is the shear 

slip 
0

tu  at which the curve reaches a plateau. DIANA recommends using 
tkc f ; 

thereby, the maximum value for the shear traction 
tt  equals

tkc f , in which 
tf is the 

tensile strength of the concrete (N/mm2). Moreover, the recommended value for  
0

tu is 

0.06 mm. Figure 3.11 shows the cubic bond-slip curve employed for the bond-slip 

interface failure model in this study. 

In addition, interface elements in bond-slip models require the input of the linear 

stiffness parameters, which are the shear stiffness, DSSX, and the normal stiffness, DSNY. 

In particular, DSSX sets the relation between the shear traction and the relative shear 

displacement in the x-direction of the reinforcement [10]. The relationship between the 

normal traction and normal relative movement in the y-direction reinforcement was 

described by DSNY [10]. The dimension of the stiffness moduli is force per area per 

length, i.e., stress per length, e.g., N/mm3. Regarding the cubic bond-slip formulation, the 

shear stiffness is calculated at the plateau of bond-slip curve, which corresponds to a slip 

of 0.06 mm. The formula for DSSX calculation for the cubic bond-slip formulation was 

proposed by DIANA [10] as the following. 

0

1.9
5 tk

t

f
DXXS

u





                                            (3.9) 

 
Figure 3.11 Bond stress-slip relationship 
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where DXXS , 
tkf  , and 

0

tu  stand for the shear stiffness (N/mm3), tensile strength 

(N/mm2), and shear slip at which the curve reaches a plateau (mm), respectively. 

Regarding the normal stiffness calculation, this study employs an approach 

proposed by Eriksen and Kolstad [11], which assumed that DSNY  is the concrete 

resistance of the reinforcement penetrating and crushing the concrete. DSNY was 

obtained for each CFRP tendons using equation (10).  

310
2

cE
DSNY

R
                                                   (3.10) 

where DSNY ,
cE  and R  are related to the normal stiffness (N/mm3), Young’s modulus 

(N/mm2), and the radius of each tendon (mm), respectively. In the case 9, DSNY  was 

higher than DXXS  while DXXS  and DSNY  were almost equal in case 10. 

To compare the different simulation scenarios, the results of the original model 

described in Section 3.3.2 to 3.3.4 were employed as the reference values, and the results 

obtained when the concrete reaches its extreme concrete compression fiber strain of 

0.0035 were the comparison values [12]. 

3.3.5.2 Results and discussion 

Compressive failure mode was observed in ten cases of simulation and all of them 

were similar to the result obtained from the experiment. The following paragraphs discuss 

the ultimate load and displacement between simulation cases and the reference case.  

Figure 3.12 (a) serves to compare the simulation results of the reference case and 

case 1, case 2 that the input data of CFRPs included the ultimate load and elastic modulus 

were changed corresponding to the tensile specimens of CFRPs obtained the maximum 

and minimum breaking force values. Overall, there was no change in the simulation result 

among the three cases. The result of case 1 was similar to the results of case 2 and close 

to the reference case. The ultimate load of the girder was 160 kN and 159kN in case 1 

and case 2, respectively. These results may be due to the small difference between the 

parameters of the three studied cases.  

Regarding cases 3 and 4, the input data was based on the results of the concrete 

compression test after the bending test. For each sample, the compressive strength, elastic 

modulus, and Poisson’s ratio were used as the properties of concrete in DIANA, and the 

results are shown in Figure 3.12 (b). It can be seen that these parameters almost affected 
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(a) Case 1,2                                                    (b) Case 3,4 

      
                     (c) Case 5                                                   (d) Case 6 

      
                     (e) Case 7                                                   (f) Case 8 

      
                     (g) Case 9                                                   (h) Case 10 

 

 Figure 3.12 FE-predicted the load-displacement relationships 
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the simulation scenarios, but this difference was small at the inclination angle of the 

elastic stage and the ultimate load of the girder compared to the reference model. The 

ultimate loads in case 3 and case 4 were 161 kN and 155 kN, respectively. 

From the above analysis, it can be concluded that the position of the samples and 

sample experiments, which provide input data to the model, as well as the accuracy of the 

numerical simulation method, play an important role in generating the results. 

 Figure 3.12 (c) and Figure 3.12 (d) show the simulated results when the elastic 

moduli of the CFRP and concrete decreased by 20% in case 5 and case 6, respectively. In 

addition, Figure 3.12 (e) and Figure 3.12 (f) show the simulation results of cases 7 and 8, 

in which the breaking force of the CFRP decreased by 20% and the concrete compressive 

strength reduced by 20%, respectively. In Figure 3.12 (c), no significant change was 

observed in the elastic stage after changing the CFRP parameters. However, in the plastic 

stage, there was a significant difference between the load-displacement relationships. The 

inclination angle in case 5 was lower than that in the reference case. In contrast, in Figure 

3.12 (d), when the modulus of concrete decreased, there was a significant change in the 

load-displacement relationship in both stages. As the modulus of the concrete decreased, 

the initial stiffness of concrete reduced, thereby the inclination angle in the elastic stage 

of the load-displacement curve decreased.  The final load of the girder in this case at 150 

kN was also lower than the value in the reference case. 

 In case 7, the decrease in the CFRP breaking force caused the load-carrying 

capacity to decrease to 152 kN, as shown in Figure 3.12 (e). However, the displacement 

in this case (98 mm) was lower compared to case 5. Figure 3.12 (f) also shows the change 

in the relationship between the load and displacement of the girder in case 8. The decrease 

in the concrete compressive strength caused a corresponding decrease in the tensile 

strength of the concrete and fracture energy. The change in the shape of the load-

displacement curve occurred significantly in the plastic stage. In addition, the ultimate 

load of the girder was predicted to be 145 kN; this number was 9% lower than that in the 

reference model.  

Based on the above discussion, the change in the modulus and strength of the 

concrete and CFRP have a significant impact on structural behavior.  

