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Introduction 

It is true that the grasping of truth is not possible without empirical basis. However, the deeper 

we penetrate and the more extensive and embracing our theories become, the less empirical 

knowledge is needed to determine those theories. 

Albert Einstein, December 1952. 

 

1.1 RESEARCH IMPETUS AND BACKGROUND 

Modern industry development has brought massive wealth, meanwhile it has also caused 

serious environment problems such as greenhouse effect and air pollution, and more serious 

industry resource shortage. It was reported that the amount of CO2 has reached 30.3 billion 

tons as of 2011. Therefore, building sustainable society which can save energy, make less 

carbon and protect environment has gradually become the consensus in the world in the 21st 

century. Based on the above social background, particular emphasis has been placed on new 

technology development and improvement to enhance utilization efficiency of resource for 

reducing the usage amount of resource and energy. As the field consuming lots of resource and 

energy, researchers and designer in civil engineering are also devoting to make some 

contributions to the sustainable society development. 

 

As we know, the thermal power generation produces huge amount of dust, more than 90 

percent of which is fly ash, causing a series of environment problems. For example, the serious 

air pollution by PM2.5 will be caused if directly discharging the fly ash dust into air, as shown 

Fig1.1, and the river will be jammed if delivering the fly ash dust into river. Therefore, there 

Chapter 1 



 

2 

 

will be significant social meaning for the sustainable development in the use the fly ash in the 

civil engineering construction as the substitute of other resources such as cement and sand, 

since this utilization of fly ash can reduce the environmental problems stated in the above and 

save the resources and energy. 

 

  

(a) Thermal power generation industry [1.1] (b) Shanghai in the polluted air[1.2] 

Fig.1 - 1 Environmental problem caused by thermal power generation 

 

In the last several decades extensive researches on fly ash concrete as a kind of energy saving 

material have been comprehensively conducted in the world. Since 1950s, fly ash has found its 

wide applications in cement and concrete industries. In North America, fly ash has been used 

mainly as a supplementary cementitious material in the production of Portland cement concrete 

at replacement levels ranging from 15% to 30% by mass of the total cementitious material 

[1.3]. Since 2000, high volume fly ash concrete with fly ash replacement level larger than 30% 

has gained increasing attention from the standpoint of reducing environmental burden caused 

by the production of cement [1.4-1.6]. In Japan, the last two decades has seen the recycling 

ratio of fly ash increase from 67% to about 97% with about 65% of fly ash being used as raw 

material for Portland cement [1.7]. On the other hand, while the annual domestic consumption 

of Portland cement declined from its peak of 86.5 million tons in 1990 to 43.7 million tons as 

of 2013. 

 

However, the thermal power generation is boosted due to the security consideration after The 

2011 Great East Japan Earthquake , and the amount of fly ash produced by thermal power 

generation is gradually increasing, while the cement production, the main filed to consume fly 

ash now, is decreasing because of the depressed construction market. This fact implies that 

further use of fly ash as raw material for cement can no longer be expected in Japan. A new 

application of fly ash is desirable. 

 

From the viewpoint of maximizing environmental and economic benefits simultaneously, 

Matsufuji et al. [1.8] have proposed to utilize fly ash to partially replace fine aggregate and 

http://image.so.com/v?src=rel&q=%E7%81%AB%E5%8A%9B%E5%8F%91%E7%94%B5%E5%8E%82%E6%B1%A1%E6%9F%93%E5%9B%BE%E7%89%87&fromurl=http://www.xingziwang.com/forum.php?from%3Dportal%26mod%3Dviewthread%26page%3D1%26tid%3D99754#multiple=0&dataindex=71&id=4d8433f7d6970018dafce860a3ba3a0d
https://www.google.co.jp/imgres?imgurl=http://img.jrjimg.cn/2015/12/20151222085457526.jpeg&imgrefurl=http://opinion.jrj.com.cn/2015/12/22085420277381.shtml&docid=z4X738TY5yMWoM&tbnid=ebCfgioXptJr9M:&w=500&h=325&bih=1032&biw=1422&ved=0ahUKEwjAnIiD6qjMAhWhrKYKHbJrDuY4yAEQMwhFKEIwQg&iact=mrc&uact=8
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make high-performance structural concrete. Through extensive experimental works, Matsufuji 

et al. demonstrated that compressive strength of the concrete with fly ash partially replacing 

not Portland cement but sand kept increasing along with the fly ash content till the replacement 

level reached 640 kg/m3 if the concrete mixture met the minimum requirements prescribed in 

JASS5 [1.9] for structural concrete. Matsufuji et al. have also developed an empirical formula 

to predict compressive strength of the concrete with fly ash partially replacing fine aggregate, 

and verified that the optimum upper replacement level of fly ash would be about 455 kg/m3 

without compromising workability and casting of the produced concrete [1.8]. The advantage 

of the method proposed by Matsufuji et al. to largely use fine fly ash lies in that it could 

provide high concrete strength and sounder durability simultaneously, and reduce the amount 

of sand from river, mountain and sea, which significantly contribute to mitigate environmental 

burden by concrete industry. 

 

As compared with steel structures and wooden structures, concrete structures are still most 

widely used in the world due to good structural performances, excellent durability, fire 

resistance efficiency, and high cost performance. However, concrete structures have inherent 

shortage such as brittle characteristics. The method increasing the amount of stirrups in the 

concrete structure has been proposed in current concrete structural design codes in many 

countries to improve the ductility of concrete, and the largest spacing of stirrup for the concrete 

columns in buildings has been limited to 100mm in Japan. 

  

  

Fig.1 - 2 Damaged concrete buildings in earthquake[1.14-1.17] 

It has been found that the performances of many buildings designed according to current 

http://www.blogger.com/$clip_image0153.jpg


 

4 

 

design codes can attain the goal of life safety, but some buildings can’t reach that goal although 

they were designed by ductility design method as summarized in the survey reports of 

observed damage of buildings in recent mega earthquakes such as the 2008 Sichuan 

Earthquake and The 2011 Great East Japan Earthquake [1.10-1.13]. In addition, as shown in 

Fig. 1-2, several buildings which didn’t collapsed during the earthquakes had to be demolished 

because the residual deformation of them was so large that they couldn’t been used anymore or 

the repair costs would be very expensive [1.14-1.17]. These phenomenon indicates that ductile 

concrete structures could no longer be regarded as the only solution for the buildings 

constructed in earthquake-prone regions. From the lessons from the 1995 Kobe earthquake, 

Ohtani and Kawasima pointed out the importance of limiting the residual deformation in 1997, 

respectively [1.18, 1.19].  

 

Based on the backgrounds described above, a new type of building structure needs to be 

developed to mitigate the environmental burden and enhance the robustness and reparability of 

buildings structures. In other words, sustainability and resilience shall be two key words for the 

next generation of building structures located in seismic regions.  

1.2 STUDY ON PERFORMANCES OF FLY ASH CONCRETE 

STRUCTURE 

1.2.1 Study on material properties of fly ash concrete 

As described previously, fly ash had been mainly used to replace cement in concrete. Such 

kind of fly ash concrete exhibits lower early stage strength than the concrete without fly ash, 

but may have equivalent or higher strength at later ages due to the continued pozzolanic 

activity of fly ash [1.20]. Siddique studied basic mechanical properties, including compressive, 

splitting tensile and flexural strengths, modulus of elasticity and abrasion resistance of concrete 

with fly ash up, and experimentally demonstrated that the use of high volumes of fly ash as a 

partial replacement of cement in concrete would decreased mechanical properties of 

conventional fly ash concrete [1.21]. 

 

Matsufuji et al. have pointed out that while conventional fly ash concrete has several 

advantages such as reduction of the cement content, enhancement of fluidity and reduction of 

the hydration heat in concrete, the compressive strength and durability of produced concrete, in 

particular at early age, tended to be less than concrete without fly ash [1.22]. Furthermore, the 

replacement level of fly ash should be kept less than 30 %, which obviously hinders effective 

application of fly ash to make structural concrete.  

 

As a new and effective application of fly ash in concrete, Matsufuji et al. have proposed to use 
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fine fly ash rather as partial replacement of fine aggregate than as replacement of cement. 

Through extensive and comprehensive experiments on mechanical properties of the concrete 

with fly ash replacing sand, they have revealed that the early-age compressive strength 

including 28 days strength could be higher than the concrete without fly ash, that the optimum 

upper replacement level of fly ash would be about 455 kg/m3 without compromising 

workability and casting of the produced concrete [1.22], and that the initial stiffness of the 

produced concrete didn’t declined [1.23]. The same experimental results could be found even 

concrete was cured in 40℃ air environment [1.24-1.25]. The difference between the 

mechanical properties of conventional fly ash concrete and the new type of fly ash concrete 

can be attributed to that the amount of micro pores larger than 50μm are reduced because the 

micro pores were filled by fly ash with the largest grain size of 10μm, leading to denser 

internal structures than the concrete without fly ash [1.26].  

1.2.2 Study on mechanical properties of fly ash concrete structures 

In order to make the best use of high-strength and sound durability of fly ash, Sun and his 

research team have conducted a series of studies on mechanical properties of concrete 

members containing a large quantity of fly ash. Koyama et al. have demonstrated that LQFA 

concrete exhibited the same compressive stress-strain behavior as general concrete with 

identical compressive strength, and the stress-strain response of LQFA concrete can be 

accurately evaluated by the equation for general concrete [1.23]. Sun et al. have demonstrated 

that shear strength and deformability of the fly ash concrete (FAC) beams increased along with 

the mixed quantity of fly ash, that the failure mode of concrete short beams could be improved 

from brittle shear failure to relatively ductile flexural-shear mode due to the increased 

compressive strength, and that shear strength could be reasonably calculated by the formulas in 

current design codes [1.27]. Through experimental works on mechanical behavior of square 

FAC columns, Sun et al. have also verified that combination of FAC and ultra-high strength 

rebars could ensure square concrete columns to behave in a ductile manner up to large drift of 

3.0 % and that flexural and shear strength of square FAC columns could be reasonably 

predicted by the AIJ-prescribed equations [1.28-1.31]. 

 

However, for concrete members made of large quantity of fly ash, due to greatly increased 

concrete strength, the specimens did not fail in shear till large deformation, and information on 

shear behavior and ultimate shear capacities of these FAC members is scarce.  

1.3 STUDY ON PERFORMANCE OF TUBED CONCRETE COLUMN 

Tubed concrete column, tube of which is used to confine concrete in lateral direction and don’t 

carry the vertical stress by bending or axial load, was proposed by Tomii et al. to avoid the 
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shear failure and increase the ductility of the short concrete columns in frame structure and the 

boundary columns of shear wall structure[1.32,1.33]. Advantages of tubed concrete column are, 

1) large amount of shear reinforcement can be easily provided; 2) tube confinement contains 

whole column section and avoids degradation in lateral resistance of columns at large 

deformation due to the spalling off of the cover concrete; 3) the buckling of longitudinal rebar 

can be effectively prevented; and 4) the tube can be used as a form for columns [1.34].  

 

Xiao and Sun have studied the stress-strain relationship of concrete confined by circular tube 

and square tube [1.35, 1.36], and proposed stress-strain relationships for circularly and 

squarely tubed concrete, respectively. Sun has also proposed the equation to calculate the 

flexural strength of tubed concrete column [1.37]. Sakino et al. have studied seismic behavior 

of square tubed concrete column under high axial compression [1.38], and experimentally 

verified that square tubed concrete columns could exhibit high deformability and seismic 

performances even under high axial load with the axial load ratio of 0.99. Matsuo et al. have 

investigated the performances of tubed high strength concrete columns reinforced by high 

strength rebars, and verified their high deformability and low residual deformation [1.39].  

 

The first application of the tubed concrete column in bridge structures was the design of a 

bridge by Transportation Department of Las Vegas in USA. Silva et al. bent three full scale 

tubed concrete columns, and verified that tube confinement was effective in enhancing both the 

flexural strength and ductility of the columns [1.40]. Priestley et al. [1.41] systematically 

studied the mechanical properties of concrete members confined by steel jacket and proposed a 

series of seismic evaluation method and strengthening design method which are now used in 

the strengthening engineering for bridge in California. 

 

The tube used in the aforementioned tubed concrete columns were made by welding two 

pieces of L-shape or channel-shape steel plates. Since there are potential defects in the welding 

all of which couldn’t be completely detected, these hideous defects may seriously affect the 

performances of tubed concrete columns. To mitigate negative effect of potential defect in the 

welding portion of tube, Fukuhara et al. have proposed to connect two pieces of L-shape plates 

by bolts and nuts and demonstrated that this connection method could provide the same 

confinement effect to concrete columns as the welded tube [1.42]. However, effect of this 

confinement method on circular concrete columns, in particular those made of high-strength 

concrete, has not yet been verified and evaluated. 

 

1.4 STUDY ON PERFORMANCES OF RESILIENT CONCRETE 

STRUCTURES 
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Importance of the residual deformation of concrete structures hit by an earthquake has been 

widely recognized in structural engineering community. So far, two methods have been 

proposed to design and construct the resilient concrete structure. One is using post-tensioned 

pre-stressed (PTPS) bar to reinforce the section of concrete components, and the other is using 

ultra-high strength (UHS) rebar having low bond strength or un-bond rebar as longitudinal 

rebars in concrete components. 

 

Watanabe et al. [1.43] focused on using PTPS high strength (HS) rebar into conventional 

concrete columns to take advantages of the high resistance of conventional concrete columns 

and the long elastic region of pre-stressed HS bar and to construct the resilient concrete 

columns. Their experimental results showed that residual deformation of concrete columns 

could largely be decreased due to the resilience of PTPS HS bar. Priestley et al. [1.44] have 

applied this method to concrete bridges to reduce residual deformation. Panian et al. [1.45] 

have actually applied the PTPS bar into the construction of David Brown Center to resist the 

potential earthquake. 

 

He and Xin et al. [1.46-1.48] studied the seismic behavior of a self-centering bridge pier 

system connected by un-bond post-tensioned (PT) tendon locating at the center of cross section 

of bridge pier with mild steel distributed around the perimeter of the pier section. The PT 

tendon was intended to dissipate seismic energy and to minimize the residual deformation of 

bridge pier. Hu et al. [1.49] also utilized PT tendon into concrete walls.  

 

The above-mentioned studies have demonstrated effectiveness of the PTPS bar on reduction of 

the residual deformation of concrete structures. However, there are several problems for using 

the PTPS bar remain to be solved. These problem include the evaluation of the loss in the 

stress of the PTPS bar at large lateral deformation and the appropriate level of the pre-stress 

that should be applied to the PTPS bar. 

 

Pandey et al. [1.50] have studied the influence of the bond strength of longitudinal rebars on 

the shear resistance and ductility of concrete columns and demonstrated that the damage of 

column was greatly reduced and the failure mode was changed from brittle shear to ductile 

flexure by reducing the bond stress of longitudinal rebar. According to their study, the less the 

bond stress, the larger the improved ductility, and increasing the length of un-bond region of 

longitudinal rebar could also greatly improve the ductility. Tanaka et al. [1.51] studied seismic 

behavior of concrete columns with their longitudinal rebars being completely un-bonded by 

surrounding them with a pre-installed steel pipe into concrete and revealed that these columns 

could exhibited self-centering hysteresis response performance. 
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On the other hand, the use of un-bond rebars leads to lower lateral resistance and is hard to 

enable concrete columns to develop the calculated capacity by the current design codes.  

 

To overcome the problems in the method of using PTPS bar or un-bond rebars, Sun et al. have 

recently proposed using special ultra-high strength rebar (SBPDN 1275/1420 rebar) with low 

bond strength as longitudinal rebar in concrete members. The SBPDN rebar has spiral groove 

on its surface and has low bond strength of about 1/5 of deformed rebar [1.52]. They 

demonstrated that square concrete columns using SBPDN rebar exhibited stable cyclic 

behavior up to large deformation and reduced residual deformation as compared with the 

columns using conventional HS rebar (USD685) [1.53-1.56]. Meanwhile, Sun et al. also 

revealed that the square concrete columns using SBPDN rebar under double curvature 

deformation need careful detailing to fix the rebar at the middle of column in order for the 

columns to exhibit identical resilience as the cantilever columns [1.57]. 

 

Sun and Cai et al. have researched the resilience and seismic performances of circular concrete 

columns reinforced by SBPDN in detail, and verified that circular concrete columns exhibited 

more stable performance and smaller residual deformation because circular hoops or spirals 

can provide more effective confinement to core concrete[1.58-1.60]. 

1.5 STUDY ON MODEL FOR SHEAR STRENGTH DEGRADATION 

The nominal shear capacity of concrete columns is generally evaluated as the sum of three 

contributions, namely; concrete Vc, axial load Vn and transverse steel Vs. Most of the current 

design codes assume that shear capacity of concrete columns is a constant, independent of the 

deformation level of the column, as shown in Fig.1-3. Priestley et al [1.61], however, 

illustrated that the shear capacity of a concrete column tends to degrade along with 

deformation level because the shear contribution by concrete and axial load decrease at large 

deformation.  

 

As one can see from Fig. 1-3, a reliable and sound model of shear strength, which can account 

for effect of deformation on the shear strength, is of great importance in design. According to 

the relative value of shear strength model and the actual response envelop curve, one can 

predict the failure mode of a concrete component at the stage of design.  

 

So far, only New Zealand design code recommends a complete shear strength model for 

circular concrete columns account for effect of deformation. However, the model needs 

transformation of circular section into an equivalent square or rectangular section or adoption 

of the concept of effective shear strength area. Apparently, the transformation of column 
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section causes evitable error in the calculated shear strength. 

 

In order to overcome the disadvantage induced by the deformation of column section, since 

1980s several complete shear strength models have been proposed by Ang and Wong et 

al.[1.62,1.63], Aschheim and Meohle [1.64], Priestley et al.[1.65], California Department of 

Transportation [1.66], Applied Technology Council [1.67] and Kowalsky et al.[1.68]. There is, 

however, a crucial problem in these models. All models define the relationship between the 

shear strength and displacement ductility, but the definition of yield displacement is rather 

arbitrary and varies among researches, which may result in unreliable prediction.  

 

 

Fig.1 - 3 Representative lateral resistance of concrete columns 

 

Another problem needs to be solved in the current shear strength models is the upper limitation 

on the lateral stress of hoop or spiral used in the calculation of shear strength because the high 

strength spirals or hoops may not yield at the peak resistance[1.69]. While Architecture 

Institute of Japan (AIJ) has recommended an upper limit of 700MPa on the lateral stress of 

rectilinear hoop in calculating the so-called confinement effect [1.70, 1.71], however, AIJ 

design guideline doesn’t specify upper yield stress to circular hoop, in particular to the circular 

hoop as shear reinforcement. The upper limitation of transverse reinforcement is proposed to 

be 550MPa in ACI Committee for circular spirals used to confine concrete and based on the 

tests by Richart el al [1.72]. In other design codes [1.73-1.75], the upper yield strength for 

transverse steels has been assumed to be 500MPa. Scattering among the upper lateral stresses 

of shear steel can be observed. . 

While Cai et al. have developed a complete seismic shear strength model for circular concrete 

columns [1.76]. The model can only be applied to circular concrete columns with compressive 

strength less than 50 MPa. Since the use of LQFA may increase concrete strength over 70 MPa, 
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a new model which can cover high-strength concrete columns, both circular and square, needs 

to be developed. 

1.6 OBJECTIVES AND SCOPE 

On the basis of the above-mentioned backgrounds and reviews of previous studies, it is 

reasonable to presume that the utilization of LQFA in concrete and the use of ultra-high 

strength SBPDN rebar as longitudinal steel in concrete columns are a feasible way to the 

development of sustainable and resilient concrete components.  

 

Objectives of this doctor dissertation are to develop a new type of sustainable and resilient 

concrete columns and experimentally investigate their seismic performance, to propose design 

equations for predicting ultimate shear strength and deformation of concrete components made 

of LQFA, to develop a skeleton model for the proposed concrete columns, and finally to 

propose a cyclic loop model of the proposed columns. 

