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CHAPTER ONE 

 

1. Introduction 

 

1.1 Backgrounds 

Earthquake disasters are among the most destructive forces in nature, often resulting in 

large-scale casualties, property losses, and even social chaos. According to statistics from the 

United States Geological Survey (USGS), there have been a staggering 1494 large-scale 

earthquakes worldwide with a magnitude exceeding 7.0 since 1900 [1.1]. In the period from 

2000 to 2015 alone, there were 253 such earthquakes, as illustrated in Fig. 1-1 [1.1]. 

 

 

Fig. 1-1 The locations of earthquakes with a magnitude of 7 or greater, 2000–2015 [1.1] 
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Notable examples include the 1960 Great Chilean Earthquake with a magnitude of 9.5, 

remaining the most powerful earthquake ever recorded. It triggered widespread tsunamis, 

resulting in substantial casualties [1.2]. The 1976 Tangshan earthquake in China is infamous 

for its widespread destruction and high casualty toll [1.3]. The 1995 Great Hanshin 

Earthquake exposed vulnerabilities in urban infrastructure in Japan, particularly in Kobe [1.4]. 

The 2008 Wenchuan earthquake in China with a magnitude of 8.0 and the 2011 Great Tohoku 

Earthquake in Japan with a magnitude of 9.1, also stand as reminders of the profound impact 

that earthquakes can have on densely populated areas [1.5, 1.6]. And the 2023 Turkey–Syria 

earthquakes underscores the ongoing seismic risks faced by diverse regions globally [1.7]. 

These seismic events have left indelible marks on history, causing immense human suffering 

and altering the landscape of affected regions. In addition to the immediate and visible effects, 

earthquakes often have far-reaching consequences, affecting infrastructure, economies, and 

societal structures. Fig. 1-2 shows an example of damaged buildings by earthquakes. 

 

  

(a) Buildings in Great Hanshin Earthquake (b) Buildings in Wenchuan Earthquake 

Fig. 1-2 Damaged buildings suffering from earthquakes 

 

A frequently repeated saying is, “earthquakes don’t kill people, but buildings do”. While it may 

be infeasible to prevent the occurrence of earthquake disasters in the communities where people 

reside and/or work, there exist alternative strategies for saving lives and reducing losses caused 

by a seismic event: the adoption and implementation of up-to-date construction standards and 

advanced technologies. It is imperative to recognize that the conceptual framework for 

structural design and the corresponding specification systems are to continually develop and to 

gradually upgrade to meet the evolving needs of social development. In earthquake-prone 

countries like China and Japan, seismic design codes have undergone several stages of 
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development and continuous refinement with the accumulation of disaster experience and the 

progress of science and technology. In the 1950s, China issued its first “Code for Seismic 

Design of Buildings”, and made a specification regarding the seismic theories and methods 

during the 1970s. However, the primary focus still remained on strength-based principles. Since 

the late 1990s, a shift towards displacement-based seismic design principles has been 

implemented, emphasizing the importance of deformation capacity and energy dissipation 

capacity in concrete structures. In 2001, the performance-based seismic design concept was 

first introduced into the building seismic design code, followed by further revisions in 2010, 

which mainly included the determination of performance objectives, the division of 

performance grades and the methods for performance evaluation [1.8]. 

 

In parallel, drawing from investigations into past seismic events, Japan enacted the “Building 

Standards Law” in 1950, which placed emphasis on the overall performance of structures and 

paid particular attention to the displacement and deformation control of structures during 

earthquakes, marking it a milestone in seismic design in Japan. In 1981, on the basis of 

continuous research in seismic-resistant engineering field and practical experience, as well as 

the summary and reflections on past codes [1.9], the Building Standard Law underwent 

modification and the New Anti-seismic Design Code became operative. This revision 

emphasized the imperative for buildings to maintain regular functionality during frequently 

encountered moderate earthquakes (magnitude 5~7) and to withstand rare and substantial 

earthquakes of magnitude 7 or higher without experiencing collapse. Also, the European and 

North American countries have established their own seismic design codes and guidelines to 

assure the structural safety in earthquake-prone zones. The representative codes include the 

International Building Code (IBC) [1.10], American Society of Civil Engineers (ASCE) code 

[1.11], American Concrete Institute (ACI) code [1.12], National Building Code (NBC) [1.13], 

Eurocode 8 [1.14], and New Zealand Standard (NZS) 1170.5 [1.15], etc. 

 

To meet the aforementioned criteria for seismic design, building structures should possess 

two important seismic properties: one is the enough energy dissipation capacity to absorb and 

dissipate seismic energy, and the other is sufficient ductility to allow them to deform without 

undergoing catastrophic failure. In more recent decades, ductile reinforced concrete (RC) 

components, both walls and columns, are widely employed as the favored lateral force 

resisting system for mid-high rise buildings situated in seismically active regions owing to 
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their outstanding seismic properties, including high strength, deformability, and energy 

dissipation capacity. As suggested from the recently occurred catastrophic earthquakes such 

as the 2008 Wenchuan earthquake [1.16], the 2011 Great East Japan earthquake [1.17], and 

the 2023 Turkey–Syria earthquake [1.18], code-compliant ductile RC components have 

indeed played a crucial role in guaranteeing life safety during seismic hazards due to their 

excellent ductility and energy-dissipating capacity. Nevertheless, the sufficient ductility and 

dissipation of energy exhibited by the ductile RC components are often inevitably 

accompanied by the occurrence of severe damage and large residual deformation, easily 

resulting in substantial economic burden due to business downtime, repair or reconstruction, 

as shown in Fig. 1-2. Accordingly, how to guarantee people’s life during an earthquake while 

promoting the societal recovery after the earthquake has emerged as an essential objective 

within the seismic research field. 

 

In recent years, the concept of “resilient city” has gained increasing attention within structural 

engineering community because it puts emphasis on reducing the permanent post-earthquake 

deformation and swift restoration of essential building functions [1.19], as highlighted by 

Mileti in 1999 [1.20]: “Local resiliency with regard to disasters means that a locale is able to 

withstand an extreme natural event without suffering devastating losses, damage, diminished 

productivity, or quality of life and without a large amount of assistance from outside the 

community”. 

 

Sun et al. has introduced an innovative approach for enhancing the earthquake resilience of 

RC structures, in which two crucial structural features are highlighted: drift-hardening 

capacity as well as self-centering capacity [1.21]. The former refers to the ever-increasing 

lateral resistance along with lateral deformation, ensuring that structures can withstand large 

deformations without experiencing failure caused by strength degradation. While the latter 

refers to the reduced residual deformation after being greatly deformed by strong earthquake, 

contributing to the rapid recovery of structures. The concept of resilient structures provided 

by Sun et al. is depicted in Fig. 1-3, accompanied by a contrast to traditional ductile 

structures. This comparison emphasizes the distinct features of resilient structures, including 

both drift-hardening and self-centering capacities, showing their improved seismic 

performance to withstand and recover from seismic events more effectively than traditional 

ductile structures. 
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Fig. 1-3 Comparison between the ductile and the resilient structures 

 

To materialize resilient concrete components with both drift-hardening and self-centering 

capacity, Professor Sun and his research team have carried out comprehensive experimental 

research and theoretic analysis in the past dozen years, making several significant 

achievements while simultaneously identifying some existing issues. Together with the prior 

efforts of other researchers, these achievements and issues will be succinctly reviewed in the 

following sections. 

1.2 Previous Study on Resilient Concrete Columns 

From the perspective of swiftly restoring social activities and reducing repair costs, numerous 

attempts have been made by earthquake researchers to develop self-centering concrete 

components. An early effort involved the usage of a well-known prestressing technique, in 

which unbonded post-tensioning (UPT) tendons were employed to provide a restoring effect 

[1.22, 1.23], and then this application of UPT was further extended by Priestley et al., Zatar et 

al. and Marriott et al. [1.24-1.26]. To facilitate construction and avoid the negative impact on 

seismic performance caused by the prestress loss, Yuan et al. [1.27], Liu et al. [1.28], and Ou 

et al. [1.29] introduced the utilization of unstressed steel strands as longitudinal reinforcement 

in RC components (both columns and walls), as shown in Fig. 1-4. The test results illustrated 

that employing unstressed steel strands in concrete columns to replace normal deformed 

rebars was a convenient and feasible means of effectively controlling residual deformation 

after unloading the lateral loads. While one point worth highlighting is that the unstressed 

steel strands in the compressive zone are prone to bulging under compression, thus resulting 

in a reduction in resilience of concrete members. 

Drift angle

L
a

te
ra

l 
fo

rc
e

Design-earthquake Maximum-earthquake

Residual drift angle

Design limit

(RL=2%)
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Fig. 1-4 Self-centering behavior of concrete columns reinforced by steel strands [1.29] 

 

Fiber-reinforced polymer (FRP) materials, referring to a composite material made up of a 

polymer matrix reinforced with fibers, were initially employed for seismic strengthening of 

RC and masonry structures [1.30, 1.31], or to address the corrosion of ordinary steel bars 

[1.32]. Subsequently, FRP materials were processed into straight bars to develop 

self-centering concrete components owing to their high tensile strength and linear elasticity 

up to failure. Mohamed et al. [1.33] carried out an experimental study by substituting all 

longitudinal steel bars of concrete walls with glass fiber reinforced polymer (GFRP) bars, and 

the test results suggested that concrete walls reinforced by GFRP bars displayed stable 

flexural capacity without strength degradation and recoverable behavior up to allowable drift 

limits. Based on the study carried out by Zhao et al. [1.34] and Wang et al. [1.35], as 

compared with traditional ductile components, significant self-centering capacity could also 

be obtained in both RC walls and columns reinforced by carbon fiber reinforced polymer 

(CFRP) rebars or basalt fiber reinforced polymer (BFRP) rebars in addition to the enhanced 

lateral resistance, as illustrated in Fig. 1-5. However, compared to the tensile strength, FRP 

bars exhibits weaker compressive capacity and are prone to fracture under compression, 

especially when deformed to a large drift ratio after the spalling of cover concrete [1.36]. This 

phenomenon may reduce the lateral resistance and self-centering capacity of CFRP bar 

reinforced concrete components. 
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Fig. 1-5 Self-centering behavior of concrete columns reinforced by CFRP rebars [1.34] 

 

Another innovative alternative to materialize resilient concrete components involves the 

usage of a kind of weakly bonded ultra-high strength (WBUHS) bars featuring spiral grooves 

on the surfaces, the key aspect of which lies in their high yield strength (1275 N/mm2) as well 

as low bond strength (3.0‒4.0 N/mm2) [1.37]. The former provided the RC components with 

high lateral resistance, while the latter could delay the yielding of WBUHS rebars to endow 

both drift-hardening capacity and self-centering capacity. Sun et al. [1.38-1.40] have 

confirmed the feasibility of WBUHS rebars in providing drift-hardening capacity for both 

square and circular RC columns, regardless of whether they were subjected to high axial 

compression or deformed in double curvatures. However, the WBUHS rebars were still 

observed buckling at larger drifts than 5.0% and 3.0% because of spalling of cover concrete 

in columns and walls under relatively high axial compressive loads, respectively, and resulted 

in the degradation of both lateral resistance and resilience in these structural elements. In 

view of the excellent effect in enhancing both concrete strength and ductility, Sun et al. 

employed bolted steel tubes to confine the circular concrete columns reinforced with 

WBUHS rebars for the purpose of enhancing the resilience [1.41]. Their test results showed 

that more pronounced drift-hardening capacity can be expected when concrete columns are 

reinforced with WBUHS rebars and simultaneously confined by bolted thin steel tubes, 

especially for those with circular sections. 
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Fig. 1-6 Drift-hardening behavior of confined columns reinforced with WBUHS rebars [1.41] 

 

1.3 Previous Study on Precast Concrete Columns 

In the field of industrialization of construction, substantial attention was being paid to precast 

concrete structures in many countries and regions because it emerged in response to the need 

for efficient and cost-effective construction methods, driven by increased urbanization, 

demand for rapid infrastructure development, and the desire to overcome limitations 

associated with traditional on-site concrete construction. Precast construction offers benefits 

such as saving of construction time, reducing of labor requirements, enhancement of 

construction quality, and minimization of environmental impact, and hence contributing to 

the evolution of modern construction practices. 

 

Precast concrete structures are broadly utilized in bridge engineering, industrial warehouse, 

residential buildings, and commercial malls across the globe [1.42]. It is widely recognized 

that the seismic performance of prefabricated building and bridge structures is deeply 

influenced by the properties of the connection joints, encompassing factors like stiffness, 

strength, and deformability. 

 

Researchers have developed a multitude of techniques to promote the jointing of 

prefabricated concrete columns, inclusive of grouting-anchoring lap splices, mechanical 
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sleeve splices, shaped steel splices [1.43]. However, as for the jointing method of 

grouting-anchoring lap splices, it is inapplicable to the large-diameter steel bars because of 

the requirement for overlapping length. In the case of the usage of mechanical sleeve splices 

or shaped steel splices, while an additional option, the latter pouring concrete easily results in 

an increase in constructional complexity [1.44]. Currently, the grouted sleeve (GS) 

connection is widely employed in prefabricated reinforced concrete columns due to its 

reliability and high-efficiency constructability [1.45, 1.46]. The seismic performance of 

prefabricated columns with GS connections is contingent on critical factors such as grout 

strength, embedded length, and duct properties. As suggested based on the tensile tests on 

GSs, the failure modes were mainly reflected in three aspects: pullout of the rebars, fracture 

of rebars, and the fracture of GSs [1.47]. 

 

In the meantime, how to develop precast concrete columns with high resilience has become 

an urgent research topic, because they are prone to serious damage and permanent 

deformation in earthquake-prone areas, impeding the development of resilient city. Based on 

the effectiveness of the steel strands, FRP bars and WBUHS bars in improving self-centering 

and/or drift-hardening capacity as described in section 1.2, their application also played a 

critical role in the development of resilient precast concrete structures. The efficacy of 

employing prestressing tendons to provide self-centering capacity for precast concrete 

columns had been experimentally by many researchers [1.48-1.50], whereas the energy 

dissipation capacity would reduce compared with ductile precast columns. Therefore, many 

researchers proposed to develop resilient precast columns with acceptable energy dissipation 

capacity by combining the benefits of prestressing tendons with energy dissipation (ED) 

devices, in which prestressing tendons were utilized to provide a restoring effect, while ED 

devices were employed to add extra energy dissipation [1.51-1.53]. Fig. 1-7 exhibited an 

example of the self-centering behavior of precast columns with prestressing tendons. 
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Fig. 1-7 Self-centering behavior of precast columns with prestressing tendons [1.51] 

 

For the purpose of addressing the potential corrosion problem of the unbonded steel tendons, 

Li et al. [1.54] utilized CFRP tendons in precast concrete columns to replace steel tendons, 

and proposed to use replaceable energy dissipation rebars to achieve quick post-earthquake 

retrofitting. Based on the test results, they revealed that the proposed precast columns could 

be adopted in earthquake-prone regions to provide good restorability even when struck by 

strong earthquakes. Cai et al. [1.55] found that employing both FRP rebars and steel rebars as 

longitudinal reinforcements in precast segmental bridge columns (PSBCs) system could 

obtain increased post-yield stiffness ratio and reduced residual deformation, as well as 

comparable energy-dissipating capacities with the steel-reinforced counterparts. An example 

of self-centering behavior exhibited by precast columns reinforced with FRP bars was 

depicted in Fig. 1-8. 

 

The utilization of WBUHS rebars have been experimentally and theoretically verified to be a 

simple and practical way to provide concrete members with excellent drift-hardening capacity 

in addition to self-centering capacity, whereas there are few studies on the resilience of 

precast columns reinforced with WBUHS rebars, only one conducted by Takeda et al. [1.56]. 

In the study conducted by Takeda et al., the lower end of the WBUHS bars was anchored 

using high-strength nuts and washers to simplify construction, while sheathing ducts and 

grouting material were used to joint the column and footing. The test results showed that 

embedment length of WBUHS bars had a great influence on both the failure mode and 

drift-hardening capacity, as shown in Fig. 1-9. 

 



Chapter 1 

11 

 

 

Fig. 1-8 Self-centering behavior of precast columns with FRP bars [1.55] 

 

 
Fig. 1-9 Drift-hardening behavior of precast columns with WBUHS rebars [1.56] 
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1.4 Problems and Research Objectives 

As implied in the above research background and literature review, when compared to other 

high-performance reinforcements such as steel strands and FRP bars, the utilization of 

WBUHS rebars indeed played a simple and effective role in developing resilient concrete 

columns with significant drift-hardening and self-centering capacity. However, the previous 

studies described above primarily concentrated on square concrete columns and rectangular 

walls, and there are few, if any, information regarding the seismic behavior of particularly 

precast circular columns, while they are also well used in buildings and bridge piers. 

 

To enhance the resilience provided by WBUHS rebars and promote the application of precast 

circular drift-hardening columns in industry and civil construction, the following important 

issues need to be addressed: 

 

1) Effective prevention of the buckling of WBUHS rebars: The buckling of WBUHS rebars 

is the main factor that leads to the decrease of lateral resistance and deformation capacity 

for resilient concrete members. WBUHS rebars tended to buckle at significant drift levels 

resulting from the crushing of cover concrete and lateral expand of core concrete 

especially when the confinement of concrete was insufficient. For the purpose of delaying 

the buckling and/or enhancing the post-buckling behavior of WBUHS rebars, more 

effective confinement measures is desirable. 

 

2) Solution of the construction difficulty in the rectangular beam-circular column joints: 

Circular concrete columns reinforced with WBUHS rebars generally exhibited higher 

resilience than square and rectangular components because of the much higher 

confinement effect provided by circular spirals and/or hoops. However, circularly 

arranged longitudinal rebars in a circular column generally makes it difficult to anchor the 

longitudinal rebars in the horizontal beams, and increase complexities of the construction 

of beam-column joints. 

 

3) Accumulation of information concerning the seismic behavior of precast circular concrete 

columns reinforced with WBUHS rebars: While there has been some information on 

seismic behavior of resilient cast-in-site circular concrete columns, literature related to 

that of precast circular concrete columns is very scarce.  
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As solutions of the above-mentioned problems, the paper proposes the confinement by bolted 

circular thin steel tubes as well as the square arrangement of longitudinal rebars in a precast 

circular concrete column. The objectives of this paper are listed below: 

 

1) To experimentally verify effectiveness of the confinement by the bolted thin circular steel 

tubes in terms of delaying buckling of WBUHS rebars and to develop a simple and 

rational evaluation method for this type of confinement through concentric loading on 

short concrete columns. 

 

2) To provide fundamental experimental data concerning the seismic performance of precast 

circular concrete columns reinforced by squarely-arranged WBUHS rebars and laterally 

confined by bolted thin steel tube with emphasis placed on the effects of the embedded 

length of WBUHS rebars, confinement of bolted thin steel tubes, as well as steel amount 

of WBUHS rebars. 

 

3) To present a numerical analysis method that can reliably and accurately evaluate the 

hysteretic behavior of the precast circular concrete columns. This method can not only 

take into account the confinement effect of bolted circular steel tubes, but also consider 

the slippage of WBUHS rebars. 

 

4) To propose a reliable and simple method for predicting the ultimate flexural capacity of 

circular concrete columns reinforced with squarely-arranged WBUHS rebars and 

confined by the bolted thin steel tube, and to verify its reliability and accuracy through a 

comparison between the experimental results with calculated values. 
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1.5 Format of This Thesis 

To achieve the goals described above, this doctoral dissertation is comprised of seven 

chapters. Each chapter deals respective aforementioned issues except for chapter one and 

chapter seven. The main content of each chapter is outlined as follows: 

 

Chapter one introduces the research background of this dissertation, reviews previous 

research efforts, identifies several existing issues and describes the research objectives. 

 

Chapter two presents experimental research on the axial behavior of WBUHS rebars within 

short concrete columns confined by bolted thin steel tubes with emphasis placed on 

investigating the effects of the steel tubes in delaying WBUHS rebars’ buckling and on the 

degree of concrete confinement. A total of twenty short concrete columns reinforced with 

normal strength (NS) rebars or WBUHS rebars were fabricated and tested under concentric 

compression. With hoop spacing, reinforcement type, confinement of steel tubes and section 

type as the main experimental variables, the test results were analyzed in terms of failure 

mode, load-strain curves, buckling strain of WBUHS rebars, strain ductility, and stress-strain 

behaviors of WBUHS rebars. 

 

Chapter three discusses seismic performance of precast circular concrete columns reinforced 

with squarely-arranged WBUHS rebars and simultaneously confined by bolted circular thin 

steel tube. Taking construction methods, anchoring length of WBUHS rebar, axial load ratio, 

width-to-thickness ratio of the confining steel tubes, reinforcement type, and shear span ratio 

as main experimental variables, twelve 1/2.5-scale circular concrete columns were made and 

tested under reversed cyclic lateral loading and constant compression. The seismic behaviors 

with respect to the failure mode, lateral force-drift angle curves, residual deformation, energy 

dissipation capacity, reinforcement strain, and average axial strain were described and 

discussed based on the experimental results. 

