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CHAPTER ONE 

1. Introduction 

1.1 Backgrounds 

More than thirty-five thousand M 5+ earthquakes had occurred, which took lives of about 

eight hundred thousand people, during last two decades (2000-2019). Magnitude 7 and 

greater earthquakes exceeded 300, and some even reached M 9+ such as Indian Ocean 

Earthquake (M 9.1, 2004) and Tohoku Earthquake (M 9.1, 2011) [1.1]. These mega-

earthquakes caused a massive loss of live and property. 

It has always been an important issue that how to resist terrible earthquakes. Structures 

that possess resisting capacity to avoid collapse are undoubtedly desirable, which can 

save lives from the disastrous earthquakes. Lots of researchers have devoted themselves 

to aseismic structures for the purpose of protecting people against earthquake hazards. 

While earthquakes cause lateral and vertical inertia forces to structures, the lateral inertia 

force has been generally noticed because it is the primary cause for the damage of 

structures. So the lateral force resisting members, such as columns and walls, are main 

earthquake resisting components of structures. Walls are usually utilized in high-rise 

structures because of their large lateral stiffness. 

Ductile reinforced concrete walls with characteristics of adequate ductility and large 

energy dissipation capacity can sustain sufficient lateral deformation and dissipate 

earthquake energy through large plastic deformation, which makes ductile reinforced 

concrete walls avoid collapse and achieve the goal of limiting casualties when hit by 

mega-earthquakes. So ductile reinforce concrete walls have been widely used in high-rise 
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buildings as lateral force resisting components. However, large plastic deformation 

accounts for deformation and energy dissipation capacities, and may cause too large 

residual deformation and damage to concrete walls, as shown in Fig. 1-1. 

   

Fig. 1-1 Damaged ductile concrete walls during Chile earthquake [1.2] 

It is very difficult to repair these ductile concrete walls with large residual deformation 

after earthquakes, and the whole building has to be demolished for reestablishment 

resulting in huge consumption of time and expense. On the other hand, Lifeline 

engineering structures, such as power station, hospital etc., should recover function 

rapidly for conduct of relief effort. Therefore, resilience of structural components 

inclusive of concrete walls, which means little residual deformation also deserves 

attention besides sufficient resistance to strong earthquakes. 

Resilience has recently gained attention in the earthquake engineering community, just as 

the theme of 17th Word Conference on Earthquake Engineering says, “Toward Resilient 

Society” [1.3]. Resilient structures are engineering structures raised from the viewpoint 

of resisting earthquakes and recovering structure function immediately with simple repair 

or without repairing even when they are hit by mega-earthquakes. Many resilient 

structures, for example, rocking structures, self-centering structures, repairable structures, 

have been proposed [1.4-1.5]. 

The resilient concrete wall is a kind of components of resilient structures that can not only 

exhibit well lateral resistance avoiding collapse during earthquake but also limit residual 

deformation, making rapid recoverability possible. Typical lateral force-drift (V-R) 

relationships of resilient and ductile concrete walls are compared in Fig 1-2. As obvious 

from Fig. 1-2, the resilient concrete wall can maintain stable lateral capacity up to large 

drift and limit residual deformation at a low level. There have been many studies on 

resilient concrete walls conducted by researchers because of excellent seismic behavior 
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mentioned. These researches will be reviewed in the next section to find out remaining 

problems which will be research contents of this dissertation. 

 

Fig. 1-2 Lateral force-drift (V-R) relationships of ductile and resilient concrete walls 
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1.2 Studies on resilient concrete walls 

Resilient concrete walls should reach two goals, sufficient resisting capacity to withstand 

mega-earthquakes and resilience to recover function of buildings after disasters. One of 

the methods to attain these capacities is to use the unbounded pre-stressing reinforcement. 

Priestley conducted an experiment of a 60% scale five-story precast concrete building 

consisting of unbonded post-tensioned precast (UPTP) concrete walls in one direction, 

and precast frames in the orthogonal direction under pseudo-dynamic loading in 1999. 

The UPTP concrete walls comprised four precast panels that vertically connected to each 

other and to foundation by unbonded vertical post-tensioning threaded bars. Experimental 

results showed that there was a residual drift of 0.06% after sustaining a peak drift of 

1.8%, Besides, damage was also minimal in the wall direction, which revealed well 

resilience of UPTP concrete walls under seismic loads [1.6]. 

 

Fig. 1-3 Hysteretic behavior of UPTP wall [1.7] 

Kurama investigated seismic behavior of UPTP concrete walls using an analytical model. 

Apart from unbonded post-tensioned (PT) steel bars or multi-strand tendons, spiral 

reinforcing steel was also used in wall panels near the base of the wall to confine concrete. 

UPTP concrete walls under cyclic load exhibited the nonlinear-elastic behavior, as shown 

in Fig. 1-3, which means that the walls return back towards original position with little 

residual displacement after earthquakes. Behavior under earthquake load were also 

investigated through more than 200 nonlinear dynamic time-history analyses by Kurama. 



Chapter 1 

5 

The response of UPTP walls oscillated around the zero-drift position showing significant 

self-centering capability too [1.7-1.9]. To reduce the lateral drift response and compensate 

for the low energy dissipation capacity of UPTP walls, Kurama proposed a supplemental 

passive energy dissipation system using linear viscous fluid dampers, introduced a design 

approach for the supplemental energy dissipation system and analytically verified 

effectiveness of the proposed dissipation system and the design approach [1.10]. Besides, 

Kurama found that the use of bonded mild steel reinforcement can also result in a 

considered reduction in lateral displacements and a significant increment in the energy 

dissipation of UPTP walls [1.11, 1.12]. 

As normal steel bars and multi-strand tendons, carbon fiber reinforced tendons could also 

offer resilience to UPTP concrete walls, which was verified by Holden and Restrepo 

[1.13]. They constructed and tested a UPTP concrete wall incorporated post-tensioned 

unbonded carbon fiber tendons and steel fiber reinforced concrete and a conventional 

precast reinforced wall as reference specimen. The UPTP concrete wall had virtually no 

residual drifts after experiencing a peak displacement well in excess of 3% drift, whereas 

the conventional precast reinforced wall left 2% residual drift unloading from the same 

peak drift level [1.13]. 

Restrepo and Rahman experimentally investigated seismic behavior of the UPTP walls 

with longitudinal mild steel reinforcement as energy dissipators and verified that the walls 

incorporating energy dissipators displayed a so-called “flag-shaped” hysteretic response 

and had equivalent viscous damping ratios of up to 14% [1.14]. Dang and Lu [1.15] used 

finite element methods to analyze seismic performance of the walls fabricated and tested 

by Restrepo and Rahman [1.14]. The analytical results indicated that the proposed 

simulation methods could capture the hysteresis behavior, the stress of unbounded pre-

stressed tendon and the stress/strain parameter of the walls [1.15]. Besides, Dang and Lu 

also conducted experimental and analytical investigation on UPTP walls with horizontal 

bottom slit. According to their experimental results, placing horizontal slits symmetrically 

at the wall ends on the wall-foundation interface of UPTP walls could obtain better energy 

dissipating ability than the traditional UPTP walls [1.16, 1.17]. 

Perez conducted experimental and analytical research on UPTP concrete walls with 
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parameters of total area of PT steel and their locations, initial stress in PT bars, initial 

stress in concrete due to posttensioning and confining reinforcement details in the base 

panel and founded that the analytical model was very accurate for walls with higher 

prestress, but overestimated the base shear capacity of walls with lower prestress [1.18-

1.20], which indicated that the prestressing level has a significant effect on cyclic 

behavior of UPTP walls and need to be investigated in detail. 

Besides the performance of unbonded reinforcement, end anchorages also deserve 

necessary attention. Belleri discussed the dynamic response of a half-scale three-story 

precast concrete building with the lateral force resistant system of UPTP walls subjected 

to extensive shake-table testing. The UPTP walls exhibited satisfactory seismic resistance 

with limited flaking of concrete at wall toe under design basis earthquake. However, the 

complete tendon failure with uncontrolled wall rocking and unacceptable drift demands 

were observed during the subsequent maximum considered earthquake shaking test, 

which showed that reliable end anchorage of post-tensioned tendon and post-earthquake 

inspection of the tendon condition were essential for UPTP concrete walls [1.21]. 