Figure 3.12 (g) and Figure 3.12 (h) depict the load-displacement relationship of 

the reference case and bond-slip models 1 and 2, respectively. There was a slight 
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difference in case 9 when the ultimate load was lower than that in the reference case. 

However, when shear stiffness increased highly, equal to the value of normal stiffness, 

this difference became quite small. The result in case 10 with bond-slip of was similar to 

the numerical result with the embedded model.  The initial crack occurred in the load step 

from 80–85 kN in both cases while the load value in the experiment was 82.8 kN. 

Therefore, the model, which was selected for simulation namely bond-slip of Dörr model 

or embedded model, also have affected to the results of numerical simulation.  

3.4 Conclusion 

In this chapter, the flexural behavior of the prestressed concrete girder reinforced by 

CFRP tendons was clarified and deeply understood by numerical models. The outcomes of 

the research are summarized as follows: 

(1) The proposed modelling method using LD-DYNA and DIANA software were 

effectively employed to predict the structural behavior of the girder. Each software has the 

advantage to help to observe the behavior and failure mode of the girder clearly. In comparing 

with the experimental results regarding load-bearing capacity, relationship between applied 

load and middle span deflection, and crack pattern, the results from the numerical analysis 

have a consistency with the results from the experiment. The model by finite element method 

can be used to understand the overview of the complex behavior and phenomena appeared in 

the test girder. 

(2) The fundamental model proposed by LS-DYNA predicted the behavior of the girder 

using CFRP tendons when the prestressing force in the tendons and compressive strength of 

concrete reducing of 10% and 30%. The analysis results were shown that the load-bearing 

capacity would reduce significantly, when the pre-stressing loss occurs. These values are 

lower in case of the concrete strength decreases. This study can be used to guide for future 

research regarding the behavior of the girder 

(3) From the results of the parametric studies by a model built-in DIANA, the position 

of the samples for fundamental test namely tensile and compressive experiments affected the 

results and the accuracy of the numerical simulation. These factors provided directly the input 

data for the numerical simulation. Unlike the model in LS-DYNA, the model built in DIANA 

can consider the change of each property in each material. Therefore, the model in this study 

have the changes, in which the modulus, the strength of concrete or CFRP was set to reduce 
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in a sequence. The FEM result showed that the final load of the girder decreased, and the 

relationship between the load and displacement changes in above cases. The models in these cases 

are an effective basis to predict the robustness of the main girders in the future. The model of the 

bond-slip case also studied in this part. The result from numerical simulation indicated that having 

a slight difference between the perfect bond model and bond-slip model in this study.  
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Chapter 4. Fundamental pull-out experiment for cast-

in-place joint of precast concrete slabs reinforced by 

CFRP  

4.1 Introduction 

Reinforced concrete structure is a combination of concrete and reinforcement to 

enhance a bearing capacity of the structure through the advantages of two materials. 

These structures are widely used in construction field. However, the fact has shown that 

concrete structures in the natural environment increasingly appear of damages and their 

early degradation, especially the attack of corrosion phenomenon in the reinforcement in 

the salt damage environment as shown in Figure 4.1.  

New methods and materials such as epoxy-coated steel, stainless steel and cathode 

protection have been studied and proposed to overcome this problem. However, they still 

have disadvantages in terms of efficiency, complexity and long-term durability. At the 

same time, the development of composite materials has given a new answer for this 

difficult problem. FRP is known as a new material to replace reinforcement in concrete 

structures, which can significantly increase the service life of structures by reducing 

 

Figure 4.1 Salt damage due to flying salinity in Hokuriku region 
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concrete deterioration due to corrosion [1] . Researchers have found that Carbon Fiber 

Reinforced Plastic (CFRP) has outstanding characteristics in comparing to conventional 

reinforcement as high corrosion resistance, lightweight, and high tensile strength [1].  

With advantages in characteristics, CFRP has been applied in the precast concrete 

components. Using CFRP for precast concrete slabs not only mitigate resists the steel 

corrosion improves the durability and serviceability of the structures but also reduces 

structural weight. The weight of CFRP is about 1/5 weight of conventional steel [2]. In 

addition, the amount of concrete that covers of slabs will reduce significantly when CFRP 

applies in precast slabs. The change in the structural weight leads to the difference request 

for structures foundation, the shape and architecture.  Hence, using CFRP in precast slabs 

brings a great benefit for construction including technical, cost. The first bridge in Canada 

applied CFRP into part of concrete desk slabs in 1997 [3]. K.Charlesson et al. were 

conducted the experiment with full-scale model (7200 mm x 2950 mm x 200 mm) of the 

concrete desk slab reinforced with CFRP (Leadline) in replacement of the conventional 

steel. The result of the research of T.Hassan el al in 1999 also recommend the suitable of 

using CFRP and GFRP for bridge desk slabs [4]. 

 However, as in the conventional reinforced concrete, the wet joints (cast-in-place 

joints) of these precast structures are always a matter that needs concern. The joint was 

expected that the shortest possible width, the high durability of structure, saving the time, 

and saving the cost of labor. 

 To develop the precast concrete slabs using CFRP, this study focuses on 

investigating the method to enhance the durability of the joint and reducing the width of 

the joint as short as possible by increasing the bond between CFRP and concrete in the 

joints as shown in Figure 4.2. A series of fundamental pull-out experiments were 

 

Figure 4.2 The cast- in-situ joint of precast concrete slabs reinforced by CFRP 
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conducted for the cast-in-place joint with the variation in the diameter of CFRP, the 

fixation length, and the method using CFRP in the joint. The results were discussed, the 

outcome was found, and the final proposal was showed.  

4.2 The outline of fundamental pull-out experiment 

The pull-out experiment was conducted following the method in JSCE-G503-

2013. The universal test machine-Shimadzu corporation UH-1000kN was set up for this 

experiment as shown in Figure 4.3. The specimen was prepared with CFRP in the centre 

of concrete block. One at the end of CFRP was covered by steel pipe, which has the 

diameter and the length belongs to the specimen (see in Table 4.4). This steel pipe 

protected the CFRP from the gripping force of the machine. The other end of CFRP was 

attached a displacement meter (CDP5) to record the displacement of the tip of CFRP. 