 

Chapter four extends the experimental study of the seismic performance of precast circular 

concrete columns reinforced by large-diameter WBUHS rebars to study the influence of the 

steel amount of WBUHS rebars and steel tube confinement. With main variables including 

longitudinal steel ratio, construction methods, axial load ratio, and confinement method, six 
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1/2.5-scale circular concrete columns were fabricated and tested under reversed cyclic lateral 

loading. The seismic behavior of the test columns was analyzed in terms of the failure mode, 

lateral force-drift angle curves, residual deformation, energy dissipation capacity, 

reinforcement strain, and average axial strain. 

 

Chapter five is intended to numerically analyze the hysteretic performance of the circular 

concrete columns confined by bolted circular steel tubes. A finite spring element (FSE) 

method, which could take into account both the bond-slip relationship of WBUHS rebars and 

the confinement effect of hoops and/or steel tubes on concrete, was presented to assess the 

hysteresis performance of the proposed concrete columns. Validity and accuracy of this 

method will be confirmed through a comparison between the calculated lateral force-drift 

angle curves, reinforcement strain and energy dissipation capacity with the measured ones. 

 

Chapter six proposes a simplified method to evaluate the ultimate flexural capacity of the 

resilient precast circular concrete columns developed in this study. First, the computed values 

based on the plane-remain-plane assumption are examined. And then, a method that can take 

into consideration of the bond-slip behavior of WBUHS rebars is proposed. Finally, the 

accuracy of the calculated ultimate bearing capacity was verified by comparing with 

experimental results. 

 

Chapter seven summarizes the main conclusions obtained from chapters two through six, and 

presents several future issues regarding the drift-hardening concrete columns confined by 

bolted circular steel tube. 
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CHAPTER TWO 

 

2 Axial Behavior of Short Concrete Columns Confined by 

Bolted Steel Tubes 

 

2.1 Introduction 

Sargsyan et al. [2.1] and Zhang et al. [2.2] have experimentally verified that concrete 

columns and walls reinforced by WBUHS rebars could behave in a resilient manner and 

exhibited satisfactory drift-hardening capability up to large drift. Meanwhile, because of the 

crushing of concrete and local buckling of WBUHS rebars, the lateral resistance of concrete 

walls tends to degrade at the drift level of 3% [2.3]. 

 

To address the local buckling of the WBUHS rebars in resilient concrete components, Zhou et 

al. [2.4] have conducted axial compression tests of concrete columns with WBUHS rebars 

and studied the influence of stirrup spacing, section shape, and concrete strength on the axial 

behavior of the columns as well as the buckling strain. The test results have revealed that the 

WBUHS rebars with smaller hoop spacing exhibited relatively higher buckling strain. 

Nevertheless, even when the slenderness ratio (s/D ratio) was as small as 4, the premature 

buckling of WBUHS rebars was also observed before yielding. The axial strain 

corresponding to the peak stress did not exceed 0.8% and less than the yield strain of 

WBUHS rebars, and the columns’ load-carrying ability after the peak load degraded 

significantly, implying less ductility and deformability. 

 

Considering that lateral confinement by steel tubes is superior to that of conventional hoops 

and/or spirals in enhancing both concrete strength and ductility, the usage of steel tubes can 

be expected to limit the circumferential expansion of concrete, thus to effectively delay the 

premature buckling and improve the post-buckling capacity of WBUHS rebars. This chapter 

is intended to verify the effectiveness of confinement by bolted steel tubes in enhancing the 

buckling-resistance of WBUHS bars. 
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2.2 Experimental Program 

2.2.1 Description of Test Specimens 

To accomplish the above-mentioned objectives of this chapter, twenty concrete columns were 

made and tested under concentric loading with hoop spacing (25, 50, 75 or 100 mm), 

reinforcement type (NS rebar or WBUHS rebar), confinement of steel tubes, and section type 

(square or circular) as main experimental variables. Of them, four concrete columns were 

reinforced with NS rebars and confined by both hoops and steel tubes, eight concrete columns 

were reinforced with WBUHS rebars and confined by only hoops as reference specimens, 

and the other eight were reinforced with WBUHS rebars and confined by bolted steel tubes to 

verify the confinement effect by bolted steel tubes.  

 

The details and outlines of test columns are shown in Fig. 2-1 and Table 2-1. As shown in Fig. 

2-1 and Table 2-1, twelve specimens are square columns and eight specimens are circular 

columns with width or diameter of 150mm. The longitudinal reinforcement in each specimen 

consisted of four NS rebars or WBUHS rebars, while the transverse steel (hoop) was 

composed of D6 deformed bars (SD295). Test region was the middle portion (146mm in 

length) of the columns with hoop spacing of 50, 75, 100 and 150mm, to give the volumetric 

ratio of 2.4%, 1.6%, 1.2% and 0.8%, respectively. Outside the test region, besides reducing 

hoop spacing to 25mm, two pairs of 6mm-thick steel jackets were adopted to confine both 

end regions of each specimen to protect the end regions from premature failure. 

 

The upper and lower end plates were used to facilitate the formation of reinforcement cage, 

and small threaded nails were inserted into the interstice between the end plates and 

longitudinal rebars to ensure that the position of the end plates remained unchanged when 

casting concrete. To prevent the steel jackets at both ends and the middle thin steel tubes from 

directly sustaining axial stress, clearances of 3mm and 6mm was provided between the steel 

jackets and the specimen’s ends, and the middle steel tubes, respectively. The bolted steel 

tubes, with a thickness of 1.6mm and volumetric ratio of 4.1%, were formed by connecting 

two pieces of semi-squarely or semi-circularly fabricated steel plates using high strength bolts 

and nuts. The number of bolts was determined based on the criteria that the hoop tensile force 

of steel tubes remained below the yield force of the high-strength bolts. 
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(a) Specimens confined by hoops only 

 

 

(b) Specimens confined by hoops and bolted steel tubes 

Fig. 2-1 Dimensions and reinforcement details (unit: mm) 
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Table 2-1 Summary of the test specimens 

Section 

details 
Specimen 

Section 

type 

Transverse 

confinement 

Longitudinal 

rebar 

D 

(mm) 

s 

(mm) 
s/D 

fc’ 

(N/mm2) 

 

 

SA-4 

A D6 
WBUHS 

rebar 
12.6 

50 4 35.8 

SA-6 75 6 35.8 

SA-8 100 8 35.8 

SA-12 150 12 35.8 

 

SA1-4 

A1 D6+PL1.6 
WBUHS 

rebar 
12.6 

50 4 36.2 

SA1-6 75 6 36.2 

SA1-8 100 8 33.0 

SA1-12 150 12 33.0 

 

SA2-4 

A2 D6+PL1.6 NS rebar 12.7 

50 4 33.2 

SA2-6 75 6 36.1 

SA2-8 100 8 36.1 

SA2-12 150 12 36.2 

 

 

CB-4 

B D6 
WBUHS 

rebar 
12.6 

50 4 36.9 

CB-6 75 6 36.9 

CB-8 100 8 36.9 

CB-12 150 12 35.8 

 

CB1-4 

B1 D6+PL1.6 
WBUHS 

rebar 
12.6 

50 4 33.2 

CB1-6 75 6 33.2 

CB1-8 100 8 36.1 

CB1-12 150 12 36.2 

Note: D6: the hoop with a nominal diameter of 6.35mm, PL1.6: the bolted steel tube with a 

thickness of 1.6mm, D: nominal diameter of longitudinal rebar; s: hoop spacing; s/D: 

slenderness ratio; fc’: concrete compression strength at the testing. 

 

2.2.2 Material Properties 

Ready-mixed concrete, which was made of common Portland cement and regular coarse 

aggregates having a maximum particle size of 20mm, was used to fabricate the test columns. 

On the basis of the test results of three cylinders (100mm in diameter and 200mm in height) 

at 28 days after casting, the average values of splitting tensile strength, Young’s modulus, and 
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peak strain were 3.1MPa, 29.1GPa, 0.2%, respectively. The concrete compression strength at 

28 days and the time of testing was 29.3MPa and 35.3MPa, respectively. The mechanical 

properties and stress-strain relationships of the used materials are presented in Table 2-2 and 

Fig. 2-2, respectively. 

 

Table 2-2 Mechanical properties of the used materials 

Material 
D or T 

(mm) 

Es 

(kN/mm2) 

fy 

(N/mm2) 

εy 

(%) 

fu 

(N/mm2) 

WBUHS rebar (U12.6) 12.6 196.1 1392* 0.91* 1465 

NS rebar (D13) 12.7 177.1 365 0.25 541 

Hoop (D6) 6.35 194.6 412 0.25 548 

Steel tube (PL1.6) 1.6 195.2 404 0.21 429 

Note: D: diameter of reinforcements, T: thickness of bolted thin steel tube, Es: Young’s modulus, 

fy: yield stress, εy: yield strain, fu: tensile stress, *: the value based on 0.2% offset method. 

 

 

Fig. 2-2 Stress-strain curves of the used materials 
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2.2.3 Loading Apparatus and Measurements 

Monotonic axial compressive loading was applied to the test columns via a universal testing 

machine with maximum capacity of 2000kN, as shown in Fig. 2-3. 

 

Two 40mm-thick steel plates were placed on the top and bottom of the test columns to 

facilitate the uniform application of axial compression into columns and the installation of 

displacement transducers (DTs). The average axial deformation was measured by four DTs 

installed between the top steel plate and the platform of testing machine. Strain gages were 

attached on longitudinal rebars, hoops and steel tubes to measure their mechanical behavior, 

as depicted in Fig. 2-4. Especially, four strain gages (marked with S1−S4) were pasted on the 

opposite sides of two reinforcement rebars aiming to study the buckling behavior of SD345 

and WBUHS rebars. 

 

 

Fig. 2-3 Schematic view of test apparatus 
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b

c

a: Steel plate

b: Displacement transducer 

c: Specimens
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Fig. 2-4 The distribution of strain gauges 

 

2.3 Test Results and Observations 

2.3.1 Observations of Test Specimens 

The ultimate failure modes of all test columns after removing the steel tubes and crushing 

concrete were presented in Fig. 2-5. As expected, the major deformation and damage of the 

test specimens concentrated within the middle test region (146mm in length). As can be seen 

from Fig. 2-5, the damage degree of group SA and CB specimens was serious with significant 

crushing of concrete and buckling of WBUHS rebars. For the group CB1 specimens, the 

damage degree seemed to be more severe than those of groups SA1 and SA2 specimens due 

to the fracture observed along the bent edge of bolted circular tubes at large strain. Fig. 2-5 

also indicated that the confinement of bolted thin steel tubes could alleviate the extent of 

concrete damage and improve the buckling resistance of WBUHS rebars. 
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(b) Group SA1 

 

 
(c) Group SA2 

 

 
(d) Group CB 

Fig. 2-5 Failure mode of test columns 
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(e) Group CB1 

Fig. 2-5 Continued 

 

2.3.2 Lateral Load-strain Curves 

The axial load versus axial strain relationships are displayed in Fig. 2-6. While failure seemed 

to concentrate within the middle portion of specimens with length of 146mm, the lateral 

dilation of 6mm-thick steel jackets at both ends was also observed. Therefore, the axial strain 

was obtained by dividing the axial displacement measured by four DTs with the overall 

height of specimens. In the axial load-strain curves of specimens confined by bolted steel 

tubes, the circle mark represents the onset of contact between steel jacket and steel tube, and 

the triangular mark expresses the fracture of steel tube. It should be mentioned that there are 

some circular holes on the bottom steel plate with the same diameter as the WBUHS rebar. 

Along with the increase of axial load, WBUHS rebars in specimen SA1-4 and CB1-6 slipped 

a little through the bottom plate of the test specimen into the holes, resulting in a certain 

degree of reduction in load-carrying capacity. 

 

In general, the specimens with smaller hoop spacing possessed relatively higher loading capacity 

and more ductile post-peak behavior, because smaller hoop spacing meant stronger confinements 

to core concrete. As compared with the specimens of group SA, the specimens of group SA1 

showed a little higher peak load but significant enhancement in the post-peak behavior, because 

of the confinement of square bolted steel tubes. More significant improvement on peak load and 

ductility can be observed by comparing the measured axial load-strain curves of specimens of 

groups CB and CB1, which implies that the load-bearing capability and ductility of concrete 

columns with WBUHS rebars can be greatly enhanced by the confinement of bolted circular steel 

tubes. The main reason was that the uniform confinement of circular steel tubes provided larger 

strength and ductility enhancement to concrete than square steel tubes. 
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a) Group SA b) Group SA1 

 

  
c) Group SA2 d) Group CB 

 

 
e) Group CB1 

Fig. 2-6 Measured axial load-strain relationships 
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Table 2-3 listed the axial strains measured at the peak load. As obvious from Table 2-3, the 

axial strains at the peak load of specimens with slenderness ratio (s/D) of 4 and 6 exhibited 

larger values than that of specimens with s/D of 8 and 12. In addition, the axial strains at the 

peak load could be increased by 12.7% and 87.8% on average by the confinement of square 

and circular thin steel tubes, respectively. This observation indicated that more significant 

confinement effect can be expected in the WBUHS rebar-reinforced columns when confined 

by circular steel tubes. 

 

To better find out the influence of experimental parameters on the post-yield load capacity of 

test columns, the axial load corresponding to axial strains of 1%, 2% and 3%, and their ratios 

to the peak load were summarized in Table 2-3. It can be found that the group SA2 specimens 

displayed good post-yield load capacity with only 5%~14% (31% for specimen SA2-12) 

induction in strength degradation. As can be seen for group SA and CB specimens, the 

decline of load-carrying capacity became obvious along with axial strain, and the larger the 

s/D ratio, the more pronounced the decline. For group SA1 and CB1 specimens, the axial 

load (except for specimen SA1-12) could maintain more than 80% of the peak load till axial 

strain of 2.0%. Even at the axial strain of 3.0%, the axial resistance of CB1 specimens could 

still maintain 95%~99.7% (62% for specimen CB1-12) of their peak loads. This observation 

clarified the effectiveness of confinement by the bolted steel tubes in enhancing the post-peak 

load capacity of concrete columns with WBUHS rebars. 
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Table 2-3 Summary of the test results 

Specimen 
εb (%) εb* 

(%) 

εp 

(%) 

Nexp 

(kN) 

N1% 

(kN) 

N2% 

(kN) 

N3% 

(kN) 

𝑁1%

𝑁𝑒𝑥𝑝
 

𝑁2%

𝑁𝑒𝑥𝑝
 

𝑁3%

𝑁𝑒𝑥𝑝
 

εb1 εb2 avg 

SA-4 0.69 0.38 0.54 0.86 1.18 1259.3 1243.6 983.8 504.8 0.99 0.78 0.40 

SA-6 0.20 0.58 0.39 0.57 0.99 1129.0 1129.0 578.2 344.6 1.00 0.51 0.31 

SA-8 0.26 0.28 0.27 0.47 0.86 1149.6 1127.2 404.3 258.6 0.98 0.35 0.23 

SA-12 0.24 0.25 0.25 0.47 1.02 1141.2 1140.0 479.8 305.8 1.00 0.42 0.27 

SA1-4 0.67 0.27 0.47 0.81 1.26 1261.0 1219.0 1228.7 1077.4 0.97 0.97 0.85 

SA1-6 0.39 0.29 0.34 0.49 1.26 1331.8 1277.0 1249.7 1063.0 0.96 0.94 0.80 

SA1-8 0.24 0.20 0.22 0.41 1.07 1332.8 1302.4 1065.8 873.5 0.98 0.80 0.66 

SA1-12 0.23 0.26 0.25 0.43 0.94 1180.9 1180.6 909.5 808.0 1.00 0.77 0.68 

SA2-4 1.04 0.60 0.82 0.53 0.54 1052.0 1019.8 1010.0 1004.2 0.97 0.96 0.95 

SA2-6 0.24 0.25 0.25 0.34 0.39 1018.9 879.9 866.5 875.3 0.86 0.85 0.86 

SA2-8 0.26 0.22 0.24 0.37 0.42 974.5 901.8 885.6 838.5 0.93 0.91 0.86 

SA2-12 0.23 0.24 0.24 0.41 0.36 1037.4 774.6 710.6 718.4 0.75 0.68 0.69 

CB-4 0.59 0.87 0.73 0.99 1.25 1214.4 1182.4 921.3 581.2 0.97 0.76 0.48 

CB-6 0.73 0.52 0.63 0.83 1.33 1044.4 996.5 814.8 475.0 0.95 0.78 0.46 

CB-8 0.23 0.20 0.22 0.47 1.18 960.5 956.4 461.1 341.9 1.00 0.48 0.36 

CB-12 0.25 0.20 0.23 0.40 1.06 901.6 888.8 321.6 242.4 0.99 0.36 0.27 

CB1-4 0.86 0.68 0.77 1.21 2.81 1745.5 1422.3 1694.7 1740.6 0.82 0.97 1.00 

CB1-6 0.80 0.38 0.59 0.81 2.24 1587.2 1316.8 1580.3 1542.4 0.83 1.00 0.97 

CB1-8 0.48 0.50 0.49 0.84 2.12 1715.1 1458.8 1711.2 1620.5 0.85 1.00 0.95 

CB1-12 0.34 0.23 0.29 0.62 1.89 1630.2 1372.9 1626.1 1002.2 0.84 1.00 0.62 

Note: εb1: buckling strain based on S1 and S2 gauges; εb2: buckling strain based on S3 and S4 

gauges; avg: average of εb1 and εb2; εb*: average of axial strain corresponding to εb1 and εb2; εp: 

axial strain at peak load; Nexp: experimental peak load; N1%, N2%, and N3%: the load at 1%, 2%, 

and 3% axial strain, respectively; μ: the calculated strain ductility. 

 

 

 

 



Chapter 2 

33 

 

2.3.3 Buckling Strains of Longitudinal reinforcements 

Along with the axial strain, the cover concrete will spall off and crush gradually, while the 

core concrete will expand laterally, both of which can promote the local buckling of WBUHS 

rebar. Because it is difficult to accurately identify the onset of the buckling, to evaluate the 

buckling strain of WBUHS rebars, the definition of the onset of local buckling proposed by 

Rodriguez et al. [2.5] is adopted. According to reference [2.5], the onset buckling strain could 

be defined as the strain when the measured strain difference between the two sides of each 

WBUHS rebar reached 20%. Fig. 2-7 shows an example of strains measured on both sides of 

a WBUHS rebar (specimen SA-4) with blue diamond mark to represent the onset of buckling. 

 

 

Fig. 2-7 Example of axial strains of WBUHS rebar 

 

The buckling strains such obtained are listed in Table 2-3. As one can see from Table 2-3, 

reducing the hoop spacing so that s/D ratio is less than 6.0 was beneficial to delay the 

buckling of WBUHS rebar which was consistent with Zhou’s conclusion [2.6]. However, 

judging from the buckling strains measured by strain gauges, the confinement by bolted steel 

tubes had little effect on the improvement of buckling strain. This might be attributed to that 

the definition of the onset of buckling is not necessarily proper. In fact, by comparing the 

buckling strains obtained following the definition of Rodriguez et al. [2.5] with the measured 

strains at the peak loads, one can see that the axial strains corresponding to the onset of 

buckling of WBUHS rebars are much less than the peak strains, as compared in Table 2-3. 

Since the buckling of rebars generally results in a reduction in the axial resistance of concrete 

members, the definition for onset of the local buckling in reference 2.5 needs to be revised to 

more accurately evaluate buckling strains of rebars. 
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2.3.4 Strain Ductility 

Strain ductility is a crucial index to evaluate the deformability of concrete members under 

axial compression without significant strength degradation after entering an inelastic stage, 

and usually can be defined as the ratio of ultimate strain in which 85% of the peak load is 

maintained after peak to the yield strain [2.7], as given in Eq. (2.1) and shown in Fig. 2-8. 

Since there are several definitions of the yield strain [2.8], the ductility may change if 

different definition is taken. To avoid confusion and conduct absolute evaluation of the strain 

ductility, this paper proposes using the peak strain of unconfined concrete as the yield strain, 

in which the peak strain of unconfined concrete will be obtained by Eq. (2.2) [2.9]. 

𝜇 =
𝜀𝑢

𝜀𝑦
           (2.1) 

𝜀0 = 0.94 ∙ 𝑓𝑐
0.25 ∙ 10−3       (2.2) 

Where, μ represents the strain ductility, εu is the ultimate strain where 85% of the peak load is 

maintained after peak, εy represents the yield strain, which is presumed to be the peak strain 

of unconfined concrete ε0. 