As reviewed above, although UPTP walls can reach seismic resisting goals of resistance 

and resilience, complexity of construction, loss of prestress and failure of anchorage are 

inevitable problems to be considered in engineering application. To achieve a more 

convenient method realizing resilience of concrete walls, Sun et al. proposed a simple 

reinforcing method using weakly bonded ultra-high strength (WBUS) longitudinal bars 

without prestressing. One of the WBUS rebars is SBPDN rebar that has a specified yield 

strength of 1275 MPa and a low bond strength of about 3 MPa [1.22]. Placing SBPDN 

rebars as lumped longitudinal reinforcement can provide cantilever concrete walls with 

drift-hardening lateral resistance up to 3% drift with little residual drift under cyclic 

loading test (see Fig. 1-4) [1.23]. Fujitani and Sun also investigated seismic performance 

of SBPDN reinforcing concrete walls under pseudo-dynamic load and found that 

equivalent lateral resistance and smaller residual drift were obtained compared with walls 

under static cyclic lateral loading test [1.24]. Besides, Sun et al. found that the use of 

SBPDN rebars as diagonal and triangular reinforcement can also provide drift-hardening 

capacity and resilience for concrete walls [1.25-1.27]. 
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Fig. 1-4 Hysteretic behavior of SBPDN reinforcing wall [1.23] 

Sun and his colleagues have not only conducted experimental studies on concrete walls 

reinforced by SBPDN rebars but also done analytical research. Because of the ultra-high 

yield strength and the low bond strength, slippage of SBPDN rebars in concrete is 

unavoidable, and traditional analytical methods to reinforced concrete components based 

on the plane-remain-plane assumption cannot be applied to the design or performance 

evaluation of this new resilient concrete walls. A new analytical method considering 

effects of slippage of ultra-high strength rebars was first proposed by sun et al. to assess 

seismic behavior of concrete columns reinforced by ultra-high strength deformed rebars 

using so-called finite spring method [1.28-1.32]. That method was modified according to 

subsequent studies on the bond-slip relationship of SBPDN rebars in concrete and used 

to predict hysteretic behaviors of concrete columns reinforced by SBPDN rebars [1.22, 

1.33-1.34]. The applicability and accuracy of the proposed analytical method used in 

assessing SBPDN rebars reinforcing concrete walls were also verified [1.23, 1.24]. 

Yuan et al. have also proposed another WBUS rebar, PC strands, which have higher yield 

strength and almost identical bond strength compared with SBPDN rebars. Fig. 1-5 shows 

hysteretic behavior of concrete wall reinforced by the PC strands. As shown in Fig. 1-5, 

the experimental results by Yuan have indicated that concrete walls reinforced by PC 

strands could exhibit drift-hardening capacity up to 2.5% drift with little residual drift of 

0.41% after unloading from 2.0% drift, while the residual drift of reference ductile RC 

walls reached 1.08% after unloading from the same drift level [1.35]. Seismic 
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performance of concrete walls reinforced by PC strands under relatively high axial load 

ratio are also experimentally investigated by Yuan et al. PC strands reinforcing walls with 

sound confinement in their boundary elements could reached 2% drift with residual ratio 

not exceeding 0.35% and no degradation of lateral resistance [1.36]. 

 

Fig. 1-5 Hysteretic behavior of PC strand reinforcing wall [1.35] 

 

Fig. 1-6 Hysteretic behavior of CFRP reinforcing wall [1.39] 
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As mentioned above, SBPDN rebars and PC strands have characteristics of ultra-high 

yield strength and low bond strength as WBUS rebars, which can provide resistance and 

resilience with no need for prestressing. CFRP bars also have the similar features and 

have been widely used in engineering structures [1.37]. The validity of resilience 

provided by CFRP bars were verified by Zhao et al (see Fig. 1-6), whose experimental 

investigation indicated that concrete walls reinforced by CFRP bars had smaller 

maximum crack widths, residual crack widths and residual deformations with decrease 

of 60%, 70% and 90% than ordinary RC walls respectively [1.38,1.39]. 
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1.3 Studies on concrete confined by transverse reinforcement 

The well confined concrete with sufficient deformability is another essential element for 

resilient concrete structures. Studies on confined concrete could trace back to 1928 when 

Richart conducted investigation of concrete cylinders with active confinement from 

lateral fluid pressure and found that the lateral stress provided by fluid pressure could 

enlarge compression stress and corresponding strain of concrete. Besides, relationships 

between confined concrete strength and corresponding strain with lateral stress were 

quantitatively analyzed [1.40]. In 1929, Richart also found the approximately same 

enhancement of passive confinement pressure by using spiral steel reinforcements that 

have been widely utilized in RC components, especially the earthquake-resisting columns 

for ductility [1.41]. 

 

Fig. 1-7 Stress-strain curves for confined concrete proposed by Chan [1.42] 

The complete stress-strain curve model for concrete confined by transverse reinforcement 

is indispensable in analyzing overall performance of reinforced concrete components, and 

numerous researchers have done many works to accurately predict properties of hoop-

confined concrete [1.42-1.63]. Chan proposed a trilinear stress-strain relationship of 

hoop-confined concrete predicting only the ascending part, as shown in Fig. 1-7. This 

model can be used in not only circular but also rectangular hoop-confined concrete and 
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experimental results indicated that circular hoop-confinement was distinctly more 

efficient than rectangular confinement. It should be noted that only the volumetric ratio 

of lateral steel to concrete core was considered as variable in this model [1.42]. 

A stress-strain relation for the concrete confined by rectangular transverse reinforcement 

was proposed by Soliman and Yu [1.43]. Their model can cover variables such as the 

spacing and area of hoops, the ratio of the confined area to the gross area, the shape of 

the concrete cross-section. This model could predict the descending part of the stress-

strain relation till a 20% drop in the maximum stress. Soliman and Yu also drew 

conclusions that increasing the spacing of the hoops decreased considerably the confining 

effect, which even was weakened to 0 when the spacing is more than 250 mm and that 

the increase of confinement by increasing the area of hoops was quite small compared 

with that by decreasing the spacing of hoops [1.43]. It can be presumed from their 

investigation that the confining effect by hoops small in diameter with close spacing may 

be higher than that by thick hoops with large spacing when the volumetric ratio is same 

for both cases. 

Kent and Park proposed a model that could predict the stress-strain relation of rectangular 

hoop-confined concrete until 80% drop in the maximum stress in 1971. The ascending 

portion of the relation curve is identical for unconfined and confined concrete, which 

means that the increase in concrete strength is neglected and the confining effect is only 

expected to increase concrete ductility. In this model, the descending slope of the 

compressive stress after peak is determined by the volumetric ratio of lateral steel to 

concrete core, the ratio of hoop spacing to width of confined core, and the strength of 

plain unconfined concrete [1.44]. At the same year, Sargin investigated effects of 

rectilinear lateral reinforcement upon the strength and deformation properties of concrete 

and proposed a continuous function to depict the stress-strain relationship, which 

considered not only the variables considered in the Kent and Park model [1.44], the effects 

of confining steel strength and strain gradient on confinement were also taken into 

consideration [1.45]. In 1982, Park et al modified the Kent and Park model to take into 

account the enhancement of both concrete strength and ductility based on four nearly full-

size concrete columns reinforced by rectilinear hoops [1.46]. 
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Confining effects of reinforced concrete related to lateral steel reinforcement according 

to investigations so far. Vallenas et al. have found that longitudinal reinforcement also 

had some influence on confinement effectiveness based on the tests of fourteen prismatic 

specimens confined by rectangular hoops. The addition of longitudinal reinforcement 

could improve confinement effect, about 7% on average higher increase in compressive 

strength of concrete compared with that of specimens without longitudinal steel [1.47]. A 

few years later, Sheikh and Uzumeri explained effects of longitudinal rebars on 

confinement using the concept of effectively confined concrete areas within the nominal 

concrete core. They found that a portion of the core concrete also became less effective, 

which should be subtracted from the area of the effectively confined concrete when the 

cover concrete spalled off in the case of rectilinear reinforcement. The longitudinal rebar 

fully supported by hoop could restrain concrete effectively in its vicinity, which means 

that with the increase in the number of supported longitudinal rebars, the area of 

effectively confined concrete is also increased. Effects of distribution of longitudinal 

rebars were finally taken into account through center-to-center distance between 

longitudinal rebars in Sheikh and Uzumeri model [1.48, 1.49]. 