 

The concrete contents of this doctor desertion are summarized as follows: 

 

1) Experimental investigation of seismic behavior of circular concrete cantilever columns 

made of LQFA and reinforced with SBPDN rebars to clarify if the LQFA concrete beams can 

exhibit the same resilience as the conventional circular concrete columns and if the resilience 

may change due to the increased compressive strength of LQFA concrete. These columns 

simulates the columns at the lower stories of high-rise frame structures, which are expected to 

exhibit a strong column-weak beam lateral resistance mechanism.  

 

2) Experimental investigation of seismic behavior of circular concrete columns made of 

LQFA and reinforced with SBPDN rebars under double-curvature deformation. These columns 

simulate the columns in a frame expected to exhibit the weak column-strong beam failure 

mechanism, which was well observed in low- and middle-rise building structures damaged 

during recent strong earthquakes.  

 

3) Proposal of design equations to calculate the ultimate shear strength and corresponding 

drift or chord rotation of LQFA concrete beams. These proposed equations are intended not 

only for LQFA concrete beams but also for LQFA concrete columns. With the proposed 

equations, one can conduct reasonable and reliable design of the developed sustainable and 

resilient concrete columns.  

 

4) Modeling of skeleton curve of lateral force versus drift ratio relationship for circular 
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LQFA concrete columns. In this paper, the model will be referred to as capacity curve, which is 

indispensable in performance-based design of the proposed sustainable and resilient concrete 

columns as shown in Fig. 1-4.  

  

 

Fig.1 - 4 Characteristics of the next generation structure 

1.7 FORMAT OF THE DOCTOR DISSERTATION 

This doctor dissertation comprises six chapters. Each chapter deals with one of the 

above-mentioned issues except chapter one and chapter six. Core points of each chapter are 

written below: 

 

Chapter one introduces backgrounds of this doctor dissertation, reviews previous study in the 

literature, and presents research objectives and research issues. 

 

Chapter two is devoted to the investigation of seismic behavior of circular concrete cantilever 

columns. Four specimens were fabricated and tested under combined reversed cyclic loading 

and constant axial compression. Experimental variables were the type of longitudinal rebar and 

the confinement method. All specimens were 250mm in diameter and had shear span ratio of 

2.0. Two specimens were reinforced by eight SBPDN (12.6mm in nominal diameter) rebars, 

and two specimens by eight high-strength deformed USD685 rebars. Longitudinal rebars were 

uniformly distributed along the perimeter of column section with concrete shell of 30mm and 

gave steel ratios of 2.05% and 2.07%, respectively. Objectives of this experimental work are to 

investigate effect of the high compressive strength of LQFA concrete on the resilience of 

columns, and to verify effectiveness of partial confinement of columns by steel plates on 

seismic capacity of high-strength concrete columns. 
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Chapter three presents experimental study on seismic performance of circular LQFA concrete 

columns under double curvature deformation. Four circular columns with diameter of 250mm 

were made and tested under reversed cyclic loading while the axial load was kept constant. All 

specimens were made of concrete with fly ash replacement of 455 kg/m3 of sand and partially 

confined by circular steel plates within end region of 375mm from the column base. 

Experimental variables were the connecting method of steel plates for confinement, the type of 

longitudinal rebars (USD685 and SBPDN) and the anchorage length of SBPDN rebars within 

the loading stubs. The shear span ratio and axial load level expressed in terms of axial load 

ratio were kept constant for all specimens and had values of 2.0 and 0.33, respectively. 

 

Chapter four describes an experimental program to investigate shear behavior of LQFA 

concrete beams. Emphasis of the program was placed on the assessment of ultimate shear 

strength and deformability of LQFA concrete members, whose shear capacities have been little 

known because the use of fly ash in large quantities leads to high strength concrete that tends to 

fail after the yielding of longitudinal rebars. To obtain experimental information on the ultimate 

shear capacities of LQFA concrete members, the SBPDN rebars were used as tensile steels for 

all twenty specimens, all of which were prismatic beams with rectangular section of 250 x 150 

mm. Experimental variables among specimens were the shear span ratio of beams (1.0 – 4.0) 

and the steel ratio of tensile rebar (0.76%, 1.14%). Based on the test results, the equilibrium of 

forces acting on the diagonal shear plane and Mohr-Coulomb failure criterion for LQFA 

concrete, a complete shear strength model is developed and its validity and accuracy is verified 

by comparing the experimental results with the calculated results.   

 

A skeleton envelop curve is developed in Chapter five for circular LQFA concrete columns. 

The capacity curve model is developed on the basis of the test results described in Chapters 

two and three of this dissertation. The proposed model takes effect of slippage of SBPDN 

rebars on capacity curve into consideration. Test results described in this study are used to 

verify validity and accuracy of the developed model. 

 

Chapter six summarizes all findings and observations obtained through Chapters two and five, 

and presents several future issues concerning with the proposed sustainable and resilient 

concrete components. 
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Seismic Behavior of Circular LQFA 

Concrete Cantilever Columns Reinforced 

by Ultra High Strength Rebar and Steel 

Plates 

 

2.1 INTRODUCTION 

The design philosophy of the strong column – weak beam has been utilized in the structural 

design of buildings since 1960s. The strong column-weak beam lateral force-resisting 

mechanism works only if the column bases at the lowest story of a building have been assigned 

sufficient robustness and ductility. Recent earthquakes have proved that ductile concrete 

columns at the lowest story could attain the goal of preventing the buildings from total collapse 

and saving human life during a mega-earthquake. As shown in Fig.1-2, however, ductile 

columns may be deformed to large drift by a strong earthquake and result in severe damage 

within the column bases and too large residual deformation for the columns to be repaired after 

the ground motion.  

 

One of solutions for constructing idealistic strong column-weak beam frames for building is 

the utilization of LQFA concrete and SBPDN rebars into the columns at the lowest story, 

because combination of both materials may ensure adequate robustness and resilience to the 

columns. As the first step to the development of seismic assessment method for the sustainable 

and resilient concrete members, this chapter focuses on the following items: 1) to 

experimentally verify effectiveness of combination of LQFA concrete and SBPDN rebars on 
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enhancement of robustness and resilience of circular concrete cantilever columns which 

simulate the columns at the lowest story; 2) to clarify effect of bond strength of longitudinal 

rebars on overall seismic performance of LQFA concrete cantilever columns, and 3) to present 

experimental information on hysteresis feature, residual drift, and variation of steel strains 

along with deformation, of the columns.  

2.2 EXPERIMENTAL PROGRAM 

2.2.1 Description of test specimen 

To achieve the aforementioned goals, four 1/3-scale circular concrete columns with diameter of 

250mm were fabricated and tested under combined constant axial compression and reversed 

cyclic lateral load. Table 2-1 shows outlines of test specimens. All specimens had a shear span 

of 500 mm to give a shear span ratio of 2.0. Concrete with fly ash replacement level of 455 

kg/m3 was used to make the specimens and give a targeted compressive strength over 70MPa. 

The experimental variables were the type of longitudinal rebars and the confinement method of 

column. The specimens were divided into two groups, SB and US, according to the type of 

longitudinal rebar. SB series specimens were reinforced by eight SBPDN 1275/1420 rebars, 

while US series specimens were reinforced by eight deformed USD 685 rebars. Specimens 

FANSB and FANUS were confined with D6 spirals having spacing of 30mm. For specimens 

FATSB and FATUS, the end region from the column bottom with a length of 1.4D (D = 

diameter of column section) were confined by steel plates, and the left portion were confined 

by circular D6 hoops having spacing of 30mm. Within the tube-confined region of specimens 

FATSB and FATUS, D6 hoops were also provided with spacing of 90mm just to keep the 

position of longitudinal rebars as shown in Fig.2-1. To prevent the steel plates to directly 

sustain the axial stresses induced by axial load and bending, clearance of 6mm was provided 

between lower end of steel plates and the loading beam. 

 

Table 2 - 1 Outlines of test specimens 

 

Specimen 

 

f'c 

(N/mm2) 

 

a/D 

 

n 

Longitudinal Bar Transverse reinforcement 

Type pg 

(%) 

s 

(mm) 

ρh 

(%) 

Steel 

Plate 

t 

(mm) 

ρt 

(%) 

FANSB  

80 

 

2 

 

0.33 

SBPDN 

rebar 

2.05 30 1.98 No - - 

FATSB 90 0.57 Yes 3.2 2.5 

FANUS USD 

rebar 

2.07 30 1.98 No - - 

FATUS 90 0.57 Yes 3.2 2.5 

Note: f'c: concrete cylinder strength; a/D: shear span ratio; n: axial load ratio; pg: the ratio of rebars; s: 

spacing of spirals; ρh: the volumetric ratio of spirals; ρt= the volumetric ratio of steel plate. 
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(a) FANSB 

 

 

(b) FATSB 

Fig. 2-1 Details of test columns (Continued) 
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(c) FANUS 

 

(d) FATUS 

Fig. 2- 1 Details of test columns 

 

Each end of SBPDN rebars was anchored to end plate by nuts and bolts as shown in Fig.2-1, 
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mat plate with thickness of 30 mm was embedded in the top of each specimen to disperse the 

pre-stressed axial compression. Each specimen was under constant axial compression with 

axial load ratio of 0.33. Due to the limitation of facility capacity, about 30% of the targeted 

axial compression was provided via a PC bar. 

2.2.2 Material properties 

Ready-mix concrete was used to fabricate test specimens. Table 2-2 shows details of mix 

proportion of the concrete. As can be seen from Table 2-2, up to 455kg of fine fly ash was used 

to replace fine aggregate in per unit volume of concrete. The specimens were cured in the 

forms with their tops covered by wet burlaps for four weeks after casting and then were 

air-cured till the time of testing. The actual concrete strength at the testing day was about 

78.8MPa. 

 

Table 2 - 2 Mix proportion of concrete 

Fly Ash 

(kg/m3) 

 

W/C 

 

Water 

(kg/m3) 

Cement 

(kg/m3) 

Fine Aggregate Coarse 

Aggregate 

(kg/m3) 

Admixture 

(kg/m3) Sand 

(kg/m3) 

Crushed Sand 

(kg/m3) 

455 0.65 185 285 334 146 833 5.92 

 

Table 2 - 3 Mechanical properties of the steels 

Name Type fy 
(N/mm2) 

fu 
(N/mm2) 

Es 
(N/mm2) 

ε 

(%) 
Elongation 

(%) 

SBPDN bars SBPDN 1275/1420 1423** 1499 215000 0.86** 9.7 

USD bars USD 685* 961** 1037 182000 0.72** 25.7 

PL3.2 SS400 325** 503 194000 0.37**  

D6 SD295 426 517 190000 0.23 25.9 

Note: fy=yield stress; fu=ultimate stress; Es= young modulus; ε= yield strain; USD685* is hardening 

strength; ε=0.37%**, ε=0.86%** are obtained according to the 0.2% offset method. 

      

(a) SBPDN 1275/1420 rebar                  (b)  USD 685 rebar 

Fig.2- 2 View of the longitudinal rebars used 

 

The ultra-high strength SBPDN 1275/1420 rebar has yield strength of 1423 MPa and 12.6 mm 

in diameter with spiral grooves on its surface as shown in Fig.2-2 along with conventional 

high-strength deformed USD 685 rebar whose yield strength was 961 MPa. According to 

Funato et al. [2-1], the bond strength of SBPDN rebar was about 3.0 MPa and about one-fifth 

of that of USD rebar. The steel plates used to confine concrete in specimens FATSB and 

FATUS had a thickness of 3.2mm and yield strength of 325 MPa. Fig.2-3 and Table 2-3 shows 

the tensile stress-strain curves and mechanical properties of the steels used, respectively. 
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Fig. 2- 3 Stress-strain curves of steels used 

2.2.3 Test setup 

The test setup is shown in Fig.2-4. The axial compression was applied by a hydraulic jack 

while the reversed cyclic lateral force was applied by another hydraulic jack. About 250 kN of 

axial compression was applied to each specimen by post-tensioning a PC bar before the testing. 

Since the stress of the PC bar would vary along with the drift of column, the axial compression 

applied through hydraulic jack was adjusted to keep the axial load applied to columns as 

constant as possible.  

 

 

Fig.2- 4 Schematic view of test setup (Unit: mm) 
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Fig.2-5 shows overall view of actual loading. The horizontal hydraulic jack was attached to a 

rigid concrete reaction wall, and the reversed cyclic lateral load was basically controlled by 

drift angle R (=Δ/L, where Δ is the lateral displacement at the rotation center of the column 

measured by a displacement transducer (DT), and L is the shear span). The planned loading 

program for the lateral force is shown in Fig.2-6. 

 

Lateral load was initially force-controlled until the first flexural crack was observed, and then 

controlled by drift angle (R). Two complete cycles were applied at each level of drift level 

before R reached 0.02rad, from which on only one cycle was applied at each level of drift level. 

For specimens FATSB and specimen FATUS, however, because the ultimate capacities of them 

exceeded capacity of the horizontal hydraulic jack in the pull direction, these two specimens 

were deformed only up to 0.03 rad. and 0.02 rad. in the pull direction. 

 

 

Fig.2- 5 Overall view of loading 

 

Fig.2- 6 Loading program 

-8

-6

-4

-2

0

2

4

6

8

0 5 10 15 20 25 30 35 40

D
ri

ft
 a

n
g

le
 R

(×
0

.0
1

ra
d
.)

cycle

0.25

1.5

1.0

0.75

0.5

2.0

2.5

3.0

3.5

6.0

5.0

4.0

7.0



 

26 

 

2.2.4 Instrumentation and measurement 

As shown in Fig.2-7 and Fig.2-8, for each specimen, there were nine DTs and fourteen strain 

gages used for measuring the displacement and steel strain. The No.1 DT measured the lateral 

displacement while No. 2 through No.7 DTs measured the axial deformation within different 

gage lengths. No. 8 and No. 9 DTs were attached to monitor the shift of the loading stub and 

the base rigid beam.  

 

Locations of strain gages for the longitudinal and transverse reinforcements are shown in 

Fig.2-8. In addition, two strain gages were attached to the PC bar to monitor variation of the 

stress, and six bi-axial strain gages were attached on the external surface of the steel plates to 

measure the surface strains located 16 mm, 181 mm and 346 mm, respectively, away from the 

column base as shown in Fig.2-8 (e). 

2.3 TEST RESULTS AND OBSERVATIONS 

2.3.1 Observations of test columns 

Crack patterns of specimen FANSB at several representative drift angle are shown in 

Fig.2-9(a) in the form of extend elevation of the specimen. In Fig.2-9(a), the terms “east” and 

“west” represent the initial tensile and compressive flanges, respectively. Before the testing, 

several hairline cracks due to shrinkage of concrete were observed, but they were very subtle. 

Flexural cracks were firstly observed near the bottom section and the section 100mm away 

from the column base when R reached 0.0025rad in the push and pull direction, respectively. 

 

 

(a) FANUS (b) FATUS 

Fig.2- 7 Locations of DTs 
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(a) FANUS (b) FATUS 

  

 

(c) FANSB (d) FATSB 

Fig.2- 8 Locations of strain gages (Continued) 
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(e) Steel plates 

Fig.2- 8 Locations of strain gages 

 

  

Ｒ＝0.005 rad. Ｒ＝0.01 rad. 

  

Ｒ＝0.02rad. Ｒ＝0.05rad. 

Fig.2-9 (a) Crack patterns of specimen FANSB 

 

During the loading cycle of R=0.005 rad, flexural cracks were observed at the section about 

185mm away from column base. The splitting cracks were observed at R=0.075rad, and 

expanded along with drift level. Flaking of the concrete shell was also observed at R=0.0075 

rad, but spalling-off of the cover concrete was not observed until R reached 0.015rad. From 

R=0.02 rad on, more and more concrete shell spalled off, but the lateral resistance of the 

specimens still continued increasing until R=0.03rad. Testing was terminated at R=0.05rad, 

where buckling of SBPDN rebar was observed due to significant spalling-off of concrete shell. 

The region of spalling-off of cover concrete finally covered the end region with length of 1.0D 
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– 1.5D.  

 

Fig.2-9 (b) displays the crack pattern of specimen FATSB. The crack pattern was observed 

after the testing and removing the steel plates. One can see from Fig.2-9 (b) that confinement 

by steel plates did mitigate the damage degree. Only very subtle flexural cracks and several 

splitting cracks could be found on the surface.  

 

 

Fig. 2- 9 (b) Crack pattern of specimen FATSB 

  

Ｒ＝0.005 rad. Ｒ＝0.01 rad. 

  

Ｒ＝0.02 rad. Ｒ＝0.05 rad. 

Fig.2-9 (c) Crack patterns of specimen FANUS  
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Fig.2- 9(d) Crack pattern of specimen FATUS 

Fig.2- 9 Crack pattern of specimens 

 

    

FANSB FATSB 

    

FANUS FATUS 

Fig.2- 10 Overall views of test columns after testing 

 

Crack patterns of specimen FANUS is illustrated in Fig.2-9 (c). Flexural cracks were firstly 

observed at the section 60 mm away from the column base at R=0.0025rad. Due to the high 

bond strength of USD 685 rebars, flexural cracks were observed at the section 250mm away 

from the column base when R reached 0.01rad from which on splitting and shear cracks 

occurred. The spalling-off of cover concrete was firstly observed at R=0.015rad. shear cracks 

expanded along with drift angle, and at R=0.025 rad in pull direction, the cover concrete 
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spalled off so significantly that spiral and longitudinal rebars were completely exposed. High 

bond strength of USD 685 rebars caused more severe damages than SBPDN rebars.  

 

The final crack pattern of specimen FATUS is shown in Fig.2-9 (d). While cracks of concrete 

could not be observed during the testing, swelling of steel plates was verified by hand touch at 

R=0.03 rad where the specimen reached its maximum lateral resistance (see Fig.2-11). As the 

specimen FATSB, the loading was applied until R=0.06 rad in the push direction. Fig.2-10 

illustrates overall views of all specimens after testing. Confinement by steel plates obviously 

mitigated damage degree of concrete columns. 

2.3.2 Lateral load – drift angle hysteretic responses 

The primary test results are listed in Table 2-4, while the lateral load V versus drift angle R 

relationships of all specimens are shown in Fig.2-11. The white square, triangle, diamond and 

circle superimposed in Fig.2-11 represent the testing stages when the flexural crack was firstly 

observed, when longitudinal rebar reached the yield strength, when spirals reached the yield 

strain and when the lateral resistance reached its maximum, respectively. The dotted line 

represents the so-called P-delta mechanism line. 

 

Table 2 - 4 Primary test results of all specimens 

Specimen 
f'c 

(N/mm2) 

Longitudinal rebar Transverse reinforcement  

Vexp 

(kN) 

 

RexpQ 

(%) 

Name ρg 

(%) 

s 

(mm) 

ρh 

(%) 

Steel 

plate 

t 

(mm) 

ρt 

(%) 

FANSB 78.7 SBPDN 

rebar 
2.05 

30 1.98 No - - 230 3.0 

FATSB 78.7 90  0.56 Yes 3.2 2.5 313 7.0 

FANUS 76.8 USD 

rebar 
2.07 

30 1.98 No - - 261 2.5 

FATUS 73.8 90 0.56 Yes 3.2 2.5 318 3.0 

Note: f'c =concrete compression strength; ρg= the ratio of longitudinal rebar; s=the spacing of transverse 

reinforcement; ρh=the volumetric ratio of spirals; Vexp= ultimate lateral load; RexpQ= drift angle at Vexp; 

t=thickness of steel plate; ρt= the volumetric ratio of steel plates. 