 

The measured strain ductility is compared in Fig. 2-9. As obvious from Fig. 2-9, the smaller 

the hoop spacing, the higher the strain ductility. The NS rebar-reinforced columns with a 

hoop spacing of 25mm and 50mm presented the largest strain ductility owing to the 

confinement of square steel tubes, but the increase of hoop spacing would lead to a 

significant reduction in strain ductility. Furthermore, the effectiveness of steel tube 

confinement in enhancing ductility of columns with WBUHS rebars can be clearly observed 

from Fig. 2-9. As compared with hoop-confined columns, confinement by square steel tubes 

increased the strain ductility by 36%−89%, while confinement by circular steel tubes could 

increase the strain ductility by 112−153%, exhibiting a more prominent enhancement effect. 
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Fig. 2-8 Definition of yield point 

 

 

Fig. 2-9 Comparison of strain ductility 

 

2.3.5 Stress-Strain Behavior of WBUHS Rebars 

Although the previous sections have demonstrated the effectiveness of steel tubes in 

improving the bearing capacity, both the peak and post-peak, and ductility of concrete 

columns, it is essential to extract the stress-strain behavior of longitudinal reinforcements 

aiming to more intuitively understand the effect of steel tubes on the buckling behavior of the 

longitudinal reinforcements. The axial load borne by WBUHS rebars can be determined by 

extracting the contribution of the concrete from the measured axial load of tested columns. 

Then, the stress of WBUHS rebars can be calculated by Eq. (2.3). 
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𝜎𝑠 =
𝑁−𝑁𝑐𝑜𝑣−𝑁𝑐𝑜𝑟

𝐴𝑠
         (2.3) 

In which, σs and As represent the stress and area of WBUHS rebars, N is the axial load of test 

specimens, Ncov and Ns represent the load borne by cove concrete and core concrete, 

respectively. 

 

Whereas for the concrete, a constitutive model that can trace the stress-strain relationship 

accurately is urgently needed, because it will directly affect the accuracy of the calculation 

results. Sun et al. [2.9] proposed a complete stress-strain model for confined concrete that can 

consider the confinement effects of both hoops and steel tubes (called Sakino-Sun model 

hereafter), and its reliability has been verified by similar studies conducted by Zhou et al. 

[2.10]. Therefore, the Sakino-Sun model was adopted in this paper to calculate the 

contribution of confined concrete, which can be mathematically expressed in Eqs. 

(2.4)−(2.13). 

𝑓𝑐 = 𝐾 ∙ 𝑓𝑝 ∙
𝐴𝑋+(𝐷−1)𝑋2

1+(𝐴−2)𝑋+𝐷𝑋2       (2.4) 

Where, fc is the stress of concrete; fp represents the ultimate compressive strength of plain 

concrete according to the test performed on three cylinders (100 mm in diameter and 200 mm 

in height); K represents the strength-raising coefficient of confined concrete, and the double 

confinement effects provided by both thin steel tubes and common hoops are considered for 

group SA1 and CB1 specimens. 

𝐴 =
𝐸𝑐𝜀𝑐𝑜

𝑓𝑐𝑜
          (2.5) 

𝐷 = 1.5 − 0.017𝑓𝑝 + 𝛾𝐷√(𝐾 − 1) 𝑓𝑝 23⁄    (2.6) 

𝑋 =
𝜀𝑐

𝜀𝑐𝑜
           (2.7) 

Where, Ec denotes elasticity modulus of plain concrete; fco represents the ultimate 

compressive strength of confined concrete; εc represents the strain of confined concrete; εco 

represents the strain of confined concrete when reaching its ultimate compressive strength. 
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𝐸𝑐 = (0.69 + 0.33√𝑓𝑝) × 104     (2.8) 

𝜀𝑐𝑜 = 𝜀𝑜 ∙ {
[1 + 4.7(𝐾 − 1)]         𝐾 ≤ 1.5
3.35 + 20(𝐾 − 1.5)    𝐾 > 1.5

   (2.9) 

𝜀𝑜 = 0.94 ∙ 𝑓𝑝
0.25 × 10−3       (2.10) 

𝛾𝐷 = {
1.6                𝑓𝑜𝑟 ℎ𝑜𝑜𝑝
2.4                𝑓𝑜𝑟 𝑠𝑡𝑒𝑒𝑙 𝑡𝑢𝑏𝑒

     (2.11) 

𝐾 =
𝑓𝑐𝑜

𝑓𝑝
= {

1 + 2.05 (1 −
𝑠

2𝐷𝑐
)

2

∙
𝜌ℎ∙𝑓𝑦ℎ

𝑓𝑝
                𝑓𝑜𝑟 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 ℎ𝑜𝑜𝑝

1 + 11.5 (
𝑑

𝐶
) (1 −

𝑠

2𝐷𝑐
) ∙

𝜌ℎ∙𝑓𝑦ℎ

𝑓𝑝
           𝑓𝑜𝑟 𝑟𝑒𝑐𝑡𝑖𝑙𝑖𝑛𝑒𝑎𝑟 ℎ𝑜𝑜𝑝

  (2.12) 

𝐾 =
𝑓𝑐𝑜

𝑓𝑝
= {

1 + 4.1 (
2

𝐷′ 𝑡⁄ −2
) ∙

𝑓𝑦𝑡

𝑓𝑝
        𝑓𝑜𝑟 𝑤𝑒𝑙𝑑𝑒𝑑 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑠𝑡𝑒𝑒𝑙 𝑡𝑢𝑏𝑒

1 + 46
𝑓𝑦𝑡∙(𝐵′ 𝑡⁄ −1)

𝑓𝑝∙(𝐵′ 𝑡⁄ −2)3              𝑓𝑜𝑟 𝑤𝑒𝑙𝑑𝑒𝑑 𝑟𝑒𝑐𝑡𝑖𝑙𝑖𝑛𝑒𝑎𝑟 𝑠𝑡𝑒𝑒𝑙 𝑡𝑢𝑏𝑒
 (2.13) 

Where, εo represents the strain of plain concrete when reaching its maximum compressive 

strength; s is the hoop spacing; Dc denotes the side length or diameter of the centerline of 

common hoops (see Fig. 2-10); ρh represents the volumetric ratio of common hoops; fyh 

represents the yield stress of common hoops; d denotes the nominal diameter of the common 

hoop; C represents the center-to-center spacing between the longitudinal rebars within a square 

cross-section (see Fig. 2-10); D’ denotes the outer diameter of thin steel tubes; t represents the 

thickness of bolted thin steel tubes (see Fig. 2-10); fyt represents the yield stress of thin steel 

tubes; B’ denotes the center-to-center spacing between the square steel tubes (see Fig. 2-10). 

 

 

Fig. 2-10 Definition of the cover concrete and confined concrete 
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It is worth highlighting that the calculated values based on the Sakino-Sun model (derived 

from welded steel tubes) might potentially lead to an overestimation of the strength-raising 

coefficient (K) especially for concrete confined by bolted circular steel tubes because of the 

discontinuity, as listed in Table 2-4. As a result, 0.49 and 0.33 times the calculated K values 

based on the Sakino-Sun model were adopted in the above calculation formula for bolted 

circular steel tube and square steel tube respectively, as indicated by the axial compression 

test results of short concrete columns confined by steel tubes formed by the same joining 

method, as given in Table 2-4. 

 

Table 2-4 Comparison of experimental and calculated strength-raising coefficient (K) 

Name 
Diameter 

(mm) 

Yield 

strength 

(N/mm2) 

Plain concrete 

strength 

(N/mm2) 

Confined 

concrete strength 

(N/mm2) 

Kexp Kcal 

Bolted circular 

 steel tube (PL1.6) 
1.6 404 34.4 51.1 1.49 2.01 

Bolted rectilinear 

 steel tube (PL1.6) 
1.6 404 36.1 36.9 1.02 1.06 

Note: Kexp and Kcal represent the experimental and calculated value (derived from Sakino-Sun 

model) of the strength-raising coefficient, respectively. 

 

 

  

(a) s/D=4 

Fig. 2-11 Stress-strain behavior of WBUHS rebars 
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(b) s/D=6 

 

  

(c) s/D=8 

 

  

(d) s/D=12 

Fig. 2-11 Continued 
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The stress-strain relationships of WBUHS bars were extracted according to the 

aforementioned calculation method, and a comparison is presented in Fig. 2-11. The axial 

load sustained by the WBUHS bar is obtained by the difference between the axial load of test 

specimens and the axial load borne only by concrete. As long as the strain at the peak load of 

concrete remains below the peak strain of test specimens, the strain at the peak stress of the 

WBUHS rebar (buckling strain) will be not less than the peak strain of test specimens. 

According to this point, reducing the hoop spacing and employing bolted steel tubes can 

effectively delay the buckling of WBUHS rebars and enhance its post-buckling behavior. 

Notably, as compared with bolted rectangular steel tube, the usage of bolted circular steel 

tube can more significantly delay the premature buckling of WBUHS rebar and mitigate the 

reduction in stress after buckling owing to the uniform confinement effect. 
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2.4 Conclusions 

Twenty concrete columns with NS rebars or WBUHS rebars were made and tested under 

monotonic concentric loading with the aim of investigating the effect of hoop spacing and 

confinement by the bolted thin steel tubes on the axial behavior with emphasis placed on the 

enhancement of ductility and delaying the buckling of WBUHS rebars. According to the test 

results and discussions presented in this chapter, the main conclusions are made as follows: 

 

(1) Confinement by bolted thin steel tubes could reduce concrete damage and simultaneously 

enhance the strain at peak load of concrete columns with WBUHS rebars significantly. In 

particular, the bolted circular steel tube could also upgrade the concrete strength, while 

the confinement effect on concrete strength by square steel tubes was little. 

 

(2) The strain ductility of test specimens confined by square and circular steel tubes were 

36 % − 89 % and 112 % − 152.9% higher than those of concrete columns confined only 

by hoops, respectively. 

 

(3) The current definition of the onset of local buckling of rebars may not be necessarily 

accurate and needs to be revised because buckling of the reinforcements should lead to a 

decrease in bearing capacity. From this point and on the basis of the extracted stress-strain 

behavior of WBUHS rebars, the buckling strain and post-buckling behavior of WBUHS 

rebars could also be improved by confining the columns with bolted steel tubes. 

Confinement by bolted square thin steel tube could increase the peak strain beyond 1.0%, 

which is larger than the yield strain of WBUHS rebar, while the bolted circular steel tube 

with the same thickness as square tube enhanced the peak strain close to and/or beyond 

2.0% even the slenderness ratio was as large as 12, due to its uniform confinement effect. 

 

 

 

 

 

 

 



Chapter 2 

42 

 

References 

[2.1] Sargsyan S., Tanaka Y., Takeuchi T., et al. Seismic behavior andassessment of circular 

concrete columns reinforced by ultra-high strength rebars. 16th WCEE, No.664, 2017. 

[2.2] Zhang J., Liu X., Liu J., et al. Seismic performance and reparability assessment of 

recycled aggregate concrete columns with ultra-high-strength steel bars. Eng. Struct. 

2023, 277, 115426. 

[2.3] Wei C., Sun Y., Takeuchi T., et al. Seismic behaviors and evaluation of reinforced 

concrete walls reinforced by SBPDN rebars. JCI, Vol. 43, Jul. 2021, pp. 175-180. 

[2.4] Zhou A., Sun Y., Takeuchi T., et. al. Experimental study on axial behavior of concrete 

columns reinforced by SBPDN rebars. JCI, Vol. 42, Jul. 2020, pp. 43-48. 

[2.5] Rodriguez, M., Botero, J. and Villa, J. Cyclic stress-strain behavior of reinforcing steel 

including effect of buckling. J Struct Eng, ASCE, Vol. 125, Jun. 1999, pp. 605-612. 

[2.6] Zhou A., Sun Y., Takeuchi T., et. al. Experiment on buckling behavior of ultra-high 

strength rebars in RC column. JCI, Vol. 41, 2019, pp. 37-42. 

[2.7] Duan L, Cooper T.R. Displacement ductility capacity of reinforced concrete columns. 

Concrete International, 1995, 17(11): 61-65. 

[2.8] Park R. Ductility evaluation from laboratory and analytical testing. Proceedings of the 

9th world conference on earthquake engineering. Tokyo-Kyoto Japan, 1988, 8: 

605-616. 

[2.9] Sun, Y. and Sakino, K. Ultimate Strength of RC Columns Retrofitted by Circular Steel 

Tubes. JCI, Vol. 20, Jun. 1998, pp. 1117-1122. (In Japanese) 

[2.10] Zhou A., Sun Y., Takeuchi T., et al. Monotonically compressive stress-strain model of 

ultra-high-strength rebar considering buckling. 17th WCEE, 2020. 

 



Chapter 3 

43 

 

CHAPTER THREE 

 

3 Seismic Behavior of Concrete Columns Confined by 

Bolted Circular Steel Tube 

 

3.1 Introduction 

Sun et al [3.1] have developed a new kind of resilient concrete components by utilizing 

weakly bonded ultra-high strength (WBUHS) rebar with helical surface as longitudinal 

tensile steel. The key point in the new resilient concrete components is that the weak bond 

strength (about 3 N/mm2) promotes stress transfer along the entire length of the rebar, thereby 

delaying the strain concentration in the plastic hinge zone (Sun et al. [3.1], Funato et al. [3.2]). 

Previous experimental study has confirmed the validity and practicability of this approach in 

developing resilience, even when concrete members are subjected to higher axial forces or 

deformed with double curvature (Wang et al. [3.3]; Takeuchi et al. [3.4]). Notably, more 

pronounced resilience could be observed particularly in circular columns reinforced by 

WBUHS rebars and simultaneously confined by steel tubes owing to the strong confinement 

effect of steel tubes on concrete (Sun and Cai [3.5]). Concrete columns with a circular 

cross-section present a compelling blend of structural efficiency, aesthetic allure, and strength 

uniformity, making them a highly favored choice across various architectural and engineering 

domains. However, it is important to note that the longitudinally rebars arranged in a circular 

configuration in conventional circular columns may potentially lead to a reduction in the 

available spacing between the reinforcement from adjacent beams in the horizontal direction, 

and increasing complexities during the construction of beam-column joints. As one of 

solutions for these problems, this paper proposes squarely arranging longitudinal WBUHS 

rebars for circular columns from the viewpoint of facilitating the construction of 

beam-column connections. 

 

In the meantime, there is a growing trend towards increased adoption of prefabricated and 

modular buildings, primarily motivated by the desire to enhance construction quality and 

reduce construction timelines. Consequently, it is of great significance to materialize the 
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prefabrication of resilient concrete components reinforced with WBUHS rebars. Moreover, 

previous research has emphasized that achieving the optimal mechanical properties of UHS 

rebars (steel strands, FRP bars and WBUHS rebars) requires secure anchoring with sufficient 

anchoring length at the ends [3.6-3.8]. For the purpose of promoting the application of 

WBUHS rebars in precast concrete construction, it is crucial to assess the difference in 

seismic performance between precast and cast-in-place components and to determine the 

required embedment length for WBUHS rebars to achieve optimal performance of the 

resilient precast concrete components. 

 

The primary objectives of this chapter are: 1) to provide experimental information on the 

seismic performance of circular concrete columns reinforced with squarely-arranged 

WBUHS rebars and confined by bolted circular steel tubes; 2) to find the necessary 

embedment length for WBUHS rebars to achieve the optimal performance; and 3) to verify if 

there is difference in seismic performance between precast and cast-in-place construction. 
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3.2 Experimental Program 

3.2.1 Description of Test Specimens 

A total of twelve 1/2.5-scale concrete columns were designed and each of them was 

composed of a loading stub of 400×350×350mm, a circular column with an outer diameter of 

300 mm, and a footing of 1000×540×400mm (or 1000×500×400mm for the columns with a 

shear span ratio of 2.5). Among the twelve test columns, two were reinforced with normal 

strength (NS) rebars featuring hooked ends as reference specimens and the other ten were 

reinforced with WBUHS rebars. The main experimental parameters are reinforcement type 

(NS rebar, WBUHS rebar), shear span ratio (1.7, 2.5), diameter-thickness ratio of the bolted 

circular steel tubes to confine concrete (96, 132), axial load ratio (0.20, 0.33), embedment 

length of reinforcement (20d, 30d) and construction method (cast-in-place, precast). 

 

The parameters of test columns are listed in Table 3-1 and the reinforcement details are 

depicted as Fig. 3-1. Both NS rebars and WBUHS rebars were squarely arranged and 

transversely confined by D6 deformed rebars with a hoop spacing of 100 mm, meeting the 

requirements of the hoop reinforcement ratio specified in the AIJ code [3.9]. For NS rebars, the 

ends were bent at a 90-degree angle or 180-degree angle to meet anchoring requirements. As 

for WBUHS rebars, the upper end was secured by high-strength (HS) nuts and a steel plate to 

ensure the reinforcement position and the lower end was anchored using HS nuts and washers 

(with outer diameter of 32 mm) to facilitate prefabricated construction. For the purpose of 

preventing the early crushing of cover concrete and pursuing the resilience up to a large drift, 

all the test columns were externally confined by steel tubes with diameter-thickness ratios of 

132 or 96, to give a volumetric ratio of 3.1% or 4.3%. The steel tubes were fabricated by 

joining two pre-manufactured semi-circular plates through high-strength bolts and nuts, and 

steel plates with 9 mm thickness (PL9) were added for preventing the local buckling of the 

flange. Aiming at hindering the steel tubes from directly withstanding axial stress, a 6mm 

clearance was maintained between the bolted steel tubes and the loading stub (or the footing). 

For precast columns, the column and footing were manufactured and poured separately. After 

one week of pouring, concrete strength could meet the requirements of removing the formwork 

and lifting operation. Then, WBUHS rebars protruding from the column were inserted into 

sheathing ducts pre-embedded in the footing and jointed using high-strength and no-shrinkage 

grouting material. The jointing process of precast columns was described in Fig. 3-2. 
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Table 3-1 Parameters and primary test results of the test columns 

Specimen 
Longitudinal 

rebar 
a/D 

Construction 

method 

le 

(mm) 
n 

Transverse 

confinement 

fc’ 

(MPa) 

Qexp 

(kN) 

Rexp 

(×0.01rad.) 

C17N20STU 

8-U12.6 

(ρg=1.41%) 

1.7 

Cast-in-place 
20d 

0.20 

 
D6+PL2.3 

38.1 309.7 4.9 

C17N20LTU 30d 37.9 305.7 6.0 

PC17N20STU 

Precast 

20d 38.5 306.0 5.9 

PC17N20LTU 30d 37.5 314.8 6.0 

PC17N33STU 20d 

0.33 

38.4 309.7 5.8 

PC17N33LTU 30d 38.0 330.2 5.9 

PC17N33STTU 20d 
D6+PL3.2 

38.5 319.0 6.0 

PC17N33LTTU 30d 38.3 329.3 6.0 

PC25N33LTU 
2.5 30d 

D6+PL2.3 

41.3 190.1 6.0 

C25N33LTU 

Cast-in-place 

40.6 199.1 5.0 

C17N20STD 8-D13 

(ρg=1.41%) 
1.7 20d 

0.20 41.7 193.6 3.6 

C17N33STD 0.33 42.8 254.5 2.2 

Note: ρg: longitudinal rebar ratio, a/D: shear span ratio, le: embedment length of longitudinal 

rebar, d: diameter of WBUHS rebar, n: axial load ratio, ρw: volumetric ratio of the common 

hoop, ρt: volumetric ratio of the bolted circular steel tube, fc’: the measured standard 

cylindrical concrete compressive strength, Qexp: average value of measured peak loads in both 

positive and negative drift ratios, Rexp: drift ratio at peak load. 
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PC17N20STU and PC17N33STU PC17N20LTU and PC17N33LTU 

Fig. 3-1 Reinforcement details of test columns 

350

400

400
PL12

4-D10

D6@60

1000

D6@100

1
6

3
3

0
0

2
0

0
3

1
0

6
6

2
5

2
5

4
0

1
5

0

PL2.3

8-U12.6

350

400

400
PL12

4-D10

D6@60

1000

D6@100

1
6

3
3

0
0

2
0

0
3

1
0

6
6

3
7

8
5

4
0

1
5

0

PL2.3

8-U12.6

350

400

400

1
6

3
3

0
0

3
1

0
6

6
2

5
2

Nut

Washer

2
0

0
1

5
0 PL12

4-D10

D6@60

D6@100

PL2.3

1000

3
1

0
5

4
0

8-U12.6

400

350400

1
6

3
3

0
0

3
1

0
6

6
3

7
8

2
0

0
1

5
0

Nut

Washer

PL12

4-D10

D6@60

D6@100

PL2.3

1000

4
3

0
5

4
0

8-U12.6



Chapter 3 

48 

 

  

PC17N33STTU PC17N33LTTU 

 

  

C25N33LTU PC25N33LTU 

Fig. 3-1 Continued 
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C17N20STD and C17N33STD 

Fig. 3-1 Continued 

 

  

Fig. 3-2 Jointing process of precast concrete columns 
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Step 1:

Clean the surface (joint surface) of the

foundation beam and draw the center

line in four directions on the surface of

the column and the footing.

Step 2:

Adjust the height of the support rod to

the target value and inject high-

strength grouting material into each

sheathing duct.

Step 3:

Lift the column to the joint position

and determine the orientation of the

front side of the column.

Step 4:

Insert the WBUHS bars extending from

the column into the embedded

sheathing duct, and confirm the final

position of the column.
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3.2.2 Material Properties 

Ready-mixed concrete made of common Portland cement and regular coarse aggregates having 

maximum particle size of 20mm, which was widely employed when constructing the main 

supporting members, was used for the fabrication of the test columns. According to the test 

results from three cylinders (100mm in diameter and 200mm in height), the compressive 

strength (fc’) of concrete for each loading day was summarized in Table 3-1. The mechanical 

properties and stress-strain relationships for the used steel materials are presented in Table 3-2 

and Fig. 3-3, respectively. 