Besides for the rectilinearly hoop-confined concrete, complete stress-strain relations 

containing ascending and descending portions for the concrete confined by circular 

spirals or hoops have also been proposed by researchers [1.50-1.53]. Iyengar introduced 

a factor called the “confinement index” to define the confinement quantitatively. Ultimate 

strengths and strains increase with confinement and linearly with the confinement index 

[1.50]. Desayi proposed a stress-strain model of concrete confined in circular spiral. That 

model was determined by the plain concrete strength, the yield strength and volumetric 

ratio of spirals to concrete core [1.51]. Ahmad and Shah also investigated the stress-strain 

curve of concrete confined by spiral and added parameters of the ratio of spiral spacing 

to the width of concrete core into their model. Besides, Ahamad and Shah found that the 

use of lightweight aggregate decreased the effectiveness of spiral confinement [1.52]. It 

should be noted that although Ahmad and Shah’s model could give an accurate prediction 

of stress-strain relation of confined concrete, the calculating procedure is complex and 

needs a computerized method to realize the iterative algorithm. In 1985, Ahamad and 

Shah modified their model by simplifying calculating procedure and taking effects of the 

strain rate into consideration. According to the experimental results, there was an increase 
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in the secant modulus of elasticity, the peak stress, and the peak strain for hoop confined 

concrete under high strain rates [1.53]. 

Mander developed a unified approach applicable to all configurations of circular- and 

rectangular-shaped transverse reinforcement including spiral or circular hoops, or 

rectangular hoops with or without supplementary cross ties in 1988. Just like Sheikh and 

Uzumeri, Mander also considered the arching effect of steel rebars on confinement of 

concrete by using a confinement effectiveness coefficient. Mander’s model indicates that 

effecting variables of circular spiral or hoops confinement were the plain concrete 

strength, the volumetric ratio of lateral steel to concrete core, the ratio of lateral 

reinforcement spacing to width of concrete core, while variables of rectangular hoop 

confined concrete further include configuration of longitudinal rebars, of which effects 

were reflected by the clear distance between adjacent supported longitudinal rebars. 

Because Mander’s model could also be used to evaluate cyclic loading response and 

dynamic response, it has been widely adopted in numerical analysis [1.54, 1.55]. 

 
 

(a) Envelop curves (b) Unloading and reloading curves 

Fig. 1-8 Stress-strain curves for confined concrete proposed by Mander [1.54] 

Besides the amount of lateral reinforcement (volumetric ratio of lateral steel to concrete 

core), the strength of steel and plain concrete, the hoop spacing or the ratio of hoop 

spacing to width of concrete core, the distribution of longitudinal rebars will affect stress-

strain relations of confined concrete. In 1994, Sakino and Sun verified that the diameter 

of lateral steel bar was related to out of plane stiffness and could influence the 

confinement effectiveness by rectilinear hoops or steel tubes [1.56]. They introduced a 

factor, the ratio of lateral steel diameter to distance between adjacent effectively supported 
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longitudinal bars, to consider effect of the diameter or thickness of rectilinear bars or steel 

plates on confinement. The model proposed by Sakino and Sun has found a wide 

applicability to not only rectilinear hoop confined concrete but also square tube confined 

concrete with few simple equations [1.56]. Sakino and Sun further investigated effects of 

the strain gradient on the stress-strain characteristics of concrete confined by circular 

hoops or steel tubes to extend the range of application of the model to concrete members 

confined by transverse reinforcement with any shape and form under combined axial and 

flexural loading [1.57-1.63]. 
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1.4 Problems and research objectives 

As described above, in order for the concrete walls reinforced by CFRP bars to develop 

their self-centering capability, well confined concrete is indispensable in the boundary 

elements of the wall panels. However, studies on CFRP reinforcing walls are scarce and 

primarily focus on experimental investigation of walls under relatively low axial load 

level. To promote application of the concrete walls reinforced with CFRP bars into 

practice, several problems needed to be solved as listed below: 

1) Seismic behavior of concrete walls reinforced by CFRP bars under high axial load: 

Concrete walls have much larger lateral stiffness than columns and are usually used 

in high-rise buildings, which inevitably cause high axial loads in the walls. As above 

mentioned, the previous studies conducted by Zhao et al. concentrated on 

experimental study of the walls under low axial load with axial load ratio of 0.1, and 

seismic behavior of CFRP reinforcing walls under high axial load is still unknown. 

Therefore, it is necessary to investigate seismic behavior of walls under high axial 

load. 

2) Seismic behavior of CFRP reinforcing walls with improved confinement: According 

to the experimental results by Zhao et al., the maximum drift of CFRP reinforcing 

walls confined by lateral rebars with nominal diameter of 10mm at a spacing of 

100mm is 1.4% that is not sufficient to guarantee the needed deformability for high-

rise buildings under great earthquakes. It has been well known that decreasing the 

spacing of transverse hoops and/or improving their configuration can enhance the 

strength and ductility of confined concrete. Therefore, it can be theoretically 

speculated that using close hoops and reasonable configuration will strengthen 

deformability of concrete walls, which needed to be verified and quantitatively 

analyzed based on experimental results. 

3) Evaluation method of seismic performance of CFRP bars reinforcing walls: Previous 

studies on concrete walls reinforced by CFRP bars are mainly experimental 

investigations and there has not been a reliable and accurate assessing method to 

predict hysteretic characteristics, neither calculating equations of lateral resistance 
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and deformation of CFRP reinforcing walls has been proposed so far. 

Objectives of this doctoral dissertation are to address above-mentioned three problems, 

and described as follows: 

1) to conduct experimental investigations on seismic behavior of CFRP reinforcing 

walls subjected to the high axial load with axial load ratio of up to 0.33. 

2) to experimentally verify enhancing effects of improved confinement on seismic 

behavior of concrete walls reinforced by CFRP bars and obtain fundamental 

information that is necessary as developing evaluation method for seismic behavior 

of the walls. 

3) to present methods of evaluating the ultimate lateral resistance capacity as well as of 

predicting overall seismic behavior of concrete walls reinforced by CFRP bars. 
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1.5 Format of the dissertation 

This dissertation includes seven chapters. The first chapter introduces backgrounds of this 

study and reviews relevant studies conducted by other researchers to find problems and 

derive researching objectives. Besides, the contents of each chapter are also introduced 

briefly in this chapter. 

Chapter two describes the experimental investigation on concrete walls reinforced by 

CFRP bars with boundary elements in each wall panel confined by rectilinear hoops. 

Three full-scale concrete walls having the same reinforcement configuration were 

fabricated and tested under reversed cyclic lateral loads and constant axial load with axial 

load ratios of 0.17, 0.26, 0.33, respectively. The boundary elements were confined by 

composite rectilinear hoops with a nominal diameter of 6mm and having close spacing of 

50mm aimed at enhancing confinement effect and improve overall seismic behavior of 

the walls. Besides the boundary elements, the potential hinge region of the wall panels 

may also be subjected to large deformation and damage under reversed cyclic lateral 

loading. To mitigate potential damage of the wall panels, horizontal distributed 

reinforcement in the wall panels is also placed with close spacing of 50mm within the 

potential plastic region. Eight CFRP bars were placed as longitudinal reinforcement at 

each boundary element. Objectives of this chapter are to investigate effects of axial load 

levels on seismic behavior of CFRP reinforcing walls and verify if the improved confining 

methods can ensure sufficient seismic performance, especially deformability to concrete 

walls. 

Chapter three presents the experimental information on seismic performance of walls 

reinforced with CFRP bars, having the same experimental variable, the axial load ratio, 

as that of test walls described in chapter two. Three full-scale concrete walls having the 

same geometry and reinforcement details except the configuration of transverse hoops in 

the boundary elements of wall panels as compared with specimens described in the 

previous chapter. The boundary elements of these specimens were confined with circular 

hoops. Objective of the experiments conducted here is to investigate effect of confinement 

by circular hoops on the seismic behavior of CFRP reinforcing walls. As reviewed before, 

confining effects of circular hoops are more efficient than that of rectilinear hoops, so 
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using circular hoops may achieve the same confining level as the composite rectilinear 

hoops. Experimental results will be used to verity the effectiveness of circular hoops. 