Loading force was measured by a load cell (Tokyo Sokki Kenkuyjo Co., Ltd CLC-

300KNA) during the time of the experiment.  

4.3 The material of experiment 

Specimens was prepared for the fundamental experiment with two main materials 

including concrete and CFRP. The difference in these specimens was CFRP diameter, the 

fixation length, and the method using CFRP in the joint. 

 

Figure 4.3 The set-up of pull-out experiment 

 

 

Table 4.1 Standard specification of compounding of concrete
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4.3.1 Concrete 

 Concrete was mixed with fly ash, and designed for standard compressive strength 

of 50 N/mm2. The detail of compounding of concrete was shown in Table 4.1. In here,  

 Gmax is maximum aggregate size;  

 W/B is water-binder ratio;  

 W is water;  

 B is powder amount, and it was calculated as the following equation 

B=C+EX+FA; EX is expansion agent; 

 C is early-strength Portland cement;  

 FA15 is fly ash from Hokuriku Electric Power Nanao with rate 15%;  

 s/A is fine aggregate percentage; S (fine aggregate) and G (coarse aggregate) 

are respectively crushed sand and crushed stone, they were from Sakurawaga, 

Ibaraki Prefecture;   

 AE is high-performance AE water reducing agent.  

Table 4.1 Standard specification of compounding of concrete 

Slump 

(cm) 

Air 

content  

(%) 

Gmax 

(mm) 

W/B 

 (%) 

W 

(kg) 

B 

(kg) 

EX 

(kg) 

18 4.5 13 35 165 471.4 20 

C 

(kg) 

FA 15 

(kg) 
s/A 

S 

(kg) 

G 

(kg) 

AE 

(kg) 

Anti-

foaming 

Agent 

(kg) 

383.7 67.7 0.41 736.9 1060.5 3.3 14.1 

 

 

Table 4.2 Standard specification of compounding of concrete 

Slump 

(cm) 

Air 

content  

(%) 

Gmax 

(mm) 

W/B 

 (%) 

W 

(kg) 

B 

(kg) 

EX 

(kg) 

18 4.5 13 35 165 471.4 20 

C 

(kg) 

FA 15 

(kg) 
s/A 

S 

(kg) 

G 

(kg) 

AE 

(kg) 

Anti-

foaming 

Agent 

(kg) 

383.7 67.7 0.41 736.9 1060.5 3.3 14.1 

 

 

Figure 4.4 Cross-section size of the first, second, and third experiment 

 

 

Table 4.3 Standard specification of CFRP

 

Concrete

7
5
m

m

1
5
0
m

m

CFRP strand

75mm

150mm
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Two cross-sections were set for concrete block. Cross-section of 75mm x 75mm 

was cast in the first experiment and 150mm x 150mm was chosen for the second and third 

experiment as shown in Figure 4.4. 

4.3.2 CFRP diameter 

 CFRP was used to replace the regular steel in precast concrete slabs in this study. 

A normal slab was reinforced by steel having a diameter of D16 or D19 corresponding 

with Ø10.5 mm of CFRP because the tensile strength of CFRP has about five times that 

of ordinary steel reinforcement. However, to escape the excessive crack width in the high 

strength region, Ø12.5 mm and Ø15.2 mm of CFRP were selected and investigated in this 

study. Table 4.2 summarizes the mechanical properties of CFRP from the manufacturer 

(Tokyo Rope).  

4.3.3 The fixation length 

The fixation length means the part of CFRP inside of concrete specimen and it 

has the relationship with the width of the joint (see Figure 4.2). Normally, the width of 

the cast-in-place joint of the precast concrete slabs was roughly 600 mm when the 

conventional steel of D19 was used and the lap-splice method was chosen. If the width 

of the joint was shortened, the durability of the structure is still guaranteed, this work will 

save a lot of costs on materials, labour and construction time for a project. Furthermore, 

in previous studies show that the bond between CFRP and concrete was 7.32 MPa, which 

was two times larger than the value of the conventional steel [5]. Therefore, the fixation 

length in this study was designed to be CFRP diameter multiples of 10, 15 and 20 (10Ø, 

15Ø and 20Ø) (see Table 4.3) to investigate the reduction of the joint width.  

Table 4.2 Standard specification of CFRP 

Cross-

section 

of 

CFRP  

 

Designations 
Diameter  

(mm) 

Effective 

cross-

sectional 

area 

(mm2) 

Guaranteed 

capacity 

(kN) 

Nominal 

mass 

density 

(g/m) 

Tensile 

elastic 

modulus 

(kN/mm2) 

 

7 strands 12.5 76 184 145 155 

7 strands 15.2 115.6 270 221 155 

 

 

Table 4.4 Size of specimensTable 4.5 Standard specification of CFRP 

Cross-

section 

of 

CFRP  

 

Designations 
Diameter  

(mm) 

Effective 

cross-

sectional 

area 

(mm2) 

Guaranteed 

capacity 

(kN) 

Nominal 

mass 

density 

(g/m) 

Tensile 

elastic 

modulus 

(kN/mm2) 

 
7 strands 12.5 76 184 145 155 

7 strands 15.2 115.6 270 221 155 
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4.3.4 The method using CFRP in joint part 

 CFRP was set up in a joint with three different methods to find the most effective 

method, which can enhance the durability of the structure. Firstly, CFRP was used with 

the ordinary type, which was the straight type like in precast concrete slabs, and called S-

type. Then, non-twisted CFRP type has been investigated and it divided two different 

types. First non-twisted CFRP type was put inside the tuft body by the polyurethane foam. 