 

Table 3-2 Mechanical properties of the used materials 

Material 
D or T 

(mm) 

Es 

(kN/mm2) 

fy 

(N/mm2) 

fu 

(N/mm2) 

εy 

(%) 

WBUHS rebar (U12.6) 12.6 212 1401* 1478 0.86* 

SD345 rebar (D13) 12.7 200 403 600 0.22 

Hoop (D6) 6.35 197 400 525 0.22 

Steel tube (PL2.3) 2.3 201 391 465 0.20 

Steel tube (PL2.3) 3.2 200 395 467 0.20 

Note: D: diameter of reinforcements, T: thickness of bolted circular steel tubes, Es: Young’s 

modulus, fy: yield stress, fu: tensile stress, εy: yield strain, *: the value based on 0.2% offset method. 

 

 

Fig. 3-3 Stress-strain curves of the used steels 
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3.2.3 Test Setup and Loading Program 

The test setup and loading program of test columns were illustrated in Fig. 3-4 and Fig. 3-5, 

respectively. First, the footing was firmly secured to the strong floor using 8 high-strength 

steel bars with a diameter of 21mm. Next, a constant axial force (calculated according to the 

axial compression ratio) was applied at the top surface of the loading stub via a vertical jack 

with 1000kN capacity, and the linear rolling guide between the slide track and hydraulic jack 

could assure both axial load stability and loading position synchronization. Finally, cyclic 

lateral loading was imposed using two lateral jacks with 500kN capacity and controlled by 

the drift angle R, which can be obtained by dividing the lateral displacement (∆) at the 

loading point by the shear span (a). Two complete cycles were applied within 0.02rad. drift 

angle, and one cycle was applied at subsequent drift levels of 0.025rad., 0.03 rad., 0.035 rad., 

0.04 rad., 0.05 rad. and 0.06 rad., as shown in Fig. 3-5. 

 

 

(a) For the columns with a/D=1.7 

 

 

(b) For the columns with a/D=2.5 

Fig. 3-4 The test setup of test columns 
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Fig. 3-5 Loading program 

 

3.2.4 Instrumentation and Measurement 

Two lateral displacement transducers (DTs) were installed in the loading stub for the 

measurement of lateral displacement (∆) at loading point and four vertical DTs were placed 

for the measurement of axial deformation between the loading stub and footing. Besides, 

strain gages were attached to longitudinal rebars, transverse hoops and bolted steel tubes to 

serve the subsequent analysis of their mechanical properties. The location of DTs and strain 

gages were displayed as Fig. 3-6 and Fig. 3-7. 

 

 
Fig. 3-6 Locations of displacement transducers 
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Fig. 3-7 Locations of strain gages 
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3.3 Test Results and Observations 

3.3.1 Observations of Test Specimens 

 

Fig. 3-8 Failure condition of specimens 
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Due to the confinement of steel tubes, it was challenging to observe the damage state of the 

specimens during the loading process. Fig. 3-8 illustrated the damage state of test specimens 

after removing the steel tubes subsequent to the testing, with the gray shaded areas representing 

crushed concrete. The yielding of steel tube was monitored prior to the maximum lateral load. 

Pullout of the WBUHS rebars or pre-embedded sheathing ducts was not observed, indicating 

the reliability of the anchoring technique for the reinforcements and the jointing method for the 

precast columns. In addition, concrete damage in all specimens was predominantly 

concentrated at the bottom of the columns on the eastern and western sides with no obvious 

diagonal cracks occurred, which was indicative of the characteristic of flexural failure. As the 

axial compression level increased, the damage to concrete on the compression side of test 

columns with a/D=1.7 became pronounced and the corresponding range also expanded. 

Because a larger axial load ratio results in higher stress level for the concrete in compressive 

side [3.10, 3.11]. 

 

3.3.2 Lateral Force Versus Drift Angle Relationship 

The measured lateral force versus drift angle curves of test columns is illustrated in Fig. 3-9, 

in which the blue blocks, red dots and red dotted line represent the lateral load when steel 

tubes (PL2.3 or PL3.2) is yielding in the transverse direction, maximum lateral load and 

strength decline caused by P-Δ effect, respectively. It should be noted that drift angles in the 

two ductile columns (C17N20STD and C17N33STD) are not completely consistent with the 

scheduled loading program depicted in Fig. 3-5. 

 

The specimens reinforced with WBUHS rebars performed ever-increasing lateral resistance 

without strength degradation but slow-growing residual deformation even up to a so large 

drift of 5%, showing significant drift hardening capacity. While the two ductile columns 

reinforced with NS rebars displayed traditional “fat” hysteresis loops, and the lateral force 

began to decrease slowly with the concrete damage and P-Δ effect. Owing to the confinement 

of steel tubes, the lateral force could be kept 93% (85% for C17N33STD) of their maximum 

lateral load even when deformed to such a large drift of 6%, demonstrating favorable 

load-holding capacity. Additionally, it can be inferred that the stable response without 

deterioration in lateral resistance after yielding of steel tubes mainly depends on the WBUHS 

rebars since the yielding of thin steel tubes usually signify the maximum confinement effect 

on concrete. 
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1) C17N20STU 2) C17N20LTU 

  

  

3) PC17N20STU 4) PC17N20LTU 

  

  

5) PC17N33STU 6) PC17N33LTU 

Fig. 3-9 Lateral force versus drift angle relationships 
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7) PC17N33STTU 8) PC17N33LTTU 

  

  

9) C25N33LTU 10) PC25N33LTU 

  

  

11) C17N20STD 12) C17N33STD 

Fig. 3-9 Continued 
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Fig. 3-10 compared the envelopes of lateral force-drift angle relationships and moment-drift 

angle relationships. As is obvious from Figs. 3-10 (a) and (d), both the utilization of WBUHS 

rebars and the increasing of axial load ratio could significantly enhance the lateral force and 

moment resistance. Because the ultra-high strength could augment the force and/or moment 

borne by longitudinal rebars, while increasing the axial load ratio always led to greater 

neutral axis depth, thus increasing the bending moment borne by the concrete. In addition, it 

seemed that the experimental variables of construction method and embedment length of 

longitudinal rebar had no obvious influence on the moment resistance, indicating that 

providing an embedment length of 20 times its diameter for WBUHS rebar could make the 

precast concrete columns perform almost the same excellent lateral response as the 

cast-in-place ones. 

 

 

(a) The effect of reinforcement type (WBUHS rebar, NS rebar) 

 

 

(b) The effect of shear span ratio (1.7, 2.5) 

Fig. 3-10 Influence of experimental variables on lateral force and moment 

 

0

100

200

300

400

0 1 2 3 4 5 6

L
a

te
ra

l 
fo

rc
e 

(k
N

)

Drift angle (×0.01rad.)

C17N20STU

C17N20STD
0

50

100

150

200

0 1 2 3 4 5 6

M
o
m

en
t 

(k
N

‧m
)

Drift angle (×0.01rad.)

C17N20STU

C17N20STD

0

100

200

300

400

0 1 2 3 4 5 6

L
a
te

ra
l 

fo
rc

e 
(k

N
)

Drift angle (×0.01rad.)

PC17N33LTU

PC25N33LTU
0

50

100

150

200

0 1 2 3 4 5 6

M
o

m
en

t 
(k

N
‧m

)

Drift angle (×0.01rad.)

PC17N33LTU

PC25N33LTU



Chapter 3 

59 

 

 

(c) The effect of diameter-to-thickness ratio (96, 132) 

 

 

(d) The effect of axial load ratio (0.20, 0.33) 

Fig. 3-10 Continued 
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(e) The effect of embedment length of reinforcement (20d, 30d) 

 

 

(f) The effect of construction method (cast-in-place, precast) 

Fig. 3-10 Continued 
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3.3.3 Strain of Reinforcements 

The performance of concrete columns is closely related to the mechanical behavior of 

longitudinal reinforcement, which can be evaluated by analyzing the strain of reinforcements. 

Fig. 3-11 compared the measured strains of the outermost longitudinal NS rebars and 

WBUHS rebars on the eastern side at a height of 35mm from the top of the footing. The 

horizontal black and red dotted lines respectively denote the yielding of NS rebars and 

WBUHS rebars. As the drift angle increased to 0.0075rad., the NS rebars in column 

C17N20STD reached the yield strain and then increased at a rapid rate. While the WBUHS 

rebars in specimen C17N20STU increased at a slow rate and did not yield even at a drift 

angle of 0.05rad, as illustrated in Fig. 3-11 (a). It can be found from Figs. 3-11 (b) that the 

WBUHS rebar strain in specimen with a/D=2.5 is lower than that of the specimen with 

a/D=1.7, which is the reason for the low lateral resistance of the specimen with a/D=2.5. As is 

obvious in Fig. 3-11 (d) that the higher the applied axial load level, the smaller the strain of 

WBUHS rebars was. This was because that the higher axial compression led to a larger depth 

of compression zone, which in turn, retarded the development of strain. In addition, the 

diameter-to-thickness ratio, embedment length of reinforcement and construction method 

have little influence on the strain development of WBUHS rebar with the drift angle of 

0.04rad., as illustrated in Figs 3-11 (c), (e) and (f). 

 

  

(a) The effect of reinforcement type 

(WBUHS rebar, NS rebar) 

(b) The effect of shear span ratio (1.7, 2.5) 

Fig. 3-11 Strain of Reinforcements 
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(c) The effect of diameter-to-thickness ratio (132, 96) 

 

 

(d) The effect of axial load ratio (0.20, 0.33) 

 

 

(e) The effect of embedment length of reinforcement (20d, 30d) 

Fig. 3-11 Continued 
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(f) The effect of construction method (cast-in-place, precast) 

Fig. 3-11 Continued 

 

The strain distribution of longitudinal reinforcements in two representative specimens 

(C17N20STD and C17N20STU) with a typical developing tendency is presented in Fig. 3-12. 

As drawn in Fig. 3-12, the NS rebar in C17N20STD reached its yield strain at 0.0075 rad. 

drift angle, followed by a sharp increase in strain observed near the critical section (35mm 

from the top of the footing). In contrast, the WBUHS rebar along the column height in 

C17N20STU displayed a very small strain gradient. This phenomenon is attributed to the 

lower bond strength of WBUHS rebars, which facilitates strain penetration along the column 

height toward the anchorage positions, thereby mitigating strain concentration in the potential 

plastic hinge region. 

 

  

(a) Specimen C17N20STD (b) Specimen C17N20STU 

Fig. 3-12 Representative example of strain distribution of longitudinal rebars 
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3.3.4 Residual Deformation 

As a critical indicator for assessing the recoverability of concrete components, the 

self-centering capacity is commonly evaluated through the residual deformation when the 

lateral forces induced by an earthquake are removed. Fig. 3-13 illustrated the residual drift 

angle at each specified drift angle, which was determined by taking the average of the 

measurements in both positive and negative loading directions. 

 

It can be found that reinforcement type and axial load ratio are two critical factors that 

influence residual deformation. One can be seen from Fig. 3-13(a) that the ductile column 

(C17N20STD) performed a significantly increased residual deformation from the drift angle 

of 0.015rad on, and the residual deformation has exceeded 0.025rad. when deformed to 

0.06rad. drift angle. The reasons for this phenomenon can be explained as the fact that: When 

the NS rebars reached their yield strength, they undergone plastic deformation. Unlike elastic 

deformation, plastic deformation was permanent, and the steel does not return to its original 

shape even after the removal of lateral force. This plastic deformation contributed to residual 

deformations in the ductile column reinforced with NS rebars. Comparatively, as drift angle 

increases, the residual deformation in columns reinforced with WBUHS rebars is 

significantly lower compared to that in ductile columns. Even when the lateral deformation 

reaches a drift angle of 5%, the residual deformation can be controlled at approximately 0.5%, 

demonstrating excellent self-centering capacity and an economically viable range for repair 

(see Fig. 3-13 (a)). This phenomenon can be attributed to that weak bond strength (3 N/mm2) 

delays the strain concentration in the plastic hinge zone and premature yielding of WBUHS 

rebars, thereby providing a restoring force to reduce the residual deformation, as described in 

section 3.3.3. In the case of concrete columns reinforced by WBUHS rebars, the increase of 

axial compression leads to slight increase of residual deformation, because a higher axial 

compression results in more serious concrete damage and a more obvious P-Δ effect, 

indicating greater plastic damage and permanent deformation. Moreover, it seems that the 

influence of other experimental parameters including embedded length of reinforcements, 

construction method, diameter-thickness ratio on residual deformation is almost negligible 

and increasing the shear span ratio can bring about lower residual deformation when the 

concrete column was deformed to a large drift angle (see Figs. 3-13 (b), (c), (e) and (f)). 
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(a) The effect of reinforcement type 

(WBUHS rebar, NS rebar) 

(b) The effect of shear span ratio (1.7, 2.5) 

 

(c) The effect of diameter-to-thickness ratio (132, 96) 

 

(d) The effect of axial load ratio (0.20, 0.33) 

Fig. 3-13 Residual drift angle of specimens 
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(e) The effect of embedment length of reinforcement (20d, 30d) 

 

 

(f) The effect of construction method (cast-in-place, precast) 

Fig. 3-13 Continued 
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3.3.5 Energy Dissipation Capacity 

The equivalent viscous damping coefficient (heq) is frequently utilized as a crucial parameter 

for assessing the energy-dissipating capacity of seismic components. The schematic diagram 

was depicted in Fig. 3-14 and the calculation result was compared in Fig. 3-15. 

 

 

Fig. 3-14 Calculation diagram of heq 

 

As is obvious in Fig. 3-15a and Fig. 3-15d, the heq in the two ductile columns increased 

rapidly owing to the inelastic deformation after yielding of NS rebars, and the increase of 

axial compression could result in a reduction of heq from the drift angle of 3%. However, in 

the case of the resilient columns reinforced with WBUHS rebars, only changes in axial load 

ratio could lead to a slight enhance in heq by comparing Fig. 3-15 (d) with Figs. 3-15 (b), (c), 

(e), and (f), and the heq tended to approach a constant value with the increasing of the drift, 

which agrees well with the findings in the study conducted by Liu et al. [3.12]. This suggests 

that the specimens reinforced by WBUHS rebars displayed nonlinear elastic behavior even 

when deformed to a large drift. 
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(a) The effect of reinforcement type 

(WBUHS rebar, NS rebar) 

(b) The effect of shear span ratio (1.7, 2.5) 

 

 

(c) The effect of diameter-to-thickness ratio (96, 132) 

 

 

(d) The effect of axial load ratio (0.20, 0.33) 

Fig. 3-15 The comparison of equivalent viscous damping coefficient (heq) 
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(e) The effect of embedment length of reinforcement (20d, 30d) 

 

 

(f) The effect of construction method (cast-in-place, precast) 

Fig. 3-15 Continued 

 

3.3.6 Axial Strain 
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between the footing and loading stub. As is apparent from the comparison in Fig. 3-16, the 

axial strain for columns with n=0.20 generally leveled off as drift increased. The columns 

with n=0.33 showed increasing axial strain because the increase of axial compression will 

impose more compressive stresses on the column cross-section. However, the maximum axial 

strain was restricted to within 0.3% even when deformed to a drift angle of 0.04rad., far 

below the peak strain of confined concrete. This suggests that the confinement effect 

provided by the bolted circular steel tubes can offer the resilient concrete columns good axial 

stability even at large drifts. 

 

 

Fig. 3-16 Comparison of axial strain between the footing and loading stub 
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3.4 Conclusions 

Taking reinforcement type (NS rebar, WBUHS rebar), shear span ratio (1.7, 2.5), 

diameter-to-thickness ratio (132, 96), axial load ratio (0.20, 0.33), embedment length of 

reinforcement (20d, 30d) and construction method (cast-in-place, precast) as main 

experimental variables, in this chapter, twelve specimens were made and tested under 

reversed cyclic lateral loading while simultaneously subjected to constant axial compression 

for the purpose of studying the seismic behavior of circular columns reinforced by 

squarely-arranged WBUHS rebars and confined by bolted circular steel tubes. Based on the 

test results discussed in this chapter, the main conclusions are drawn as follows: 

 

1) When compared to traditional ductile concrete columns, all of the test columns reinforced by 

WBUHS rebars exhibited significant drift-hardening capacity as well as satisfactory 

self-centering capacity up to a large drift. Providing an embedment length of 20 times its 

diameter for WBUHS rebar could make the precast concrete columns perform almost the 

same excellent seismic behavior as the cast-in-site ones up to a drift ratio of at least 0.05 rad. 

 

2) The strain gradient of WBUHS rebar along the column height remained small even when 

the columns were deformed to a significant drift ratio of 0.05 rad. when compared to NS 

rebars. This was beneficial for allowing the WBUHS rebars to remain in the elastic region 

for an extended time period, thus contributing to the remarkable drift hardening capacity 

and self-centering capacity.  

 

3) The specimens under higher axial load level displayed slightly serious concrete damage 

and comparatively larger residual deformation but larger moment resistance as well as 

energy dissipation capacity. 

 

4) For relatively short specimens with a/D=1.7, the axial strain consistently maintains at a 

low level as the drift angle increases, remaining below 0.1%. Even for the specimens 

subjected to higher axial compression, the axial strain gradually increases with the 

increase in drift angle, but remains below 0.3%. This strain level is much less than the 

ultimate compressive strain of confined concrete, revealing the favorable axial stability of 

the proposed precast concrete columns confined by bolted thin steel tubes. 
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CHAPTER FOUR 

 

4 Effect of Steel Amount and Confinement Method on 

Seismic Behavior of Circular Concrete Columns 

 

4.1 Introduction 

The essential information about the influence of different experimental parameters on the 

seismic performance of circular concrete columns reinforced by squarely-arranged WBUHS 

rebars, both cast-in place and precast, has been obtained according to the study conducted in 

chapter three. To promote the application of WBUHS rebars to concrete construction and 

widen applicability of the precast resilient circular concrete columns, effects of the steel 

amount of WBUHS rebars and confinement of bolted thin steel tubes on the seismic 

performance needs to be clarified. 

 

In particular, while previous studies [4.1, 4.2] and the study described in chapter three have 

experimentally verified that the utilization of bolted circular thin steel tubes could effectively 

mitigate concrete damage and enhance the drift-hardening capacity of cast-in-site and precast 

circular concrete components up to drift of 0.05rad, it is not clear to what extent the 

confinement by the bolted thin steel tubes may enhance seismic property of the circular 

concrete columns with WBUHS rebars. 

 

The objectives of this chapter are: 1) to study the influence of steel amount of WBUHS rebar 

through comparison of the experimental results of circular columns reinforced by 

larger-diameter WBUHS rebars with those of test columns described in chapter three; and 2) 

to quantitatively verify the influence of confinement of the bolted thin steel tubes on the 

seismic performance of circular concrete columns, cast-in-place and prefabricated, and 

confined by conventional hoops and bolted thin steel tube. 
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4.2 Experimental Program 

4.2.1 Description of Test Specimens 

A total of six 1/2.5-scale circular concrete columns were fabricated with identical geometric 

dimensions. Each specimen consisted of a loading stub of 400×350×350mm, a circular 

column with an outer diameter of 300 mm, and a footing of 1000×540×400mm as shown in 

Fig. 4-1. Among them, two were reinforced by eight large-diameter WBUHS rebars (U15) 

and transversely confined only by D6 deformed bars as reference specimens, and the other 

four were reinforced by U15 WBUHS rebars and transversely confined by bolted steel tubes 

to further enhance the resilience and to serve as quantitative analysis of the contribution of 

confinement by the bolted thin steel tubes to seismic behavior. The effective height of test 

columns was 510mm, which was measured from the top of the footing to loading point, to 

give a span ratio of 1.7. The main experimental variables are the longitudinal steel ratio, 

construction methods (cast-in-place, prefabrication), axial load ratio (0.20, 0.33), and 

confinement method (bolted tube, hoop). The steel ratio of WBUHS rebars in the six 

specimens was 1.92%, which is about 36.2% higher than that (1.41%) of the columns 

presented in chapter three. The outlines of test specimens are summarized in Table 4-1. 

 

The reinforcement details in each concrete column are depicted in Fig. 4-1. Since providing 

20d embedment length for WBUHS rebars could ensure that the precast concrete columns 

exhibited the same excellent seismic performance as the cast-in-place ones, the embedment 

length of larger diameter WBUHS rebars used in this chapter was set to be 20d. In each 

specimen, the longitudinal tensile reinforcement consisted of eight WBUHS rebars arranged 

in a square configuration. Similar to chapter three, the upper end of each WBUHS bar is 

firmly anchored by one steel plate and high-strength nuts to facilitate the construction and 

positioning of the steel cage, while the lower end was secured using two high-strength nuts to 

clamp a washer with an outer diameter of 40mm to simplify the construction. For specimens 

C20STU15, C33STU15, PC20STU15 and PC30STU15, the transverse confinement consisted 

of D6 circular hoops with a spacing of 100mm and bolted circular steel tubes with thickness 

of 2.3mm. The D6 circular hoops were used in these four specimens only as auxiliary steel to 

keep the alignment of WBUHS rebars. For specimens C33SU15 and PC33SU15, the 

transverse confinement consisted of D6 circular hoops with a spacing of 30mm. 