Chapter four presents an integrated analytical method to assess hysteretic behavior of 

concrete walls reinforced with CFRP bars. The analytical method proposed by Sun et al. 

for evaluating seismic behavior of concrete columns reinforced by SBPDN rebars 

[1.32,1.22] is modified to trace cyclic behavior of concrete walls reinforced by CFRP bars 

by utilizing bond-slip relations for CFRP bars. The analytical results calculated by the 

proposed methods are compared with the experimental results described in chapter two 

and chapter three to verify reliability and accuracy of the proposed numerical analytical 

method. 

Chapter five addresses evaluation of ultimate flexural and shear capacities of concrete 

walls reinforced with CFRP bars. Representative design equations recommended in 

current codes and/or standards are utilized to predict ultimate capacities of concrete walls 

with CFRP bars to investigate their applicability. Objective of this chapter is to find the 

most appropriate design formulae enable for engineers to conduct simple and prompt 

ultimate capacity design for the CFRP reinforcing walls through comparison between the 

calculated and experimental results. 

Chapter six proposes a V-R (lateral force V versus drift R) envelop model for concrete 

walls reinforced by CFRP bars. The V-R envelop curve is indispensable in the 

performance- or drift-based seismic design of concrete components. Besides, the V-R 

envelop model can provide information about the deformation corresponding to 

respective ultimate capacity of concrete walls, hence helping engineers to reasonably 

assess degree of potential damage under various levels of earthquakes. The accuracy of 

the proposed V-R envelop model will be verified by comparing the results obtained by 

experiments and those calculated by numerical analysis described in chapter four.  

As the last chapter of this thesis, chapter seven summarizes observations and findings 

obtained in chapter two through chapter six. Future works concerning with the concrete 

walls reinforced by CFRP bars are also presented at the end of this chapter.  



Chapter 1 

19 

References 

[1.1] https://www.usgs.gov/natural-hazards/earthquake-hazards/lists-maps-and-

statistics 2021/01/28 

[1.2] Jünemann R., de la Llera J.C., Hube M.A., Cifuentes L.A. Kausel E., “A 

statistical analysis of reinforced concrete wall buildings damaged during the 2010, 

Chile earthquake,” Engineering Structures, Vol. 82, 2015, pp. 168-185. 

[1.3] http://www.17wcee.jp/conference.html 2021/01/29 

[1.4] Lu X., Chen Y., Mao Y., “New concept of structural seismic design: earthquake 

resilient structures,” Journal of Tongji University (Natural Science), Vol. 39, No. 

7, 2011, pp. 941-948. (in Chinese) 

[1.5] Zhou Y., Wu H., Gu A., “Earthquake Engineering: From earthquake resistance, 

energy dissipation, and isolation, to resilience,” Engineering Mechanics, Vol. 36, 

No. 6, 2019, pp.1-12. (in Chinese) 

[1.6] Priestley M. J. N., Sritharan S., Conley J. R., Pampanin S., “Preliminary results 

and conclusions from the PRESS five-story precast concrete test building,” PCI 

Journal, Vol. 44, No. 6, 1999, pp. 42-67. 

[1.7] Kurama Y., Sause R., Pessiki S., Lu L.-W., “Lateral load behavior and seismic 

design of unbonded post-tensioned precast concrete walls,” ACI Structural 

Journal, Vol. 96, No. 4, 1999, pp. 622-632. 

[1.8] Kurama Y., Pessiki S., Sause R., Lu L.-W., “Seismic behavior and design of 

unbonded post-tensioned precast concrete walls,” PCI Journal, Vol. 44, No. 3, 

1999, pp. 72-89. 

[1.9] Kurama Y., Sause R., Pessiki S., Lu L.-W., “Seismic response evaluation of 

unbonded post-tensioned precast walls,” ACI Structural Journal, Vol. 99, No. 5, 

2002, pp. 641-651. 

https://www.usgs.gov/natural-hazards/earthquake-hazards/lists-maps-and-statistics
https://www.usgs.gov/natural-hazards/earthquake-hazards/lists-maps-and-statistics
http://www.17wcee.jp/conference.html


Chapter 1 

20 

[1.10] Kurama Y., “Seismic design of unbonded post-tensioned precast concrete walls 

with supplemental viscous damping,” ACI Structural Journal, Vol. 97, No. 4, 

2000, pp. 648-658. 

[1.11] Kurama Y., “Hybrid post-tensioned precast concrete walls for use in seismic 

regions,” PCI Journal, Vol. 47, No. 5, 2002, pp. 36-59. 

[1.12] Kurama Y., “Seismic design of partially post-tensioned precast concrete walls,” 

PCI Journal, Vol. 50, No. 4, 2005, pp. 100-125. 

[1.13] Holden T., Restrepo J., Mander J. B., “Seismic performance of precast reinforced 

and prestressed concrete walls,” Journal of Structural Engineering, ASCE, Vol. 

129, No. 3, 2003, pp. 286-296. 

[1.14] Restrepo J., Rahman A., “Seismic performance of self-centering structural walls 

incorporating energy dissipators,” Journal of Structural Engineering, ASCE, Vol. 

113, No. 11, 2007, pp. 1560-1570. 

[1.15] Dang X., Lu X., Qian J., Jiang H., “Finite element analysis with solid and plane 

element of seismic performance of self-centering pre-stressed shear walls,” 

Journal of Building Structures, Vol. 35, No. 5, 2014, pp. 17-24. (in Chinese) 

[1.16] Dang X., Lu X., Zhou Y., “Experimental design and measured behavior analysis 

of self-centering shear walls with horizontal bottom slit,” Earthquake 

Engineering and Engineering Dynamics, Vol. 34, No. 6, 2014, pp. 103-112. (in 

Chinese) 

[1.17] Dang X., Lu X., Zhou Y., “Experimental study and numerical simulation of self-

centering shear walls with horizontal bottom slit,” Earthquake study and 

Engineering Dynamics, Vol. 34, No. 6, 2014, pp. 154-161. (in Chinese) 

[1.18] Perez F. J., Pessiki S., Sause R., “Lateral load tests of unbonded posttensioned 

precast concrete walls,” Large-scale Structural Testing, ACI SP-211, 2003, pp. 

161-182. 



Chapter 1 

21 

[1.19] Perez F. J., Pessiki S., Sause R., “Experimental and analytical lateral load 

response of unbonded post-tensioned precast concrete walls,” ATLSS Reports. 

ATLSS report number 04-11, 2004. http://preserve.lehigh.edu/engr-civil-

environmental-atlss-reports/45 

[1.20] Perez F. J., Sause R., Pessiki S., “Analytical and experimental lateral load 

behavior of unbonded posttensioned precast concrete walls,” Journal of 

Structural Engineering, ASCE, Vol. 133, No. 11, 2007, pp. 1531-1540. 

[1.21] Belleri A., Schoettler M. J., Restrepo J. I., Fleischman R. B., “Dynamic behavior 

of rocking and hybrid cantilever walls in a precast concrete building,” ACI 

Structural Journal, Vol. 111, No. 3, 2014, pp. 661-672. 

[1.22] Funato Y., Sun Y., Takeuchi T., Cai G., “Modeling and application of bond 

behavior of ultra-high strength bars with spiraled grooves on the surface,” 

Proceedings of the Japan Concrete Institute, Vol. 34, No. 2, 2012, pp. 157-162. 