 

By comparing the measured V-R curve of specimen FANSB with that tested by Cai et al. [2-2], 

it can be found that the use of fly ash in large quantities decreased resilience of circular 

concrete columns confined by spirals. The only difference between these two specimens lies in 

concrete strength. As compared with concrete strength of 78.7 MPa of specimens FANSB, the 

concrete strength of the specimen described in reference 2-2 was 47.2 MPa. The lateral 

resistance of specimens FANSB kept increasing until R=0.035 rad, whereas the V-R curve of 

the specimen in reference 2-2 kept increasing up to R=0.05rad. And therefore, this decrement 

in resilience of circular concrete column may be attributed to the inherent brittle feature of the 

high strength LQFA concrete.  
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Fig.2- 11 Lateral load V– drift angle R relationships 

 

However, partial confinement by steel plates is apparently effective in enhancing the resilience 

of circular LQFA concrete columns as shown in Fig.2-11. Confinement by thin steel plates 

with diameter-to-thickness (D/t) ratio of about 80 did enhance the resilience of LQFA concrete 

columns from 0.035rad to at least 0.05rad. Steel confinement constrained whole concrete 

section and prevented the lateral resistance of specimen FATSB from degrading along with 

drift level due to the spalling-off of concrete shell. This fact implies that combination of LQFA 

concrete, longitudinal SBPDN rebar and partial confinement by steel plates is a good candidate 

for developing sustainable and resilient concrete columns. 

 

On the other hand, specimens FANUS and FATUS, both of which were reinforced with USD 

685 deformed rebars, reached their peak lateral resistance at the same drift angle of 0.025 rad 

as shown in Fig.2-11. The lateral resistance of spiral-confined specimen FANUS commenced 

degrading after R=0.025 rad due to more and more severe spalling-off of cover concrete and 

the inherent brittle feature of high-strength LQFA concrete. The degradation rate of lateral 

resistance was larger than that induced by the P-delta effect. Confinement by steel plates could 

not enhance the resilience of specimen FATUS. It is the yielding of USD 685 rebars at R=0.025 

rad that reduced the resilience and confinement effect by the steel plates on high-strength 

LQFA concrete. 
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Spiral-confined                         tube-confined  

(a) Effect of the type of rebar 

  

SBPDN rebars                          USD 685 rebars 

(b) Effect of confinement method 

Fig. 2- 12 Effects of main structural factors 

 

As one can see from Fig.2-11, once USD 685 rebars yielded, the lateral resistance by them do 

not increased further along with strain or drift and tends to maintain at a certain level. From the 

strain or drift where USD 685 rebars commences yielding on, the P-delta effect, the softening 

feature of high-strength concrete as well as the spalling-off of cover concrete all contribute to 

the degradation in the lateral resistance. If the lateral resistance by longitudinal rebars cannot 

increase any further due to yielding to cover the degradation due to above-mentioned factors, 

the resilience will be terminated at that drift or strain level. In other words, delaying the 

yielding of longitudinal rebars is the top priority to ensure sufficient resilience to concrete 

members. 

 

To better see effects of the type of high-strength longitudinal rebar and the confinement method 

on overall seismic performance of LQFA concrete columns, the envelope curves in the push 

direction are compared in Fig.2-12 in form of base moment M versus drift angle R 

relationships. Moments shown in Fig.2-12 include the moment by lateral force and the P- 
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moment. In addition, the lateral forces measured at each specified drift angle are shown in 

Table 2-5 for all specimens. 

 

Table 2 - 5 Lateral forces measured at specified drift angle R (✕0.01 rad) 

Specimen Vexp(kN) 

R=0.25 R=0.5 R=0.75 R=1 R=1.5 R=2 R=2.5 R=3 R=3.5 R=4 R=5 R=6 

FANSB 125 187 206 204 206 223 226 230 229 226 199 150 

FATSB 134 196 221 235 250 276 285 298 299 302 313 322 

FANUS 116 186 210 220 242 256 261 253 220 180 120 - 

FATUS 140 203 234 245 288 309 316 318 315 309 305 292 

 

From Fig.2-12 and Table 2-5, the following observations can be made: 1) the type of 

high-strength longitudinal rebars did not influence the M-R curves of LQFA concrete columns 

with same concrete strength and steel amount were identical until R=0.0075 rad and 0.005rad 

when confined by spirals and steel plates, respectively; 2) the higher the bond strength of rebar, 

the larger the lateral resistance until R=0.03rad or 0.04 rad where high-strength rebar began 

yielding; 3) confinement by steel plates could greatly enhance lateral resistance at large drift, 

and hence lead to much larger resilience than confinement by spirals. 

2.3.3 Strains measured in steel bars and steel plates 

To investigate the reason for the stable increment in the lateral resistance at large drift of the 

specimens reinforced by ultra-high strength SBPDN 1275/1420 rebars, Fig.2-13 plots strains of 

longitudinal rebars measured at the section 25mm away from the column bottom. In Fig.2-13, 

the blue lines and red lines represent the strain at initially tensile and compressive side, 

respectively. The black dotted line expressed the yield strain of the longitudinal bars. 

 

The strains of SBPDN rebars increased at the same rate as the strains of USD rebars until 

R=0.0075rad, but the increment rate became less than that of USD rebars after R=0.0075rad, 

which implies that the SBPDN rebars began to slip from that deformation level. The SBPDN 

rebars didn’t reach its yield strain in tension till R=0.05rad for specimen FATSB. The SBPDN 

bars in specimen FANSB reached its yield strain in compression at R=0.04rad, because of the 

severe spalling-off of the concrete shell. The stable increase in tensile strain contributed to the 

stable increase in lateral resistance of column till large deformation. For the specimens with 

USD rebars, however, the tensile strains reached its yield strain at about R=0.03rad, and from 

then on the lateral resistance commenced degrading.  
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Fig.2- 13 Measured strains of longitudinal rebars 

  

  

Fig.2- 14 Strain profiles of longitudinal rebar along column height 
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Fig.2-14 shows strain profiles of longitudinal rebars along the column height measured at 

specific drift angles. The vertical dotted lines superimposed in Fig.2-14 represent the yield 

strains. As one can see from Fig.2-14, the strains of USD 685 rebars tended to concentrate 

within the end region of about 1.0D (D = diameter of column section), while those of SBPDN 

rebars distributed approximately constant along column height. Low bond strength of SBPDN 

rebar allowed for the axial strain to be transmitted from the critical region of column to the 

adjacent region where longitudinal rebars have been conventionally assumed remaining in 

elastic region. It is this transmission of steel strain that delays the yielding of SBPDN rebars 

and enables the lateral resistance by SBPDN rebars to keep increasing along with deformation 

until they yielded. 

 

The circumferential strains of measured at initial compressive side (flange) of spirals and the 

circumferential and vertical strains on the surface of steel plates are shown in Fig.2-15 and 

Fig.2-16, respectively, with horizontal line expressing the yield strain of the steels. 

 

Comparing measured circumferential strains of specimens FANSB and FANUS, confined by 

spirals, one can see that the strains of spirals in specimen FANSB exhibited much slower 

increment rate along with drift than those in specimen FANUS, and reached yield strain at 

R=0.03rad. For the two specimens confined by steel plates, FATSB and FATUS, the strains 

measured at the sections 145mm and 265mm away from column base of specimen FATSB 

showed larger values at large drift than those measured in specimen FATUS. Transmission of 

axial strain along column axis in SBPDN rebar avoided concentration of steel strain in the 

vicinity of column base, distributing strain or deformation of steel to a wider region, which 

consequently made the concrete in the widened region sustain higher axial stress, resulting in 

larger circumferential strain in spirals confining the concrete.  

 

The vertical and transverse strains shown in Fig.2-16 were measured at the initial compressive 

side of column sections 16mm, 141mm and 271mm away from the column base. 

 

From Fig.2-16, one can see that vertical strains were much smaller than circumferential or 

transverse strains. The vertical strains measured at the bottom end of steel plates exhibited 

small values till the end of testing, which implies that the steel plates sustain little, if any, axial 

stress as expected. The largest transverse strains were measured at the top end of steel plates in 

both specimens, but the absolute vertical strain to transverse strain ratios at each specific drift 

were about 3.0, which means that the steel plates still provided as little resistance to the axial 

stress as can be ignored.  
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Fig. 2- 15 Circumferential strains of spirals 

  

  

Fig.2- 16 Strains of steel plates 
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2.3.4 Axial compression load 

The relationships between axial compression load and drift angle are shown in Fig.2-17. The 

total axial compression load consisted of two parts, one of which was provided by vertical 

hydraulic jack and the other was provided by the post-tensioned PC bar. The latter is obtained 

by using the measured strains of four gages locating at bottom and up ends of the PC bar. 

 

As can be seen from the figure, the axial deformations of specimens confined only by spirals 

quickly decreased due to shear failure and spalling of massive cover concrete from drift angle 

R = 0.04rad and 0.035rad, respectively, for specimen FANSB and FANUS whose failure 

modes were shear failure. As shown in Fig. 2-18, the axial deformations of these two test 

columns abruptly increased in shortening after shear failure occurred. This shortening led to the 

loss of axial load provided by the PC bar. If total axial compression were applied through 

vertical hydraulic jack, these two specimens might exhibited more brittle response after R=0.04 

rad and 0.035rad, respectively, than those shown in Fig. 2-11. On the contrary, the axial 

deformations of specimen FATSB and specimen FATUS confined by steel plates kept a 

constant value until the test was end. 

 

  

  

Fig.2- 17 The variation of axial compression load of test columns 
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Fig. 2- 18 Axial deformation of test columns 

 

2.3.5 Residual deformations 

Residual drift angle has been widely accepted as one of the important indicator for the 

reparability of concrete components and structures [2.3], and hence will be an important index 

measuring resilience of LQFA concrete columns. Fig.2-19 shows the measured residual drift 

angles corresponding to each specific drift level of all specimens. The experimental results 

shown in Fig.2-19 represent the average of residual drift angles measured in both directions. 

 

No significant difference was observed in the measured residual drift among the specimens 

with SBPDN rebars and USD 685 rebars until R=0.025rad. From that drift angle on, the 

residual drift angles of the specimens with USD 685 rebars gradually became larger than those 

of specimens with SBPDN rebars. Since the USD 685 rebars commenced yielding at R=0.025 

rad, it can be said that the yielding of longitudinal rebar triggered the progress of residual drift 

angle. For specimen FANSB, high bond strength of USD 685 rebar led high stress to the 

concrete surrounding rebars and made the cover concrete more seriously spalled off along with 

drift level. This specimen failed in shear at R=0.04 rad, resulting in abrupt increase of the 

residual drift. Abrupt increase of residual drift angles in specimens with SBPDN rebars was not 

observed until R exceeded 0.04 rad. 

 

As to the effect of confinement method on the mitigation of residual deformation, one can see 

from Fig.2-19 that partial confinement of critical regions of columns by steel plates could 

reduce residual drift of circular LQFA concrete columns, in particular at large drift level. Steel 

plates constrained all concrete within critical regions and prevented it from spalling off at high 

compressive strain, and contributing to the mitigation of residual deformation of columns even 

under relative high axial compression.  

 

Another important observation can also be made from Fig.2-19 about the reparability of LQFA 
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concrete columns reinforced by SBPDN rebars. The use of fly ash in large quantities did lead 

to high compressive strength of concrete and reduce deformability of it, utilization of the 

SBPDN bar as longitudinal rebars, however, was apparently effective not only in ensuring 

stable increase in lateral resistance to LQFA concrete columns, but also in mitigating residual 

deformation. For the specimens with SBPDN rebars, spiral-confined or steel plate-confined, 

their residual drift angles corresponding to the peak drift of 0.04 rad were about 0.005 rad. 

Since the value of 0.005 rad means that the non-reparability probability of the columns is close 

to zero [2-3], very high reparability of LQFA concrete columns is obvious after experiencing 

drift twice of the ultimate drift at life safety state. 

 

 

Fig.2- 19 Residual drift angle of specimens 

2.3.6 Energy dissipation feature 

To understand energy dissipation feature of LQFA concrete columns, equivalent viscous 

damping coefficient heq defined as in Fig.2-20 [2.4], was calculated and compared in Fig.2-21 

for all test columns.  

 

Fig.2- 20 Definition of equivalent viscous damping factor [2.4] 
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Fig.2- 21 Equivalent viscous damping ratios of LQFA cantilever columns 

 

The experimental results shown in Fig.2-21 indicate that the equivalent viscous damping 

factors remained approximately constant up to R=0.025 rad., which implies that LQFA 

concrete columns behaved in a approximately nonlinear elastic manner up to this drift level. In 

particular, the measured heq of specimens with SBPDN rebars maintained slow increase along 

with drift. 

 

As compared with heq of conventional ductile concrete members, the heq of concrete columns 

with high-strength rebars, SBPDN or USD 685, is much small. Considering the fact that higher 

heq means more severe damage, the small heq means that LQFA concrete columns with 

SBPDN rebars is not intended to dissipate energy induced by earthquakes, but to build a robust 

and resilient skeleton of frame structures, which are expected to be reopened as soon as 

possible after strong earthquakes. Although resilient concrete structure don’t mainly carry the 

duty to dissipate energy from earthquake, it’s still need to evaluate the energy dissipation 

capacity because it will be the important index to design dampers which will dissipate the most 

energy in the resilient structure. 

 

2.4 CONCLUSIONS 

Four circular concrete cantilever columns were tested to investigate effects of combination of a 

large quantity of fine fly-ash, ultra-high-strength rebar with low bond strength, and 

confinement by thin steel plates, on seismic behavior of concrete columns under 

single-curvature deformation. From the experimental results described in this chapter, the 

following conclusion can be drawn. 

 

(1) Combination of a large quantity of fine fly-ash, ultra-high-strength rebar with low bond 

strength, and confinement by thin steel plates is a simple but effective method to create 
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robust and resilient concrete components. The circular LQFA concrete cantilever columns 

with SBPDN rebars and under axial compression with axial load ratio of 0.33 showed 

higher resilience than the columns with USD 685 rebars.  

 

(2) While high compressive strength of concrete due to high fly ash replacement level of 

455kg/m3 reduced deformability or stability of LQFA concrete columns, utilization of 

SBPDN rebars as longitudinal rebars and proper confinement by spirals could ensure stable 

increment of lateral resistance up to the drift level of 0.04 rad. Confinement by steel plates 

in lieu of spirals could further enhance that drift level up to 0.05rad.  

 

(3) Utilization of USD 685 rebars could ensure LQFA concrete columns stable response and 

higher early lateral resistance until R=0.025 rad. The high bond-strength of USD rebar, 

however, tended to cause yielding of it earlier than SBPDN rebar, resulting in degradation 

of lateral resistance of the columns after R=0.025 rad. Even the confinement by steel plates 

could not enhance this critical drift level.  

 

(4) Residual drift angle, a well-known and adopted indicator for the reparability of concrete 

components, was primarily dependent upon if the longitudinal rebars yielded. Confinement 

method exhibited little influence on the residual drift angle. Once longitudinal rebars 

commenced yielding, tensile or compressive, the residual drift would increase at a much 

higher rate than that before the yielding, which implies that delay of the yielding of 

longitudinal rebar is crucial to the resilience of concrete members. 
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Seismic Behavior of Circular LQFA 

Concrete Beam-Columns Reinforced by 

SBPDN bars and Steel-Plates 

 

3.1 INTRODUCTION 

In addition to the strong column-weak beam mechanism, another lateral resistance mechanism 

for frame structures is the weak column-strong beam mechanism, which has been taken as 

undesirable one among structural engineer community for the last fifty years. As shown in 

Fig.3-1, weak column-strong beam mechanism has been often observed at the lowest story of 

concrete buildings designed by pre-1982 code [3-1], and usually causes too large residual 

deformation for the damaged buildings not to be repaired, even if they can survive a strong 

earthquake. On the other hand, if the columns at the lowest story are assigned sufficient 

resilience or self-centering feature, they can return buildings to original position and promote 

recovery and re-occupancy after earthquakes.  

 

Based on the test results described in chapter two, combination of LQFA concrete, SBPDN 

rebars and confinement by steel plates can be presumed to be suitable for the development of 

resilient columns located at the lowest story and deformed in double curvature. The column 

under double curvature deformation will be referred to as beam-column hereafter. Objectives 

of this chapter are listed below:  

 

Chapter 3 
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Fig.3- 1 Damage to the Olive View Hospital in the 1971 San Fernando earthquake 

(Steinbrugge K. V., NISEE Database) [3-2] 

 

(1) To experimentally verify robustness and resilience of circular LQFA concrete 

beam-columns with SBPDN rebars and confined by steel plates. 

 

(2) To investigate influence of the method to unite steel plates on the seismic properties of 

circular LQFA concrete beam-columns. 

 

(3) To study effect of anchoring details of longitudinal SBPDN rebars at the contra-flexure 

portion of column on the seismic performance of circular LQFA concrete beam-columns. 

 

(4) To clarify if the anchorage length of SNPDN rebars within the beam and column joint 

affects overall performance of circular LQFA concrete beam-columns. 

 

3.2 EXPERIMENTAL PROGRAM 

3.2.1 Description of test columns 

In order to achieve the goals aforementioned, four 1/3 scale circular column specimens 

simulating columns in weak column-strong beam mechanism were fabricated and tested under 

combined constant axial compression and reversed cyclic lateral load. All specimens had 

diameter of 250mm and shear span of 500mm. Outlines of specimens are given in Table 3-1, 

and reinforcement details and dimensions of specimens are illustrated in Fig.3-2.  

 

Experimental variables were uniting method of steel plates, anchorage details of SBPDN 

rebars at the middle of column and anchorage length of SBPDN rebars within loading stubs. 

Two types of connecting methods were adopted to unite steel plates into circular steel tube to 

confine test columns. According to the uniting method, the steel tubes formed are referred to as 

“bolted tube” and “welded tube”, respectively, hereafter.  
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Table 3 - 1 Outlines of test columns 

 

Specimen 

 

f'c 

(N/mm2) 

 

a/D 

 

n 

Steel plate  

Tie plate 

Anchorage 

length 

(mm) 

t 

(mm) 

D/t uniting 

method 

CFABY26  

70 

 

2 

 

0.33 

 

1.6 

 

156 

Bolt Yes 260 

CFAWY26 Weld Yes 260 

CFABN26 Bolt No 260 

CFABY13 Bolt Yes 130 

Note: f'c: target concrete strength; a/D: shear span ratio; n: axial load ratio; t: the thickness of steel plate; D: 

the diameter of column section. 

 

The bolted tube was made by at first bending flat steel plates into semicircular shape with wing 

of 30mm in width, and then connecting two pieces of the semicircular plates through bolts and 

nuts along the column height (See Fig.3-2). The welded tube was formed by welding two 

pieces of the semicircular plates together.  

 

Of the four specimens, three were confined by bolted tube and one was confined by welded 

tube to verify if the bolted tube could provide the same confinement effect to concrete as the 

welded tube. Thickness of the steel plates was 1.6 mm to give a diameter-to-thickness (D/t) 

ratio of 156 to steel tubes. Circular hoops having spacing of 90 mm were adopted just to keep 

longitudinal SBPDN rebars in location. Clearances of 6 mm were provided between tube ends 

and faces of loading stubs in order for the tubes to only provide lateral confinement to concrete 

rather than directly sustain the axial stresses induced by bending and axial load. 

 

Longitudinal steel in each specimen consisted of eight ultra-high strength SBPDN rebars with 

nominal diameter of 12.6 mm. These SBPDN rebars were placed uniformly around the 

perimeter of column section with cover concrete of 30 mm. Each SBPDN rebar was connected 

via an internally threaded pipe at the middle of column height as shown in Fig. 3-2, and both 

ends of it was further anchored to end steel plates of 6 mm in thickness by nuts to stop the 

slippage. Since the rebars in a beam-column under seismic loading will be pushed at one end 

but pulled at the other end simultaneously, they tend to slip mostly in the vicinity of 

contra-flexure section. To avoid negative effect of this slippage, for specimens CFABY26, 

CFAWY26 and CFABY13, each SBPDN rebar was also tied to a steel tie plate by nuts at the 

middle of column to prevent the slippage of SBPDN rebar at the contra-flexure section. No 

steel tie plate was adopted in specimen CFABN26 to investigate necessity of the tie plate at the 

middle of column. 
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(a) Test beam-column CFABY26 

 

 

(b) Test beam-column CFAWY26 

Fig.3 - 2 Details of test columns (Continued) 
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(c) Test beam-column CFABN26 

 

 

 

(d) Test beam-column CFAB13 

Fig.3 - 2 Details of test columns 
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Due to the capacity limitation, about 1/3 of the total axial compression was provided via a PC 

bar. As shown in Fig.3-2, a hole with diameter of 35 mm was provided in the center of column 

to place the PC bar whose diameter was 26 mm. 