 



Chapter 4 

75 

 

The steel tubes were fabricated by joining two premanufactured semicircular plates through 

high-strength (HS) bolts and nuts. Furthermore, steel plates with 9 mm thickness (PL9) were 

added to prevent the local buckling of the flange. In order to prevent the bolted steel tubes 

from directly carrying axial load, a 6mm clearance was maintained between bolted steel tubes 

and the loading stub (or the footing). In the case of precast specimens, the column and footing 

were manufactured and poured separately. After one week of pouring, the concrete strength 

could meet the requirements of removing the formwork and lifting operation. Then, WBUHS 

rebars protruding from the column were inserted into sheathing ducts pre-embedded in the 

footing and jointed using high-strength and no-shrinkage grouting material. The jointing 

process of precast columns was the same as that in chapter three, as shown in Fig. 4-2. 

 

Table 4-1 Parameters and primary test results of the test columns 

Specimen 
Longitudinal 

rebar 
a/D 

le 

(mm) 

Construction 

method 
n 

Transverse 

confinement 

fc’ 

(MPa) 

Qexp 

(kN) 

Rexp 

(×0.01rad.) 

C20STU15 

8-U15 

(ρg=1.92%) 
1.7 20d 

Cast-in-place 

0.20 
D6@100+PL2.3 

39.8 358.3 6.0 

C33STU15 
0.33 

42.4 375.0 6.0 

C33SU15 D6@30 42.2 254.1 4.0 

PC20STU15 

Precast 

0.20 
D6@100+PL2.3 

40.7 363.6 6.0 

PC33STU15 
0.33 

43.1 382.8 6.0 

PC33SU15 D6@30 40.9 250.6 5.0 

Note: ρg: longitudinal rebar ratio, a/D: shear span ratio, le: embedment length of longitudinal 

rebar, d: the diameter of WBUHS rebar, n: axial load ratio, ρw: volumetric ratio of hoop, ρt: 

volumetric ratio of bolted steel tube, fc’: the measured standard cylindrical concrete 

compressive strength, Qexp: average value of measured peak loads in both positive and 

negative drift ratios, Rexp: drift angle at peak load. 
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C20STU15, C33STU15 C33SU15 

(a) Cast-in-place specimens 

 

  

PC20STU15, PC33STU15 PC33SU15 

(b) Precast specimens 

Fig. 4-1 Reinforcement details of test columns 
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Fig. 4-2 Jointing process of precast concrete columns 

 

4.2.2 Material Properties 

Ready-mixed concrete which was made of common Portland cement and regular normal 

coarse aggregates having a maximum diameter of 20 mm was utilized to fabricate test 

columns. According to the test results of three concrete cylinders (with dimensions of 100 

mm in diameter and 200 mm in height) cured under the same condition as the test specimens, 

the measured concrete compression strength during testing is presented in Table 4-1.  

 

The mechanical properties and stress-strain relationships for the used steel materials are 

presented in Table 4-2 and Fig. 4-3, respectively. The yield stress of the WBUHS rebar is 

defined as the 0.2% offset yielding strength. 

 

 

Step 1:

Clean the surface (joint surface) of the

foundation beam and draw the center

line in four directions on the surface of

the column and the footing.

Step 2:

Adjust the height of the support rod to

the target value and inject high-

strength grouting material into each

sheathing duct.

Step 3:

Lift the column to the joint position

and determine the orientation of the

front side of the column.

Step 4:

Insert the WBUHS bars extending from

the column into the embedded

sheathing duct, and confirm the final

position of the column.
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Table 4-2 Mechanical properties of the steels used 

Material 
D or T 

(mm) 

Es 

(kN/mm2) 

fy 

(N/mm2) 

fu 

(N/mm2) 

εy 

(%) 

WBUHS rebar (U15) 12.6 202 1356* 1452 0.88* 

Hoop (D6) 6.35 202 434 568 0.24 

Steel tube (PL2.3) 2.3 199 348 435 0.18 

Note: D: diameter of WBUHS rebar, T: thickness of steel tube, Es: Young’s modulus, fy: yield 

stress, εy: yield strain, fu: tensile stress, *: the value based on 0.2% offset method. 

 

 

Fig. 4-3 Stress-strain curves of the used materials 

 

4.2.3 Test Setup 

The specimens were tested under reversed cyclic lateral loading while simultaneously 

subjected to constant axial compression with axial load ratios of 0.20 or 0.33. As illustrated in 

Fig. 4-4, The footing beam is securely fixed to the rigid beam using 8 high-strength steel 

rebars with a diameter of 21mm. In addition, a stabilizer was attached to the loading beam to 

prevent potential out-of-plane deformation. After applying the axial compression loads using 

a hydraulic jack with a 1000-kN capacity, two hydraulic jacks were employed jointly to 

impose the reversed cyclic lateral loads, which were controlled by the drift angle (R). The R 

was defined as the ratio of lateral displacement (Δ) at the loading point to the shear span (a). 

The test columns were cycled twice at each target drift angle within 0.02 rad., and were 

cycled once at subsequent drift angles, as shown in Fig. 4-5. 
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Fig. 4-4 The test setup of test columns 

 

 

Fig. 4-5 Loading program 
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Two lateral displacement transducers (DTs) were installed in the loading stub for the 

measurement of lateral displacement (∆) at loading point and four vertical DTs were placed 

for the measurement of axial deformation between the loading stub and footing. Besides, 

strain gages were attached to longitudinal rebars, transverse hoops and bolted steel tubes to 

serve the subsequent analysis of their mechanical properties. The location of DTs and strain 

gages were respectively displayed as Fig. 4-6 and Fig. 4-7. 
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Fig. 4-6 Locations of displacement transducers (DTs) 

 

 

(a) For specimens transversely confined by bolted tubes 

Fig. 4-7 Locations of strain gages 
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(b) For specimens transversely confined by only hoops 

Fig. 4-7 Continued 
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4.3 Observed Behavior and Test Results 

4.3.1 Observed Behavior of Test Specimens 

During the loading process of R=0.0025rad., the occurrence of first crack was confirmed. For 

the test columns with n=0.20, the cracking loads ranged from 65 to 95 kN, and for the 

columns with n=0.33, the cracking loads were slightly larger, ranging from 80 to 100 kN. As 

the drift angle increased to 0.005rad., the measured maximum crack width was not exceeding 

0.3mm, and complete crack closing was observed after unloading the lateral force to 0kN. 

With the continuous loading up to the drift angle of 0.01rad., the maximum crack width 

noticeably increased, but the residual crack width remained within 0.30mm. When the drift 

angle reached 0.02rad., the residual crack width of precast concrete columns was 

comparatively larger than that of the cast-in-place ones, with the maximum observed residual 

crack width being 1.5 mm. In subsequent loading levels, the measurement of residual crack 

width became difficult because of the spalling of cover concrete. For the test specimens 

confined by steel tubes, after cyclic loading to the drift angle of 0.06rad., a monotonic 

pushover was performed until reaching the movable limit of the test apparatus, with the 

maximum load leveling off but not decreasing during this period. As for the concrete columns 

transversely confined only by hoops, the load-bearing capacity decreased significantly at 0.05 

rad. (0.06rad. for specimen PC33SU15) due to severe concrete damage, and then the test was 

terminated. It’s worth noting that both the WBUHS bars and the embedded sheathing duct 

were firmly anchored in the footing beam without the occurrence of pull-out failure during 

the entire loading process. 

 

Following the completion of loading, Fig. 4-8 illustrated the final damage condition of the 

test columns after the removal of steel tubes and crushed concrete. Under reversed cyclic 

lateral loading, the concrete columns displayed a combination of vertical and horizontal 

cracks, forming distinctive patterns. The severity of concrete damage was notably 

pronounced in specific localized areas. To be specific, the test columns confined by bolted 

thin steel tubes and subjected to lager axial compression (n=0.33) exhibited a relatively wide 

area of crushed concrete, but primarily concentrated within 30 mm of the column foot. By 

comparison, both cast-in-place and precast specimens confined only by hoops showed 

extensive concrete crushing with damage extending over 200 mm in height, and the crack 

distribution nearly occupied the entire column. Overall, the failure of the specimens was 
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primarily dominated by bending, and the utilization of steel tubes was significantly 

advantageous in mitigating the damage to concrete. 

 

 

(a) Cast-in place specimens 

Fig. 4-8 Damage state of specimens 

 

 

 

East (−) West (+)

East WestNorth

C20STU15

C33STU15

C33SU15

Loading direction

Footing

1D

Footing

1D

Footing

1D



Chapter 4 

84 

 

 

 

 

 

(b) Precast specimens 

Fig. 4-8 Continued 
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4.3.2 Lateral Force Versus Drift Angle Relationship 

The measured lateral force-drift angle curves for the test columns are depicted in Fig. 4-9, in 

which square and circular symbols respectively signify the yield of steel tubes and the peak 

load of test columns, while the red dashed line denotes the strength decline caused by P-Δ 

effect. As is apparent from Fig. 4-9, the test columns confined only by D6 hoops exhibited 

good drift hardening capacity without strength degradation until a drift angle of 0.04 rad., but 

after that drift angle, the lateral resistance begin to decrease due to severe concrete damage. 

In contrast, the concrete columns transversely confined by the bolted thin steel tubes, whether 

subjected to different axial load ratio (0.20 or 0.33) or fabricated according to different 

construction method (cast-in-place or prefabrication), exhibited very significant drift 

hardening capacity even when deformed to a drift angle as large as 0.06 rad. In addition, all 

bolted steel tubes yielded in the transverse direction before the test columns reached their 

peak loads, which indicated that the steel tubes fully exerted their confinement effect [4.3]. 

 

For the purpose of better understanding the influence of various experimental parameters on 

the seismic behavior of test specimens, the envelopes of both lateral force-drift angle 

relationships and moment-drift angle relationships are compared in Fig. 4-10. The 

experimental moment represents that measured at the column bottom section, and includes 

moment by the lateral force and P-delta effect. The following observations can be made from 

Fig. 4-10. 

 

a) The effect of longitudinal steel ratio: By comparing with the test specimens in chapter 

three, it is evident that increasing the steel content of WBUHS rebars significantly 

enhances both lateral force and moment resistance, as depicted in Fig. 4-10 (a). When 

substituting U12.6 rebars with U15 rebars in the test columns subjected to a low axial 

compression (n=0.20), there is a notable increase of 17.9% in lateral force and 16.7% in 

moment resistance. In the specimens under higher axial compression (n=0.33), this 

enhancement becomes even more pronounced, reaching 23.3% for lateral force and 

21.9% for moment resistance, respectively. 

 

b) The effect of confinement method: Owing to the uniform confinement effect by bolted 

circular steel tubes, the lateral force and moment resistance of the test specimens, both 

cast-in place and precast, can be significantly improved. The improvement effect 
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becomes more obvious with the increasing of drift angle. Compared to the hooped 

cast-in-site column, the enhancement ratio of lateral forces and moment resistances of 

the cast-in-site column confined by bolted thin steel tube varied by 6.1−38.7% and 

5.9−33.5% up to R=0.04rad., respectively, as the drift increased up to 0.04 rad (see Fig. 

4-11). In the case of precast specimen, confinement by bolted steel tube could increase 

the lateral force and moment resistance by 4.1−48.1% and 3.9−40.5% up to R=0.05rad, 

respectively. Moreover, the confinement of steel tube can also significantly improve the 

deformation capacity. 

 

c) The effect of construction method: Regardless of whether they were externally confined 

by steel tubes, the precast concrete columns exhibited nearly identical or even superior 

load-bearing capacity and/or moment resistance than the cast-in-place ones. Combining 

these findings with those obtained in Chapter 3, the effectiveness and wide applicability 

of the construction method (including the embedment depth of WBUHS rebar and 

jointing process) for precast concrete columns proposed in this paper has been confirmed 

once again, and this effectiveness is not affected by the axial load level, confinement 

method and even the steel amount of WBUHS rebar. 

 

d) The effect of axial load ratio: The test columns under an axial load ratio of 0.33 

exhibited significantly higher lateral force and moment resistance, reaching up to 1.35 

times that of the specimens with an axial load ratio of 0.20. This is because that an 

increase in the axial load ratio tends to result in a larger neutral axis depth within the 

column, thus increasing the resistance provided by concrete, which was effectively 

confined by bolted steel tubes. 
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(n=0.20, confinement by bolted tube) 

 

  

(n=0.33, confinement by bolted tube) 

 

  

(n=0.33, confinement by D6 hoops) 

Fig. 4-9 Lateral force versus drift angle relationships 
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(n=0.20, confinement by bolted tube) 

 

 
(n=0.33, confinement by bolted tube) 

 

 

(n=0.33, confinement by D6 hoops) 

(a) The effect of construction method (cast-in-place, prefabrication) 

Fig. 4-10 Effects of experimental variables on lateral force and moment 
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(b) The effect of axial load ratio (0.20, 0.33) 

 

 

(c) The effect of confinement method (bolted tube, D6 hoops) 

 

 

(n=0.20) 

(d) The effect of steel amount of WBUHS rebars (1.41%, 1.92%) 

 

Fig. 4-10 Continued 
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(n=0.33) 

(d) Continued 

Fig. 4-10 Continued 

 

 

a) For cast-in-place specimen 

 

 

b) For precast specimen 

Fig. 4-11 Enhancement ratio of the lateral force and moment resistance by confinement of 

bolted steel tube 
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4.3.3 Strain of WBUHS Rebars 

Fig. 4-12 compared the variation trend of the strain of WBUHS rebars measured at the 

position 35mm away from the top surface of the footing at various loading levels. From Fig. 

4-12, several important observations are made as follows. 

 

a) The influence of longitudinal steel ratio: Regardless of the differences in the applied 

axial compression level and construction method, an increase in the steel amount of 

WBUHS rebars resulted in a decrease in their strain. This phenomenon arises from the 

large longitudinal steel ratio increasing the depth of the compression zone to balance the 

axial tensile force by more WBUHS rebars, consequently bringing about a relatively low 

strain level of WBUHS rebars in tensile region. 

 

b) The influence of confinement method: In the cycles up to 0.035 rad drift angle, the 

WBUHS rebar strain was less affected by the confinement method. From the drift angle 

of 0.04 rad onward, the growth rate of WBUHS rebar strain in specimens transversely 

confined only by hoops decelerated significantly or even exhibited a decline. In contrast, 

WBUHS rebar strain in the columns confined by bolted thin steel tubes continued to 

demonstrate a steady upward trend. 

 

c) The influence of construction method: The strain of WBUHS bars in the precast concrete 

columns was nearly identical to that in the cast-in-place ones. This was reasonable, 

considering their comparable lateral resistance, as detailed in Section 4.3.2. 

 

d) The influence of axial load ratio: The tensile strain of WBUHS rebar in test specimens 

with higher axial load ratios was smaller, consistent with the findings presented in 

chapter three. This observation could be attributed to the fact that the higher axial 

compression led to a larger depth of compression zone, which in turn, retarded the 

development of strain in tension. 
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(n=0.20, confinement by bolted tube) (n=0.33, confinement by bolted tube) 

 
(n=0.33, confinement by D6 hoops) 

(a) The effect of construction method (cast-in-place, prefabrication), 

 

  

(b) The effect of axial load ratio 

(0.20, 0.33) 

(c) The effect of confinement method 

(bolted tube, D6 hoops) 

Fig. 4-12 Strain of WBUHS rebar 
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(n=0.20) (n=0.33) 

(d) The effect of steel amount of WBUHS rebar (1.41%, 1.92%) 

Fig. 4-12 Continued 

 

The measured strain distribution of WBUHS rebar along the column height was drawn in Fig. 

4-13. It is obvious that the strain gradient remained small even when the columns were 

deformed to a significant drift angle of as large as 0.05 rad. This was beneficial for allowing 

the WBUHS rebars to remain in the elastic region for an extended time period, thus 

contributing to the remarkable drift-hardening and self-centering capacity. 

 

  

(n=0.20, confinement by bolted tube) 

Fig. 4-13 Strain distribution of WBUHS rebar 
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(n=0.33, confinement by bolted tube) 

 

  

(n=0.33, confinement by D6 hoops) 

Fig. 4-13 Continued 
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4.3.4 Residual Deformation 

When the lateral force was unloaded to 0kN, the measured average value of residual 

deformation in positive and negative loading directions was illustrated in Fig. 4-14. Notably, 

the test specimens confined only by hoops exhibited significantly larger residual deformation 

than those confined by steel tubes from a drift angle of 0.02 rad onward. This difference may 

be attributed to the fact that the confinement of bolted circular steel tubes effectively reduced 

the permanent plastic deformation caused by concrete damage. Moreover, for columns with 

large-diameter WBUHS rebars, it is apparent that the residual deformation was constrained 

under a lower level when subjected to a higher axial compression. The similar phenomenon 

could also be observed from the study carried out by Li et al. [4.4], in which the same type of 

WBUHS rebars were utilized to reinforce the square concrete columns. In addition, the 

influence of the steel amount of WBUHS rebars on the residual deformation is complex. 

Under the axial load ratio of 0.20, the residual deformation of test columns with large steel 

amount of WBUHS rebars is slightly larger, while for those under the axial load ratio of 0.33, 

the increase of steel amount of WBUHS rebars shows an opposite trend.  

 

On the whole, the residual deformation of specimens reinforced by WBUHS rebars increased 

slowly along with further loading, and could be kept under 0.005rad., 1/12−1/8 of the 

transient drift angle until the drift angle of 0.04rad., indicative of good self-centering capacity 

and high reparability [4.5]. Furthermore, employing bolted circular steel tubes is conducive to 

further enhancing the self-centering capacity of resilient columns, especially when deformed 

to large drift angle. 
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(n=0.20, confinement by bolted tube) (n=0.33, confinement by bolted tube) 

 

(n=0.33, confinement by D6 hoops) 

(a) The effect of construction method (cast-in-place, prefabrication) 

 

  

(b) The effect of axial load ratio 

(0.20, 0.33) 

(c) The effect of confinement method 

(bolted tube, D6 hoops) 

Fig. 4-14 Comparison of residual drift angle 
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(n=0.20) (n=0.33) 

(d) The effect of steel amount of WBUHS rebar (1.41%, 1.92%) 

Fig. 4-14 Continued 

 

4.3.5 Energy Dissipation Capacity 

According to the calculation method proposed by Chopra [4.6], the obtained equivalent 

viscous damping coefficient (heq) was compared in Fig. 4-15. It can be found from Fig. 4-15 

that the influence of the construction method or the steel amount of WBUHS rebar on the 

equivalent viscous damping coefficient appears to be negligible. Although there is a slight 

rise in the equivalent viscous damping coefficient owing to a higher axial compression, the 

improvement effect is limited. In contrast, the equivalent viscous damping coefficient of the 

specimens confined only by hoops is slightly higher, and increases significantly from 0.04 rad 

drift angle onward, showing better energy dissipation capacity but at the expense of severe 

concrete damage and substantial plastic deformation. Overall, the development trend of the 

equivalent viscous damping coefficient remains stable and approaches a constant value. This 

observation suggests that concrete columns reinforced with WBUHS rebar exhibit nonlinear 

elastic behavior. 
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(n=0.20, confinement by bolted tube) (n=0.33, confinement by bolted tube) 

 

(n=0.33, confinement by D6 hoops) 

(a) The effect of construction method (cast-in-place, prefabrication) 

 

  

(b) The effect of axial load ratio 

(0.20, 0.33) 

(c) The effect of confinement method 

(bolted tube, D6 hoops) 

Fig. 4-15 Comparison of equivalent viscous damping coefficient (heq) 

 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 1 2 3 4 5 6

h
eq

Drift angle (×0.01rad.)

C20STU15

PC20STU15

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 1 2 3 4 5 6

h
eq

Drift angle (×0.01rad.)

C33STU15

PC33STU15

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 1 2 3 4 5 6

h
eq

Drift angle (×0.01rad.)

C33SU15

PC33SU15

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 1 2 3 4 5 6

h
eq

Drift angle (×0.01rad.)

C20STU15

PC20STU15

C33STU15

PC33STU15

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 1 2 3 4 5 6

h
eq

Drift angle (×0.01rad.)

C33STU15
PC33STU15
C33SU15
PC33SU15



Chapter 4 

99 

 

  

(n=0.20) (n=0.33) 

(d) The effect of steel amount of WBUHS rebar (1.41%, 1.92%) 

Fig. 4-15 Continued 

 

4.3.6 Axial Strain 

The axial deformation between the footing and loading stub was measured by averaging the 

readings from four vertical DTs (3-6) (see Fig. 4-5), as shown in Fig. 4-16. When each cycle 

was unloaded to the drift angle of 0 rad., the corresponding axial strain was depicted in Fig. 

4-17, obtained by calculating the ratio of measured axial deformation to the distance (310mm) 

between the footing and loading stub. 