(in Japanese) 

[1.23] Fujitani T., Sun Y., Takeuchi T., Wei C., “Study on effect of strength of rebars on 

the seismic performance of rectangular concrete walls,” Proceedings of the Japan 

Concrete Institute, Vol. 40, No. 2, 2018, pp. 313-318. (in Japanese) 

[1.24] Fujitani T., Sun Y., Takeuchi T., Wei C., “Behavior of rectangular concrete walls 

with longitudinal SBPDN rebars under dynamic loading,” Proceedings of the 

Japan Concrete Institute, Vol. 41, No. 2, 2019, pp. 349-354. (in Japanese) 

[1.25] Wei C., Sun Y., Takeuchi T., Naokawa S., “Seismic behavior and ultimate 

strength of concrete walls with higher contra-flexure point,” Proceedings of the 

Japan Concrete Institute, Vol. 39, No. 2, 2017, pp. 247-252. (in Japanese) 

[1.26] Wei C., Sun Y., Takeuchi T., Takeda Y., “Study on seismic behavior of concrete 

walls with triangular reinforcement,” Proceedings of the Japan Concrete Institute, 

Vol. 40, No. 2, 2018, pp. 319-324. (in Japanese) 

http://preserve.lehigh.edu/engr-civil-environmental-atlss-reports/45
http://preserve.lehigh.edu/engr-civil-environmental-atlss-reports/45


Chapter 1 

22 

[1.27] Wei C., Sun Y., Takeuchi T., “Study on seismic behavior of concrete walls with 

triangular reinforcement of SBPDN rebars,” Proceedings of the Japan Concrete 

Institute, Vol. 42, No. 2, 2020, pp. 295-300. (in Japanese) 

[1.28] Kitajima H., Fukuhara T., Chen J., Sun Y., “Evaluation of seismic behavior of 

HSC members – Part 1 Modeling of stress-strain curves of materials,” AIJ 

Kyushu Chapter Architectural Research Meeting (Structure), No. 44, 2005, pp. 

349-352. (in Japanese) 

[1.29] Fukuhara T., Kitajima H., Chen J., Sun Y., “Evaluation of seismic behavior of 

HSC members – Part 2 Verification of accuracy of proposed method,” AIJ 

Kyushu Chapter Architectural Research Meeting (Structure), No. 44, 2005, pp. 

353-356. (in Japanese) 

[1.30] Kitajima H., Fukuhara T., Takeuchi T., Matsuo H., “Evaluation of seismic 

behavior of HSC members – Part 3 Consideration of shear deformation and bond-

slip effect,” AIJ Kyushu Chapter Architectural Research Meeting (Structure), No. 

45, 2006, pp. 317-320. (in Japanese) 

[1.31] Takeuchi T., Kitajima H., Fukuhara T., Matsuo H., Sun Y., “Evaluation of seismic 

behavior of HSC members – Part 4 Verification of accuracy of proposed method,” 

AIJ Kyushu Chapter Architectural Research Meeting (Structure), No. 45, 2006, 

pp. 321-324. (in Japanese) 

[1.32] Sun Y., Fukuhara T., Kitajima H., “Analytical study on RC columns reinforced 

by ultra-strength rebars with consideration of bond-slip effect,” Proceedings of 

the Japan Concrete Institute, Vol. 28, No. 2, 2006, pp. 619-624. (in Japanese) 

[1.33] Cai G., Sun Y., Takeuchi T., Fujinaga T., “Study on seismic behavior of circular 

RC columns reinforced by steel rebars with ultra-high strength and low bond 

strength,” Proceedings of the Japan Concrete Institute, Vol. 35, No. 2, 2013, pp. 

145-150. (in Japanese) 

[1.34] Sargsyan G., Cai G., Takeuchi T., Sun Y., “Seismic behavior and assessment of 



Chapter 1 

23 

drift-hardening concrete columns,” Proceedings of 16th Word Conference on 

Earthquake, Paper No. 664, 2017, pp. 1-10. 

[1.35] Yuan W., Zhao J., Sun Y., Zeng L., “Experimental study on seismic behavior of 

concrete walls reinforced by PC strands,” Engineering Structures, Vol. 175, 2018, 

pp. 577-590. 

[1.36] Zhao J., Yuan W., Sun Y., Zeng L., Si C., Shen F., “Experimental study on seismic 

behavior of shear wall reinforced by steel strands and steel bars,” Journal of 

Building Structures, Vol. 41, No. 9, 2020, pp. 68-76. (in Chinese) 

[1.37] Quayyum S., “Bond behavior of fibre reinforced polymer (FRP) rebars in 

concrete,” Master’s Thesis, the University of British Columbia (Okanagan), 2010 

[1.38] Zhao J., Zhao Q., Chen J., “Experimental analysis of the self-centering 

performance of shear walls reinforced by CFRP bars,” Journal of Civil, 

Architectural and Environmental Engineering, Vol. 38, No. 3, 2016, pp. 18-24. 

(in Chinese) 

[1.39] Zhao Q., Zhao J., Dang J., Chen J., Shen F., “Experimental investigation of shear 

walls using carbon fiber reinforced polymer bars under cyclic lateral loading,” 

Engineering Structures, Vol. 191, 2019, pp. 82-91. 

[1.40] Richart F. E., Brandtzaeg A., Brown R. L., “A study of the failure of concrete 

under combined compressive stresses,” Bulletin 185, University of Illinois 

Engineering Experimental Station, Champaign, Ill, 1928. 

[1.41] Richart F. E., Brandtzaeg A., Brown R. L., “The failure of plain and spirally 

reinforced concrete in compression,” Bulletin 190, University of Illinois 

Engineering Experimental Station, Champaign, Ill, 1929. 

[1.42] Chan W. W. L., “The ultimate strength and deformation of plastic hinges in 

reinforced concrete frameworks,” Magazine of Concrete Research (London), Vol. 

7, No. 21, 1955, pp. 121-132. 



Chapter 1 

24 

[1.43] Soliman M. T. M., Yu C. W., “The flexural stress-strain relationship of concrete 

confined by rectangular transverse reinforcement,” Magazine of Concrete 

Research (London), Vol. 19, No. 61, 1967, pp. 223-238. 

[1.44] Kent D. C., Park R., “Flexural members with confined concrete,” Proceedings, 

ASCE, Vol. 97, ST 7, 1971, pp. 1969-1990. 

[1.45] Sargin M., Ghosh S. K., Handa V. K., “Effects of lateral reinforcement upon the 

strength and deformation properties of concrete,” Magazine of Concrete 

Research, Vol. 23, No. 75-76, 1971, pp. 99-110. 

[1.46] Park T., Priestley M. J. N., Gill W. D., “Ductility of square-confined concrete 

columns,” Proceedings, ASCE, Vol. 108, ST 4, 1982, pp. 929-950. 

[1.47] Vallenas J., Bertero V. V., Popov E. P., “Concrete confined by rectangular hoops 

and subjected to axial loads,” Report No. UCB/EERC-77/13, Earthquake 

Research Center, College of Engineering, University of California, Berkeley, 

1977. 

[1.48] Sheikh S. A., Uzumeri S. M., “Strength and ductility of tied concrete columns,” 

Journal of the Structural Division, ASCE, Vol. 106, No. ST5, 1980, pp. 1079-

1102. 

[1.49] Sheikh S. A., Uzumeri S. M., “Analytical model for concrete confinement in tied 

columns,” Proceedings, ASCE, Vol. 108, ST 12, 1982, pp. 2703-2722. 

[1.50] Iyengar S. R., Desayi P., Reddy K. N., “Stress-strain characteristics of concrete 

confined in steel binders,” Magazine of Concrete Research, Vol. 22, No. 72, 1970, 

pp. 173-184. 

[1.51] Desayi P., Iyengar K. T. S. A., Reddy T. S., “Equation for stress-strain curve of 

concrete confined in circular steel spiral,” Matériaux et Construction, Vol. 11, 

1978, pp. 339-345. 



Chapter 1 

25 

[1.52] Ahmad S. M., Shah S. P., “Stress-strain curves of concrete confined by spiral 

reinforcement,” ACI Journal, Vol. 79, No. 6, 1982, pp. 484-490. 

[1.53] Ahmad S. M., Shah S. P., “Behavior of hoop confined concrete under high strain 

rates,” ACI Journal, Vol. 82, No. 5, 1985, pp. 634-647. 

[1.54] Mander J. B., Priestley M. J. N., Park R., “Theoretical stress-strain model for 

confined concrete,” Journal of Structural Engineering, Vol. 114, No. 8, 1988, pp. 

1804-1826. 

[1.55] Mander J. B., Priestley M. J. N., Park R., “Observed stress-strain behavior of 

confined concrete,” Journal of Structural Engineering, Vol. 114, No. 8, 1988, pp. 