 

The anchorage length into loading stubs for each SBPDN rebar in specimens CFABY26, 

CFAWY26 and CFANY26 was 260 mm, while that in specimen CFABY13 was 130 mm. The 

difference in anchorage length was mainly designed to investigate effect of anchorage length 

on seismic capacities of the columns.  

3.2.2 Material properties 

Ready-mix LQFA concrete with targeted compressive strength of 70MPa was used to make the 

specimens. Table 3-2 shows mix proportion of the LQFA concrete. As one can see from Table 

3-2, up to 455kg of fly ash was used to replace fine aggregate in per unit volume of concrete. 

Normal weight coarse aggregate with a maximum size of 20mm and Portland cement were 

used in concrete. The specimens were cured in the forms with their tops covered by wet 

burlaps for four weeks after casting and then were air-cured after removing of forms. The 

28-day strength and the actual strength of LQFA concrete at the 35-day before testing are 

shown in Table 3-2 and Table 3-4 along with primary test results, respectively.  

 

The SBPDN rebar had a yield strength of 1377 MPa and a bond strength of 3.0 N/mm2. As 

shown in Table 3-3, the thin steel plate used to confine test columns had a yield strength of 273 

MPa, while the yield strength of D6 circular hoop was 394 MPa. The values shown in Table 

3-3 represent the average of three standard test coupons. 

 

Table 3 - 2 Mix proportion of concrete 

 

Fly Ash 

(kg/m3) 

 

W/C 

 

 

Water 

(kg/m3) 

 

Cement 

(kg/m3) 

Fine Aggregate  

Coarse 

Aggregate 

(kg/m3) 

 

Admixture 

(kg/m3) 

 
fc′ 

(MPa) 
Sand 

(kg/m3) 

Crushed 

Sand 

(kg/m3) 

455 0.65 185 285 334 146 833 5.92 61 

 

Table 3 - 3 Mechanical properties of the steels 

Name Type fy 
(N/mm2) 

fu 
(N/mm2) 

Es 
(N/mm2) 

εy 

(%) 
Elongation 

(%) 

SBPDN bars SBPDN 1275/1420 1377 1463 215000 0.84** 9.9 

PL1.6 SS400 273 522 201000 0.34** 40.0 

D6 SD295A 394 522 197000 0.21 26.5 

Note: fy=yield stress; fu=ultimate stress; Es= young modulus; εy= yield strain; εy=0.34%**, εy=0.84%** are 

obtained according to the 0.2% offset method. 
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Fig.3 - 3 Schematic view of test setup (unit: mm) 

 

 

Fig.3 - 4 Loading program 
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was connected to the loading frame via a roller so that the jack could move freely in the 

horizontal direction.  

 

The reversed cyclic lateral load was controlled by drift angle R that is defined as R=Δ/L, where 

Δ is the lateral displacement measured by a Linear Variable Differential Transformer (LVDT), 

and L is the shear span of specimens. Two complete cycles were applied at each targeted drift 

angle until R reached 0.02rad, and only one cycle was performed at each following drift. The 

loading program is shown in Fig.3-4. 

3.2.4 Instrumentation and measurement 

As illustrated in Fig.3-5, in addition to the LVDT for measuring the relative lateral 

displacement, a total of sixteen displacement transducers (DTs) were used to measure the axial 

deformation and the slippage of the loading stubs.  

 

Sixteen strain gages were used to measure the strains of SBPDN rebars placed at compressive 

and tensile sides of column section as shown in Fig.3-6. In addition, eight strain gages were 

 

Fig.3 - 5 Locations of LVDT and DTs  
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used to measure the strains of circular hoops and six bi-axial strain gages were embedded on 

the compressive and tensile surfaces of steel tubes. Locations of the strain gages are also 

shown in Fig.3-6.  

 
 

(a) CFABY26 (b) CFAWY26 

 
 

(c) CFABN26 (d) CFABY13 

Fig.3 - 6 Locations of strain gages  
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3.3 TEST RESULTS AND OBSERVATIONS 

3.3.1 Observed behavior of the test beam-columns 

Fig.3-7 shows crack patterns of all specimens. The crack patterns were observed after testing 

and removing the steel plates because all specimens were wrapped by steel plates, which 

hindered observation of cracks during loading. The only exception of cracks was the flexural 

cracks in the vicinity of top and bottom portions of the test beam-columns.  

 

Flexural crack was observed at the clearance of 6mm between the ends of steel plates and 

loading stubs in all specimens at R=0.0025rad, while flaking or spalling-off of concrete was at 

first observed at R=0.01 rad. Lateral expansion of steel plate was clarified when R approached 

about 0.03 rad. As shown in Fig.3-7, damage in three specimens confined by the bolted tube 

was effectively mitigated by the steel plate-confinement. However, for specimen CAFWY26, 

the welding portion near the top end of the welded tube began rupturing at R=0.04 rad. During 

pushing the specimen to the next drift level, the welding portion completely ruptured when R 

became close to 0.05 rad, triggering brittle shear failure and loss of the gravity-sustaining 

capacity. The bolted tubes provided a more secure confinement effect to LQFA concrete than 

the welded tube, which implies that careful attention must be paid to the welding portion when 

thin steel plates are intended to confine concrete columns.  

3.3.2 Lateral load—drift angle hysteretic responses 

The lateral load versus drift angle hysteretic relationships of all specimens are shown in Fig.3-8, 

in which the white triangles, circles and diamonds represent the testing stages of yielding of 

SNPDN rebar, maximum load, and yielding of transverse hoops, respectively. Table 3-4 shows 

primary test results including the measured maximum lateral load Vexp and the corresponding 

drift angle Rexp. The values of the measured Vexp in Table 3-4 express the average of the 

maximum lateral loads in push and pull directions. 

 

Table 3 - 4 Primary experimental results of specimens 

 

Specimen 

 

f'c 

(N/mm2) 

 

P 

(kN) 

 

PPC 

(kN) 

 

n 

Steel plate  

Vexp 

(kN) 

 

Rexp 

(0.01rad) 

t 

(mm) 

D/t uniting 

method 

CFABY26 65 1040 263 0.33  

1.6 

 

156 

Bolted 300 4.97 

CFAWY26 70 1178 215 0.34 Welded 312 4.96 

CFABN26 65 1050 340 0.33 Bolted 257 3.48 

CFABY13 72 1130 320 0.33 Bolted 287 5.00 

Note: P: axial load provided by hydraulic jack; Ppc: axial load provided by PC bar; n: axial load ratio 

Vexp: the measured maximum lateral force; Rexp: the drift angle at Vexp. 
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(a) CFABY26 (b) CFABN26 

 

 

 

 

(c) CFABY13 (d) CFAWY26 

Fig.3 - 7 Failure patterns of test beam-columns 
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reached 0.05rad. In these specimens (CFABY26, CFAWT26 and CFABY13), the maximum 

lateral resistance was measured soon after SBPDN rebars reached the yield strain. On the other 

hand, specimen CFABN26, whose SBPDN rebars were not anchored to tie plate at the middle 

of column reached its maximum lateral resistance at R= 0.035rad, and then gradually degraded 

in lateral resistance with drift level until R reached 0.08rad. The SBPDN rebars did not reach 

the yield strain till the end of testing, which implies necessity of anchorage of SBPDN rebars at 

the middle of column to ensure higher resilience to LQFA concrete columns than R=0.035 rad. 

 

To better see effect of experimental variables on seismic behavior of LQFA concrete columns, 

the envelope curves in the push direction are compared in Fig.3-9. To minimize the P-delta 

effect, the envelope curves are compared in terms of moment M - drift angle relationships. At 

first, from Fig.3-9 (a) one can see that the bolted steel tube could provide the same 

confinement effect to high-strength concrete as the welded tube. The difference between lateral 

resistances of specimens CAFBY26 and CAFWY26 can be attributed to the difference of 

concrete strengths. Since the tubed steel tube may rupture at the welding portion at large drift, 

the uniting steel plates by bolts and nuts can be a good alternative to provide sufficient and 

secure confinement to brittle high-strength concrete. 

 

  

  

Fig.3 - 8 Lateral load – drift angle relationships of specimens 
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(a) Effect of uniting method of steel plates 

 

(b) Effect of anchorage detail of SBPDN at middle of column 

 

(c) Effect of anchorage length within loading stub 

Fig.3 - 9 Effects of experimental variables on seismic 

behavior of specimens 
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Necessity of anchorage by tie plate for SBPDN rebars near the contra-flexure section of 

column can be obviously observed from the comparison shown in Fig.3-9 (b). The lateral 

resistance of specimen CFABN26 stopped stably increasing at R=0.035rad. Slippage of 

SBPDN rebars near the contra-flexure portion prevented the steel strain from further increasing 

and hindered SBPDN rebars in sustaining higher lateral force.  

 

As to the effect of anchorage length within loading stub, one can see from Fig.3-9 (c) that the 

shorter anchorage length did not induce negative influence on the seismic performance of 

LQFA concrete columns. 

3.3.3 Measured strains of SBPDN rebars 

Fig.3-10 shows strains of SBPDN rebars for all specimens measured at the section 20mm away 

from the column bottom. The blue lines and red lines represent the strain at initially tensile and 

compressive side, respectively. The dotted horizontal lines express the yield strain of SBPDN 

rebar. 

 

As shown in Fig.3-10, the strains of longitudinal SBPDN rebars of three specimens with tie 

plate at the middle of column height stably increased along with drift angle, and reached the 

yield strain when drift angle R approached 0.05rad. The measured strains of SBPDN rebars in 

specimens CFABN26 also exhibited stable increase until R=0.04 rad. However, increment of 

the steel strains slowed down from that drift level on, and the measured strains did not reach 

the yield strain until R=0.08 rad. This can be attributed to the commencement of slippage of 

SBPDN rebars in specimen CFABN26 in which no tie plate was used at the contra-flexure 

section. 

 

Fig.3-11 plots the strain profile along the column height of SBPDN rebars at several specific 

drift angles. As one can see from Fig.3-11, the steel strain of SBPDN rebars tended to 

distribute along the column height rather than concentrated within the limited critical end 

regions as conventional deformed rebars did. The low bond strength of SBPDN rebar 

promoted the transmission of strain from the critical end section towards the contra-flexure 

section. This transmission of steel strain mitigates the progress of the strains of SBPDN rebars 

at the end sections and delay the yielding of them.   

3.3.4 Measured strains of circular hoops 

Fig.3-12 shows the strains of transverse hoops 90mm, 270mm, 730mm and 910 mm away 

from the column bottom section. The horizontal dotted lines represent the yield strain of steel. 

Detail of the locations of strain gages can be found in Fig.3-6. All measured strains shown in 

Fig.3-12 express circumferential strains of hoops. 
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Fig.3 - 10 Measured strains of longitudinal SBPDN rebasr 

  

  

Fig.3 - 11 Strain profiles of SBPDN rebars along column height 

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

-8 -6 -4 -2 0 2 4 6 8

Drift angle(×0.01rad)

Gage W1
Gage E1
Yield strain

CFABY26

S
tr

a
in

(%
)

W1E1

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

-8 -6 -4 -2 0 2 4 6 8

Drift angle(×0.01rad)

Gage W1
Gage E1
Yield strain

CFAWY26

S
tr

a
in

(%
)

W1E1

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

-8 -6 -4 -2 0 2 4 6 8

Drift angle(×0.01rad)

Gage W1
Gage E1
Yield strain

CFABN26

S
tr

a
in

(%
)

W1E1

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

-8 -6 -4 -2 0 2 4 6 8

Drift angle(×0.01rad)

Gage W1
Gage E1
Yield strain

CFABY13

S
tr

a
in

(%
)

W1E1

0

200

400

600

800

1000

1200

1400

-1.4 -1 -0.6 -0.2 0.2 0.6 1 1.4

P
la

ce
 f

ro
m

 t
h

e 
b

o
tt

o
m

 b
a

se
 b

ea
m

(m
m

)

Strain(%)

0.5W 1.0W 2.0W 3.0W

4.0W 5.0W 6.0W Yield

0.5E 1.0E 2.0E 3.0E

4.0E 5.0E 6.0E Yield

CFABY26

West East

0

200

400

600

800

1000

1200

1400

-1.4 -1 -0.6 -0.2 0.2 0.6 1 1.4

D
is

p
la

ce
m

en
t 

 f
ro

m
 b

o
tt

o
m

 b
a

se
 b

ea
m

(m
m

)

Strain(%)

0.5W 1.0W 2.0W 3.0W 4.0W

5.0W Yield 0.5E 1.0E 2.0E

3.0E 4.0E 5.0E Yield

CFAWY26

West East

0

200

400

600

800

1000

1200

1400

-1.4 -1 -0.6 -0.2 0.2 0.6 1 1.4

D
is

p
la

ce
m

en
t 

fr
o
m

 b
o

tt
o
m

 b
a

se
 b

ea
m

(m
m

)

Strain(%)

0.5W 1.0W 2.0W 3.0W 4.0W 5.0W

6.0W Yield 0.5E 1.0E 2.0E 3.0E

4.0E 5.0E 6.0E Yield

CFABN26

West East

0

200

400

600

800

1000

1200

1400

-1.5 -1.1 -0.7 -0.3 0.1 0.5 0.9 1.3

D
is

p
la

cm
en

t 
fr

o
m

 t
h

e 
b
o

tt
o
m

 b
a

se
 b

ea
m

(m
m

)

Strain(%)

0.5W 1.0W 2.0W 3.0W 4.0W 5.0W

6.0W Yield 0.5E 1.0E 2.0E 3.0E

4.0E 5.0E 6.0E Yield

CFABY13

West East



 

58 

 

  

  

  

  

Fig.3-12 Measured strains of hoops (Continued) 
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Fig.3 - 12 Measured strains of hoops 
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It can be seen from Fig.3-12 that the circumferential strains measured at the extreme tensile 

and compressive sides of column section closer to the top and bottom ends were larger than 

those at the web sides at the same section, while those at the web sides exhibited larger values 

at the sections closer to the column middle. These facts clarified that circular hoops at the 

sections close to column ends primarily confined concrete and circular hoops at the sections 

away from column ends mainly resisted the shear force. 

Strains of steel plates 

Fig.3-13 shows examples of the strains measured on the surface of the steel plates used to 

confine the columns. The dotted horizontal lines represent the yield strain. At the ends of steel 

plates, circumferential strains exhibited large value, while the axial strains were very small, 

which implies that the steel plates did provide lateral confinement to LQFA concrete located at 

extreme compressive edge of the critical end sections of column as expected.  

 

  

  

Fig.3 - 13 Measured strains on the surface of steel plates 

3.3.4 Residual deformation 

Fig.3-14 shows experimental results of residual drift angles corresponding to each target drift 

angles. The experimental drift angles shown in Fig.3-14 represent the average of residual drift 

angles in both directions. 
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Fig.3 - 14 Residual deformations of test beam-columns 

 

As obvious from Fig.3-14, the residual drift angles of all specimens were very small until 

R=0.03 rad. The ratios of the residual drift to the experienced peak drift were about one-tenth 

before R reached 0.03 rad. After R=0.03 rad, however, residual drift of specimen CFABN26 

exhibited sharper increase than the others. This can be attributed to the slippage of SBPDN 

rebars in specimen CFABN26, which did not utilize the tie plate to anchor SBPDN rebars at 

the middle of column height.  

 

It is interesting to note that the residual drift angle of specimen CFABY13 increased at a faster 

rate than specimen CFABY26 from R=0.03 rad on. The shorter anchorage length within the 

loading stub, which is intended to simulate the beam-column joint of frame structures, seemed 

to have caused a little faster development of steel strain in SBPDN rebars, leading to the little 

higher increasing rate of residual drift angle.  

 

No significant difference between the measured residual drift angles of specimens CFABY26 

and CFAWY26 was observed until the latter failed abruptly in shear, which verifies again that 

the bolted steel plates could provide more secure confinement effect to high strength LQFA 

concrete columns than the welded steel tube. 

3.3.5 Energy dissipation capacity 

Based on the same reason stated in chapter two, the energy dissipation capacity of test columns 

in this chapter is still to be discussed. The equivalent viscous damping coefficient heq are 
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with tie plate at the middle of column height, the heq kept this small value until the yielding of 

SBPDN rebars.  

 

Fig.3 - 15 Measured equivalent viscous damping heq  

3.4 CONCLUSIONS 

Four circular columns were fabricated and tested to investigate robustness and resilience of 

circular LQFA concrete beam-columns reinforced with SBPDN rebars and confined by thin 

steel plates. From the experimental results described in this chapter, the following concluding 

remarks can be made. 

  

(1) Combination of a large quantity of fly-ash, ultra-high strength rebar with low bond 

strength and confinement by thin steel plates is a simple and effective method to make 

sustainable and resilient concrete beam-columns.  

 

(2) While compressive strength of LQFA concrete was beyond 70MPa, combination of 

SBPDN longitudinal rebar and partial confinement by thin steel plates could ensure 

circular LQFA concrete beam-columns sufficient resilience until drift angle reached 

0.05rad even when the columns were under relatively high axial compression with axial 

load ratio of 0.33.  

 

(3) Uniting steel plates by bolts and nuts to form a steel tube could provide high strength 

concrete the same confinement effect as the welded steel tube. When using thin steel plates 

to confine high-strength concrete, the bolted tube can work more reliably that the welded 

tube, which has a risk of rupture near the welding portion at large deformation.  
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(4) To ensure LQFA concrete beam-columns a resilience up to 0.05 rad, the tie plate should be 

embedded at the contra-flexure section of column to anchor SBPDN rebars and reduce 

their slippage.  

 

(5) Shorting the anchorage length of longitudinal bar within beam-column joint had little 

influence on the overall seismic performance of LQFA columns. 
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Shear Behavior and Ultimate Shear 

Capacities of LQFA Concrete Beams  

 

4.1 INTRODUCTION 

As described in previous two chapters, circular concrete columns made of LQFA concrete 

hardly failed in shear due to the high compressive strength of concrete. This fact coincides with 

the investigation conducted by Kim et al. [4.1]. On the basis of analysis of numerous and 

previous studies, Cai et al. have developed a complete shear strength model for circular 

concrete columns [4.2]. However, the compressive strength of LQFA concrete is beyond the 

scope of their model.  

 

In order to promote the use of LQFA concrete in actual buildings located at earthquake-prone 

zones such as Japan and China, knowledge and information on the shear behavior of LQFA 

concrete members are indispensable. In particular, as illustrated in Fig.4-1, if there is not a 

sound shear behavior and strength model for a LQFA concrete column, the column may fail 

unexpectedly and prematurely in shear when drift reaches a certain level.  

 

Based on the above-mentioned backgrounds, the following items are taken as objectives of this 

chapter. 

 

1） Acquirement of basic information on the shear behavior of LQFA concrete members. 

 

2） Development of a complete shear capacity model applicable to both circular and square 

Chapter 4 
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concrete columns. The proposed model is supposed to cover higher concrete strength than 

previous models. 

 
Fig.4- 1 Relationship between resilient response and shear capacity 

4.2 EXPERIMENTAL INVESTIGATION 

4.2.1 Outlines of specimens 

Since high strength concrete columns with compressive strength over 50 MPa hardly failed in 

shear [4.1], to obtain experimental information on the shear behavior of LQFA concrete 

components, bending-shear test were conducted on twenty prismatic LQFA concrete beams. 

Tables 4-1 lists the experimental variables and predicted ultimate capacities of all specimens, 

while Fig.4-2 show reinforcement details and dimensions. 