 

On the one hand, the axial deformation of the test specimens under a low axial compression 

level (n=0.20) remained a very low level and did not diverge as the drift angle increased. For up 

to a drift angle of 0.04rad., the maximum value of axial deformation could be kept below 

0.32mm, to give an axial strain of only 0.1%. Although the test columns subjected to higher 

axial compression (n=0.33) performed increasing axial deformation along with lateral 

deformation because of the slightly larger depth of compression zone and concrete damage, the 

maximum axial deformation and the corresponding axial strain were respectively controlled 

within 0.68mm and 0.22% − far below the peak strain and ultimate strain of confined concrete 

[4.7]. On the other hand, as compared with specimens confined by bolted circular steel tube, a 

noticeable increase in axial deformation was observed in specimen PC33SU15, which was 

confined by hoops only. As the drift angle increased to 0.04 rad., the axial deformation reached 

1.16mm, to give an axial strain of 0.36%. In the case of specimen C33SU15, the axial 

deformation did not exceed 0.63mm, but then, showed a significant increasing trend and 

reached 0.83mm at 0.04 rad. drift angle, to give an axial strain of 0.27%. For the test columns 
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without confinement of steel tube, the larger axial deformation was caused by serious concrete 

damage. When deformed to the drift angle of as large as 0.04rad., the average axial strain was 

close to the ultimate compressive capacity of plain concrete, which foreshadowed the 

degradation of lateral resistant capacity in subsequent loading. 

 

  
(n=0.20, confinement by bolted tube) 

 

  
(n=0.33, confinement by bolted tube) 

 

  
(n=0.33, confinement by D6 hoops) 

Fig. 4-16 Measured axial deformation 

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

A
xi

a
l 

d
ef

o
rm

a
ti

o
n
 (

m
m

)

Drift angle (×0.01rad.)

C20STU15
-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

A
xi

a
l 

d
ef

o
rm

a
ti

o
n
 (

m
m

)

Drift angle (×0.01rad.)

PC20STU15

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

A
xi

a
l 

d
ef

o
rm

a
ti

o
n
 (

m
m

)

Drift angle (×0.01rad.)

C33STU15
-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

A
xi

a
l 

d
ef

o
rm

a
ti

o
n
 (

m
m

)

Drift angle (×0.01rad.)

PC33STU15

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

A
xi

a
l 

d
ef

o
rm

a
ti

o
n
 (

m
m

)

Drift angle (×0.01rad.)

C33SU15
-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

A
xi

a
l 

d
ef

o
rm

a
ti

o
n
 (

m
m

)

Drift angle (×0.01rad.)

PC33SU15



Chapter 4 

101 

 

 

Fig. 4-17 Comparison of axial strain 
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4.4 Conclusions 

To quantitatively analyze the influence of steel ratio of WBUHS rebar and confinement of 

bolted circular steel tube on the seismic performance of WBUHS rebar-reinforced circular 

concrete columns, both cast-in-place and precast, six concrete columns reinforced with 

large-diameter WBUHS rebars, including four specimens confined by bolted steel tubes and 

two specimens confined only by circular hoops, were made and tested under reversed cyclic 

lateral loading while subjected to constant axial compression. Based on the test results 

discussed in this chapter, the main conclusions are made as follows: 

 

1) Squarely-arranged WBUHS rebars could provide high drift-hardening capacity for 

circular concrete columns confined by hoops until a drift level of 0.04 rad. However, after 

that drift angles, the lateral resisting capacity of hooped circular columns started to 

decrease due to serious concrete damage. On the other hand, the use of bolted circular 

steel tubes to confine the column could not only effectively reduce concrete damage but 

also significantly enhance the drift-hardening capacity of circular columns up to the drift 

angle of at least 0.06 rad., implying high confinement efficiency of the bolted steel tubes. 

 

2) Providing a 20d anchorage length even for large-diameter WBUHS bars allowed the 

precast circular columns to demonstrate nearly the same excellent seismic performance as 

the cast-in-place ones in terms of drift-hardening capability and self-centering capacity. It 

is particularly noteworthy that increase the steel amount of WBUHS rebars could enhance 

the lateral resistance of the circular concrete columns without reducing their deformation 

capacity. 

 

3) Increasing the axial compression level, the steel amount of WBUHS rebar, or utilizing 

steel tube confinement could effectively improve the lateral bearing capacity. In particular, 

confinement by bolted thin steel tubes showed the most significant improvement effect, 

with lateral force and bending moment resistance increased by up to 48.1% and 40.5% for 

drift angles within 0.05rad, respectively. 

 

4) The residual deformation increased gradually along with the lateral deformation, but 

could be restrained below 0.005rad. (1/12−1/8 of the transient drift angle) when deformed 

to a drift angle of 0.04 rad., suggesting that the proposed circular columns have good 

reparability. Besides, the usage of bolted steel tube was also beneficial to reduce the 

residual deformation due to the strong confinement of the steel tubes. 
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CHAPTER FIVE 

 

5 Analytical Method to Evaluate Hysteretic Behavior of 

Concrete Columns Confined by Bolted Circular Steel Tube 

 

5.1 Introduction 

The low bond strength (about 3 N/mm2) of WBUHS rebar makes it easy to slip between the 

concrete and the reinforcements [5.1]. This slippage is conducive to the strain transfer of 

WBUHS rebar along column height and the avoidance of strain concentration in plastic hinge 

zone, so that the concrete column reinforced with WBUHS rebars can exhibit significant 

drift-hardening capacity and self-centering capacity [5.2-5.4]. The experimental results 

presented in chapters three and four confirmed that the strain distribution of WBUHS rebar 

along column height was relatively dispersed when compared to NS rebar. Moreover, even as 

the drift angle increased to as large as 0.04 rad., the strain in WBUHS rebar in the resilient 

concrete columns developed in this study were hard or even failed to yield. Consequently, the 

traditional analysis methods ignoring the slippage of longitudinal rebars will probably not 

give accurate prediction of the hysteresis performance of resilient concrete members 

reinforced by WBUHS rebars and a reliable and feasible analysis method appropriate for 

resilient columns reinforced with WBUHS rebar is urgently needed. 

 

To this end, this paper adopted a finite spring element (FSE) method originally proposed by 

Sun et al. [5.5] to assess the hysteretic behavior of WBUHS rebar-reinforced concrete 

columns, in which both the slippage of WBUHS rebars and the confinement effect of hoops 

or/and bolted steel tubes on concrete can be taken into account. The main objectives of this 

chapter are: 1) to evaluate the hysteretic performance of the circular concrete columns 

reinforced by squarely-arranged WBUHS rebars and externally confined by bolted circular 

steel tubes by the FSE method, where the influence of the discontinuity of the bolted tube on 

confinement effect will be considered, and 2) to validate the applicability and accuracy of the 

FSE method by comparing analytical and experimental results in terms of hysteresis loop, 

strain of longitudinal rebar and equivalent viscous damping coefficient. 
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5.2 Stress-strain Models of the Used Materials and Analytical Method 

The selection of appropriate material models is crucial for analysis methods as they provide 

reliable and precise descriptions of the behavior of engineering structures. By choosing 

suitable material models, the response of structures under various experiment parameter can 

be more precisely predicted, which is essential for ensuring the safety, stability, and reliability 

of structures and helping to better understand and optimize the structural performance. In this 

paper, three models are highlighted and used for numerical analysis. 

 

5.2.1 Stress-strain Model for Confined Concrete 

 

 

Fig. 5-1 Complete stress-strain curve of the confined concrete under compression 

 

The cyclic rules (both unloading and reloading) outlined in the stress-strain model proposed 

by Sun et al. [5.6] were adopted to serve the subsequent numerical analysis, as shown in Fig. 

5-1. During the unloading phase at point A (εun, fun), it is presumed that the curve follows a 

parabolic path, reaching its apex at point B (εpl, 0) in which the tangential stiffness becomes 

zero. The reloading phrase in the curves is considered as a linear connection between the 

reloading point R (εre, fre) and point C (εun, 0.9fun) (see Fig. 5-1). 

 

The unloading and reloading model described above is characterized by its simplicity and 

effectiveness in capturing the cyclic behavior of confined concrete. At point A, where 

unloading initiates, the parabolic shape of the unloading curve provides a realistic 

representation of the stress-strain response, taking into account the peak point B and 

subsequent reloading phase. The reloading curve, represented by a straight line, establishes a 
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connection between the reloading points R and C, intuitively and effectively simulating the 

reloading process. 

 

With these assumptions, the unloading process (AB curve) and reloading process (BD curve) 

can be precisely delineated using Eqs. (5.1)–(5.2). 

𝑓𝑐 = {
𝑓𝑢𝑛 ∙ (

𝜀𝑐−𝜀𝑝𝑙

𝜀𝑢𝑛−𝜀𝑝𝑙
)

2

                                   𝑢𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔

𝑓𝑟𝑒 + (
0.9𝑓𝑢𝑛−𝑓𝑟𝑒

𝜀𝑢𝑛−𝜀𝑟𝑒
) (𝜀𝑐 − 𝜀𝑟𝑒)             𝑟𝑒𝑙𝑜𝑎𝑑𝑖𝑛𝑔

 (5.1) 

𝜀𝑝𝑙 = 𝜀𝑢𝑛 −
𝑓𝑢𝑛

𝐸𝑐
          (5.2) 

Where, εpl represents the plastic residual strain after unloading, and can be defined as the 

abscissa at the point where a straight line with a slope of Ec intersects the strain axis from 

point A, and its value can be determined based on the Eq. (5.2). 

 

5.2.2 Stress-strain Model of WBUHS Rebar 

Given the absence of a significant yield plateau in the stress-strain relations of WBUHS 

rebars, the stress-strain model developed by Fukuhara et al. [5.7] is chosen for the following 

analysis to describe the envelope of the stress-strain relations of WBUHS rebars. The 

stress-strain model is derived from the renowned Menegotto-Pinto model [5.8] and has been 

modified based on the test results of WBUHS bars to enhance the accuracy and reliability of 

the stress-strain predictions for the WBUHS rebars. Fig. 5-2 visually illustrates the distinctive 

features of the envelope curves, capturing the material’s response with the initial elastic 

modulus, the tangent at the peak point, and the asymptotic behavior beyond. This ensures that 

the stress-strain model aligns closely with the observed behavior of WBUHS rebars, 

providing a robust foundation for subsequent analyses. 

 

Notably, this curve exhibits two asymptotic linear trends, specifically showcasing an initial 

elastic modulus Es and a tangential line at peak point characterized by a slope Et = Q∙Es. The 

mathematical formulation governing the curves can be expressed by Eqs. (5.3)−(5.6). 
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Fig. 5-2 Outline of envelope curve for the stress-strain model of WBUHS rebars 

𝑓𝑠 = 𝐸𝑠 ∙ 𝜀𝑠 ∙ {𝑄 +
1−𝑄

[1+(𝜀𝑠 𝜀𝑐ℎ⁄ )𝑁]1 𝑁⁄ }     (5.3) 

𝑄 = 0.1(𝜀𝑠𝑢)−2.5         (5.4) 

𝜀𝑐ℎ =
𝑓𝑢−𝑄∙𝐸𝑠∙𝜀𝑠𝑢

𝐸𝑠∙(1−𝑄)
         (5.5) 

𝑁 = 3           (5.6) 

Where, fs and εs denote the stress and strain of WBUHS rebars; fsu and εsu represent the 

ultimate stress and strain of WBUHS rebars; Es and Et are the elasticity modulus and 

tangential stiffness, respectively; εch denotes the characteristic strain (see Fig. 5-3); N 

represents the curvature coefficient; Q signifies the ratio between the tangential stiffness and 

initial stiffness. 

 

There are three cases involving the unloading and/or reloading, as depicted in Fig. 5-3 and as 

described below. 

 

(1) In the case of unloading or reloading at point A on the envelope of stress-strain curve: the 

target point C is positioned on the reversed envelope curves with the origin at point 

(εmo,0). Assuming that the absolute strain εss at point C is the same as the maximum strain 

experienced in the initial direction. 

(2) In the case of reloading from point D at the unloading curve: point A is considered as a 

target point, serving as a starting point for the preceding unloading curve. 

(3) In the case of unloading from point E on the reloading curve: the starting point D on the 

preceding reloading curve is regarded to be the target point. 

Es

Et=QEs(εch , fch)
fs

εs

(εsh , fsh)
(εsu , fsu)
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This approach allows for a detailed analysis of the mechanical behavior of WBUHS rebars 

under different loading conditions, facilitating a comprehensive understanding of the cyclic 

characteristics and aiding in the accurate prediction of stress and strain levels throughout the 

loading history. The defined rules for unloading and reloading ensure consistency and 

reliability in the modeling of the material’s response in various situations. 

 

Once the strains of both the starting point and the target point are determined, the unloading 

and/or reloading curves can be precisely defined using the Menegotto-Pinto function. This 

function effectively captures the cyclic behavior of the material during unloading and 

reloading processes, providing a comprehensive representation of the stress-strain response in 

each scenario, as specified in Eqs. (5.7)−(5.8). 

𝑓𝑠−𝑓0

𝜀𝑠−𝜀0
= 𝐸𝑠 ∙ {𝑄1 +

1−𝑄1

[1+(
𝜀𝑠−𝜀0

𝜀𝑐ℎ1−𝜀0
)

𝑁1
]

1 𝑁1⁄ }    (5.7) 

𝑁1 = {
3.0                          𝜀𝑏 < 0
3.0 − 18𝜀𝑏            𝜀𝑏 ≥ 0

     (5.8) 

Where, Q1 represents the ratio of tangent stiffness at ending point to the tangential stiffness at 

starting point (equivalent to the initial elastic modulus); εb denotes the strain at the endpoint, 

and can be defined as positive during a tensile situation; N1 is the curvature coefficient, which 

can be calculated from the empirical formula developed by Fukuhara and Sun [5.9]. 

 

 

Fig. 5-3 Unloading and reloading rules for stress-strain curve of WBUHS rebars 
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5.2.3 Bond-slip Model of WBUHS Rebar 

As for the WBUHS rebar utilized in this study, its surface feature−spiral groove, endows it 

with lower bond strength (approximately 3 kN/mm2 for the unconfined concrete with 

compression strength of 40 kN/mm2), implying that the WBUHS rebar is prone to relative 

slippage with concrete. Therefore, establishing a suitable bond slip model for the WBUHS 

rebar becomes essential for accurately evaluating the hysteretic behavior of resilient concrete 

columns reinforced by WBUHS rebars. 

 

According to the tests conducted on the bond performance between concrete and WBUHS 

rebars, Funato et al. [5.1] proposed a model to capture the slippage of WBUHS rebars, 

hereafter referred to as the Funato model. The accuracy of this model has been verified 

through comparing with the experimental results, serving as a valuable tool in understanding 

and predicting the bond-slip behavior of WBUHS rebars. By incorporating experimental data, 

it offers a practical and reliable representation of the bond characteristics specific to WBUHS 

rebars. The presented envelope curve and rules for unloading and reloading contribute to the 

comprehensive modeling of the bond-slip response, ensuring a more accurate assessment of 

the overall behavior of resilient concrete columns reinforced by WBUHS rebars. The 

envelope curve of Funato model is illustrated in Fig. 5-4, highlighting the coordinates of key 

points. Additionally, the cyclic rules of bond stress–slip behavior of WBUHS rebar are 

presented in Fig. 5-5. 

 

 

Fig. 5-4 The envelope curves of bond stress-slip relationship of WBUHS rebar 
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Fig. 5-5 Unloading and/or reloading bond stress – slip curves of WBUHS rebar 

 

5.2.4 Analytical Assumptions and Procedures 

In the FSE method, the basic assumptions can be made as follows: 

1) Only WBUHS rebars withstand tensile stress in the tensile area; 

2) Only the concrete part of the section maintains plane after bending; 

3) The constitutive laws for WBUHS rebars conform to modified Menegotto and Pinto 

model [5.8]; 

4) The constitutive laws of confined concrete follow the Sakino-Sun model [5.6]. According 

to the experimental results discussed in chapter two of this thesis, when applying 

Sakino-Sun model, the strength enhancement ratio K for concrete confined by the bolted 

circular steel tubes is taken as 0.49 times the K value calculated in the original model, 

which is to take into account of effect of the discontinuity of bolted thin steel tubes; 

5) The bond-slip relationship of WBUHS rebar conforms to the Funato model [5.1]; 

6) The lateral deformation of the test columns concentrates in the plastic hinge region with a 

length of 1.0D (D denotes the diameter of section), within which the strain and stress of 

WBUHS rebars are distributed uniformly. 

 

The schematic diagram of section division and strain distribution are illustrated in Fig. 5-6 

and Fig. 5-7, respectively. The detailed flow chart of the FSE method is presented in Fig. 5-8, 

and the analysis procedure is summarized in the following steps. 

 

1) Divide the column into three regions and discretize the joint and rocking region equally into 

tiny segments (see Fig. 5-6). 
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2) Give an initial concrete strain εo at section’s center, then obtain the strain distribution of 

concrete εc along the depth of section (see Fig. 5-8) based on Eq. (5.9). 

𝜑 =
𝑅

𝑙ℎ∙(1−𝑙ℎ 2𝑎⁄ )
        (5.9) 

where φ is the sectional curvature in the hinge region; R denotes the drift ratio; lh represents 

the height of the hinge region; a is the shear span. 

3) Give an initial slip S0 (=SJ) of the WBUHS rebar in the first segment of the joint region. 

According to the relationships between the stress (fk+1) and slip (Sk+1) listed by Eqs. 

(5.10)–(5.11), it is necessary to judge whether the boundary condition (see Eq. (5.12)) is 

satisfied, if not, regive a f0 and S0 and repeat this process until Sn+1=0 is satisfied. Then the 

strain of WBUHS rebar εs can be obtained from the constitutive law. 

𝑓𝑘+1 = 𝑓𝑘 − 𝜏𝑘 ∙
4𝑙

𝑑
       (5.10) 

𝑆𝑘+1 = 𝑆𝑘 − 𝜀𝑘+1 ∙ 𝑙       (5.11) 

𝑆𝑛+1 = 0         (5.12) 

where fk and fk+1 represent the stress of WBUHS rebar in the k-th segment and k+1-th 

segment, respectively; Sk, Sk+1 and Sn+1 represent the slip of WBUHS rebar in the k-th, 

k+1-th and n+1-th segment, respectively; τk is the bond stress in the k-th segment; l 

represents the length of each segment; d is the diameter of WBUHS rebar. 

 

4) Calculate the slip S0 (=SR) of the WBUHS rebar in the first segment of the rocking region 

based on Eq. (5.13). And the stress f0 (=fR) of the rebar in the first segment of the rocking 

region can be computed by the same procedure shown in step (3). 

𝑆𝑅 = (𝜀𝑐 − 𝜀𝑠) ∙ 𝑙ℎ − 𝑆𝐽      (5.13) 

where SR and SJ represent the slip of the WBUHS rebar in the rocking and jointing region, 

respectively; εs and εc represent the strain of WBUHS rebar and concrete in the hinge 

region, respectively. 

5) Obtain the target value of strain and stress of the WBUHS rebar assumed in step (3) by 

repeating steps (3)–(4) until fJ=fR was satisfied. 

6) Calculate the force Fc and Fs borne by concrete and WBUHS rebar. 
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7) Verify whether N=Fc+Fs was satisfied. If not, re-assign a new center strain εo and repeat the 

processes from step (2). 

8) Calculate lateral force V based on Eqs. (5.14)–(5.15). 

𝑀 = ∑ 𝑓𝑠 ∙ 𝐴𝑠 ∙ ℎ𝑠 + ∑ 𝑓𝑐 ∙ 𝐴𝑐 ∙ ℎ𝑐    (5.14) 

𝑉 =
𝑀

𝑎
− 𝑁 ∙ 𝑅        (5.15) 

where fs and fc represent the stress of WBUHS rebar and concrete, respectively; As and Ac 

represent the area of WBUHS rebar and concrete, respectively; hs and hc represent the 

distance from the acting point of force borne by WBUHS rebar and concrete to the neutral 

axis, respectively; N represents the applied axial force. 

9) Repeat the above steps until the target R. 
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Fig. 5-6 The schematic diagram of section division 

 

 

 

Fig. 5-7 Schematic diagram of strain and stress distribution 
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Fig. 5-8 Detailed flow chart of the FSE method 

 

5.3 Comparison Between the Analytical and Experimental results 

To verify the applicability and reliability of the FSE method in assessing the seismic behavior 

of the developed resilient circular columns, analytical results were compared with the 

experimental findings presented in chapters three and four. The discussion will focus on three 

aspects: 1) the hysteresis loop, 2) strain of longitudinal rebars, and 3) equivalent viscous 

damping coefficients. The experimental results were represented by solid black line, denoted 

as “Exp.”, and the analytical results include two cases: one with consideration of the slippage 

of WBUHS rebar, represented by red dashed line and denoted as “Anal. (with slip)” and one 

without, represented by green dash dot line and denoted as “Anal. (no slip)”. 