1827-1849. 

[1.56] Sakino K., Sun Y., “Stress-strain curve of concrete confined by rectilinear hoop,” 

Journal of Structural and Construction Engineering, AIJ, No. 461, 1994, pp. 95-

104. (in Japanese) 

[1.57] Sun Y., Sakino K., “Calculating method of flexural strength of circular hoop-

confined concrete columns – Part 1 Proposal of stress block for concrete,” AIJ 

Kyushu Chapter Architectural Research Meeting (Structure), No. 36, 1997, pp. 

229-232. (in Japanese) 

[1.58] Sakino K., Sun Y., “Calculating method of flexural strength of circular hoop-

confined concrete columns – Part 2 Simplified equations for flexural strength,” 

AIJ Kyushu Chapter Architectural Research Meeting (Structure), No. 36, 1997, 

pp. 233-236. (in Japanese) 

[1.59] Tian F., Sakino K., Sun Y., “Effect of strain gradient on the flexural behavior of 

confined R/C columns,” Journal of Structural Engineering, Vol. 43B, 1997, pp. 

191-198 (in Japanese) 

[1.60] Sun Y., Sakino K., Ikenono Y., “Ultimate strength and deformability of confined 

square RC columns: Part 1 Equivalent stress block of the confined concrete,” 



Chapter 1 

26 

Summaries of Technical Papers of Annual Meeting (C-2 Structures IV), AIJ, 

1998, pp. 325-326. (in Japanese) 

[1.61] Ikenono Y., Sun Y., Sakino K., “Ultimate strength and deformability of confined 

square RC columns,” Summaries of Technical Papers of Annual Meeting (C-2 

Structures IV), AIJ, 1998, pp. 327-328. (in Japanese) 

[1.62] Sun Y., Sakino K., “Calculating method of flexural strength of circular RC 

columns confined by steel tubes,” Proceedings of the Japan Concrete Institute, 

Vol. 20, No. 3, 1998, pp. 1117-1122. (in Japanese) 

[1.63] Wei C., Sun Y., Sakino K, “Calculating method of flexural strength of circular 

tube confined RC columns and circular CFT columns,” AIJ Kyushu Chapter 

Architectural Research Meeting (Structure), No. 40, 2001, pp. 533-536. (in 

Japanese) 

 



Chapter 2 

27 

 

CHAPTER TWO 

2. Seismic behavior of concrete walls reinforced by CFRP bars 

with boundary elements confined by rectilinear hoops 

2.1 Introduction 

Concrete walls have been widely used in building structures, especially in high-rise 

buildings, as lateral seismic resistant components because of their large lateral stiffness. 

Concrete walls located in seismic-prone regions are subjected to not only lateral 

earthquake-induced loading but also vertical loading from the self-weight of structures 

when hit by earthquakes, and the wall panel at the lowest story of high-rise buildings 

usually suffers high axial load. Therefore, seismic behavior of concrete walls under high 

axial load level is of fundamental significance for the whole building safety. 

Boundary elements in the wall panel of concrete walls sustain the largest tension or 

compression stress under composite loading effects caused by vertical and lateral forces 

during earthquakes. Sufficient reinforcement is generally placed in the boundary elements 

to obtain sufficient compressive and tensile strength, resulting in high flexural strength of 

concrete walls. For resilient concrete walls, un-bonded post-tension steel bars and WBUS 

rebars are adopted as longitudinal reinforcement in the boundary elements. Transverse 

reinforcement in the boundary elements also plays a very important role in ensuring sound 

ductility to the compressive concrete by providing lateral confining stress to the concrete. 

Objectives of this chapter are: 1) to obtain basic information on the cyclic behavior of 

concrete walls reinforced by CFRP bars under relatively high axial load with axial load 

ratio of up to 0.33, 2) to investigate the effects of axial load level on seismic behavior of 
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CFRP reinforcing concrete walls, and 3) to verify the effectiveness of composite 

rectilinear hoops with close spacing. 
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2.2 Experimental program 

2.2.1 Details of test walls 

For the purpose of investigating the seismic behavior concrete walls reinforced by CFRP 

bars with boundary elements confined by rectilinear hoops under different axial load 

ratios, three identical full-scale specimens were designed, fabricated and tested under the 

constant axial compression, which consists of three different axial load ratios varied from 

0.17 to 0.33, and the reversed cyclic lateral load. 

 

Section 1-1 

Fig. 2-1 Dimensions and reinforcement details of test walls 
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Fig. 2-2 Anchorage for CFRP bar 

Table 2-1 Outlines of test specimens 

Notati

on 
L/lw n 

Boundary element Web 

Longitudi

nal bars 
Hoops 

Vertical 

bars 
Horizontal bars 

CFRP

RW1 

2 

0.17 
8-CFRP 

bars 

 

4-HRB335 

bars 

HPB300

@50 

 

ρh=3.9% 

HRB335 

@62 

 

ρv=0.8% 

Region above the 

height of 600mm: 

HRB335@70 ρw=0.7% 

 

Region below the 

height of 600mm: 

HRB335@50 ρw=1.0% 

CFRP

RW2 
0.26 

CFRP

RW3 
0.33 

Notes: L/lw, shear span ratio; n, axial load ratio, n=P/(Af’c); P, axial load; A, sectional area 

of wall; f’c, axial compressive strength of concrete; ρh, volumetric ratio of hoops to the 

confined core measured center to center of perimeter hoop of boundary element; ρv, steel 

ratio of vertical web reinforcement; ρw, steel ratio of horizontal web reinforcement. 

All specimens had the same identical geometry and reinforcement details as shown in 

Fig.2-1. The wall panel was 2360mm high by 1280mm long and 200mm thick. The upper 

and lower loading beams were fabricated to apply loading force. The lateral loading point 

was at the height of 2560mm from the bottom of wall panel resulting in a shear span ratio 

of 2.0. 

Eight CFRP bars with the diameter of 12mm were placed in each boundary element and 

plain steel rebars (HPB300) with the diameter of 6mm were used as composite rectilinear 

hoops at a spacing of 50mm to confine boundary elements. Web reinforcement of a wall 
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consisted of two layers deformed steel bars (HRB335) with the diameter of 8mm. 

Horizontal web rebars were placed at the spacing of 50mm within the height of 600mm 

(the potential plastic hinge region) resulting in a steel amount ratio of 1.0%, while the 

spacing of horizontal web rebars became 70mm at the upper region to give a steel amount 

about 0.7%. The vertical web reinforcement was placed uniformly at the spacing of 62mm 

that led to a steel amount ratio of 0.8%. 

The anchoring equipment of CFRP bar is shown in Fig.2-2. Both ends of each CFRP bar 

were anchored to a 10mm-thick steel plate to which the steel sleeve with the length of 

330mm housing CFRP bar with high-strength and non-contract grouting material was 

welded to avoid slippage and ensure the full performance of CFRP bars. 

As shown in the Table 2-1, The experimental variable was the axial load level represented 

as axial load ratios of 0.17, 0.26 and 0.33. Specimen numbers of CFRPRW1, CFRPRW2 

and CFRPRW3 represent three test walls under axial load ratios of 0.17, 0.26 and 0.33 

and the corresponding axial loads were 1580kN, 2431kN, 3160kN, respectively. 

2.2.2 Materials properties 

CFRP bars have the different surface shape from deformed steel bars as shown in Fig. 2-

3. Unlike crescent ribs on the surface of deformed steel bars, spiraled grooves can be seen 

on the surface of CFRP bars, which results in different bound-slip characteristics of bars 

in concrete. Table 2-2 summarizes mechanical properties of used CFRP bars and steel 

bars. The ultra-high tensile strength and completely linear elasticity of CFRP bars are also 

different from ordinary steel bars that have yield stage as shown in Fig. 2-4. 

  

CFRP bar Deformed steel bar 

Fig. 2-3 Surface shapes of bars 

Ready-mixed concrete was used to fabricate the concrete walls and its measured cubic 
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(150mm) compressive strength, f’cu, was 57.2MPa. The axial compressive strength, f’c, 

that is usually used to assess behavior of concrete structures in Chinese design code, such 

as the axial load ratio is defined based on the axial compressive strength, f’c, that 

definition was adopted in this dissertation. The value of f’c can be obtained from f’cu using 

the Eq. (2.1) [2.1]. The calculating f’c equals 36.8MPa. 