 

All specimens had a rectangular section with overall depth of 250mm and width of 150mm, 

and were reinforced longitudinally with SBPDN rebars in order for these specimens to fail in 

shear. The experimental variables were the shear span ratio a/d (a and d are shear span and 

effective depth of beam section, respectively), the steel ratio of transverse reinforcement (pw) 

and the steel amount of SBPDN rebars (pt). As shown in Fig.4-2 and Table 4-1, the shear span 

ratio a/d varied from 1.0 to 4.0. The tensile steel consisted of two SBPDN rebars with diameter 

of 12.6 mm or two SD345 deformed D13 rebars for twenty three specimens to give a steel ratio 

of about 0.76%, and only one specimen had three SBPDN rebars as its tensile steel to 

investigate effect of the steel amount on shear properties of LQFA concrete members. The steel 

ratio of stirrup varied widely from 0% to 0.76%.  

 

The specimens were divided into two series. The first series (S1 series) consisted of eight 

specimens which were made and tested in 2013 to obtain basic information on the shear 

behavior of LQFA concrete beams. The second series (S2 series) also included twelve 

specimens which were fabricated and tested in 2015 to investigate ultimate shear strength, 
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chord rotation and variation of the shear strength along with chord rotation (or drift ratio). 

 

Table 4- 1 Experimental variables and predicted failure mode of test specimens 

Series 

(year) 
specimen a/d 

Shear 

reinforcement 
Predicted strength and failure mode 

s  

(mm) 

pw  

(%) 

QA 

(kN) 

Qmy 

(kN) 
QA/Qmy 

Failure 

mode 

S1 

(2013) 

No. 1 

1.0 

220 0.19 221 

323 

0.68 

Shear 

No. 2 110 0.38 230 0.71 

No. 3 55 0.76 243 0.75 

No. 4 
2.0 

220 0.19 127 
161 

0.78 

No. 5 55 0.76 149 0.91 

No. 6 

2.5 

220 0.19 109 

129 

0.84 

No. 7 110 0.38 116 0.89 

No. 8 55 0.76 129 0.99 

S2 

(2015) 

No. 9 
1.5 

- 0 120 
205 

0.58 

No. 10 110 0.38 150 0.73 

No. 11 

2.0 

220 0.19 112 
154 

0.72 

No. 12 110 0.38 121 0.78 

No. 13 110 0.38 130 231 0.57 

No. 14 55 0.76 134 154 0.87 

No. 15 
2.5 

- 0 76 
123 

0.61 

No. 16 110 0.38 106 0.86 

No. 17 
3.0 

- 0 61 
102 

0.59 

No. 18 110 0.38 91 0.87 

No. 19 
4.0 

- 0 61 
77 

0.78  

No. 20 110 0.38 91  1.17  Flexure  

 

The theoretical flexural strength (Qmy) and shear strength (QA) are calculated using the design 

equations prescribed in JBDPA standard [4.3] for concrete members without fly ash. As one 

can see from Table 4-1, the predicted QA of nineteen specimens were smaller than the 

calculated Qmy, which means that these beams were designed to fail in shear. Specimen No.20 

had a calculated QA larger than the calculated Qmy. This specimen was intended to clarify if the 

JBDPA shear strength equation is applicable to LQFA concrete beams with a/d ratio larger than 
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3.0, the application upper limit on the shear span ratio of the equation. 
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(a) Test beam in series I with shear span ratio of 1.0 
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(b) Test beam in series S1 with shear span ratio of 2.0 
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(c) Test beam in series S1 with shear span ratio of 2.5 
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(d) Test beam with stirrups in series S2 
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(e) Test beam without stirrup in series S2 

Fig.4- 2 Reinforcement details and dimensions of specimens 
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Two batches of ready-mixed LQFA concrete with the W/C ratio of 65 % were used to make the 

specimens. Table 4-2 shows mix proportions of concrete. The water content and the cement 

content per unit volume of concrete were 185 kg/m3 and 285 kg/m3, respectively. The values of 

65 % and 185 kg/m3 represent the JASS 5-prescribed upper or lower limits on the W/C ratio 

and the water content, respectively, while the value of 285 kg/m3 is close to the lower limit on 

the cement content (270 kg/m3) of structural concrete [4.4].  

 

The specimens were cured in the forms with their tops covered by wet burlaps for four weeks 

after casting and then were air-cured after removal of the forms. The actual compressive 

strengths of concrete cylinder (100mm in diameter and 200mm in height) for the S1 and S2 

series of specimens were 76 MPa and 64 MPa, respectively. The two concrete strengths 

represent the average of over nine standard concrete cylinders tested during the loadings of the 

test beams with average testing ages of 276 days and 45 days, respectively. Fig.4-3 shows the 

strength gains of the two batches of LQFA concrete along with the formula proposed by 

Matsufuji et al. [4.5] to predict the strength gain due to both time and fly ash content. It is 

obvious from Fig.4-3 that the strength gains of the two batches of LQFA concrete agreed fairly 

well with the formula by Matsufuji et al.  

 

Table 4- 2 Mix proportions of concrete 

 

Series 

 

Fly Ash 

(kg/m3) 

 

W/C 

 

 

Water 

(kg/m3) 

 

Cement 

(kg/m3) 

Fine Aggregate Coarse 

Aggregate 

(kg/m3) 

 

Admixture 

(kg/m3) 
Sand 

(kg/m3) 

Crushed 

Sand 

(kg/m3) 

I 455 0.65 185 285 334 146 833 5.92 

П 455 0.65 185 285 325 141 833 7.40 

 

 

Fig.4- 3 Measured strength gains of LQFA concrete (FA=455 kg/m3) 
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Table 4- 3 Mechanical properties of the steels 

Notation 

Elastic 

modulus 

 Es (GPa) 

Yield strength 

 fsy (MPa) 

Yield strain

sy (%) 

Tensile strength 

fsu (MPa) 

Elongation ratio 

(%) 

D6 
190 

(191) 

426 

(384) 

0.23 

(0.22) 

517 

(510) 

25.9 

(28.3) 

D12.6 
215 

(209) 

1423* 

(1358*) 

0.86* 

(0.85*) 

1499 

(1458) 

9.7 

(9.9) 

PL9 
188 

(207) 

327 

(356) 

0.19 

(0.20) 

479 

(445) 

41.5 

(43.8) 

Note: *obtained by 0.2% offset strain rule; the values in parentheses are those used in 2015  

 

As one can see from Fig.4-2, each SBPDN rebar was anchored to steel plates (PL9) at both 

ends by nuts to prevent the rebar from premature slippage. D6 deformed bar was used as shear 

reinforcement in form of a single rectangular stirrups. Mechanical properties of the steels used 

are listed in Table 4-3, and the numerical values shown in Table 4-3 represent the average of 

three standard test coupons. 

4.2.2 Test set-up and instrumentations 

Loading apparatus is shown in Fig.4-4. A universal testing machine with capacity of 2MN was 

used to apply the vertical load (P) at the mid-span of each specimen simply supported. A total 

of five displacement transducers (DTs) were used to measure the vertical displacement at the 

mid-span and the locations shown in Fig.4-4. Five strain gauges (G1 through G5) were 

embedded to measure the strains of longitudinal tensile rebar, six or more gauges (through NG 

to SG) were used to measure the strains of shear reinforcements as shown in Fig.4-4.  

 

Fig.4- 4 Schematic view of test setup (unit: mm). 
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4.2.3 Test results and discussions 

Fig.4-5 shows the crack patterns of S2-seriese specimens observed after testing. As obvious 

from Fig.4-5, all specimens exhibited typical crack patterns observed in concrete beams failing 

in shear. Regardless of different shear span ratio, shear failure of LQFA concrete beams 

occurred along one primary diagonal shear crack, penetrating the beam by about 45-degree 

with respect to the beam axis. 

 

Fig.4-6 shows the measured vertical load (P) versus chord rotation R relationships, while 

Fig.4-7 displays the relationships between the steel strain (s) at mid-span of tensile rebar and R 

of all specimens, respectively. The chord rotation R is the ratio of the vertical displacement △ 

(see Fig.4-9) at the mid-span to the shear span a. Each graph in Figs.4-6 and 4-7 includes test 

results of specimens with the same a/d ratio. The horizontal chain lines in each graph represent 

the predicted flexural load (Pmy) obtained by doubling the calculated Qmy, and the yield strain 

(sy), respectively. The peak shear resistance and corresponding chord rotation in P-R relations 

will be referred to as ultimate shear strength and ultimate chord rotation, respectively, hereafter. 

  

  

  

  

  

  

Fig.4- 5 Cracking patterns of Series 2 
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No. 13 No.14 
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Fig.4- 6 Measured load versus chord rotation relationships 
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Fig.4- 7 Measured steel strain versus chord rotation relationships 
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A specimen is generally judged failing in flexure if the measured steel strain reached the yield 

strain εsy (See Fig.4-7) at or before the specimen reached its Vuexp. Specimens No. 8, No. 14 and 

No. 20 are judged failing in flexure following this general rule. Specimen No. 18 is also judged 

failing in flexure while its measured steel strain did not reach the yield strain. This judgement 

was based on the fact that the strain gage had prematurely broken at R=3.64 % before this 

specimen reached its Vuexp at R=4.31 % (see Fig.4-6). Considering that the measured Vuexp 

exceeded the calculated Pmy and the ductile post-peak behavior, it can be said that this 

judgement is reasonable and acceptable. 

 

As apparent from Fig.4-6, short LQFA concrete beams (specimens No.1 through No.3) with 

the a/d ratio of 1.0 exhibited typical shear resistance by the so-called arch action. The three 

specimens reached ultimate shear strength at nearly the same chord rotation despite the big 

difference in the amount of stirrup among them. The shear reinforcement enhanced the residual 

shear resistance at large chord rotation, but exhibited little, if any, significant influence on the 

ultimate shear strength and chord rotation of short LQFA concrete beams.  

 

Short shear span rendered the external load (P) to be transferred to the support through a 

compressive strut, which connects the loading point with the support. The compressive strut 

was crushed before the tensile rebars reached the yield strains (see Fig.4-6), which implies that 

mechanical properties of concrete dominated the ultimate shear strength and chord rotation of 

short beams. 

 

Most of the specimens with the a/d ratio varying between 1.5 and 2.5 failed in shear as 

designed along a diagonally cracked plane, which extended from the vicinity of the loading 

point downward by about 45-degree with respect to the beam axis. Increasing the steel amount 

of stirrups led to higher ultimate shear strength, larger ultimate chord rotation more ductile 

post-peak behavior of LQFA concrete beams. The concrete outside the diagonally cracked 

plane provided extra confinement to the concrete in the cracked plane, delaying the extension 

of the shear crack and rendering the stirrups to effectively resist shear force. On the other hand, 

by comparing the P-R relationships of the specimens No.12 and No.13 in Fig.4-6, one can see 

that increasing tensile rebar did not enhance the shear strength, but conversely degraded the 

post-peak ductility of LQFA concrete beams. 

 

In the case of specimens with the a/d ratio larger than 3.0, the specimens (No. 18 and No. 20) 

with stirrup exhibited ductile flexure behavior till large deformation. These two specimens did 

not fail till the chord rotation reached 6.0 %.  
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Four specimens without stirrup (No. 9, No. 15, No. 17 and No. 19) all failed in shear along an 

about 45-degree shear crack. Comparing their measured P-R relationships, one can see that the 

ultimate shear strength of LQFA concrete beam without stirrup nonlinearly decreased along 

with the a/d ratio but converged to the shear resistance attained at the a/d ratio of 3.0. This can 

be attributed to that the long shear span reduced stiffness of the beam and deteriorated the extra 

confinement by the concrete adjacent to the shear crack. 

4.3 EVALUATION OF ULTIMATE SHEAR CAPACITYIES OF LQFA 

CONCRETE MEMEBRS  

To conduct reliable ultimate capacity design of LQFA concrete members, a complete shear 

capacity model will be developed. The proposed shear capacity model defines the relationship 

between the shear resistance versus drift angle (or chord rotation) as shown in Fig.4-8. This 

new model is intended to cover both circular and rectangular concrete members made of 

general concrete and/or LQFA concrete. The proposed model also covers higher strength 

concrete than the model by Cai et al. [4.2]. 

 

As shown in Fig.4-8, the proposed shear capacity curve can be completely determined by four 

parameters. These parameters are, 1) the nominal ultimate shear strength (Qu), the ultimate 

chord rotation or drift ratio (Ru), the degradation slope of shear resistance (Kd) and the residual 

shear resistance (Qr) at large deformation. 

 

 

 

 

 

 

 

 

 

Fig.4- 8 Outline of the proposed shear capacity curve 

 

This section will deal with the nominal shear strength and corresponding chord rotation or drift 

ratio. The mathematical expressions for the other two parameters and overall model will be 

presented in the next section. 
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Table 4- 4 Primary test results and comparisons with the calculated results 

Series 

(Year) 
Specimen 

Experimental results Calculated results and comparisons 

Quexp 

(kN) 

Ruexp   

(%) 

Failure 

mode 

QA 

(kN) 

Quexp / 

QA 

Qucal 

(kN) 

Quexp / 

Qucal 

Rucal   

(%) 

Ruexp / 

Rucal 

S1 

(2013) 

No. 1 309 1.46 Shear 221 1.40 261 1.18 1.45 1.01 

No. 2 295 1.45 Shear 230 1.28 288 1.02 1.53 0.95 

No. 3 324 1.60 Shear 243 1.33 341 0.95 1.96 0.82 

No. 4 94 0.99 Shear 127 0.74 117 0.80 1.29 0.77 

No. 5 164 1.94 Shear 149 1.10 198 0.83 2.31 0.84 

No. 6 92 1.58 Shear 109 0.84 87 1.06 1.19 1.33 

No. 7 116 1.82 Shear 116 1.00 106 1.09 1.52 1.20 

No. 8* 137 3.38 Flexure 129 - (162) - (2.37) - 

S2 

(2015) 

No. 9 135 1.10 Shear 120 1.13 143 0.94 1.22 0.90 

No. 10 220 1.75 Shear 150 1.47 192 1.15 1.72 1.02 

No. 11 119 1.28 Shear 112 1.06 110 1.08 1.27 1.01 

No. 12 156 1.75 Shear 121 1.29 136 1.15 1.61 1.09 

No. 13 153 1.17 Shear 130 1.18 136 1.13 1.01 1.16 

No. 14* 166 1.86 Flexure 134 - (185) - (2.26)  

No. 15 42 0.40 Shear 76 0.55 52 0.81 0.68 0.59 

No. 16 110 1.77 Shear 106 1.04 102 1.08 1.50 1.18 

No. 17 38 0.56 Shear 61 0.62 40 0.95 0.61 0.92 

No. 18* 113 4.31 Flexure 91 - (90) - (1.60) - 

No. 19 37 0.81 Shear 61 0.61 40 0.93 0.88 0.92 

No. 20* 87 4.75 Flexure 91  - (89) - (2.19) - 

Note: QA = the calculated shear strength by JBDPA equation (Eq. (4-1)) [4.3] 

     Qucal = the calculated shear strength by the proposed equations (Eqs. (4-7) and (4-8)) 

     * The calculated ultimate shear capacities for specimens failing in flexure are shown for reference. 

 

Before deriving formulae to evaluate Qu and Ru, the measured shear strength of LQFA concrete 

beams is compared with the calculated results by JBDPA equation in Table 4-4. The JBDPA 

equations to evaluate the ultimate shear strength (QA) and the yield flexural strength (Qmy) for 

general concrete beams are written as follows [4.3]: 
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where ku is the factor accounting for the size effect on the concrete strength and taken as 1.0 as 

the effective depth of beam section (d) is less than 150mm, decreasing along with d to its lower 

limit of 0.72 when d reaches and exceeds 400mm; pte is the tensile steel ratio in percentage; pw 

is the steel ratio of stirrups; fc
′ is the compressive strength of concrete; j is the distance between 

centroids of the stresses in the beam section and approximately taken as 7d/8; at is the 

cross-sectional area of tensile steels; and fsy and fwy are the yield strength of tensile rebar and 

stirrups, respectively.  

 

As obvious from Table 4-4, sixteen specimens failed in shear as designed, but four specimens 

failed in flexure. Besides the specimen No. 20, three specimens (No. 8, No. 14 and No. 18) 

also failed in flexure contrary to design. In addition, there is a big difference between the 

measured Quexp and the predicted QA by JBDPA equation, which tends to underestimate the 

contribution by stirrup but overestimate the contribution by concrete.  

 

These observations imply urgency and necessity to develop a more refined equation for the 

ultimate shear strength of LQFA concrete members. Furthermore, to author’s knowledge, no 

explicit formula is recommended for the ultimate deformation of concrete members failing in 

shear in current design codes. 

4.3.1 Nominal shear strength 

As shown in Fig.4-5, regardless of different shear span ratio, shear failure of LQFA concrete 

beams occurred along one primary diagonal shear crack, which penetrated the beam section by 

about 45-degree with respect to the beam axis. Therefore, it is reasonable to assume that the 

shear force is primarily resisted by the concrete and the stirrups along and across the primary 

diagonal shear failure plane, which is abbreviated as diagonal plane hereafter. 

 

The equation to predict nominal shear strength of LQFA concrete members can be derived by 

considering the equilibrium of the forces acting on the diagonal plane as shown in Fig.4-9. In 

deriving the equation, three basic assumptions are made; 1) the diagonal plane has an 

inclination of 45-degree with respect to the member axis, 2) the LQFA concrete across the 

diagonal plane follows Mohr-Coulomb failure criterion (see Fig.4-10), and 3) the tensile rebars 

will internally balance the compressive rebars crossing the diagonal plane. 
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The equilibriums of forces along X and Y directions can be expressed in form of   
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Where Q and N are the shear force to sustain and the axial load applied, respectively, (N); cf 

and cf are the shear stress along the diagonal plane and the normal stress perpendicular to the 

diagonal plane, respectively, (=N/mm2); Ag is the gross sectional area of member, (mm2); d is 

the effective depth of the member section, (mm); s is the spacing of stirrups, (mm);  is the 

inclination of the diagonal plane with respect to the member axis; Aw is the total cross-sectional 

area of stirrup, (mm2); fwy is the yield strength of stirrup, (=N/mm2); Ft and Fc are the forces 

sustained by the tensile and compressive rebars, respectively, (N).  

 

Fig.4- 9 Conception of shear resistance mechanism 

 

Fig.4- 10 Mohr-Coulomb failure criteria for LQFA concrete 

 

Denoting the ratio of compressive strength (fc
′) to tensile strength (ft) of the concrete as m, and 

following the assumption that the concrete tensile strength can be approximated as about 

one-fifteenth of the compressive strength for high strength concrete [4.5], the Mohr-Coulomb 

failure criterion of LQFA concrete can be simplified as follow: 
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Substituting Eq. (4-5) into Eq. (4-3) and Eq. (4-4), and following the first and the third basic 

assumptions, the nominal shear strength can be derived as the shear force when LQFA concrete 

reaches the Mohr-Coulomb failure criterion in form of 
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where n is the axial load ratio. The assumption that tensile strength of high strength concrete 

can be taken as one-fifteenth of compressive strength can be verified by test results of standard 

cylinder of LQFA concrete as shown in Table 4-5, where the splitting strength and compressive 

strength of eight pairs of LQFA concrete cylinders are listed. The value of 15.5 in parenthesis 

expresses the average m excluding the No. 5 pair of cylinders. 

 

Table 4- 5 Test results of LQFA concrete cylinders 

No. 1 2 3 4 5 6 7 8  

Mean fc
′ (MPa) 56.0 63.7 64.3 64.0 66.2 63.4 62.4 76.5 

ft
 (MPa) 3.6 3.8 4.2 4.7 3.2 3.7 4.4 4.6 

fc
′ / ft 15.8 16.6 15.4 13.6 22.2 17.1 14.3 16.6 16.4 (15.5) 

 

Further considering the deterioration of the strength of cracked concrete along the diagonal 

plane as well as the size effect on the concrete strength, the formula to calculate ultimate shear 

strength can be written as: 
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In Eq. (4-7), vc is the strength reduction factor of concrete. According to the previous study on 

the ultimate shear strength of general concrete members [4.2], vc is primarily affected by the 

concrete strength and the shear span ratio, an indirect but more appropriate factor measuring 

the size effect [4.6].  