 

5.3.1 Hysteresis Loop 

Fig. 5-9 presents the comparison of hysteresis loops between the experimental and analytical 

results. The hysteresis characteristics between the two analytical results “Anal. (no slip)” and 

“Anal. (with slip)” exhibit notable differences. In the analytical result based on the former 

(“Anal. (no slip)”), the lateral force initially increases and then gradually decreases with the 

increase of the drift angle, displaying plump hysteresis loops and significantly increased 

residual deformation. This behavior is very similar to that of the traditional ductile concrete 

columns, so it aligns well with the experimental results of the NS rebar reinforced specimens 

(C17N20STD and C17N33STD), as shown in Fig. 5-9(d). However, it is contrary to the 

hysteretic characteristic of the resilient concrete columns reinforced by WBUHS rebars. To be 

specific, it not only seems to overestimate the residual deformation and energy dissipating 

capacity but also leads to a substantial overestimation of the lateral resistance of the concrete 

Calculate φ by Eq. (5.9) 

Calculate εc based on given εo and calculated φCalculate fJ in joint region by given S0 (=SJ ) and Eqs. (5.10)–(5.12)

Obtain εs from the constitutive law

Calculate SR (=S0) in rocking region by Eq. (5.13)

Calculate fR in rocking region by Eqs. (5.10)–(5.12) 

fJ = fR

Calculate Fc and Fs by obtained εc and εs

N = Fc + Fs

Calculate V by Eqs. (5.14)–(5.15)

Repeat the above steps till the target R

Divide the column into three regions (see Fig. 5-7)

No

No
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columns reinforced with WBUHS rebars by 26.9% − 37.3%, when deformed to the same drift 

angle. 

 

Comparatively, it is obvious that the analysis result with consideration for the slippage of 

reinforcements (“Anal. (with slip)”) is competent to capture the hysteretic behavior of the test 

specimens reinforced with WBUHS rebars fairly well, characterized by both remarkable 

drift-hardening capacity and an evident pinching effect. When compared to the experimental 

results, the maximum load-bearing capacity obtained by considering the bond-slip behavior 

of WBUHS rebar (“Anal. (with slip)”) is slightly lower, about 11.4% on average, suggesting 

that the analysis results, taking into account the bond slip of WBUHS rebar, can safely 

evaluate the bearing capacity of the drift-hardening specimens reinforced with WBUHS rebar 

and confined by steel tube. 

 

Additionally, for specimens (C33SU15 and PC33SU15) confined only by transverse hoops, 

the analytical results (“Anal. (with slip)”) gave much more conservative prediction on the 

lateral resistance as compared to the measured experimental results (“Exp.”). This 

discrepancy can be attributed to the neglect of the confinement effect of hoops on the core 

concrete in the analytical model. 
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(a) Tubed specimens with a/D=1.7, n=0.20, U12.6 WBUHS rebar 

Fig. 5-9 Comparison of the hysteretic loops 
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(b) Tubed specimens with a/D=1.7, n=0.33, U12.6 WBUHS rebar 

Fig. 5-9 Continued 
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(c) Tubed specimens with a/D=2.5, n=0.33, U12.6 WBUHS rebar 

 

 

(d) Tubed specimens with a/D=1.7, NS rebar 

Fig. 5-9 Continued 
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(e) Tubed specimens with a/D=1.7, n=0.20, U15 WBUHS rebar 

 

 

(f) Tubed specimens with a/D=1.7, n=0.33, U15 WBUHS rebar 

Fig. 5-9 Continued 
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(g) Hooped specimens with a/D=1.7, n=0.33, U15 WBUHS rebar 

Fig. 5-9 Continued 
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5.3.2 Strain of WBUHS Rebar 

The hysteretic characteristics of the test columns are closely related to the behavior of the 

longitudinal rebars. Therefore, in order to better comprehend the accuracy difference 

resulting from the two analytical methods, it is imperative to conduct an in-depth analysis 

focusing on the strain of the reinforcements. Fig. 5-10 compared the reinforcement strain 

between the experimental and analytical results.  

 

On one hand, in the analytical results neglecting the slippage of WBUHS rebars, the WBUHS 

rebar strain on the tension side increases at an alarming rate, reaching its yield strain well 

before the drift angle reached 0.02 rad. (0.03rad. for the specimens confined only by hoops). 

The sharp increase in the WBUHS rebar strain inevitably results in an overestimation of the 

lateral resistance at the early cyclic loadings by comparison with experimental results. 

Meanwhile, with the premature yielding of WBUHS rebars, the residual deformation of the 

resilient columns also increased visibly. As the drift angle increased to 0.025rad., the residual 

deformation has exceeded 0.005rad, 20% of the experienced peak deformation. While as for 

the ductile columns reinforced with NS rebars, the development trend of reinforcement strain 

in the results “Anal. (no slip)” agrees well with the experimental value, which explains why 

the analytical results give an accurate prediction on the hysteretic characteristics of 

experimental results. 

 

On the other hand, WBUHS rebar strain in the analytical result considering the slippage was 

apparently controlled at a relatively low level, exhibiting relatively close agreement with the 

measured value. This relatively close prediction of strain behavior in WBUHS rebars 

provides a reasonable support for accurate assessment of the hysteretic performance of 

resilient columns reinforced with WBUHS rebars, characterized by significant 

drift-hardening capacity as well as self-centering capacity. 
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(a) Tubed specimens with a/D=1.7, n=0.20, U12.6 WBUHS rebar 

 
(b) Tubed specimens with a/D=1.7, n=0.33, U12.6 WBUHS rebar 

Fig. 5-10 Comparison of reinforcement strain 
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(c) Tubed specimens with a/D=2.5, n=0.33, U12.6 WBUHS rebar 

 

 

(d) Tubed specimens with a/D=1.7, NS rebar 

 

 

(e) Tubed specimens with a/D=1.7, n=0.20, U15 WBUHS rebar 

Fig. 5-10 Continued 
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(f) Tubed specimens with a/D=1.7, n=0.33, U15 WBUHS rebar 

 

 

(g) Hooped specimens with a/D=1.7, n=0.33, U15 WBUHS rebar 

Fig. 5-10 Continued 
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5.3.3 Energy Dissipation Capacity 

In addition to hysteresis loops and strains, the comparison of energy-dissipating capacity 

between experimental and analytical values, expressed in terms of equivalent viscous 

damping coefficient, was presented in Fig. 5-11. The experimental results are represented by 

solid black line with triangle marks attached, the analytical results taking into account the 

bond-slip behavior of WBUHS rebar are represented by red dashed line with circles attached, 

and the analytical results neglecting the slippage are represented by green dot dash line with 

diamonds attached. 

 

For test specimens reinforced with WBUHS rebars, the equivalent viscous damping 

coefficient obtained using the analytical method without considering the bond slip “Anal. (no 

slip)” increases from the drift angle of 0.015rad. and becomes much larger than the 

experimental value from the 0.025rad drift angle (0.03rad for the specimens with n= 0.33). 

This is because in the cycle from 0.015rad to 0.02rad, the WBUHS bar has yielded, and bar 

yielding is often accompanied by higher energy dissipation. In contrast, the NS rebars of 

traditional ductile columns (C17N20STD and C17N33STD) began to yield from 0.75rad. 

drift angle, consistent with the NS rebar strain confirmed in the experimental result. As a 

result, the variation in the equivalent viscous damping coefficient along with lateral 

deformation in the analytical method (“Anal. (no slip)”) aligns well with the experimental 

values. 

 

The equivalent viscous damping coefficient in the analytical result “Anal. (with slip)” 

exhibited a relatively stable development trend, agreeing well with the measured values for 

drift angle lower than 0.01rad., in particular for specimens with large longitudinal steel ratio 

but tending to present a lower evaluation of the energy-dissipating capacity for the further 

loading. In spite of this underestimation, the analytical result tends to remain constant as the 

experimental result for up to a drift angle of 0.04rad., which can reflect the nonlinear 

elasticity characteristics of the resilient columns reinforced with WBUHS rebars. Starting 

from a drift angle of 0.04rad., the analytical equivalent viscous damping coefficient denoted 

as “Anal. (with slip)” presented a raising tendency in the subsequent cycles. This is because, 

from this point onward, the yielding of WBUHS rebars in the analytical result “Anal. (with 

slip)” has been observed, naturally causing an increase in energy dissipation. 
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(a) Tubed specimens with a/D=1.7, n=0.20, 12.6 WBUHS rebar 

 

 
(b) Tubed specimens with a/D=1.7, n=0.33, U12.6 WBUHS rebar 

Fig. 5-11 Comparison of equivalent viscous damping ratio 
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(c) Tubed specimens with a/D=2.5, n=0.33, U12.6 WBUHS rebar 

 

 

(d) Tubed specimens with a/D=1.7, NS rebar 

 

 

(e) Tubed specimens with a/D=1.7, n=0.20, U15 WBUHS rebar 

Fig. 5-11 Continued 
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(f) Tubed specimens with a/D=1.7, n=0.33, U15 WBUHS rebar 

 

 

(g) Hooped specimens with a/D=1.7, n=0.33, U15 WBUHS rebar 

Fig. 5-11 Continued 
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5.4 Conclusions 

A finite spring element (FSE) method is adopted to predict seismic performance of circular 

concrete columns reinforced with squarely-arranged WBUHS rebars and externally confined 

by bolted circular steel tube. Through comparison with experimental results, the validity and 

accuracy of this method are verified, and the main conclusions are made below. 

 

1) The presented FSE method could predict the hysteresis loops of specimens reinforced by 

squarely-arranged WBUHS rebars and/or normal-strength rebars with very satisfactory 

accuracy. When ignoring effect of the slippage of longitudinal rebar, the calculated 

hysteresis loops exhibited very good agreement with the experimental values of the 

ductile columns reinforced with NS rebars up to large drift, but overestimated the seismic 

behavior of the columns reinforced with WBUHS rebars. On the other hand, by taking 

into consideration the effect of the bond-slip behavior of WBUHS rebars, the calculated 

results gave an accurate prediction to the hysteretic performance characterized by 

significant drift-hardening capacity and self-centering capacity. 

 

2) Confinement by bolted circular steel tubes on the seismic performance of both precast and 

cast-in-site resilient circular concrete columns could be reliably and precisely assessed by 

assuming their confinement efficiency (the strength raising coefficient of confined 

concrete) was about half of that provided by welded circular steel tubes.  

 

3) Ignorance of the slippage resulted in a sharp increase in the strain of longitudinal rebar. This 

was in good agreement with the measured strain of NS rebar, but remarkably overestimated 

the strain development of WBUHS rebars, thus leading to an overestimation of lateral 

resistance and residual deformation for the resilient concrete columns. The analytical results 

obtained by taking into account of the slippage of WBUHS rebars could trace the strain of 

WBUHS rebars pretty well particularly in tension. 

 

4) Ignoring the bond-slip relationship of longitudinal rebar could predict the energy dissipation 

capacity of the ductile concrete columns reinforced with NS rebars fairly well up to large 

drift angles, but gave an overestimation for that of resilient columns with WBUHS rebars. 

Consideration of slippage of rebars gave a conservative prediction of energy dissipation 

capacity, but could trace the characteristics of nonlinear elasticity of resilient columns 

reinforced with WBUHS rebars. 
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CHAPTER SIX 

 

6 Evaluation of Ultimate Flexural Capacity 

 

6.1 Introduction 

The assessment of ultimate flexural capacity is crucial for structural design and analysis, as it 

enables engineers to determine the maximum bending moment that a concrete column section 

can withstand before failure.  

 

As outlined in the research background, high-strength reinforcements, such as CFRP bars, 

prestressed concrete (PC) strands, and WBUHS rebars used in this paper, are commonly 

employed as the primary tensile reinforcement in seismic-resistant concrete members for 

providing a restoring effect [6.1-6.3]. Their higher tensile strength leads to the enhancement 

of ultimate flexural capacity, but the contribution to shear capacity is comparatively limited. 

For the purpose of better understanding the failure mode of the proposed drift-hardening (DH) 

circular concrete columns reinforced by WBUHS rebars and consequently prevent the 

potential shear failure that could pose risks to life safety, it is essential to conduct an accurate 

and reasonable assessment of the ultimate flexural capacity for the DH circular concrete 

column sections. 

 

The calculation of flexural capacity of concrete sections based on the plane-remain-plane 

assumption is a commonly employed method in structural engineering. However, as 

described in chapters three and four, the WBUHS rebars were hard or even fail to yield due to 

the easily occurred strain penetration along the column height, indicating that conventional 

theoretical method may overestimate the strain of WBUHS rebar and thus lead to a larger 

calculation result. This overestimation of WBUHS rebar strain was also confirmed by the 

numerical analysis described in chapter five. Consequently, developing a method that can 

take account of the bond-slip behavior of longitudinal rebar for an effective and simple 

evaluation of ultimate flexural capacity of the resilient columns reinforced by WBUHS rebars 

is of great significance. 
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The primary objectives of this chapter are: 1) to propose a simple method for calculating the 

ultimate flexural capacity of the resilient columns, in which the reinforcement slippage is 

considered by modifying the elasticity modulus of WBUHS rebar in the tension zone; and 2) 

to verify the accuracy of the proposed method by comparing the calculated results with 

experimental values described in chapter three and chapter four. 

6.2 Calculation Method 

In general, calculating the ultimate flexural capacity of concrete columns with circular 

sections based on the plane section assumption is more challenging compared to square 

columns due to the inherent complexities of the circular geometry. Unlike the well-defined 

edges of a square section, a circular section lacks distinct corners, making it harder to 

approximate and analyze. Additionally, circular sections involve properties such as the radius 

and circumference, leading to more complex mathematical expressions in the calculation of 

bending moments. 

 

Given this complexity, an equivalent stress block originally proposed by Sun et al. [6.4] is 

utilized to simplify the calculation of the moment resisted by the compressive concrete, in 

which the confinement effects of hoops and/or steel tubes can also be taken into consideration. 

The diagram of the equivalent stress block for calculating the ultimate flexural capacity was 

depicted in Fig. 6-1. 

 

 

Fig. 6-1 Diagram of equivalent stress block 
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Fig. 6-2 Sakino-Sun model Fig. 6-3 Stress-strain relationship of WBUHS rebar 

 

As presented in Fig. 6-1, the compressive zone can be equivalently represented by a 

rectangular stress block with a width of αD, a height of βX and a thickness of Kfp. Therefore, 

the force sustained by concrete in the compression zone can be obtained using Eq. (6.1). 

 

Where, α and β represent the factor of width of the equivalent stress block and the factor of 

the neutral axis depth, and can be calculated based on Eqs. (6.2)−(6.8); K represents the 

strength enhancement coefficient of confined concrete, taken 0.49 times the value calculated 

based on the Sakino-Sun model [6.5] (see Fig. 6-2); fp is the compression strength of plain 

concrete (see Fig. 6-2), D denotes the section diameter of the test column; X represents the 

neutral axis depth. 

 𝑁𝑐 = 𝛼 ∙ 𝛽 ∙ 𝐾 ∙ 𝑓𝑝 ∙ 𝐷 ∙ 𝑋        (6.1) 

𝛼𝛽 = 𝐴(𝐾, 𝑋𝑛) − 𝐵(𝐾, 𝑋𝑛) ∙
𝑓𝑝

42
      (6.2) 

𝛽

2
= 𝐶(𝐾, 𝑋𝑛) − 𝐷(𝐾, 𝑋𝑛) ∙

𝑓𝑝

42
       (6.3) 

𝐴(𝐾, 𝑋𝑛) =
0.723+0.061𝐾

0.112+𝑋𝑛
∙ 𝑋𝑛       (6.4) 

𝐵(𝐾, 𝑋𝑛) =
0.048𝐾−2

0.072𝐾−1.5+𝑋𝑛
∙ 𝑋𝑛       (6.5) 

𝐶(𝐾, 𝑋𝑛) = (0.476 + 0.051𝐾) ∙ (1 − 0.132𝑋𝑛
2)  (6.6) 

𝐷(𝐾, 𝑋𝑛) = 0.017[1 − (0.024 + 0.187𝐾) ∙ 𝑋𝑛
2]  (6.7) 

𝑋𝑛 =
𝑋

𝐷
            (6.8) 

εc

fc

εo εco

fp

fco=Kfp

Plain concrete

Confined concrete

fs

εs

Es
Esm

fy

Experimental result

Simplified model

Modified model



Chapter 6 

134 

 

After obtaining the strain at extreme concrete compression fiber (ɛce) by Eqs. (6.9)−(6.10), the 

strain of WBUHS rebars (ɛsp) at any position could be determined based on the plane-section 

assumption, as given in Eq. (6.11). As a contrast, a method was proposed to consider the 

bond-slip behavior of WBUHS rebars. In this method, the strain of WBUHS rebars (ɛsm) in 

tension zone can be divided into the rebar deformation itself and the anchorage slip, which is 

presumed to be uniformly distributed along the entire member [6.6], and can be calculated by 

the Eqs. (6.12−6.16). Then, the elasticity modulus in the stress–strain model of WBUHS 

rebars was modified by Eq. (6.17), as depicted in Fig. 6-3. The strain distribution of WBUHS 

rebars in the proposed method is illustrated in Fig. 6-4. 

 

  
𝜀𝑐𝑒

𝜀𝑐𝑜
= 1.465 + 0.315K − 0.168

𝑓𝑝

42
      (6.9) 

𝜀𝑐𝑜 = 0.94𝑓𝑝
0.25 × 10−3 × [1 + 4.7(𝐾 − 1)]   (6.10) 

𝜀𝑠𝑝 =
ℎ𝑠−𝑋

𝑋
∙ 𝜀𝑐𝑒          (6.11) 

𝜀𝑠𝑚 = 𝜀𝑦 + 𝑆𝑠𝑙𝑖𝑝/𝐿𝑎𝑝𝑑        (6.12) 

 𝑆𝑠𝑙𝑖𝑝 = ∫ 𝜀𝑠𝑑𝑥
𝑙𝐴𝐿

0
= {

𝜀𝑦

2
∙ 𝑙𝑑                𝑙𝑑 ≤ 𝑙𝐴𝐿

𝜀𝑠0+𝜀𝑦

2
∙ 𝑙𝐴𝐿         𝑙𝑑 > 𝑙𝐴𝐿

   (6.13) 

𝐿𝑎𝑝𝑑 = 𝑙𝐴𝐿,𝑐𝑜𝑙𝑢𝑚𝑛 + 𝑙𝐴𝐿,𝑓𝑜𝑜𝑡𝑖𝑛𝑔      (6.14) 

𝑙𝑑 =
𝑏∙𝑓𝑦

4𝜏
            (6.15) 

𝜀𝑠0 =
𝑙𝑑−𝑙𝐴𝐿

𝑙𝑑
∙ 𝜀𝑦          (6.16) 

 𝐸𝑠𝑚 = 𝑓𝑦 𝜀𝑠𝑚⁄           (6.17) 

 

Where, ɛco represents peak-strength strain of the confined concrete; hs is the distance between 

the position of longitudinal rebar and extreme concrete compression fiber; ɛsm represents the 

strain of WBUHS rebars in the proposed method; Sslip represents the slip until the yield of 

WBUHS rebars, which includes the slip within both the column and footing and can be 

derived from Eq. (6.13) [6.7, 6.8]; Lapd is the distance between the anchor plates (see Eq. 

(6.14)); ld is the necessary development length until the yielding of WBUHS rebar (see Eq. 

(6.15)); ɛy and fy respectively denote the strain and stress of WBUHS rebar when yielding; ɛs0 
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denotes the axial strain at end of WBUHS rebar (see Eq. (6.16)); τ represents the bond 

strength of WBUHS rebar (τ = 3N/mm2) [6.9]; b is the diameter of WBUHS rebar; Esm 

represents the modified elasticity modulus of WBUHS rebar in tensile side, as shown in Eq. 

(6.17) and given in Table 6-1. 

 

When the strain (ɛsp or ɛsm) of WBUHS rebar is obtained, the force sustained by WBUHS 

rebars (Ns) can be calculated using Eq. (6.18) according to the stress-strain relationship 

shown in Fig. 6-3. Then, the ultimate flexural capacity (V) can be calculated on the basis of 

the equilibrium of the bending moment, as given in Eq. (6.19). 