Table 2-2 Mechanical properties of reinforcement 

Notation 
db 

(mm) 

As 

(mm2) 

fy 

(MPa) 

fu 

(MPa) 

εy 

(με) 

δ 

(%) 

Es 

(GPa) 

HPB300 6 28.3 414.8 529.4 1860 19.4 223 

HRB335 8 50.3 361.3 502.6 1599 19.2 226 

CFRP bar 12 113.1 - 2310.3 - - 143 

Notes: db, diameter; As, cross-sectional area; fy, yield stress; fu, ultimate strength; εy, yield 

strain; δ, breaking elongation; Es, Young’s modulus. 

 

Fig. 2-4 Stress-strain curves of CFRP and steel reinforcement 

 f’c=0.88αc1αc2f’cu (2.1) 

Where: 

αc1=0.76 for f’cu ≥ 50MPa 

αc1=0.82 for f’cu = 80MPa 

αc2 varies linearly between 0.76 and 0.82 for 50MPa < f’cu <80MPa 

αc2=0.76 for f’cu ≥ 50MPa 

αc2=0.82 for f’cu = 80MPa 

αc2 varies linearly between 0.76 and 0.82 for 50MPa < f’cu <80MPa 
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2.2.3 Loading apparatus 

Walls were tested under reversed cyclic lateral loading and constant axial load applied by 

the loading apparatus shown in Fig. 2-5. The reversed cyclic lateral load was applied to 

the upper loading beam of specimen by using an MTS servo-controlled hydraulic actor 

with the maximum capacity of 2500kN. There were two vertical hydraulic jacks each with 

the capacity of 2000kN to provide the designed axial load level to test specimens. A 

sliding mechanism between vertical hydraulic jacks and reaction steel beam is also 

necessary to let jacks to move with the loading beam of specimen under the cyclic lateral 

load. Besides, Axial loads could be adjusted automatically in real time by hydraulic oil 

pump during the whole test to keep the constant axial load level for test walls. 

 

Fig. 2-5 Loading apparatus 

The reversed cyclic lateral load was controlled by the drift ratio that was calculated 
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through dividing the lateral displacement of MTS servo-controlled actor by the shear span. 

The loading program is illustrated in Fig. 2-6. Two complete cycles were applied at each 

drift level with a increment of 0.2% up to the drift of 2.0%, after which the reversed cycle 

became one cycle at specified drifts and the increment of drift between adjacent levels 

reached 0.5%. 

 

Fig. 2-6 Loading program 

2.2.4 Instrumentation 

As shown in Fig. 2-7, the actual lateral and axial displacement of each test wall were 

measured through displacement transducers (DT). One DT was set at the center of upper 

loading beam to obtained the actual lateral displacement of specimen that is usually 

different form the displacement of actor because of inevitable interspaces and other 

affecting factors. Three pairs of DT were used to measure the axial deformation within 

different gauge lengths along the wall height. And Four pairs of lateral DT were installed 

to measure the distribution of lateral deformation along height at specified drift levels. 

To measure the strains of CFRP bars and hoops in boundary elements, strain gauges were 

embedded onto the surface of rebars as shown in Fig. 2-8. The strains of horizontal and 

vertical web steel bars were also measured by gauges, of which locations are shown in 

Fig. 2-9. 
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Fig. 2-7 Locations of displacement transducers 

 

Fig. 2-8 Locations of strain gauges of CFRP bars and hoops in boundary elements 
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Fig. 2-9 Locations of strain gauges of web reinforcement 
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2.3 Test results and observation 

2.3.1 Observed behavior 

Fig. 2-10 through Fig. 2-12 show the crack patterns of three specimens at several specific 

drifts. It should be mentioned that the lateral loading program were controlled according 

to the actor displacement, while the actual displacement of specimen was always not 

equal with that displacement. So the actual drift calculated using specimen displacement 

are also given in brackets behind the drift derived from actor displacement. The last drift  

shown in each figure means the final loading cycle of each specimen, respectively. The 

red and blue lines in figures represent cracks observed in push and pull directions, 

respectively. The square grids represented by dotted lines with the side of 100mm are 

adopted as a reference to clearly indicate the propagation of crack. In addition, the 

spalling of concrete shell was shown by the solid block with black color. 

For specimen CFRPRW1, the first flexural crack was observed at the drift of 0.06% at 

the section 300mm away from the lower stub in push direction, after which two flexural 

cracks in pull direction commenced at the section 250mm and 430mm away from the 

lower stub when the drift reached 0.09%. The flexure-shear crack was first detected at the 

section 650mm away from the base beam of specimen at the drift of 0.18%. Cracks 

propagated along with increasing drift. When the drift increased to 1.29%, cover concrete 

started to flake. At the end of test, cracks sufficiently propagated along whole height of 

the wall and cover concrete spalling could be observed to concentrate at toes of the wall 

panel as shown in Fig. 2-10. 

CFRPRW2 was tested under a larger axial load than CFRPRW1. Two flexural cracks on 

CFRPRW2 were first observed in push direction at the section 350mm and 810mm away 

from the lower stub, respectively as increasing the drift up to 0.15%, while the lateral 

force reversed to pull direction, three flexural cracks were confirmed at the section 

150mm, 200mm, 500mm away from base with 0.08% drift. The first flexure-shear crack 

formed at the section 500mm away from the lower stub as the drift reached 0.27%. The 

cover concrete spalling off started from 0.89% drift that was earlier than CFRPRW1 result 

from the larger axial load. The effect of axial load on crack propagation can be seen in 
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Fig. 2-11 that the crack pattern of CFRPRW2 exhibits the lower height of 1750mm than 

that of specimen CFRPRW1 at the end of test. 

    

R=0.6%(0.2%) R=1.0%(0.6%) R=1.6%(1.0%) R=3.0%(2.4%) 

Fig. 2-10 Crack patterns of specimen CFRPRW1 

    

R=0.6%(0.3%) R=1.0%(0.6%) R=1.6%(1.1%) R=3.0%(2.5%) 

Fig. 2-11 Crack patterns of specimen CFRPRW2 

For specimen CFRPRW3 that tested under the largest axial load ratio of 0.33, the first 

bending cracks in push and pull directions were noticed at drifts of 0.18% and 0.16%, 

respectively. These flexural cracks distributed at the heights varied from 150mm to 

480mm. While the crack began propagating diagonally to flexure-shear crack at 0.33% 

drift. The cover concrete spalling started at the drift of 0.44% that was the earliest among 

three specimens. Besides, the height of final crack pattern of CFRPRW3 was the lowest 
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with the value of 1600mm. 

    

R=0.6%(0.3%) R=1.0%(0.7%) R=1.6%(1.2%) R=2.5%(2.2%) 

Fig. 2-12 Crack patterns of specimen CFRPRW3 

As described above, the axial load ratio has effects on cover concrete spalling and crack 

propagation, which can be concluded that cover concrete spalling started at relatively 

little drift as increasing the drift ratio, meanwhile the crack propagation was restrained. 

2.3.2 Lateral force-drift responses 

The lateral force-drift (V-R) responses of all specimens are shown in Fig.2-13. The 

superimposed solid red circles and dotted black lines represent the measured maximum 

load and the P-Δ effect by the axial load on lateral resistance, respectively. Experimental 

values of the maximum lateral force and the corresponding drift are summarized in Table 

2-3. 

As can be seen from Fig. 2-13, All specimens had the so-called origin-pointing hysteretic 

loops, which means that the V-R curve approached toward origin at unloading stage 

indicating small residual drift. Specimens CFRPRW1 and CFRPRW2 exhibited stable 

lateral resistance even at the large drift beyond 2.0%. Specimen CFRPRW3 also showed 

the well lateral resistance tell 1.2% drift, after which the degradation of lateral force was 

observed due to the crushing of concrete under high load ratio of 0.33 as well as the 

compression failure of CFRP bars. 
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Fig. 2-13 Measured lateral force-drift (V-R) relationships of specimens 

Table 2-3 Primary results of specimens 

Notation n 
Vmax 

(kN) 

Rmax 

(%) 

Vmin 

(kN) 

Rmin 

(%) 

Vave 

(kN) 

Rave 

(%) 

CFRPRW1 0.17 888.77 1.74 -855.49 -2.10 872.13 1.92 

CFRPRW2 0.26 914.72 1.22 -880.24 -1.23 897.48 1.23 

CFRPRW3 0.33 920.52 1.21 -923.60 -1.15 922.06 1.18 

Notes: n, axial load ratio; Vmax, peak lateral force in push direction; Rmax, corresponding 

drift to Vmax; Vmin, peak lateral force in pull direction; Rmin, corresponding drift to Vmin; 

Vave, average of Vmax and Vmin; Rave, average of Rmax and Rmin. 