 

              (a) S-type               (b) N-type          (c) F-type 

 Figure 4.5 Three types of CFRP used at joint 

 

Table 4.3 Size of specimens 

 
Fixation 

length 

(mm) 

d 

(mm) 
ℓ (mm) L (mm) 

Lb 

(mm) 

Total 

length 

(mm) 

CFRP Ø12.5 

10Ø 

Ø27.2 250 940 

167 1107 

15Ø 230 1170 

20Ø 292 1232 

CFRP Ø15.2 

10Ø 

Ø31.8 350 993 

194 1187 

15Ø 270 1263 

20Ø 346 1339 

 
 

 

Table 4.6 Size of specimens 

 
Fixation 

length 

(mm) 

d 

(mm) 
ℓ (mm) L (mm) 

Lb 

(mm) 

Total 

length 

(mm) 

CFRP Ø12.5 

10Ø 

Ø27.2 250 940 

167 1107 

15Ø 230 1170 

20Ø 292 1232 

CFRP Ø15.2 

10Ø 

Ø31.8 350 993 

194 1187 

15Ø 270 1263 

20Ø 346 1339 
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Consequently, concrete cannot be completely filled and the diameter of the CFRP tuft 

body could be narrowed. It’ name was N-type or no filling inside tuft body. Second non-

twisted CFRP type, in which tuft body was freedom and concrete can filling inside, was 

called F-type or filling inside type. Figure 4.5 (a), (b) and (c) show three methods 

mentioned above. The detail of the set-up for specimens was shown in Table 4.3.  

4.4 The first experiment 

4.4.1 The set-up of experiment 

In the first experiment, 18 specimens were designed with cross-section of concrete 

block of 75 mm x 75 mm (see in Figure 4.4) and the detail of specimens for experiment 

was shown in Table 4.4.  

4.4.2 The result of the first experiment 

Figure 4.6 shows the failure situation of specimens in the first experiment. Here, 

the name “12.5-10-S” means the CFRP diameter of 12.5 mm - the fixation length (10Ø) 

- method of using CFRP in the joint part was S-type. Most of the failure of the specimens 

Table 4.4 List of specimen number 

Diameter 

(mm) 

Fixation length 

(mm) 

The number of specimens 
Total 

number 

of the 

first 

test 

Total 

number 

of the 

second  

test 

S-

type 

N-

type 

F-type 

in first 

test 

F-type 

in 

second 

test 

Ø12.5 

125mm(10Ø) 1 1 1 2 3 4 

188mm(15Ø) 1 1 1 2 3 4 

250mm(20Ø) 1 1 1 2 3 4 

Total number 

of test 
3 3 3 6 9 12 

Ø15.2 

152mm(10Ø) 1 1 1 2 3 4 

228mm(15Ø) 1 1 1 2 3 4 

304mm(20Ø) 1 1 1 2 3 4 

Total number 

of test 
3 3 3 6 9 12 
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due to concrete splitting. Only the specimen of Ø15.2 mm, 10Ø and N-type pulled out 

and specimen Ø12.5-10Ø-N was re-loading by setting miss. Therefore, it was impossible 

to judge which shape of CFRP in joint part has the stronger adhesive strength. 

 Figure 4.7, Figure 4.8, and Figure 4.9 show the relationship between load and 

displacement corresponding to two types of CFRP diameters, fixation lengths and CFRP 

types. The maximum load of all experimental cases of the experiment were smaller than 

     

Figure 4.6 Situation of specimens after the first experiment 

    

                     (a)  Ø12.5 - 10Ø                                                 (b) Ø15.2 - 10Ø                                                                    

  

Figure 4.7 Relationship between load and displacement of 10Ø group in the first experiment 
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110kN. This value was significantly lower than the guaranteed capacity of CFRP with 

diameter 12.5 mm (184kN). It seems that concrete was damaged sooner than the pull-out 

of CFRP and the accurate of the adhesive strength could not be measured. From the results, 

it was judged the cross-section of concrete unsuitable for the purpose of the experiment.  

4.5 The second experiment 

4.5.1 The set-up of experiment 

After the first experiment, the second series of experiment was conducted by 

considering the effect of the cross-section of concrete block to the bond-failure mode of 

          

                  (a)  Ø12.5 - 15Ø                                              (b) Ø15.2 - 15Ø                                                                    

 

Figure 4.8 Relationship between load and displacement of 15Ø group in the first 

experiment 

         

                     (a)  Ø12.5 - 20Ø                                          (b) Ø15.2 - 20Ø                                                                    

Figure 4.9 Relationship between load and displacement of 20Ø group in the first 

experiment 
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joint. In this series, the cross-section specimens was changed to 150mm x 150mm as 

shown in Figure 4.4. When CFRP reinforced for precast concrete slabs, concern regarding 

corrosion was limited, the concrete cover can be thinned. Therefore, this dimension was 

chosen for concrete block to expect the reduction of structural weight. It was expected 

that the specimens of F series could have the highest bond capacity so the number of 

specimens in the second test was two pieces (F1 and F2) for each diameter and each 

fixation length respectively to improve the accuracy of the data. (See Table 4.4) 

4.5.2 The result of the second experiment 

Figure 4.10 shows the situation of specimens after the second experiment was 

carried out and Figure 4.11, Figure 4.12, and Figure 4.13 show the relationship between 

load and displacement of the experimental specimens. The failure mode of this series test 

in S-type and N-type was the pull-out mode of CFRP. In the series of F-type, the failure 

mode was concrete splitting.  