 

Fig.4-11 shows the relationship between the measured vc and the a/d ratio of the specimens 

failing in shear. The experimental vc was obtained by at first subtracting the shear resistance Vsu 

by the stirrups (see Eq.(4-7)) from the measured shear strength Vuexp to obtain the shear force 

resisted by concrete (Vc) and then dividing the Vc by 0.092fc
’Ag. From the results shown in 
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Fig.4-6, Eq. (4-8) can be derived to evaluate the strength reduction factor vc.  
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Eq. (4-8) is superimposed in Fig.4-11. The correlation coefficient between the measured vc and 

the calculated ones by Eq. (4-8) is as high as 0.918, which implies high accuracy of Eq. (4-8). 

 

Fig.4- 11 Experimental strength reduction factors 

4.3.2 Ultimate chord rotation or drift ratio  

According to the study by Ang et al. [4.7], the shear strength degradation of general concrete 

members is mainly caused by the deterioration of the shear resistance by concrete. Therefore, 

among many potential factors, the steel ratio pw of stirrup and the lateral confinement index Ic 

(=pwfwy/fc
’) have been well presumed to be the main factors influencing ultimate chord 

rotation or drift ratio of concrete members because both factors strongly affect material 

property of the concrete.  

 

Fig.4-12 shows the relationships between the experimental Ruexp and several structural factors, 

including the steel ratio pw, the index Ic and the factor he factor  represents the ratio of 

the measured shear strength (Quexp) to the calculated flexural strength (Qmy), and is a factor 

representing the margin of the shear resistance over the flexure resistance of concrete 

members. Fig.4-12 also shows influence of the a/d ratio, which strongly affects the ultimate 

shear strength (Qcu) of the concrete as shown in Eqs. (4-7) and (4-8).  

 

As apparent from Fig.4-12, the a/d ratio exhibits little correlation with Ruexp. Both pw and Ic 

show relatively strong correlation with Ruexp. The factor , however, exhibits much stronger 

correlation with Ruexp than the others. Based on the results in Fig.4-12, Eq. (4-9) can be 

derived to calculate ultimate deformation of LQFA concrete members failing in shear.  
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Where 0.4% is the smallest measured peak drift ratio in all test beams failing in shear. This 

value is close to 0.5%, which is the peak drift of general concrete members failing in shear, and 

it is reasonable to recommend this value as the lower limit of the calculated peak strain for 

LQFA concrete members failing in shear.  

  

  

Fig.4- 12 Measured ultimate chord rotations 

4.3.3 Verification of the proposed equations 

To verify accuracy of the proposed equations, the experimental Quexp and Ruexp of sixteen 

specimens failing in shear are compared with the calculated Qucal by Eq. (4-7) and Eq. (4-8) 

and the calculated Rucal by Eq. (4-9) in Fig.4-13 along with the statistics in terms of the ratio of 

the experimental result to the calculated one. The calculated Qucal and Rucal are also listed in 

Table 4-4. The calculated Qucal and Rucal of the specimens failing in flexure are listed in Table 

4-5 by parentheses only for reference and are not included in Fig.4-13. 

 

As obvious from Fig.4-13 and Table 4-4, the calculated Qucal exhibits very good agreement 

with the measured Quexp, and the Quexp/Qucal ratio has a mean value of 1.01, and a standard 

deviation of 0.13. While scattering is observed between the measured Ruexp and the calculated 

Rucal, the experimental/calculated ratio exhibits a mean value of 0.95 and a standard deviation 

of 0.24. Considering the instability of peak chord rotation due to the near-zero stiffness, these 

two statistical results indicate that Eq. (4-9) is reliable and accurate enough for practice. 
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(a) Nominal shear strength (b) Ultimate chord rotation 

Fig.4- 13 Comparisons between the experimental results and the calculated ones 

  

  

Fig.4- 14 Comparison of accuracy of current shear strength models 

 

To further verify accuracy of the proposed shear strength equations, Fig.4-14 compares the 

measured Quexp with the calculated shear strengths Qucal by four representative models. The 

other three models are the AIJ equation (AIJ model), the equation prescribed in ACI code [4.8] 

(ACI model), and the equation recommended in Chinese code [4.9] (GB model) for general 

concrete beams. The AIJ equation is equivalent to the JBDPA equation.  
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Study on the shear capacity curve can trace back to the work by Ang et al. [4.7], who 

experimentally and analytically demonstrated that shear strength of concrete columns tended to 

degrade along with deformation and proposed a shear capacity curve for circular concrete 

columns. Since the pilot work by Ang et al., many researchers and institutes have proposed 

several shear capacity curve models for general concrete members. The representative models 

includes those by the California Department of Transportation’s (Caltrans) model (1995) [4.10], 

by the University of California, San Diego (UCSD) [4.11], by University of Southern 

California (USC) [4.12], and the University of California, Berkeley (UCB) [4.13]. 

Details of these models can be found in reference [4.2] and will not be given here. 

 

All the previous models, however, define the shear strength as a function of displacement 

ductility. This definition hinders their application in actual seismic design of concrete columns 

because of the ambiguity and arbitrariness of the yielding displacement that is indispensable in 

defining the displacement ductility. Furthermore, because the previous models were all 

intended for circular columns, a new shear capacity model which can cover both circular and 

rectangular concrete members is desirable. 

 

Since the Qu and Ru have been defined by Eq. (4-7) and Eq. (4-9), respectively, this section will 

be devoted to the development of equations to obtain the degradation slope Kd and the residual 

shear resistance Qr (see Fig.4-11).  

4.4.1 Shear strength degradation slope Kd 

Fig.4-15 shows the relationships between the shear resistances (Qc and Qs) and chord rotation 

for the specimens that failed in shear and without stirrups. The Vs shown in Fig.4-15 was 

obtained on the basis of the measured strain of stirrups and the assumption that the stirrup was 

a perfectly elasto-plastic material. The Qc of these specimens then was calculated by 

subtracting the measured Vs from the measured shear force. For the four specimens without 

stirrups, the Qc is equal to the measured shear force and will not be shown. 

 

As obvious from Fig.4-15, the shear resistance by stirrups maintained nearly constant after 

beams reached their peak resistances, while the shear resistance by concrete exhibited 

significant degradation after the peak resistances along with deformation. This can be 

attributed to the inherent degradation of the concrete strength along with deformation.  

 

From the relationships between Qc and chord rotation R shown in Fig.4-15, the experimental 

results of Kd can be obtained by using the best-fit method. Fig.4-16 displays relationships  
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Fig.4-15 Shear resistances by concrete and stirrups (to be continued) 
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Fig.4- 15 Shear resistances by concrete and stirrups  
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between the measured Kd and several structural factors, including shear span ratio (a/d), 

confinement index (pwfwy) , and integrated factor γ (=a/d*ptfy/fc). The factor γ is intended to 

express influence of the so-called dowel effect by longitudinal steel on the shear resistance by 

concrete. 

 

As one can see from Fig.4-16, the factor  strongly affects the shear strength degradation slope 

of LQFA concrete beams that failed in shear. The confinement index had a little, influence on 

the degradation slope Kd. 

  

  

Fig.4- 16 Relationships between measured Kd and main factors 

 

Based on the results shown in Fig.4-16, the following equation cab be derived to evaluate the 

degradation slope. 
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Herein, Kd is shear strength degradation slope, (N/rad, rad in %); a/d is shear span ratio; pt is 

the ratio of tension longitudinal bar; fy is the yielding strength of longitudinal bar, (N/mm2); fc′ 

is compressive strength of LQFA, (N/mm2). 
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4.4.2 Residual shear capacity Qr and corresponding deformation Rr 

As shown in Fig.4-16, transverse stirrups maintained their shear resistance until large 

deformation, but the shear resistance by concrete exhibited significant degradation. While the 

shear resistance by concrete in several specimens maintained a little value at large deformation, 

but this residual capacity is so little as to be ignored as compared with the constant shear 

resistance by stirrups. For simplicity, the residual shear capacity of LQFA concrete members 

can be obtained by Eq. (4-11). 

 

sur QQ                                                      (4-11) 

 

After determining the residual shear capacity Qr by Eq. (4-11), the corresponding chord 

rotation or drift ratio Rr can be simply obtained as the abscissa of the intersection point of the 

degrading straight line and the horizontal line expressed as follow:  
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4.4.3 Complete shear capacity curve 

After determining four critical parameters and denoting the shear resistance at a given drift 

level R as Qn, the complete shear capacity curve can be defined as follows: 
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where Qu, Ru, Qr, Kd and Rr are given by Eq. (4-7), Eq. (4-9) through Eq. (4-12), respectively. 

4.4.4 Verification of the proposed model 

Fig.4-17 shows comparisons between the experimental Q-R curves and the predicted ones by 

Eq. (4-13) for LQFA concrete beams describes in this chapter. From Fig.4-17, one can see that 

the calculated shear capacity curves agree fairly well with the measured ones. 

 

To further clarify applicability and accuracy of the proposed model, Eq. (4-13) is applied to 

predict the failure mode of the circular LQFA concrete columns reported in the previous two 

chapters of this paper. When applying the proposed model to the circular concrete columns, it 

should be noted that the flexural strength Qmy, which is necessary in the calculation of the 

ultimate drift ratio Ru by Eq. (4-9), is to be calculated by the method proposed by Sun et al. 

[4.14]. In addition, the circular steel tubes used to confine concrete will be taken as circular 

stirrups with a spacing of zero without limitation on pw, which has been assigned an upper limit 
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of 1.2% for conventional stirrups in current Japanese code. The calculated shear capacity 

curves of circular columns by Eq. (4-13) are compared with the measured Q-R relationships in 

Fig.4-18. Two calculated curves are depicted in Fig. 4-18 for the columns confined by steel 

plates. One is obtained without limitation on pw, and the other with the upper limitation of 

1.2% on pw. 

 

For the three specimens (FANUS, FANSB) which were described and failed in shear failure at 

large deformation, the calculated shear capacity curves trace the envelope curves of hysteretic 

behavior of them with relatively high accuracy. In particular, in the case of specimens FANUS 

and FANSB, both of which were confined by conventional circular stirrups, the calculated 

shear capacity curves predicted the ultimate drift ratio and the degradation slope very well. For 

the other circular LQFA concrete columns in which shear failure did not occur till the end of 

tests, the calculated shear capacity curves Eq. (4-13) are all beyond the envelope curves until 

large drift ratio without intersecting with them.  

 

From above-mentioned observations, it can be said that the proposed shear capacity curve is 

sufficiently accurate to predict if and when LQFA concrete members, circular and/or 

rectangular, fail in shear. This model obviously enables structural engineers to conduct reliable 

and reasonable design for sustainable and resilient concrete members. 

 

Table 4- 6 Calculations of shear strengths of test columns 

 

Specimen 

 

fc′ 

(mm) 

Transverse reinforcement VExp 

(kN) 

VCal(kN) Ru(%) 

pw 

(%) 

t 

(mm) 

Pw+t 

(%) 

Pw+t 

(1.2%) 

Pw+t 

(%) 

Pw+t 

(1.2%) 

Pw+t 

(%) 

Pw+t 

(1.2%) 

FANSB 79 0.85 - 0.85 0.85 230 318 318 2.55 2.55 

FATSB 79 0.28 3.2 2.78 1.2 313 825 495 4.43 2.58 

FANUS 77 0.85 - 0.85 0.85 261 318 318 2.70 2.70 

FATUS 74 0.28 3.2 2.78 1.2 318 821 491 5.07 2.95 

CFABY26 65 0.28 1.6 1.55 1.2 300 530 463 3.19 2.76 

CFAWY26 70 0.28 1.6 1.55 1.2 312 538 471 3.34 2.90 

CFABN26 65 0.28 1.6 1.55 1.2 257 530 463 3.19 2.76 

CFABY13 72 0.28 1.6 1.55 1.2 287 538 470 3.20 2.78 

Note: pw is ratio of shear reinforcement; t is thickness of steel plates; pw+t is ratio of transverse reinforcement 

considering effect of steel plates =pw+2t/(D+2t); pw+t (1.2%) is the the upper limitation of transverse 

reinforcement for specimens confined by steel plates; VExp is experimental shear strengths of test columns; VCal 

is calculated shear strengths of test columns; Ru is shear strength degradation starting point; 
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Fig. 4-17 Comparison results of rectangular LQFA concrete beams(Continued) 
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Fig.4-17 Comparison results of rectangular LQFA concrete beams(Continued) 
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Fig.4- 17 Comparison between the calculated shear capacity curves and the 

experimental results of rectangular LQFA concrete beams 
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Fig.4- 18 Comparison between the calculated shear capacity curves and the 

experimental results of circular LQFA concrete columns 
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2) The shear resistance by the concrete in LQFA concrete beams was strongly affected by the 

shear span (a/d) ratio, a factor indirectly accounting for the so-called size effect of 

structural member on the concrete strength. For the short LQFA concrete beams with the 

a/d ratio of 1.0, the ultimate shear strength and chord rotation depended more upon the 

shear span ratio than the steel ratio of stirrups. Increasing the steel ratio of stirrup from 

0.19% to 0.76% only brought about 10% increment in ultimate shear strength and chord 

rotation. On the other hand, for the LQFA concrete beams with the a/d ratio larger than 1.5, 

the ultimate shear strength and chord rotation increased significantly along with the steel 

amount of stirrup.  

 

3)  Based on the equilibrium of the forces acting on the diagonal shear plane and 

Mohr-Coulomb criteria for LQFA concrete, equations (Eq. (4-7) and Eq. (4-8)) were 

developed to predict the ultimate shear strength of rectangular and circular LQFA concrete 

members, including beams and columns. These equations can reasonably and accurately 

account for effect of the shear span ratio on the shear resistance by LQFA concrete, and 

give more accurate prediction of the measured shear strength than the equations prescribed 

in current design codes. The ratio of the experimental/calculated shear strength has a mean 

value of 1.02, and a standard deviation of 0.14.  

 

4) The ultimate chord rotation or drift ratio of LQFA concrete members exhibited very strong 

correlation with the factor , which is the ratio of the calculated shear strength to the 

calculated flexural strength. A linear equation (Eq. (4-9)) was proposed to predict the 

ultimate deformation. The proposed equation gives a relatively accurate prediction of the 

measured results. The ratio of the experimental/calculated deformation has a mean value of 

0.99, and a standard deviation of 0.21.  

 

5) On the basis of test results of LQFA concrete beams which failed in shear, a complete shear 

capacity curve for LQFA concrete members was developed. The proposed model defines the 

shear resistance of LQFA concrete members as a multi-linear function of drift ratio or chord 

rotation, and hence can trace the change or degradation of shear strength along with 

deformation. The predicted shear capacity curves exhibited fairly good agreement with the 

measured results of both rectangular LQFA concrete beams and circular LQFA concrete 

columns, which implies reliability and accuracy of the proposed model.  

 

6) Due to their simplicity and accuracy, the proposed equations enable structural engineers to 

conduct reasonable and reliable shear design of LQFA concrete members, promoting the 

application of LQFA concrete to building structures and contributing to reducing 

environmental burden by concrete industry. 
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Modeling of Capacity Curve of Circular 

LQFA Concrete Columns Reinforced by 

SBPDN Rebars 

 

5.1 INTRODUCTION 

Tests described in chapters two and three have indicated that combination of LQFA concrete, 

SBPDN rebars and steel plate jacketing is very effective in making sustainable and resilient 

concrete columns. Since the LQFA concrete columns exhibit stable increment in lateral 

resistance till large drift level, current seismic design methodology, for example, the ultimate 

capacity design method recommended in Japanese construction laws, obviously does not fit for 

them. Therefore, in order to promote the application of LQFA concrete columns in actual 

building structures, capacity curve of them needs to be developed.  

 

The capacity curve of a LQFA concrete column defines the relationship between lateral 

resistance and drift ratio of the column, and is indispensable to the performance-based seismic 

design and nonlinear dynamic analysis of the structures made of LQFA concrete columns. 

Besides, a sound capacity curve is also useful for predicting the ultimate failure mode of a 

LQFA concrete member as shown in Fig.5-1, and helping structural engineers to avoid 

premature and undesirable failure mode of the member and structure.  

 

Objectives of this chapter are listed as below: 

1)  Development of a simple method to evaluate the capacity curve of circular LQFA concrete 

columns reinforced by SBPDN rebars. This method is supposed to be able to  

Chapter 5 
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(a) Flexural failure 

 

 

(b) Shear failure 

 

Fig.5- 1 Prediction of failure mode of LQFA concrete members with SBPDN rebars 

 

account for the effect of the bond slip of SBPDN rebars on the seismic capacity curve. 

 

2)  Proposal of a complete lateral resistance versus drift ratio model to depict the envelope 

curve of the hysteretic behavior of LQFA concrete columns. This model is intended to 

more simply and reasonably evaluate the performance point and predict the potential 

failure mode of frame structures made of LQFA concrete columns reinforced by SBPDN 

rebars. 
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5.2 SIMPLIFIED METHOD TO EVALUATE LATERAL RESISTANCE 

VERSUS DRIFT RATIO RELATIONSHIP OF LQFA CONCRETE 

COLUMNS REINFORCED BY SBPDN REBARS 

Funato et al. [5.1] have proposed an integrated analytical method for the evaluation of cyclic 

behavior of concrete columns reinforced by normal-strength and high-strength rebars. The 

proposed method can account for the effects of primary structural factors, including 

confinement degree by transverse steels (conventional stirrups or spirals and steel tubes) and 

bond slippage of longitudinal rebars, on the cyclic response. This method, however, involves 

tedious doubly-looped iteration procedures to find the balanced depth of neutral axis in the 

targeted column section and to obtain the slippage of longitudinal rebars from their anchorage 

zones [5.1].  

 

For structural engineers to conduct prompt and accurate seismic design of the LQFA concrete 

columns reinforced by SBPDN rebars, a simplified method is desirable. 

 

5.2.1 Basic assumptions 

The simplified analytical method consists of conventional finite fiber method (FFM) for the 

moment-curvature analysis of column section and the concept of lumped hinge region, within 

which the flexural displacement is concentrated. The proposed method is based on the 

following assumptions: 

 

1） The tensile strength of concrete can be ignored. 

2） Concrete section of column remains plane after bending. 

3） The length of plastic hinge region of column can be taken as 1.0 D (D is the diameter of 

column section). 

4） The total tip displacement includes those caused by flexural deformation, shear distortion 

and slippage of longitudinal rebar as shown in Fig.5-2. 

5） The stress-strain relationships of materials are known. Details of them will be given later. 

6） Bond slippage of longitudinal SBPDN rebar can be approximated by the total elongation 

of the rebar embedded in the anchorage zone.  

 

The first three assumptions have been well adopted to the performance analysis of concrete 

columns. The fourth assumption is intended to include the displacement by shear distortion and 

bond slippage of longitudinal rebars. In current design codes [5.2, 5.3], when predicting 

deformation capacity of concrete columns, only deformation due to flexure within plastic hinge 

region is considered. Ignorance of the bond slippage is acceptable for the columns reinforced 
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by general deformed rebars because high bond-strength of deformed rebars keeps the 

deformation due to slippage to an ignorable level [5.4]. As observed in chapter two and chapter 

three, however, ignorance of bond slippage may result in large discrepancy between the 

experimental capacity curve and the calculated one for the concrete columns reinforced by 

SBPDN rebar, whose bond-strength is only about one-fifth of that of deformed rebar [5.1].  

 

From the fourth assumption, the total displacement of concrete column can be written as 

slipsf                                            (5-1) 

where Δf, Δs and Δslip represent the displacement by flexural deformation, shear distortion and 

steel slippage, respectively. Based on the concept of lumped hinge and the third assumption, 

the displacement due to flexural deformation can be obtained by Eq. (5-2) (see Fig.5-3). 
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Where  is the curvature of column section in hinge region, y is the yield curvature, L is shear 

span, Lp is the length of plastic hinge of column. 