 

𝑁𝑠 = ∑ 𝐴𝑠𝑓𝑠           (6.18) 

𝑉𝑐 = {𝑁𝑐 ∙ (
𝐷

2
−

𝛽𝑋

2
) + ∑ 𝑁𝑠 ∙ (

𝐷

2
− ℎ𝑠)} 𝑎⁄      (6.19) 

 

 

Fig. 6-4 Strain distribution of WBUHS rebars in the proposed method 
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Table 6-1 Results of the modified elasticity modulus 

a/D 

Rebar  

& 

le 

fy 

(N/mm2) 

εy 

(%) 

Es 

(kN/mm2) 

ld 

(mm) 

lAL (mm) εso (%) Slip (mm) 
Lapd 

(mm) 

εym 

(%) 

Esm 

(kN/mm2) Column Footing Column Footing Column Footing 

1.7 

U12.6 

(20d) 
1401 0.66 212 1471 558 252 0.41 0.55 2.98 1.52 810 1.22 115 

U12.6 

(30d) 
1401 0.66 212 1471 558 378 0.41 0.49 2.98 2.17 936 1.21 116 

U15 

(20d) 
1356 0.67 202 1695 558 300 0.45 0.55 3.11 1.83 858 1.25 109 

2.5 
U12.6 

(30d) 
1401 0.66 212 1471 798 378 0.30 0.49 3.84 2.17 1176 1.17 120 

Note: a/D denotes the shear span ratio; le represents the embedment length of WBUHS rebars; 

d represents the diameter; fy, εy and Es denote the yield stress, yield strain and elasticity 

modulus of WBUHS rebar in the simplified model, respectively; ld is the needed development 

length until the yielding of WBUHS rebars; lAL represents the anchorage length of WBUHS 

rebar; εso denotes the axial strain at ends of WBUHS rebars; Sslip represents the slip until the 

yield of WBUHS rebars; Lapd is the distance between the anchor plates; ɛsm represents the 

strain of WBUHS rebars in the proposed method; Esm represents the modified elasticity 

modulus. 
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6.3 Assessment of Ultimate Flexural Capacity 

The comparison of the ultimate flexural capacity between experimental and calculated values 

was listed in Table 6-2 and depicted in Fig. 6-5, respectively. Additionally, the analytical 

values (Vca) obtained from chapter five was also presented in Table 6-2 and Fig. 6-5 for 

discussion. 

 

One can see from Table 6-2 and Fig. 6-5 that the computed result based on 

plane-remain-plane assumption (Vcp) tends to overestimate the ultimate flexural capacity of 

resilient concrete columns reinforced with WBUHS rebars, in particular for specimens in 

groups Ⅱ (by about 10.4%−13.9%), which were confined by bolted circular steel tube with a 

diameter-thickness ratio of 96, or for group Ⅲ specimens with a/D=2.5 (by about 

17.7%−23.3%). However, it could predict the ultimate flexural capacity of ductile concrete 

columns (group Ⅳ) with good accuracy. For specimens confined only by hoops (group Ⅴ), 

the calculated results were about 5% lower than the experimental values. One of the reasons 

for this can be explained by the ignorance of confinement effect of hoops on core concrete. 

 

In contrast, the calculated results (Vcm) based on the modified elastic modulus of the 

reinforcement in the tension zone gave relatively conservative prediction to the flexural 

capacity for specimens in groups Ⅰ, Ⅴ and Ⅳ. As for specimens in groups Ⅱ and Ⅲ, the 

calculated results were still higher than the measured values, but the difference could be 

controlled within 8%. In addition, it is noted that the analytical method considering the rebar 

slippage (Vca) described in chapter five could conservatively evaluate the ultimate flexural 

capacity of all the resilient specimens reinforced by WBUHS rebars, with a safe margin of 

11% in average, compared with the experimental results. 
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Table 6-2 Comparison of the ultimate flexural capacity 

Group Specimens Rebar a/D n Confinement 

Vexp 

(kN) 

Vcp 

(kN) 

Vcm 

(kN) 

Vca 

(kN) 

𝑉𝑒𝑥𝑝

𝑉𝑐𝑝
 

𝑉𝑒𝑥𝑝

𝑉𝑐𝑚
 

𝑉𝑒𝑥𝑝

𝑉𝑐𝑎
 

Ⅰ 

C17N20STU 

WBUHS 

rebar 

(U12.6) 

1.7 

0.20 

PL2.3, 

D6@100 

309.8 315.5 299.7 285.4 0.98 1.03 1.09 

C17N20LTU 305.7 315.5 299.9 278.4 0.97 1.02 1.10 

PC17N20STU 306.0 315.5 299.7 285.4 0.97 1.02 1.07 

PC17N20LTU 314.8 315.5 299.9 278.4 1.00 1.05 1.13 

PC17N33STU 

0.33 

309.7 341.1 306.5 286.8 0.91 1.01 1.08 

PC17N33LTU 330.2 341.1 307.2 278.3 0.97 1.07 1.19 

Ⅱ 
PC17N33STTU PL3.2, 

D6@100 

319.0 363.4 340.1 303.0 0.88 0.94 1.05 

PC17N33LTTU 329.3 363.4 340.5 294.7 0.91 0.97 1.12 

Ⅲ 
PC25N33LTU 

2.5 

PL2.3, 

D6@100 

199.1 234.3 206.3 165.9 0.85 0.97 1.20 

C25N33LTU 190.1 234.3 206.3 165.9 0.81 0.92 1.15 

Ⅳ 

C17N20STD NS rebar 

(D13) 
1.7 

0.20 193.6 195.8 - - 0.99 - - 

C17N33STD 0.33 254.5 241.3 - - 1.05 - - 

Ⅴ 

C20STU15 

WBUHS 

rebar 

(U15) 

1.7 

0.20 
358.3 371.7 326.3 338.8 0.96 1.10 1.06 

PC20STU15 363.6 371.7 326.3 338.8 0.98 1.11 1.07 

C33STU15 

0.33 

375.0 390.9 335.9 336.3 0.96 1.12 1.12 

PC33STU15 382.8 390.9 335.9 336.3 0.98 1.14 1.14 

Ⅵ 

C33SU15 

D6@30 

254.1 239.8 214.3 230.5 1.06 1.19 1.10 

PC33SU15 250.6 239.8 214.3 230.5 1.05 1.17 1.09 

Note: Groups Ⅰ−Ⅳ represent specimens in chapter three; Groups Ⅳ and Ⅴ represent 

specimens in chapter four; a/D denotes shear span ratio; n represents axial load ratio; Vexp 

represents the experimental value of ultimate flexural capacity, Vcp, Vcm and Vca are the 

calculated based on plane-section assumption, proposed method and analytical method in 

chapter five, respectively. 
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Fig. 6-5 Comparison of the ultimate flexural capacity 
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6.4 Conclusions 

Two methods were presented in this chapter with the aim of simplifying calculation the 

flexural capacity of the proposed circular concrete columns reinforced by squarely-arranged 

WBUHS rebars: one was on the basis of the plane-remain-plane assumption, and the other 

involved the modification of elasticity modulus of WBUHS rebars in the tensile region as a 

consideration of rebar slippage. According to the comparison between the computed results 

and measured values, the main conclusions are drawn as below: 

 

1) The traditional calculation method following plane-remain-plane assumption was prone to 

giving an overestimated prediction of the ultimate flexural capacity of concrete specimens 

reinforced by WBUHS rebars. The overestimation was more remarkable for the 

specimens with shear span ratio of 2.5 and/or confined by steel tubes with 

diameter-to-thickness ratio of 96. The ratio between the experimental and calculated 

capacities varied between 0.81-1.06, having an average value of 0.95 and a standard 

deviation of 0.07. However, the calculated results using this method agreed fairly well 

with the measured values for ductile concrete columns reinforced with NS rebars. 

 

2) Combining the equivalent stress block of concrete at the circularly compressed zone with 

the reduced elasticity modulus for WBUHS rebars could give a very satisfactory 

prediction of the ultimate flexural capacity of circular concrete columns reinforced by 

squarely-arranged WBUHS rebars. For the sixteen test columns with WBUHS rebars, the 

ratio between the experimental and calculated capacities varied between 0.92-1.19, 

having an average value of 1.05 and a standard deviation of 0.08.  
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CHAPTER SEVEN 

 

7 Conclusions and Future Works 

 

7.1 Conclusions 

Drawing the lessons learnt from recently occurred much more catastrophic earthquakes than 

anticipated, traditional ductile RC structures may not anymore be deemed the optimal choice 

for the buildings located in high seismic hazard zone due to the observed severe damage and 

significant residual deformation after earthquakes. Furthermore, the seismic engineering 

community has increasingly focused on developing resilient concrete structures in recent 

years, with emphasis placed on the reduction of repair costs and quick recovery of social 

activities. 

 

Sun et al. has proposed an innovative method to materialize resilient concrete members, in 

which a kind of WBUHS rebar (featuring spiral grooves on its surface) is employed as 

primary tensile reinforcements. Previous studies have proved the simplicity and effectiveness 

of this approach in providing concrete components with superior earthquake resilience 

characterized by significant drift-hardening capacity and self-centering capacity. To promote 

the practical application of precast circular columns reinforced by squarely-arranged 

WBUHS rebars in construction industry, therefore, experimental and theoretical study were 

conducted in this doctoral dissertation with focus upon several important aspects, including: 1) 

effective measures to prevent or delay the buckling of WBUHS rebar due to concrete damage 

and/or insufficient transverse confinement; 2) solutions to the construction difficulties of 

rectangular beam-circular column joints caused by the reduced available spacing between the 

circularly-arranged reinforcements in the horizontal direction; 3) accumulation of information 

regarding the seismic performance of precast circular concrete columns reinforced by 

squarely-arranged WBUHS rebars. 
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This doctoral dissertation consists of seven chapters. Experimental test and theoretical 

analysis were conducted with objectives to address the issues mentioned above. Based on 

experimental and analytical results, except for chapter one (introducing the backgrounds and 

research motivation), the conclusions of this doctoral dissertation will be drawn from the 

main findings in chapters two through six, as summarized below. 

 

Chapter two is intended to experimentally verify the effectiveness of bolted steel tube in 

delaying the buckling of WBUHS rebars and in improving the post-buckling behavior of 

WBUHS rebars through a rational evaluation method for this type of confinements. For this 

purpose, twenty short concrete columns were made and tested under concentric loading, with 

primary experimental parameters including hoop spacing (25mm, 50mm, 75mm, 100mm), 

reinforcement type (WBUHS rebar, NS rebar), confinement of steel tubes, and section type 

(circular, square). According to the experimental results discussed in this chapter, the main 

conclusions are made as follows: 

 

1) Confinement by bolted thin steel tubes could reduce concrete damage and simultaneously 

enhance the strain at peak load of concrete columns with WBUHS rebars significantly. In 

particular, the bolted circular steel tube could also upgrade the concrete strength, while 

the confinement effect on concrete strength by square steel tubes was little. 

 

2) The strain ductility of specimens confined by square and circular steel tubes were 36%−89% 

and 112%−152.9% higher than those of columns confined only by hoops, respectively, 

suggesting superior deformability for specimens confined by bolted steel tubes. 

 

3) The current method for defining the onset of buckling of longitudinal reinforcements 

may be not necessarily accurate because buckling of the reinforcements should lead to a 

decrease in bearing capacity. From this viewpoint and based on the extracted stress-strain 

behavior of WBUHS rebars, the buckling strain and post-buckling behavior of WBUHS 

rebars could also be improved by confining the columns with bolted steel tubes. 

Confinement by bolted square thin steel tube could increase the peak strain beyond 1.0%, 

which is larger than the yield strain of WBUHS rebar, while the bolted circular thin steel 

tube enhanced the peak strain close to and/or beyond 2.0% even the slenderness ratio 

was as large as 12, due to its uniform confinement effect. 
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In chapter three, to facilitate construction of rectangular beam-circular column joints and 

offer essential information regarding the seismic performance for precast circular concrete 

columns, twelve 1/2.5-scale circular concrete columns, reinforced with squarely-arranged 

longitudinal steels and externally confined by bolt circular steel tubes, were made and tested 

under reversed cyclic lateral loading while simultaneously subjected to constant axial 

compression. The main experimental variables included reinforcement type (WBUHS rebar, 

NS rebar), shear span ratio (1.7, 2.5), diameter-to-thickness ratio (96, 132) of bolted circular 

steel tubes to confine concrete, axial load ratio (0.20, 0.33), embedment length of 

reinforcement (20d, 30d) and construction method (cast-in-place, precast). On the basis of the 

test results discussed in this chapter, the primary conclusions are made as below: 

 

1) All the specimens reinforced by squarely-arranged WBUHS rebars exhibited both 

excellent drift-hardening capacity and satisfactory self-centering capacity even when 

deformed to a large drift angle, by comparison with those ductile specimens reinforced 

with NS rebars. This could be attributed to that the low bond strength of WBUHS rebars 

makes its strain easily permeate along the column height, allowing the WBUHS rebars to 

remain in the elastic region up to large deformation, thus contributing to the remarkable 

drift hardening capacity and self-centering capacity. 

 

2) Providing an embedment length of 20 times its diameter for WBUHS rebars enabled 

precast concrete columns to exhibit almost identical resilience in terms of drift-hardening 

and self-centering capacity up to a drift angle of 0.05rad to the cast-in-place columns. 

 

3) Under a higher axial compression with n=0.33, the concrete columns experienced 

slightly more serious concrete damage and had relatively larger residual deformation but 

exhibited higher moment resistance and energy dissipation capacity. Moreover, even for 

the test specimens subjected to higher axial compression, the axial strain gradually 

increases with the increase in drift angle, but remains below 0.3%. This strain level is 

much less than the ultimate compressive strain of confined concrete, revealing the 

favorable axial stability of the proposed precast concrete columns confined by the bolted 

thin steel tubes. 
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In chapter four, taking longitudinal steel ratio (1.41%, 1.92%), confinement method (bolted 

steel tube, hoop), construction methods (cast-in-place, prefabrication) and axial load ratio 

(0.20, 0.33) as experimental variables, six 1/2.5-scaled circular concrete columns were made 

and tested under reversed cyclic lateral loading, primarily aimed at studying the effect of 

longitudinal steel ratio on seismic performance and clarifying the enhancement degree of 

steel tube confinement on seismic property of circular concrete columns reinforced by 

squarely-arranged WBUHS rebars. According to the test results discussed in this chapter, the 

primary conclusions are drawn as follows: 

 

1) Squarely-arranged WBUHS rebars could provide high drift-hardening capacity for 

circular concrete columns confined by hoops up to the drift level of 0.04 rad. However, 

after that drift angle, the lateral resisting capacity of the hooped circular column began to 

decrease due to serious concrete damage. On the other hand, the use of bolted circular 

steel tubes to confine the column could not only effectively reduce concrete damage but 

also significantly enhance drift-hardening capacity of the circular columns up to the drift 

angle of at least 0.06 rad, implying high confinement efficiency of the bolted circular 

steel tube. Besides, the usage of bolted steel tube was also beneficial to reduce the 

residual deformation due to the strong confinement of the steel tubes. 

 

2) Providing a 20d anchorage length even for large-diameter WBUHS bars allowed the 

precast circular columns to demonstrate nearly the same excellent seismic performance 

as the cast-in-place ones in terms of drift-hardening capability and self-centering capacity. 

It is particularly noteworthy that increase the steel amount of WBUHS rebars could 

enhance the lateral resistance of the circular concrete columns without reducing their 

deformation capacity. 

 

3) Increasing the axial compression level, the steel amount of WBUHS rebar, or utilizing 

steel tube confinement could effectively improve the lateral bearing capacity. In 

particular, confinement by the bolted thin steel tubes showed the most significant 

improvement effect, with lateral force and bending moment resistance increased by up to 

48.1% and 40.5% for drift angles within 0.05rad, respectively. 
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In chapter five, a finite spring element (FSE) method originally proposed by Sun et al. was 

adopted to evaluate hysteretic performance of the circular concrete columns reinforced by 

squarely-arranged WBUHS rebars and externally confined by bolted circular steel tubes. In 

this numerical analysis, effect of the discontinuity of the bolted tube on confinement effect 

will be considered. By comparing numerical results with experimental values obtained from 

chapter three and chapter four, the validity and accuracy of this method were assessed in 

aspects of hysteresis loop, reinforcement strain and energy-dissipating capacity. The primary 

conclusions can be drawn below: 

 

1) The presented FSE method could predict the hysteresis loops of circular concrete 

columns reinforced by squarely-arranged WBUHS rebars and/or normal-strength rebars 

with very satisfactory accuracy. When ignoring the effect of slippage of the longitudinal 

reinforcement, the analytical hysteresis loops exhibited very good agreement with the 

experimental results of the ductile columns reinforced with NS rebars up to large drift, 

but overestimated the seismic behavior of the columns reinforced with WBUHS rebars. 

On the other hand, by taking into consideration the bond-slip behavior of rebars, the 

calculated results gave an accurate prediction to the hysteretic performance characterized 

by significant drift-hardening capacity and self-centering capacity. 

 

2) Confinement effect by bolted circular steel tubes on seismic performance of both precast 

and cast-in-site resilient circular concrete columns could be reliably and precisely 

assessed by assuming their confinement efficiency (the strength raising coefficient of 

confined concrete) was about half of that provided by welded circular steel tubes.  

 

3) Ignorance of the slippage resulted in a sharp increase in the strain of longitudinal rebar. 

This was in good agreement with the measured strain of NS rebar, but remarkably 

overestimated the strain development of WBUHS rebars, thus leading to an overestimation 

of lateral resistance and residual deformation for the resilient concrete columns. The 

analytical results obtained by taking into account of the slippage effect of WBUHS rebars 

could trace the strain of WBUHS rebars very well particularly in tension. 
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4) Ignoring the bond-slip behavior of reinforcements could predict the energy-dissipating 

capacity of the ductile concrete columns reinforced by NS rebars fairly well up to large 

drift, but gave an overestimation for that of resilient columns with WBUHS rebars. 

Consideration of slippage of rebars gave a conservative prediction of energy dissipation 

capacity, but could trace the characteristics of nonlinear elasticity of resilient concrete 

columns reinforced with WBUHS rebars. 

 

In chapter six, two methods were presented to simply calculate the ultimate flexural capacity 

of the proposed circular concrete columns reinforced by squarely-arranged WBUHS rebars: 

one was on the basis of the plane-remain-plane assumption, and the other involved the 

modification of elasticity modulus of WBUHS rebars in the tensile region to take 

consideration the slippage effect of WBUHS rebars. According to the comparison between 

the computed results and measured values, the main conclusions are drawn below: 

 

1) The conventional method following plane-remain-plane assumption was prone to giving 

an overestimated prediction of the ultimate flexural capacity of concrete columns 

reinforced by WBUHS rebars. The overestimation was more remarkable for the 

specimens with shear span ratio of 2.5 and/or confined by steel tubes with 

diameter-to-thickness ratio of 96. The ratio between the experimental and calculated 

capacities varied between 0.81-1.06, having an average value of 0.95 and a standard 

deviation of 0.07. However, the calculated results using this method agreed fairly well 

with the measured results for ductile concrete columns reinforced with NS rebars. 

 

2) Combining the equivalent stress block of concrete at the circularly compressed zone with 

the reduced elasticity modulus for WBUHS rebars could give a very satisfactory 

prediction of the ultimate flexural capacity of circular concrete columns reinforced by 

squarely-arranged WBUHS rebars. For the sixteen test columns with WBUHS rebars, the 

ratio between the experimental and calculated capacities varied between 0.92-1.19, 

having an average value of 1.05 and a standard deviation of 0.08.  
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7.2 Future Works 

Fundamental aspects related to precast drift-hardening circular concrete columns, reinforced 

with squarely-arranged WBUHS rebars and externally confined by bolted circular steel tubes, 

have been addressed in the study described in this doctoral dissertation. However, several 

vital issues remain to be solved due to time constraints. To further promote the adoption of 

drift-hardening columns reinforced with WBUHS rebars, research works that needs to be 

conducted in future are listed as follows: 

 

1) Development of stress-strain model for the buckled WBUHS rebars: although reducing 

hoop spacing and employing steel tubes confinement have been proven effective in 

delaying the buckling of WBUHS rebar and enhancing its post-buckling behavior, a 

comprehensive stress-strain model that can trace the descending caused by the buckling is 

desirable to accurately predict the seismic performance of precast resilient concrete 

columns at large deformation. 

 

2) Accumulation of information regarding seismic behavior of drift-hardening circular 

concrete columns under double curvature deformation: The study conducted in this thesis 

mainly focused on the cantilever concrete columns deformed under single curvature. 

Therefore, it is worthwhile to study the seismic behavior of drift-hardening concrete 

columns confined by bolted circular steel tubes under double curvature deformation, 

inclusive of both cast-in-site and precast columns. 

 

3) Further improvement in the accuracy of the adopted FSE method: The comparison with 

experimental results has confirmed the good accuracy of the analytical results, however, it 

is also observed that the equivalent viscous damping coefficient and reinforcement strain 

obtained by the FSE method still exhibit some deviation from the experimental values 

within some specific experimental parameters. Therefore, it is meaningful to analyze and 

discuss the methods that can further improve the accuracy of FSE method, particularly 

from the perspectives of the assumed plastic hinge length and the utilized Funato model. 

 

4) Proposition of a simplified hysteresis model for the proposed drift-hardening concrete 

columns: While the hysteresis performance can be predicted with good accuracy by the 

FSE method that can consider the rebar slippage, this analytical method involves complex 
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iterative calculations. Therefore, developing a hysteretic model for the proposed 

drift-hardening columns with simplified calculation is of great significance. 

 

5) Evaluation of shear capacity of the drift-hardening circular concrete columns: To fully 

utilize the drift-hardening capacity provided by WBUHS rebars until a large drift, a 

significant challenge lies in preventing resilient concrete columns from experiencing 

brittle shear failure in the design of drift-hardening RC structures. Therefore, it is 

essential to develop reasonable methods to evaluate the complete shear capacity of the 

resilient concrete columns reinforced with squarely-arranged WBUHS rebars, both 

precast and cast-in-site. 
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