     

(a)  Group of 10Ø                                        (b) Group of 15Ø  

 

 

(c) Group of 20Ø 

Figure 4.10 Situation of specimens after the second experiment 
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Figure 4.9 (a) and (b) Relationship between load and displacment of 10Ø group 

        

                  (a)  Ø12.5 - 15Ø                                       (b) Ø15.2 - 15Ø                                                                    

Figure 4.12 Relationship between load and displacement of 15Ø group in the second 

experiment 

        

           (a)  Ø12.5 - 20Ø                                          (b) Ø15.2 - 20Ø                                                                    

 
Figure 4.13 Relationship between load and displacement of 20Ø group in the 

second experiment 

       

                     (a)  Ø12.5 - 10Ø                                               (b) Ø15.2 - 10Ø                                                                    

 Figure 4.11 Relationship between load and displacement of 10Ø group in the second 

experiment 
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Table 4.5 summarised the experimental results of the second experiment. Firstly, 

the results were evaluated between two groups of CFRP diameter. As shown in Figure 

4.11, Figure 4.12, Figure 4.13, and Table 4.5, the diameter of CFRP in the specimens 

was larger, the pull-out load was higher. Secondly, the pull-out load was considered in 

specimens having different fixation length. Experimental results indicated that the 

fixation length increased, the pull-out load also increased accordingly. Finally, when the 

results were compared among three types of CFRP, F-type achieved the highest-

maximum load in the group having the same diameter and fixation length as expected. In 

STT Name 

Maximum 

load Pmax  

(kN) 

Maximum 

displacement 

dmax (mm) 

Ratio of 

Pmax  to 

guaranteed 

break force 

Ratio of 

Pmax to 

Pmax of 

straight 

type 

Bond 

stress 

(N/mm2) 

1 Ø12.5-10Ø-S 64.3 1.508 35% 100% 13.10 

2 Ø12.5-10Ø-N 30.6 0.458 17% 48% 6.23 

3 Ø12.5-10Ø-F1 139.5 1.818 76% 217% 28.42 

4 Ø12.5-10Ø-F2 134 1.032 73% 208% 27.30 

5 Ø12.5-15Ø-S 91.5 1.708 50% 100% 12.39 

6 Ø12.5-15Ø-N 98.1 1.942 53% 107% 13.29 

7 Ø12.5-15Ø-F1 174.1 0.712 95% 190% 23.58 

8 Ø12.5-15Ø-F2 174.9 1.288 95% 191% 23.69 

9 Ø12.5-20Ø-S 118 1.756 64% 100% 12.02 

10 Ø12.5-20Ø-N 98.1 3.684 53% 83% 9.99 

11 Ø12.5-20Ø-F1 184.2 1.086 100% 156% 18.76 

12 Ø12.5-20Ø-F2 184.8 0.582 100% 157% 18.82 

13 Ø15.2-10Ø-S 102 1.998 38% 100% 14.05 

14 Ø15.2-10Ø-N 38.1 0.686 14% 37% 5.25 

15 Ø15.2-10Ø-F1 160.1 1.04 59% 157% 22.06 

16 Ø15.2 -10Ø-F2 165.3 1.108 61% 162% 22.77 

17 Ø12.5-15Ø-S 146.6 2.032 54% 100% 13.46 

18 Ø15.2-15Ø-N 126 3.2 47% 86% 11.57 

19 Ø15.2-15Ø-F1 243.7 1.218 90% 166% 22.38 

20 Ø15.2-15Ø-F2 247.1 1.194 92% 169% 22.70 

21 Ø15.2-20Ø-S 182.8 1.148 68% 100% 12.59 

22 Ø15.2-20Ø-N 198.7 3.452 74% 109% 13.69 

23 Ø15.2-20Ø-F1 270 0.984 100% 148% 18.60 

24 Ø15.2-20Ø-F2 204.7 1.092 76% 112% 14.10 

 

Table 4.5 Summary of experimental results of the second experiment 
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F-type, the ratio of the maximum pull-out load to CFRP guaranteed break force reached 

from 60% to 76% in group having fixation length of 10Ø and from 90% to 95% in the 

group having fixation length of 15Ø. Regarding the group having fixation length of 20Ø 

of F-type, this number was over 100% in three specimens.  

On the other hand, it was necessary to concern the (Ø15.2-20Ø-F2) specimen, 

which was destroyed due to the concrete splitting at 204.7 kN. This value was lower than 

the guaranteed break force of CFRP. The status of specimens after the test was shown in 

Figure 4.14, some reasons were given to discuss and explain for this phenomenon. Final, 

the third experiment was planned to consider two factors including the length of the tuft 

body in the fixation length and the effect of the presence or absence of filling material 

inside the tuft body. 

4.5.3 Bond stress 

To investigate and evaluate the influence of some factors on the bond stress, this 

section was added to study based on the results of the second experiment. 

The bond stress was generally calculated by the following equation and the results 

shown in Table 4.5 and Figure 4.15.  

                                    
F

L



                                                                          (4.1) 

 

where, 

                             

Figure 4.14 Specimen of (Ø15.2-20Ø-F2) after test 
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 𝜏 is average bond stress (MPa), 

 𝐹 is pull-out load (N), 

 Ø is CFRP diameter (m), 

 𝐿 is the fixation length (m)  

4.5.3.1 The effect of diameter of CFRP strand 

In previous studies, average bond stress between concrete and FRP decreases 

when the diameter of rebar increases. Several reasons are considered. The bleeding of the 

water in the concrete would be made contact force between concrete and FRP bar lower 

[7]. The fixation length requires longer suiting with larger diameter but greater fixation 

length reduces the bond strength. Sometimes, the Poisson ratio and shear stiffness are also 

influencing factors [8]. 

 

(a) Group of Ø 12.5 mm 

 

(b) Group of Ø 15.2 mm 

 
Figure 4.15 Bond stress of specimens in the second experiment 
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The results of the second experiment from Figure 4.15 (a) and (b) indicates that 

the average bond stress in the group of F-type decreased while the diameter of CFRP was 

changed from 12.5 mm to the 15.2 mm. The bond stress of specimens in the group of S-

type different slightly between two diameters. In the case of N-type, the specimens gave 

an unclear result, in which 2/3 specimens were close and 1/3 specimens were not close 

with the results of F-type. 

4.5.3.2 The effect of CFRP fixation length  

The fixation length plays an important role in bond stress of FRP bar and concrete. 

The bond  stress reduces when fixation length rises [6], [7]. The results of the specimens 

using CFRP with S-type and F-type in the same diameter group agreed with the previous 

studies. In contrast to those, the specimens of N-type also gave an unclear result, which 

the higher bond stress was indicated in the case longer fixation length. 