 

Since there has been little information available on the extent or degree that inelastic shear 

deformation occupies in the total displacement, only the displacement by elastic shear 

distortion will be taken into consideration. Besides, it has been well known that for the 

concrete columns with common proportion, the percentage of shear displacement in the total 

displacement is very small as compared with the flexural displacement. Then the displacement 

due to shear deformation can be obtained by Eq. (5-3). 

 

 

Fig.5- 2 Components of displacement in a typical concrete column 
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Fig.5- 3 Concept of lumped hinge for flexural deformation 
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Where V is the shear force, G and Ec are the elastic shear modulus and elastic modulus of 

concrete, respectively, and μ is Poisson′s ratio of concrete and will be taken as 0.167. 

 

The fifth and sixth assumptions will be described below in details. 

5.2.2 Stress-strain relationships of materials 

5.2.2.1 Stress-strain relationship of concrete 

Reliability and accuracy of the analytical capacity curves for LQFA concrete columns are 

dependent upon the accuracy of the constitutive laws adopted for the materials, concrete and 

steels. This paper will adopt the compressive stress-strain model proposed by Sun and Sakino 

[5.5] for LQFA concrete, because reliability and accuracy of this model have been verified by 

many researchers for general concrete members without fly ash. Fig.5-4 displays outlines of 

the stress-strain models. 

 

According to the model by Sun and Sakino, for a given strain ɛc, the corresponding stress of 

concrete fc can be obtained as follow:  
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Where, K=fcc/fp is the strength enhancement ratio of concrete confined by conventional spirals 

or stirrups and steel tubes, fp is the unconfined concrete strength, which is taken as 0.85 of the 

strength of concrete cylinder, fcc is the confined concrete strength, a is the factor governing the 

ascending portion, b is the factor governing the shape of descending portion, and X is the 
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nominal strain of concrete =ɛc/ɛco, where, ɛco is the peak strain of confined concrete. 

 

The parameters for determining the stress-strain relationship can be obtained as follows: 
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Fig.5- 4 Stress-strain relationship of concrete 

 

In Eq. (5-6) and Eq. (5-7), s is the spacing of transverse steels including stirrups and tubes, Dc 

is the diameter of confined core section, ρh is the volumetric ratio of transverse steels, fyh and fyt 

are the yield strength of stirrups and that of steel tubes, respectively, Ec is the young modulus 

of unconfined concrete, Esec is the secant modulus of confined concrete at the peak. 
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5.2.2.2 Stress-strain relationship of longitudinal rebar 

The SBPDN rebar exhibits nonlinear stress-strain behavior when axial strain is beyond the 

yield strain ɛy as shown in chapter two or chapter three. For simplicity, a bilinear model will be 

used to approximate the stress-strain curve of steel rebar in form of 
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Where, fs and ɛs are the stress and strain of steel, respectively, Es is the Young’s modulus, fy and 

ɛy are the yielding strength and strain of steel, respectively. Fig.5-5 shows the stress-strain 

model for steel rebar. 

 

 

Fig.5- 5 Idealized stress-strain relationship of steel 

5.2.3 Displacement due to the slippage of longitudinal rebars 

In conventional analysis of structural properties of concrete members, effect of the slippage of 

longitudinal rebars is generally ignored if the rebars have sufficiently long anchorage or are 

soundly anchored by certain methods. However, due to the penetration of axial strain along 

anchorage length of the tensile rebars embedded inside the beam-column joint or base beam or 

base column, and the deterioration of bond resistance between the rebar and surrounding 

concrete due to cycling of external forces, the slippage of longitudinal rebars at the interface 

section on the total displacement may become significant, in particular for the concrete 

members reinforced by the rebars having low bond strength.  
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Fig.5- 6 Displacement due to slippage of tensile rebars 

 

Fig.5- 7 Diagram of cross section at interface 

 

The slippage of tensile rebars may result in additional fixed-end rotation and increase the total 

lateral displacement considerably. The displacement due to slippage of tensile rebars is 

illustrated in Fig.5-6 for cantilever column as well as beam-column. Fig.5-7 shows the way to 

evaluate the fix-end rotation (slip,) induced by the slip of tensile SBPDN rebar at the interface 

section or the end section of column.  
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It is obvious from Fig.5-6 and Fig.5-7 that rotation of the end section slip and the displacement 

slip due to slippage of tensile rebars can be calculated by Eq. (5-9) and Eq. (5-10), 

respectively. 
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where, θslip is fixed-end rotation, Slip is the slippage of longitudinal rebar, D0 is the distance 

from the centroid of tensile rebars to the extreme compressive fiber of column section, and Xn 

is the depth of neutral axis. 

 

As obvious from Eq. (5-10) and Fig.5-6, the displacement due to slippage of beam-columns 

can be represented by that of cantilever columns. Therefore, the discussion will be limited to 

cantilever columns hereafter. 

 

Fig.5-9 illustrates outlines of the calculation of the Slip. There are five cases for the Slip to be 

calculated, according to the axial strain of longitudinal rebar at beam-column interface and the 

anchorage length of SBPDN rebars (lAL). In the case that the axial strain of longitudinal bar at 

beam-column interface does not reach yielding strain, as shown in Fig.5-8 (a), the bond stress 

of tensile rebars (u) is assumed to be constant and equal to the bond strength of longitudinal 

rebar within the necessary development length (ld) for simplicity. However, for the case that the 

tensile longitudinal rebar at beam-column interface reaches yielding, as shown in Fig.5-8 (b), 

the bi-linear bond stress-slip model is adopted [5.6], in which the uniform bond stress is taken 

as half of the bond strength (u), as shown in Fig.5-9 (Case two and Case five). From the 

equilibrium of the axial forces, ld can be obtained as follow 
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                                                 (5-11) 

where db is the nominal diameter of tensile SBPDN rebar; fse is the stress of longitudinal bar at 

beam-column interface. The Slip corresponding to each case shown in Fig.5-9 can be obtained 

as follows:  
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Case two εse>εy: 
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Case three lAL>ld and εse<εy:  
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Case four lAL<ld and εse<εy: 
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Case five lAL<ld, and εse>εy: 
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where Slip is slip displacement of tension longitudinal bar at interface of beam-column 

interface; εso is axial strain at bottom of reinforcing bar; εse is axial strain at beam-column 

interface; fse is stress of tension longitudinal bar at interface of beam-column; fs0 is stress at 

bottom of reinforcing bar; Es is the young modulus of tension longitudinal bar; ldy is 

development length of elastic region; db is diameter of reinforcing bar; εy is axial yield strain of 

reinforcing bar; fy is yield stress of reinforcing bar; ldn is length of the strain-hardening region; 

lAL is basic anchorage length;u is the bond strength of SBPDN rebar in MPa. 

 

The bond strength of SBPDN rebar proposed by Funato et al. [5.1] will be adopted. According 

to the results of pull-out tests by Funato et al., the bond strength of SBPDN rebar, which was 

surrounded by concrete with compressive strength of 40 MPa, was about 3.0 MPa. On the 

other hand, it has been well known that the bond strength of rebars is generally influenced by 

the concrete strength [5.7], and therefore, it is necessary to modify the proposed bond strength 

for SBPDN rebar and to consider the high compressive strength of LQFA concrete. According 

to the CEB code [5.8], influence of compressive strength of concrete on the bond strength of 

rebar can be taken into account in form of 

40
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                                               (5-17) 

where, fc′ is the compressive strength of concrete cylinder in MPa.  
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(a) Strain within elastic region      (b) Strain beyond elastic region 

Fig.5- 8 Calculation of stress of reinforcing bar at the top of anchorage region 

 

Case one 

 

Case two 

Fig.5-9 Strain and stress distribution of rebar in anchorage zone (Continued) 
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(c) Case three 

 

(d) Case four 

 

 (e) Case five 

Fig.5- 9 Strain and stress distribution of rebar in anchorage zone 

5.2.4 Procedures of moment-curvature analysis 

The widely used finite fiber method is adopted to conduct the moment-curvature analysis of 

the circular LQFA concrete columns. As shown in Fig.5-10, concrete in the circular section will 
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depth of section.  

 
Fig.5- 10 Discretion of column section and strain profile 

 

The procedures for computing the moment Mi corresponding to a given curvature i can be 

summarized below. 

 

1)  Assume an initial value of the depth of neutral axis Xn. 

2)  On the basis of the second assumption above described, calculate the strains for the 

concrete fibers and the longitudinal steel layers as follow: 

    isjnsjicjncj yXyX       ,                           (5-18) 

    where εcj is the strain of the j-th concrete fiber, εsj is the strain of the j-th layer of 

longitudinal rebars, ycj is the distance measured from the extreme compressive fiber to the 

centroid of the j-th concrete fiber, ysj is the distance from the extreme compressive fiber to 

the centroid of the j-th layer of rebars. Compressive strain is taken as positive. 

3)  Calculate the stresses of all concrete fibers and steel layers based on the stress-strain 

relationships assumed in this section. 

4)  Calculate the axial forces sustained by concrete and longitudinal rebars in form of 
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where, Nci is the axial force sustained by concrete, Aci is the area of the j-th concrete fiber, 

fcj is the stress of the j-th concrete fiber, Ns is the number of the steel layer, Nsi is the axial 

load sustained by the j-th layer of longitudinal steels, Asj and fsj are the area and stress of 

the j-th layer of steels, respectively. 

5)  Determine the “true” depth of neutral axis by the following criterion. 
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ressici NNNN                                         (5-20) 

    where N is the axial load applied and Nres is the unbalanced axial force. The Nres should be 

zero to ensure equilibrium of the axial forces acting on the column section. However, the 

zero Nres may lead to divergence of the calculation. To avoid the divergence of the 

calculation, the Nres is usually taken as about 0.5% of the applied external axial force N, 

which can give sufficiently accurate results.  

6)  If Eq. (5-20) is satisfied, the assumed Xn is the “real” depth of neutral axis, and then one 

can proceed to the next step. If not satisfied, then assume a new Xn and return to step 2. 

7)  Calculate the moment Mii sustained by the column section using Eq. (5-21) 
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where, D is the diameter of column section.  

8)  Modify the calculated Mii by Eq. (5-22) to obtain the moment Mi.  
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    Eq. (5-22) is proposed by Sun et al. to account for the enhancement effect of the extra 

confinement by the stiff loading stub or beam-column joint on the moment resistance of 

the concrete columns that failed in ductile flexure [5.9]. Eq. (5-23) was proposed by 

Priestley et al. [5.10] to account for the effect of extra confinement by loading stub, and is 

written as reference in form of.  
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9)  Calculate the strain and stress distribution of tensile longitudinal rebar over the anchored 

length, lAL, by using Eq. (5-24) and Eq. (5-25), according to the calculated result of Eq. 

(5-19). 

 

 fse≤fy: 
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 fse > fy: 
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where, li is the distance from the beam-column interface; fsi is the axial stress of tensile 

rebar at li; pd is perimeter of reinforcing bar; As is the area of tensile longitudinal rebar. 

 

The above-described calculation procedure will be repeated by incrementing curvature i until 

i reaches a targeted level. 

5.2.5 Procedures of lateral resistance –drift ratio analysis 

The procedure to compute the lateral resistance versus drift ratio of LQFA concrete columns 

can be summarized below. 

1)  Calculate the displacement due to flexural deformation and slippage of steel as follows: 



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    The first equation of Eq. (5-26) is a simplification of Eq. (5-2) by ignoring effect of the 

elastic deformation outside the lumped hinge region on the displacement due to flexural 

deformation (see Fig. 5-3). Slip in Eq. (5-12) ~Eq. (5-16) can be obtained by substituting 

the tensile stress of extreme tensile rebar obtained at step 3 and Eq. (5-17) into Eq. (5-11) 

through (5-16). 

2)  Calculate the lateral force Vi corresponding to the given i in form of 

 
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L

M
V

islipifi
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,, 
                                   (5-28) 

    where, N is the axial load applied, L is the shear span. 

3)  Calculate the drift ratio Ri by Eq. (5-29) after computing the shear displacement by Eq. 

(5-3). 
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where, Ec are the elastic modulus of concrete, μ is Poisson ratio of concrete and will be 
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taken as 0.167, and Ag is the gross area of column section. 

5.2.6 Verification of the proposed analytical procedures 

While the analytical method described-above is proposed to predict the envelope curve, in 

other words, the capacity curve, of circular LQFA concrete columns reinforced by SBPDN 

rebars, the proposed method can also be applied to the concrete columns reinforced by normal- 

and high-strength deformed rebars only if the bond stress versus slip relationship of them is 

given.  

 

To verify accuracy of the proposed method, the measured envelope curves in push direction of 

the test columns described in chapters two and three are compared with the calculated capacity 

curves in Fig.5-11 for cantilever columns and beam-columns, respectively. Comparisons are 

conducted in two aspects; 1) the lateral resistance versus drift ratio relationship and 2) end 

moment versus drift ratio relationship.  

 

It is noted that only three beam-columns are compared in Fig.5-11 because the specimen 

CFNBN26 did not have fixing steel plate at the mid-height of column to anchored SBPDN 

rebar, which enables the application of the cantilever-based method to the beam-column. 

Besides, when calculating the capacity curves of specimens FANUS and FATUS reinforced by 

deformed USD685, the bond strength of the USD 685 rebar was taken as 15 MPa following 

the experimental research conducted by Funato et al. [5.1]. In Fig.5-11, the curves expressed 

with legend “Sun” represent the calculated results by Sun and his colleagues [5.11]. For 

specimen FATSB, two calculated curves are displayed in Fig. 5-11. One with legend “Mi:Sun” 

expresses the calculated base moment amplified by Eq. (5.22), while the other with legend 

“Mi: Priestley” represents the base moment enhanced by Eq. (5.23). 

 

It can be seen from Fig.5-11 that the predicted results by the simplified analytical method 

exhibit very good agreement with the measured capacity curves of both cantilever columns and 

beam-columns, having the same accuracy as the integrated analytical method, even for 

specimen FATSB in which the accuracy of the result enhanced by Eq. (5-23) was better than 

that of the result enhanced by Eq. (5-22). This fact means that the proposed simple method can 

be used to the quick and accurate evaluation of lateral capacity curve for circular LFQA 

members. 
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Fig.5- 11 Comparisons of capacity curves(Continued) 
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Fig.5- 11 Comparisons of capacity curves  
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To better see to what extent the slippage of tensile rebars influences the overall displacement 

response for the LQFA concrete columns with SBPDN rebars, Fig.5-12 and Fig.5-13 show the 

percentage of each calculated component of displacement to the total displacement of 

cantilever columns and beam-columns, respectively. The specimen CFNBN26 is again not 

included in Fig.5-13 due to the same reason as mentioned before. 

 

For cantilever columns, when reinforced by USD 685 deformed rebars whose bond strength is 

about five times of that of SBPDN rebars, the displacement due to flexural deformation is 

dominant and occupies 60% to 80 % of the total displacement. Displacement due to shear 

deformation is very little. Displacement due to slippage of tensile rebars reaches about 40 % of 

the total one, but confinement by steel tube can reduce the percentage to about 15%. 

 

However, for cantilever columns and beam-columns reinforced by SBPDN rebars, the 

displacement due to slippage of tensile steels increases along with drift ratio, occupying at 

most 60 ~70 % of the total displacement from the drift level of 0.03 rad on. Difference of 

confinement method has little, if any, influence on the displacement due to slippage of tensile 

rebars as observed in the columns with USD 685 deformed rebar.  

  

  

Fig.5- 12 Percentage of each component of displacement to the overall 

displacement of cantilever columns 
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Fig.5- 13 Percentage of each component of displacement to the overall 

displacement of beam-columns 
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exhibits nearly uniform distribution along column height before the rebar reaches yielding. 

This observation approximately coincides with the test results shown in Fig.2-14, which 

implies that the proposed analytical method could reasonably embody the influence of bond 

strength of rebar on seismic behavior of LQFA concrete columns. 

 

  

  

Fig.5- 14 The calculated strain profiles of longitudinal rebars along column height 

 

Based on the results shown in Fig.5-11 through Fig.5-14, it can be said that the proposed 

simple method is an effective and reliable method to predict the seismic capacity of circular 
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As shown in Fig.5-15, the multi-linear model is governed by seven parameters listed below. 

 

1) The initial elastic stiffness (Ke) 

2) The force at which flexural crack firstly occurs (Vcr) 

3) The tangent stiffness at the stage soon after the elastic stage (Ky). 

4) The tangent stiffness for the drift-hardening stage (Ks) 

5) The peak lateral resistance (Vu) and the corresponding drift ratio (Ru) 

6) The degrading slope (Ku) after the peak.  

 

Formulae to define these parameters will be presented in the following sub-sections. 

 

Fig.5- 15 Outline of the proposed capacity curve 

5.3.1 The initial elastic stiffness Ke and cracking force Vcr 

The initial elastic stiffness can be approximately calculated by Eq. (5-30), where effect of 

longitudinal rebars is ignored for simplicity. 
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where, Ig is the moment of inertia of gross concrete section with longitudinal rebars being 

excluded. The lateral force that causes flexural crack Vcr and the corresponding drift ratio Rcr 

can be calculated with Eq. (5-31), which is recommended in the ACI-318 code [5.12].  
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where, Mcr is the moment that causes flexural crack, N is the axial load applied and 

compression is taken as positive, D is the diameter of column section, fr is the modulus of 

Ru 

Vy 

F
o
rc

e 

Drift angle 

Vu 

Ry 

Proposed capacity curve 

V
cr
 

R
cr
 

Ku Ks 

Ky 

Ke 



 

116 

 

rupture of concrete, yt is the distance from the centroid axis of gross section to the extreme 

tensile fiber.  

5.3.2 Tangent stiffness Ky and Ks 

To derive formulae to predict the tangent stiffness Ky and Ks, based on the method shown in 

Fig.5-16, the measured Ky and Ks of the specimens described in chapters two and three are 

obtained and displayed in Fig.5-17 and Fig.5-18 along with several structural factors, 

respectively. The factors include the transverse steel index, the tensile steel index and concrete 

strength. 

 

 

Fig.5- 16 Method to calculate measured Ky and Ks 

 

The concrete procedure to obtain the experimental values for Ky and Ks is, 1) from point C and 

P (see Fig.5-16) arbitrarily draw two straight lines with gradients of Ky and Ks, respectively, 2) 

calculate the area covered by the drawn straight lines, 3) calculate the area covered by 

experimental envelop curve between point C and point P, 4) adjust the values of Ky and Ks for 

the area covered by them to best fit the area covered by the experimental envelop curve for 

each specimen.  

 

One can see from Fig.5-17 that Ky drawn from test results does not show clear correlation with 

the experimental variables, which implies that. Ky is independent of these factors. The 

measured Ks also exhibits little correlation with the structural factors as seen from Fig.5-18. 

Transverse steel index (= ratio of the lateral pressure by stirrups and steel tubes to concrete 

strength) and tensile steel index show some correlation with measured Ks, but the correlation 

coefficients are so small that it is reasonable to assume that both Ks and Ky are constant for the 

sake of simplicity. 

Based on the above observation, Eq. (5-32) and Eq. (5-33) are proposed to calculate the Ky and 
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Ks, respectively. 

ey KK 5.0                                               (5-32) 

es KK 036.0                                              (5-33) 

 

 

 

Fig.5- 17 The measured Ky and variation 
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Fig.5- 18 The measured Ks and variation 
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5.3.3 Ordinates of the peak point (Ru, Vu)   

Experimental results of specimens made of LQFA concrete and SBPDN rebars have indicated 

that both circular LQFA concrete cantilever columns and beam-columns reached their peak 

lateral resistance when the SBPDN rebar at extreme tensile fiber commenced yielding. 

Therefore, it is rational to assume that a LQFA concrete column reinforced with SBPDN rebars 

reaches its’ peak resistance as the tensile SNPDN rebars commence yielding. 