4.5.3.3 The effect of method using CFRP strand in joint part 

The outer surface has a remarkable influence on bond stress when the failures did 

not occur in the concrete. Some authors had worked with the straight outer surface (S-

type). In 1989, it was reported that the bond stress of experiment with CFRP having a 

diameter of 12.5 mm and concrete strength 47.6 MPa was 7.23MPa [10]. This value was 

9.5 MPa and 13 MPa in the research of Tepfers in 1992 corresponding to 12.5 mm in 

CFRP diameter, 47.3 MPa and 44.4 MPa of concrete strength, respectively [11]. Likewise, 

the bond stress of S-type in this study fluctuated from 12.02 MPa to 14.05 MPa depending 

on CFRP diameter and the fixation length. It is not much different in the bond stress 

between two groups namely S-type and N-type. However, the method using CFRP with 

F-type, the bond stress was high. The values of bond stress in F-type were nearly two-

fold that of S-type. Although the failure mode of F-type was split and fractured, the 

accuracy of bond strength was not obtained this time, but the bond strength still exceeded 

20 N/mm2. 

4.6  The third experiment 

4.6.1 The set-up of experiment 

Based on the consideration the results of the second experiment, an additional 

test-the third experiment was conducted to focus on the F-type in order to pursue a more 
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efficient shape in term of function and cost. In addition, the experiment also investigated 

the influence of the length of the tuft body and the method to fill inside the tuft body of 

CFRP on the adhesive strength. 

To focus on F-type and consider the efficiency, the diameter of 15.2 mm, the 

fixation length of 15Ø and cross-section size of 150 mm x 150 mm were selected for the 

specimens in this experiment. Three lengths of tuft body in the fixation length (9Ø, 10Ø, 

and 11Ø) were investigated, they were shown in Figure 4.16. In addition, F-type in this 

experiment was divided into two types. Fa-type was the non-twisted type but the tuft body 

was freedom and concrete can filling inside as mentioned in the second experiment. 

Incidentally, Fb-type used the polymer cement mortar to fill inside the tuft body (see in 

Figure 4.17).  

 

 

 

 

Figure 4.16 Three lengths of tuft body 

 

 

Figure 4.17 Polymer cement mortar filled inside tuft body (Fb-type) 
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4.6.2 The result of the third experiment 

 

  STT Name Maximum 

load Pmax  

(kN) 

Maximum 

displacement 

dmax (mm) 

Ratio of 

Pmax  to 

guaranteed 

break force 

Bond 

stress 

(N/mm2) 

1 Ø15.2-15Ø-9Ø-Fa1 216.1 0.016 80% 19.9 

2 Ø15.2-15Ø-9Ø-Fa2 209 0.01 77% 19.2 

3 Ø15.2-15Ø-9Ø-Fa3 202.8 0.01 75% 18.6 

4 Ø15.2-15Ø-9Ø-Fb1 218 0.492 81% 20.0 

5 Ø15.2-15Ø-9Ø-Fb2 216.1 1.018 80% 19.9 

6 Ø15.2-15Ø-9Ø-Fb3 217.9 0.212 81% 20.0 

7 Ø15.2-15Ø-10Ø-Fa1 221.7 0.026 82% 20.4 

8 Ø15.2-15Ø-10Ø-Fa2 196.2 0.018 73% 18.0 

9 Ø15.2-15Ø-10Ø-Fa3 208.3 0.026 77% 19.1 

10 Ø15.2-15Ø-10Ø-Fb1 213.9 0.186 79% 19.7 

11 Ø15.2-15Ø-10Ø-Fb2 152.8 0.018 57% 14.0 

12 Ø15.2-15Ø-10Ø-Fb3 218.1 0.182 81% 20.0 

13 Ø15.2-15Ø-11Ø-Fa1 205 0.002 76% 18.8 

14 Ø15.2-15Ø-11Ø-Fa2 235.4 0.006 87% 21.6 

15 Ø15.2-15Ø-11Ø-Fa3 197.6 0.024 73% 18.2 

16 Ø15.2-15Ø-11Ø-Fb1 197.4 0.1 73% 18.1 

17 Ø15.2-15Ø-11Ø-Fb2 203.5 0.244 75% 18.7 

18 Ø15.2-15Ø-11Ø-Fb3 192.4 0.214 71% 17.7 

 

     

(a) Fa-type                                                            (b) Fb-type 

Figure 4.18 The relationship between the pull-out load and the length of tuft body 

corresponding with Fa-type and Fb-type 

 

Table 4.6 Summary of experimental results of the third experiment 
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The results of 18 specimens after the third experiments are shown in Table 4.6, 

Figure 4.18 (a) and (b). The variation of the pull-out load among specimens was slight, 

the average value stands roughly 210 kN. In addition, the bond stress of specimens also 

calculated following the Equation (4.1) and added in Table 4.6. The difference in the 

values of bond stress is small; it is around 20 N/mm2. It seems that the pull-out load and 

bond stress did not depend on the length of the tuft body in this study.  

However, the group having the tuft body length of 10Ø in Fb-type had a significant 

difference. The second specimen in this group achieved the pull-out load at 152.8 kN. 

This value was to differ from two values in the same group. This consequence may come 

from the quality of filling inside the tuft body. Polymer cement mortar was remained with 

a large amount in the second specimen, whereas only a small amount was found in other 

specimens (see Figure 4.19). It may be the part of polymer cement mortar did not break 

because the contact surface between polymer cement mortar, CFRP and concrete was not 

good.  

 Figure 4.20 shows the relationship between the pull-out load and the length of 

tuft body corresponding with Fa-type and Fb-type. These figures show that the applied 

load did not have a significant difference between two types but the displacement of Fb-

type at the failure time is larger than that of Fa-type. It seems that the polymer cement 

mortar in the tuft body of the CFRP broken slowly and made the pull-out process slower. 

This phenomenon may be due to the tuft body pre-filled with cement mortar, which was 

more certain and the tuff body's stiffness was also higher than in the case filling by 

concrete. Therefore, the adhesion between the surface of the concrete and the CFRP 

strand in the joint was better. Furthermore, the stiffness of tuff body pre-filled with 

 

Figure 4.19 Three lengths of tuft body 
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cement mortar was reduced by the shrinkage of CFRP so this method made the pull-out 

of CFRP strand slowly.  

4.7 Conclusions 

From the above results and discussions, the conclusions are summarized as 

follows. 

(1) The outcome of the method using three types of CFRP in joint part was shown. 

As expected, the method using F-type (filling inside tuft body) was provided the highest 

pull-out load and the highest bond stress among three types of CFRP at joint with the 

same conditions. In the second experiment, the applied load of specimens having fixation 

length of 20Ø in F series reached the value which higher than ultimate load of CFRP 

 

(a) Fa-type           

 

(b) Fb-type 

Figure 4.20 The relationship between the pull-out load and displacement 

corresponding with Fa-type and Fb-type 
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standard. From these results, it is necessary to study with more investment for the method 

using F-type for joint part in design, manufacture, and application. 

(2) F-type achieved the highest pull-out load and bond strength in comparing with N-

type and S-type. When the specimen using CFRP with diameter 15.2 mm, the pull-out 

load achieved the higher value than that using CFRP with diameter 12.5 mm. The force 

in the case using the fixation length of 20Ø was the highest among three types of the 

fixation length. Therefore, the specimen of F-type, Ø15.2 mm, and 20Ø would be a great 

combination for the actual bridge. However, after considering the ultimate load, bond 

strength, the ratio of ultimate load to the breaking force of CFRP, and the fixation length; 

the method using CFRP with a diameter of 15.2 mm, the fixation length of 15Ø, and F-

type (filling inside tuft body) was proposed to apply in the precast concrete slabs 

(3) One of the purposes of the experiment was to clarify the minimum possible width 

of the joint. It was confirmed that when slabs using CFRP with the diameter of 15.2 mm, 

the fixation length of CFRP in joint of 15Ø and F-type was selected, the joint width was 

improved. Furthermore, the weight of slabs reduced significantly. 

(4) From the result of the series in third test, no remarkable change was observed in 

the bond capacity with whatever the length of the tuft body. However, the bond capacity 

may be depended on the method and material to fill in the tuft body of CFRP, which 

should be considered more. 
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Chapter 5. Conclusion and Recommendations 

5.1 Introduction 

Among difference approaches developed to enhance strength, durability and 

serviceability of bridge structures, against the corrosion phenomenon of steel 

reinforcement, especially those structures located in aggressive environments, using 

CFRP reinforcement as an alternative method to conventional steel has shown efficient 

and durable construction regarding cost, technical, serviceable life and long-term 

performance. With the purpose of contributing more evidence of the effectiveness to 

develop this method, this study focused on the experiments and numerical simulation for 

using CFRP in the girder and precast concrete slabs. Specifically, the girder using CFRP 

tendon, which have been subjected in this study, has been exposed for nearly 30 years in 

the corrosion environment. This girder was placed next to the main girders of Shinmiya 

Bridge – the first bridge in Japan and the world using CFRP tendons in the main girders 

against the steel corrosion.  

 This chapter presents a summary of this study; conclusions based on the results 

of the experiments, analyses, and give the recommendation for future works. The first 

section will summarize the works that have been done in this study. The second section 

shows the conclusions, the significant findings and observations that can be made based 

on this research. The last section will give some recommendations for future research. 

5.2 Summary 

One prestressed concrete girder using CFRP tendon was fabricated with a full-

scale in 1989 and placed next to the main girders of Shinmiya Bridge in the mountainside 

in Hakusan, Ishikawa, Japan. This girder has I-shaped cross-section. The length of the 

girder was 6060 mm whereas the height, the width of the upper flange and width of lower 

flange were 325 mm, 200 mm, and 320 mm respectively. The girder was reinforced with 

eight CFRP tendons with Ø12.5 mm and seven strands, in which six CFRPs was used for 

the tensile zone and two CFRPs located in the compression zone. Epoxy coated rebar of 
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D6 was set up for stirrups and the compressive strength of 59.8 N/mm2 was recorded from 

1988 for concrete. In October in 2017, this girder was brought to the structural laboratory 

of Kanazawa University to evaluate the quality, durability and serviceability of this girder 

as well as CFRP tendons after nearly 30 years exposed in the corrosion environment. A 

series of experiments were performed on this girder. First, the effective stress was 

estimated using the stress release technique with a core incision, and the obtained value 

was compared with the design value. Next, a loading test was carried out on the girder; 

the load-bearing capacity, the relationship between applied load and displacement, failure 

model, strain distribution and crack pattern were considered and evaluated. The transfer 

length of the prestressed girder, which obtained by recording a relationship between 

strains on the concrete girder surface versus the distance to the end of the girder before 

and after cutting the upper and lower flanges, was examined by using half of the girder 

after the flexural experiment. On the other half of the girder, the concrete cores were 

collected, the compressive strength test was conducted and salt content was measured. 

Finally, the mechanical and chemical characteristics of the CFRP removed from the main 

girder were determined. 

To deep understand the flexural of the behavior of the prestressed concrete girder 

using CFRP tendons in the loading test, the three-dimensional model was developed by 

the finite element method based on the result of the investigation mentioned above. First, 

the model was built in LS-DYNA software. The accuracy of the model was evaluated by 

comparing the analysis result and experimental result including the load-bearing capacity, 

the relationship between applied load and displacement, and crack pattern. Then, a 

parametric study considered the loss of prestress force and the decrease of the 

compressive concrete strength to the change of structural behavior. The second approach 

is to build the model by the commercial finite element software, DIANA. The method, 

which creased directly the presstress force, and load control were used in this model to 

surmise the behavior of a prestressed concrete girder using the CFRP tendons. Moreover, 

parametric studies were conducted with the following objectives: To investigate the 

influence of the input data from the results of the CFRP tensile test and concrete 

compressive test on the results on the accuracy of the simulation; to determine the change 

in structural behavior with the modification of the material properties; and finally to study 

the model with or without the bond-slip model for contact between the CFRP and concrete. 
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The final work of this study is conducted three series of fundamental pull-out test. 