 

Based on this presumption, the strain profile along the depth of column section at the peak 

resistance can be illustrated in Fig.5-19. The term sy in Fig.5-19 represents the yield strain of 

SBPDN rebar, while the term cm expresses the ultimate compressive strain of confined 

concrete. 

 

Fig.5- 19 Strain profile at peak resistance and equivalent stress block 
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where, K is the strength enhancement ratio of confined concrete and defined by Eq. (5-5), and 

co is peak strain of confined and given by Eq. (5-7). The ultimate strains calculated by Eq. 

(5-35) range from 0.83% to 1.03% for the columns tested in previous two chapters. 

 

The peak lateral resistance Vu and corresponding drift ratio Ru can be obtained if the ultimate 

moment of the end section or critical section of column and the corresponding curvature u, 

which is referred to as peak curvature, can be predicted.  

 

Since curvature is the gradient of the strain profile along the depth of column section, from the 

strain distribution illustrated in Fig.5-19, the peak curvature u can be simply obtained by Eq. 

(5-36). 
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where, D0 is the distance from the centroid of tensile rebar to the extreme compressive fiber. 

Following the assumption that the length of plastic hinge Lp is equal to the diameter of column 

section D and ignoring the displacement due to shear distortion, the peak drift ratio Ru can be 

obtained in form of 
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where, Slip is the slippage of tensile rebar and is given by Eq. (5-12) ~ Eq. (5-16) according to 

anchorage length of the rebar within anchorage length lAL. The slippage can be easily obtained 

by replacing the steel stress fse and steel strain se in Eq. (5-12) or Eq. (5-15) with the yield 

stress fsy and yield strain sy, respectively.  

 

The ultimate moment Mu can also be calculated utilizing an equivalent stress block for the 

compressed concrete as shown in Fig.5-19. The stress block was developed by Sun et al. in 

1998 [5.14] to directly calculate the ultimate moment capacity of circular concrete columns. 

This thesis will extend the stress block to the calculation of ultimate moment of LQFA concrete 

columns. 
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From Fig.5-19, the ultimate moment Mu can be expressed as follow: 
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where,  and  are the stress block coefficients, and can be calculated in form of  
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In Eq. (5-38) through Eq. (5-41), fsi is the stress of the i-th row of longitudinal rebars, which 

can be simply calculated from the stress-strain model after obtaining the steel strain form 

the strain profile shown in Fig.5-19, and Xnu is the depth of neutral axis and is written as 

u

cm
nuX




                                                (5-42) 

After the calculation of Mu, the peak lateral resistance Vu corresponding to Ru then can be 

obtained as follow: 

u
u

u NR
L

M
V                                             (5-43) 

where, L is the shear span. 

5.3.4 The gradation slope Ku 

As demonstrated in previous chapters, after the peak load was reached, LQFA concrete 

columns exhibited deterioration in lateral resistance due to two main reasons; the inherent 

softening property of high-strength concrete and the P-delta effect. In some specimens, the 

strength degradation was caused by the transition of failure mode from the initial flexure mode 

to shear mode due to the shear strength degradation at large deformation. However, due to lack 

of the experimental data, the average of degradation slope of six specimens that did not fail in 
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shear will be adopted to predict the gradation slope in form of  

eu KK 04.0                                              (5-44) 

 

5.3.5 Verification of the simplified model 

In order to verify validity and accuracy of the multi-linear model, the experimental envelope 

curves are compared with the calculated results in Fig.5-20. In Fig.5-20, besides the 

multi-linear model, the shear capacity curve model developed in chapter four is also displayed 

for each specimen. 

 

One can see from Fig.5-20 that the proposed multi-linear model traces the experimental result 

very well for specimens that exhibited stable response up to large deformation. For specimen 

FANSB, whose failure mode was inversed at large drift, combination of the simplified capacity 

curve model with the shear capacity model gives good prediction of the inverse point of the 

failure mode. 

 

For specimen CFABN26, relatively big discrepancy can be observed between the measured 

and the calculated capacity curves at larger drift ratio than 0.03 rad. This discrepancy can be 

attributed to the nonexistence of fixing plate at the column mid-height. In fact, as shown in 

chapter three, the strain of tensile SBPDN rebar stopped increasing at that drift level and 

commenced degrading due to extra slippage of the rebar. This observation implies necessity of 

the fixing plate at the contra-flexure point of concrete columns so that one can expect stable 

seismic response up to the drift level that may be simply and reliably predicted by using Eq. 

(5-37) and related equations. 
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Fig.5- 20 Comparison between the predicted capacity curves and the experimental 

results 

0

300

600

900

0 2 4 6

L
o

a
d

 （
k

N
)

Drift angle（✕0.01rad.)

Experimental result
Envelope curve model
Shear strength capacity

FANUS

0

300

600

900

0 2 4 6

L
o

a
d

 （
k

N
)

Drift angle（✕0.01rad.)

FATUS

0

300

600

900

0 2 4 6

L
o

a
d

 （
k

N
)

Drift angle（✕0.01rad.)

FANSB

0

300

600

900

0 2 4 6

L
o

a
d

 （
k

N
)

Drift angle（✕0.01rad.)

FATSB

0

200

400

600

0 2 4 6

L
o

a
d

 （
k

N
)

Drift angle（✕0.01rad.)

CFABY26

0

200

400

600

0 2 4 6

L
o

a
d

 （
k

N
)

Drift angle（✕0.01rad.)

CFAWY26

0

200

400

600

0 2 4 6

L
o

a
d

 （
k

N
)

Drift angle（✕0.01rad.)

CFABN26

0

200

400

600

0 2 4 6

L
o

a
d

 （
k

N
)

Drift angle（✕0.01rad.)

CFABY13

Shear failure 

Flexural failure 

Shear failure Flexural failure 

Flexural failure Flexural failure 

Flexural failure Flexural failure 



 

124 

 

5.4 CONCLUSIONS 

In order to develop a simple model to depict the capacity curve of circular LQFA concrete 

columns reinforced by SBPDN rebars that are expected to behave in a stable manner till large 

drift under seismic loading, an analytical method is proposed. This method can distinguish 

contribution of potential displacements to the total deformation of concrete columns, either 

made of deformed rebar or SBPDN rebar. Based on the proposed method, the monotonic 

lateral resistance versus drift ratio relationships are investigated. In addition, to help structural 

engineers to obtain prompt and reliable capacity curve for the LQFA concrete columns, a 

simplified semi-empirical model is proposed. From analytical works described in this chapter, 

the following conclusions can be drawn. 

1. Based on the assumption that the displacement due to slippage of tensile SBPDN rebar is 

primarily induced by the elongation of the tensile rebars within the loading stub or 

beam-column joint, the proposed analytical method to depict the capacity curve of LQFA 

concrete columns can give very good prediction of the experimental curves up to large 

deformation. 

 

2. The displacement due to slippage of tensile steels varies along with the bond strength and 

confinement degree. For the columns with deformed rebars, the displacement due to 

slippage of tensile steels occupies 10% to 40% of the total displacement. The stronger the 

confinement by transverse steels, the smaller the displacement due to slippage. On the 

other hand, for the specimens reinforced by SBPDN rebars, the displacement induced by 

the slippage of tensile steels may reach 60% - 70% of the total one before SBPDN rebar 

yields. Confinement degree has only little influence on the displacement due to slippage 

because of the inherent low bond strength of SBPDN rebar.  

 

3. The simple semi-empirical multi-linear model involves an important presumption that the 

peak lateral resistance of LQFA concrete columns will be reached when the tensile rebars 

commences yielding, which coincides with the experimental observations of the test 

specimens described in chapter two and chapter three of this thesis. The model can 

account for effects both of confinement by transverse steels and of slippage of tensile 

steels. The calculated capacity curves by the model agree satisfactorily well with the 

measured curves till large drift level.  

 

4. Due to its simplicity and accuracy, the proposed model can help structural engineers to 

give a prompt and reliable prediction to the failure mode and ultimate drift level of LQFA 

concrete columns, promoting the application of LQFA concrete into building structures 

and contributing to the reduction of environmental burden by concrete industry. 
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Conclusions and Future Works 

 

6.1 CONCLUSIONS 

In order to develop sustainable and resilient concrete structures, combination of the utilization 

of fly ash in large quantities and ultra-high yield strength but low bond strength longitudinal 

rebars was applied to making concrete members. Considering the omni-directionality and 

stronger confinement effect of circular columns, this doctor thesis focuses on verification of 

reliable resilience for circular LQFA concrete columns, whose concrete strength may exceed 

70MPa due to the use of fly ash in large quantities. Furthermore, to establish 

performance-based design methodology, emphasis is also placed on development of capacity 

curves, including capacity curve for resilient response and shear capacity curve to trace shear 

strength degradation along with drift level. 

 

To achieve these research goals, experimental and analytical studies were conducted to obtain 

basic experimental information on seismic behavior and shear behavior of LQFA concrete 

columns and beams. Primary findings obtained in chapter two through chapter five is 

summarized below as conclusions of this thesis. 

 

In chapter two, four circular concrete cantilever columns were tested to investigate effects of 

combination of a large quantity of fine fly-ash, ultra-high-strength rebar with low bond strength, 

and confinement by thin steel plates, on seismic behavior of concrete columns under 

single-curvature deformation. The experimental results obtained in this chapter led to the 

following conclusion. 

 

Chapter 6 
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(1) Combination of a large quantity of fine fly-ash, ultra-high-strength rebar with low bond 

strength, and confinement by thin steel plates is a simple but effective method to create 

robust and resilient concrete components. The circular LQFA concrete cantilever columns 

with SBPDN rebars and under axial compression with axial load ratio of 0.33 showed 

higher resilience than the columns with USD 685 rebars.  

 

(2) While high compressive strength of concrete due to high fly ash replacement level of 455 

kg/m3 reduced deformability or stability of LQFA concrete columns, utilization of SBPDN 

rebars as longitudinal rebars and proper confinement by spirals could ensure stable 

increment of lateral resistance up to the drift level of 0.04 rad. Confinement by steel plates 

in lieu of spirals could further enhance that drift level up to 0.05rad.  

 

(3) Utilization of USD 685 rebars could ensure LQFA concrete columns stable response and 

higher early lateral resistance until R=0.025 rad. The high bond-strength of USD rebar, 

however, tended to cause yielding of it earlier than SBPDN rebar, resulting in degradation 

of lateral resistance of the columns after R=0.025 rad. Even the confinement by steel plates 

could not enhance this critical drift level.  

 

(4) Residual drift angle, a well-known and adopted indicator for the reparability of concrete 

components, was primarily dependent upon if the longitudinal rebars yielded. Confinement 

method exhibited little, in any, influence on the residual drift angle. Once longitudinal 

rebars commenced yielding, tensile or compressive, the residual drift would increase at a 

much higher rate than that before the yielding, which implies that delay of the yielding of 

longitudinal rebar is crucial to the resilience of concrete members. 

 

Chapter three described four circular columns which were fabricated and tested to investigate 

robustness and resilience of circular LQFA concrete beam-columns reinforced with SBPDN 

rebars and confined by thin steel plates. The main findings about the seismic performance and 

structural detailing of LQFA beam-columns are listed below. 

 

(1)  Combination of a large quantity of fly-ash, ultra-high strength rebar with low bond 

strength and confinement by thin steel plates is a simple and effective method to make 

sustainable and resilient concrete beam-columns.  

 

(2)  While compressive strength of LQFA concrete was beyond 70MPa, combination of 

SBPDN longitudinal rebar and partial confinement by thin steel plates could ensure 

circular LQFA concrete beam-columns sufficient resilience until drift angle reached 

0.05rad even when the columns were under relatively high axial compression with axial 
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load ratio of 0.33.  

 

(3)  Uniting steel plates by bolts and nuts to form a steel tube could provide high strength 

concrete the same confinement effect as the welded steel tube. When using thin steel 

plates to confine high-strength concrete, the bolted tube can work more reliably that the 

welded tube, which has a risk of rupture near the welding portion at large deformation.  

 

(4)  To ensure LQFA concrete beam-columns a resilience up to 0.05 rad, the tie plate should 

be embedded at the contra-flexure section of column to anchor SBPDN rebars and reduce 

their slippage.  

 

(5)  Shorting the anchorage length of longitudinal bar within beam-column joint had little, in 

any, influence on the overall seismic performance of LQFA columns. 

 

Chapter four presented twenty concrete beams that were tested under combined shear and 

bending in order to obtain basic information on the shear behavior of LQFA concrete beams. 

The emphasis was placed on the evaluation of ultimate shear strength and deformability as well 

as the proposal of a shear capacity curve suitable for not only rectangular beams but also 

circular columns. Based on the test results, a complete shear capacity model were developed to 

trace the shear resistance of LQFA concrete members along with deformation. The 

experimental and analytical works described in this chapter led to following conclusions about 

the shear behavior and capacity of LQFA concrete members. 

 

(1)  While the compressive strength of LQFA concrete was beyond 70 MPa, shear failure of 

LQFA concrete beam occurred along a primary diagonal plane by about 45-degree with 

respect to the beam axis as observed in general normal-strength concrete beams despite 

the difference in the shear span and the steel ratio of hoop.  

 

(2)  The shear resistance by the concrete in LQFA concrete beams was strongly affected by 

the shear span (a/d) ratio, a factor indirectly accounting for the so-called size effect of 

structural member on the concrete strength. For the short LQFA concrete beams with the 

a/d ratio of 1.0, the ultimate shear strength and chord rotation depended more upon the 

shear span ratio than the steel ratio of stirrup. Increasing the steel ratio of stirrup from 

0.19% to 0.76% only brought about 10% increment in ultimate shear strength and chord 

rotation. On the other hand, for the LQFA concrete beams with the a/d ratio larger than 

1.5, the ultimate shear strength and chord rotation increased significantly along with the 

steel amount of stirrup.  
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(3)  Based on the equilibrium of the forces acting on the diagonal shear plane and 

Mohr-Coulomb criteria for LQFA concrete, equations (Eq. (4-7) and Eq. (4-8)) were 

developed to predict the ultimate shear strength of rectangular and circular LQFA 

concrete members, including beams and columns. These equations can reasonably and 

accurately account for effect of the shear span ratio on the shear resistance by LQFA 

concrete, and give more accurate prediction of the measured shear strength than the 

equations prescribed in current design codes. The ratio of the experimental/calculated 

shear strength has a mean value of 1.02, and a standard deviation of 0.14.  

 

(4)  The ultimate chord rotation or drift ratio of LQFA concrete members exhibited very 

strong correlation with the factor , which is the ratio of the calculated shear strength to 

the calculated flexural strength. A linear equation (Eq. (4-9)) was proposed to predict the 

ultimate deformation. The proposed equation gives a relatively accurate prediction of the 

measured results. The ratio of the experimental/calculated deformation has a mean value 

of 0.99, and a standard deviation of 0.21.  

 

(5)  On the basis of test results of LQFA concrete beams which failed in shear, a complete 

shear capacity curve for LQFA concrete members was developed. The proposed model 

defines the shear resistance of LQFA concrete members as a multi-linear function of drift 

ratio or chord rotation, and hence can trace the change or degradation of shear strength 

along with deformation. The predicted shear capacity curves exhibited fairly good 

agreement with the measured results of both rectangular LQFA concrete beams and 

circular LQFA concrete columns, which implies reliability and accuracy of the proposed 

model.  

 

(6) Due to their simplicity and accuracy, the proposed equations enable structural engineers to 

conduct reasonable and reliable shear design of LQFA concrete members, promoting the 

application of LQFA concrete to building structures and contributing to reducing 

environmental burden by concrete industry. 

 

Emphasis of chapter five was placed on the development of a simple model to depict the 

capacity curve of circular LQFA concrete columns reinforced by SBPDN rebars that are 

expected to behave in a stable manner till large drift under seismic loading. At first, an 

analytical method was proposed to simply trace and distinguish contribution of potential 

displacements to the total deformation of concrete columns, made of either deformed rebar or 

SBPDN rebar. In addition, to help structural engineers to obtain prompt and reliable capacity 

curve for the LQFA concrete columns, a simplified semi-empirical model for the capacity 

curve was proposed. From analytical works described in this chapter, the following 
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conclusions can be drawn. 

 

(1)  Based on the assumption that the displacement due to slippage of tensile SBPDN rebar is 

primarily induced by the elongation of the tensile rebars within the loading stub or 

beam-column joint, the proposed analytical method to depict the capacity curve of LQFA 

concrete columns can give very good prediction of the experimental curves up to large 

deformation. 

 

(2)  The displacement due to slippage of tensile steels varies along with the bond strength and 

confinement degree. For the columns with deformed rebars, the displacement due to 

slippage of tensile steels occupies 10% to 40% of the total displacement. The stronger the 

confinement by transverse steels, the smaller the displacement due to slippage. On the 

other hand, for the specimens reinforced by SBPDN rebars, the displacement induced by 

the slippage of tensile steels may reach 60% - 70% of the total one before SBPDN rebar 

yields. Confinement degree has only little influence on the displacement due to slippage 

because of the inherent low bond strength of SBPDN rebar.  

 

(3)  The simple semi-empirical multi-linear model involves an important presumption that the 

peak lateral resistance of LQFA concrete columns will be reached when the tensile rebars 

commences yielding, which coincides with the experimental observations of the test 

specimens described in chapter two and chapter three of this thesis. The model can 

account for effects both of confinement by transverse steels and of slippage of tensile 

steels. The calculated capacity curves by the model agree satisfactorily well with the 

measured curves till large drift level.  

 

(4)  Due to its simplicity and accuracy, the proposed model can help structural engineers to 

give a prompt and reliable prediction to the failure mode and ultimate drift level of LQFA 

concrete columns, promoting the application of LQFA concrete into building structures 

and contributing to the reduction of environmental burden by concrete industry. 

 

6.2 SUGGESTIONS FOR FUTURE WROKS 

The study described in this thesis has covered fundamental aspects of circular LQFA concrete 

members, including resilient capacity curve and shear capacity curve. However, due to the 

constraint of time, there are still several important issues remained to be dealt from the 

viewpoint of promotion of the proposed sustainable and resilient concrete columns in the 

actual facilities as listed below:  
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(1) Quantitative influence of the replacement level of fly ash on the mechanical behavior of 

LQFA concrete members needs to be made clear. This study concentrated on the 

replacement level of 455 kg/m3 of fly ash, but the quantitative relationship between the 

replacement level and the mechanical properties of LQFA concrete members is obviously 

indispensable to amplify the application of fly ash to building and civil structures. 

 

(2) Effect of shear span ratio on the overall seismic behavior of circular LQFA concrete 

columns should also be clarified. The specimens tested in this study only represented 

typical columns used in building structures. For the columns at the lower stories of high 

rise buildings or highway bridge piers, the shear span ratio may be much larger than 2.0 

due to higher mode of vibration or construction requirements. In particular, the larger the 

shear span ratio, the more significant the so-called P-delta effect on the overall 

performance of columns or piers. 

 

(3) Effect of axial load level on seismic performance of LQFA concrete columns needs to be 

investigated. Observations described in this paper are based on the experimental results of 

test columns with axial load ratio of 0.33. 

 

(4) Applicability of the detailing method for the anchorage of SBPDN rebars at the 

contra-flexure section of circular beam-columns to the rectangular LQFA concrete columns 

needs to be verified. The findings about seismic properties of LQFA concrete members 

stated in this study are all for circular columns. It is necessary to clarify if these findings 

can be observed for the rectangular columns, which are adopted in actual structures much 

wider than circular columns.  

 

(4) Effect of several important structural factors on the proposed multi-linear capacity curve 

model is not yet clear. These factors include the axial load level, concrete strength and 

confinement degree by transverse steels. They are presumed to influence the tangent 

stiffness Ks of the capacity curve soon after the commencement of slippage of tensile 

rebars. The empirical expression for Ks presented in chapter five plays a vital role in 

evaluating the resilience of the proposed sustainable concrete columns, but was derived 

from the test results of only eight specimens. Further verification of the formula for the Ks 

is necessary.  
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