The aim of this work is to investigate the method for using CFRP in the cast-in-place joint 

of precast concrete slabs reinforced by CFRP to enhance the durability and reducing the 

width of the joint as short as possible. Sixty specimens were fabricated with the difference 

in the setup. Two diameters of CFRP were selected including Ø12.5 mm and Ø15.2 mm. 

Three types of fixation length were chosen in the relationship with CFRP diameter namely 

10Ø, 15Ø, and 20Ø. In addition, straight type (S-type), no filling inside tuft body in non-

twisted type (N-type) and filling inside tuft body in non-twisted type (F-type) also known 

as three methods using CFRP in joint. Furthermore, to study the effect of the method 

filling inside tuft body to the adhesive strength, F-type divided into two group types. Fa-

type having tuft body was freedom and concrete can filling inside and Fb-type used the 

polymer cement mortar to fill inside the tuft body. 

5.3 Conclusions and Observations 

Based on the results of the experimental and analytical investigation of the 

structures reinforced by CFRP, the main findings can be made follows. 

For investigation by experiments conducted on the girder using CFRP tendons 

exposed in the corrosive environment for nearly 30 years 

(1)  The effective stress of the presstred concrete girder was estimated by the 

release of the working stress and measuring the strain. The results of the test confirmed 

that there was no significant difference between the effective stress in this study and the 

design value. 

(2) The load-carrying capacity of the girder using CFRP tendons exposed in 

the corrosive environment for nearly 30 years was confirmed after the loading test. The 

relationship between applied load and displacement in this study was almost overlapped 

with the result obtained from the girder conducted in 1994. Although the ultimate load in 

this study was approximately 6% lower than that at six years after construction (1994), 

this value exceeded the design value at the time of construction and it was judged that the 

load-carrying capacity of the girder has been still in good condition. 

(3) The transfer length of the specimen obtained in this test was the same with 

the results in this test conducted six years after the original construction. It was 
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determined to be 500 mm, which was smaller than 65Ø. It was confirmed that the transfer 

length and the bond between CFRPs and concrete did not change. 

(4) The chloride ion concentration in the bottom flange of the girder was 

higher than that in the side surface. The chloride ion concentration at the position of the 

stirrup rebar (reinforcement cover was 27.5 mm) was estimated to be approximately 6.0 

kg/m3 based on the analysis results of the salt content in the core collected from the lower 

surface of the main girder. This value largely exceeded the corrosion occurrence limit of 

steel of 1.2 kg/m3. 

(5) The compressive strength of concrete from the test samples collected on 

the girder was 75.1 N/mm2, this value was higher than the value recorded in 1988(59.8 

N/mm2). 

(6) CFRP was removed from the girder and subjected for the tensile test, the 

rupture load was compared with to the previous results and residual tension load capacity 

was confirmed. The elastic modulus of CFRP decreased by approximately 7% in 

comparing with the value in 1994. 

(7) According to the FE-SEM observations of the CFRP tendons, there was 

no position where the coatings and carbon fibers themselves seemed to be deteriorated,. 

It was confirmed that there was no problem in the CFRP surface and carbon fiber surface. 

In addition, from the FT-IR analysis results, no significant change, such as the 

disappearance of the main peak or appearance of a new peak, could be confirmed. 

Therefore, it was considered that deterioration caused by chemical structural change did 

not occur. 

For investigation by numerical analysis on flexural behavior of the girder using 

CFRP tendons  

(1) The good agreement between the numerical result and experimental result 

was proposed a three dimensional model of the girder using CFRP tendons in commercial 

software such as LS-DYNA and DIANA. This model can be help to observe clearly the 

complex behavior and failure mode of the girder. 

(2)   The parametric study shows that the load-bearing capacity will reduce 

when the loss of pre-stressing loss or reducing of compressive strength of concrete occurs. 

However, the decrease of the load-carrying capacity of the girder in case of pre-stressing 
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loss was higher than that in case of reducing of compressive strength of concrete in the 

same rate. 

(3) The location of the samples selected for fundamental tests such as tensile 

test and compressive concrete strength was important for the simulation, which provided 

the characteristics of main materials, and affects the accuracy of the numerical results. 

These parameters were input data for the software to predict the behavior of structure so 

that any change in the property of material will lead to differences in the behavior of the 

girder. In addition, the model that considered bond-slip mode for the contact between 

concrete and steel shows a slight difference with the result obtained from the perfect bond 

model. 

For investigation by fundamental full-out test on joints of precast concrete slabs 

in bridges reinforced by CFRP 

(1) The method using F-type (filling inside tuft body) was provided the 

highest pull-out load and the highest bond stress among three types of CFRP at joint with 

the same conditions. Some specimens of F series reached a higher value than the ultimate 

load of CFRP standard. 

(2) The method using CFRP with a diameter of 15.2 mm, the fixation length 

of 15Ø, and F-type (filling inside tuft body) was proposed to apply in the precast concrete 

slabs and the cast-in-place joint in real to enhance the durability and shortest the width of 

joint. 

(3) This method needs to pay attention with the material and the method filling 

inside tuft body. 

5.4 Recommendations for future work 

For future work, the author wants to be done to develop the model for fundamental 

pull-out test between concrete and the straight type (S-type) mentioned in Chapter 4 by 

the finite element method. To investigate the bond-slip model for contact between 

concrete and CFRP, stirrups in this pull-out experiment via LS-DYNA software.  

The second step, the author wants to use the bond-slip model that get the good 

agreement in the first step to applying for the three-dimensional model of the prestressed 

concrete girder using CFRP tendons mentioned in Chapter 3. Then, to evaluate the 

difference between two bond model including perfect bond and bond-slip. 
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In addition, based on published design guides, codes and specifications for FRP 

reinforcing bars and tendons, the bending moment under ultimate load will be calculate 

and compare with experimental results and analysis results. 

Further work is recommended to investigate the loading test and fatigue test on 

the full-scale of precast concrete slabs that use the proposed method for joint in Chapter 

4.
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