The envelop curves of V-R relationships are shown in Fig. 2-14 to better understand the 

effect of axial load ratio. The envelop curves are obtained by connecting the peak point 

of the first cycle of each drift level using straight lines. It should be mentioned that data 

that lateral load declined to below 85% maximum lateral load was removed according to 

the Specification for Seismic Test of Buildings of China (JGJ/T 101-2015) [2.2]. 
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Fig. 2-14 Comparison of envelop curves 

As can be seen from Table 2-3 and Fig. 2-14, The axial load has effects on V-R 

relationships that the lateral force of specimen under high axial load ratio was larger than 

that under relatively lower axial load at same specified drifts before the respective peak 

value of lateral force. After that, the lateral force of CFRPRW3 degraded more sharply 

than other specimens result from the concrete spalling and compression failure of CFRP 

bars under the high axial load ratio. Besides, the peak lateral force increased as increasing 

the axial load ratio, while the corresponding drift and ultimate drift showed the opposite 

tendency. CFRPRW2 and CFRPRW3 experienced larger maximum lateral loads with 

increments of 2.9% and 5.7%, respectively, compared with CFRPRW1. The ultimate drift 

was also affected by the axial load ratio that the high axial load level with the ratio of 0.33 

decreased the ultimate drift of CFRPRW3 by 35.6% compared with CFRPRW1 and 

CFRPRW3. 

2.3.3 Stiffness Degradation 

The stiffness reflects capacity of resisting deformation. For concrete walls, the stiffness 

before cracks commencing is initial stiffness, which indicates the deformation-resisting 

capacity during the elastic stage. As mentioned in the section 2.3.1, there was no cracks 

observed on all specimens at the first loading cycle. So the experimental initial stiffness 

can be obtained using the measured peak lateral load and corresponding displacement at 

the end of first loading cycle. The calculating equation suggested by JGJ/T 101-2015 [2.2] 

is shown as below: 
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𝐾𝑖 =

|+𝑉𝑖| + |−𝑉𝑖|

|+∆𝑖| + |−∆𝑖|
 (2.2) 

Where, Ki is the secant stiffness of i-th loading cycle, +Vi and -Vi are the peak lateral force 

of i-th loading cycle in push and pull directions, respectively. +Δi and -Δi are the 

corresponding lateral displacement to +Vi and -Vi, respectively. Eq. (2.2) can be used to 

calculate not only the initial stiffness of concrete wall but also the secant stiffness of 

different drift levels after cracks commencing when the concrete walls turn from elasticity 

into plasticity. 

Because the initial stiffness means the stiffness of concrete wall in elastic stage, the initial 

stiffness can also be obtained by Eq. (2.3) through Eq. (2.6) on basis of elastic theory. 

 𝐾𝑒 = 𝑉 ∆⁄  (2.3) 

 ∆= ∆𝐵 + ∆𝑆 (2.4) 

 ∆𝐵= 𝑉𝐿
3 (3𝐸𝑐𝐼𝑒)⁄  (2.5) 

 ∆𝑆= 𝜅𝑉𝐿 (𝐺𝑐𝐴)⁄  (2.6) 

Where, Ke is the initial stiffness, V is the lateral force, Δ is the lateral displacement, ΔB 

and ΔS are the lateral displacement caused by the flexural and shear deformation, 

respectively, L is the shear span, Ec is the elastic modulus of concrete (N/mm2) that can 

be obtained by Eq. (2.7) from compressive strength according to reference [2.1], Ie is the 

second moment of area considering reinforcement, κ is the form factor (=1.2), Gc is the 

shear modulus of concrete (=0.4Ec [2.1]), A is the sectional area of concrete wall. 

 𝐸𝑐 =
105

2.2 +
34.7
𝑓𝑐𝑢
′

 (2.7) 

The experimental initial stiffness and calculated initial stiffness of each specimen are 

summarized in Table 2-4. The calculating value of initial stiffness obtained from Eq. (2.2) 

through Eq. (2.7) can give a reasonable predication of experimental initial stiffness within 

the error range of 5% ~ 11% for three specimens. 

As consecutive lateral loading continued, the stiffness of concrete wall degraded after 

cracking because of the accumulation of damage. The secant stiffness at the first cycle of 

each drift level is calculated by Eq. (2.2) and shown in the form of ratio to experimental 
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initial stiffness (Ki/K1) in Fig. 2-15 to indicate the stiffness degradation characteristic 

along with increasing drift. The stiffness of all specimens degraded radically before the 

drift of 0.5%, after which the stiffness degradation tend to slow down and declined to 

about 5% of initial stiffness. It can also be seen in Fig. 2-15 that the high axial load ratio 

decreased the degree of stiffness degradation. 

Table 2-4 Comparison between experimental and calculating initial stiffness 

Notation 

Experiment Calculation 

K1/Ke K1 

(kN/mm) 

Ke 

(kN/mm) 

ΔB 

(nm) 

ΔS 

(nm) 
ΔS/Δ 

CFRPRW1 209.78 

199.36 4.17 0.84 0.17 

1.05 

CFRPRW2 222.19 1.11 

CFRPRW3 184.22 0.92 

Notes: K1, experimental initial stiffness; Ke, calculating initial stiffness; ΔB, lateral 

displacement caused by flexural deformation under the lateral loading of 1N; ΔS, lateral 

displacement caused by shear deformation under the lateral loading of 1N; Δ, ΔB+ΔS. 

 

Fig. 2-15 Comparison of the stiffness degradation 

2.3.4 Strains measured in steel bars and CFRP bars 

The strains of CFRP bars measured at the section 100mm away from the wall base are 

shown in Fig. 2-16 to indicate strain and stress states of CFRP bars reinforcing in concrete 

walls under the quasi-static lateral load. The blue continuous lines represent the strains of 

CFRP bars, while the green dotted horizontal lines are utilized to show the ultimate tensile 

strain of the CFRP bar. 
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It can be observed that CFRP bars did not reached the ultimate tensile strain in spite of 

the axial load ratio. While CFRP bars may suffer compression failure under the high 

compression, which was more obvious in the case of high axial load ratio. The 

compression failure of CFRP bar in CFRPRW3 occurred at the drift of 1.3% as shown in 

Fig. 2-16. The compression failure of CFRP bars can account for the decline of lateral 

resistance of wall. Fig. 2-16 also shows that the strain-drift relations of CFRP bars exhibit 

the same origin-oriented characteristic like V-R curves of walls, which means that the 

ultra-high tensile strength with completely linear elasticity of CFRP bars provides 

resilience for concrete walls. 

  

 

Fig. 2-16 Measured strains of CFRP bars 

Fig. 2-17 shows the strain profiles of CFRP bars along wall height at several drifts, where 

height means distance from the wall base. The strains distribution of CFRP bar along the 

wall height indicate characteristic that the strain measured in the potential hinge region 

exhibited a nearly uniform distribution resulting from the slippage of CFRP bar in 

concrete. 
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Fig. 2-17 Strains distribution of CFRP bar 

Fig. 2-18 indicates the strains of longitudinal steel bars placed in boundary elements at 

the height of 100mm. The superposed green dotted lines represent the yield strain of steel 

bars. These ordinary deformed steel bars reached yield strain early before 0.5% drift, after 

which generated plastic deformation of steel bar gave a negative effect on the resilience 

of walls. 

  

Fig. 2-18 Measured strains of longitudinal steel bars 
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Fig. 2-18 Continued 

Fig. 2-19 shows the strains of hoops in boundary elements at the height of 100mm using 

blue solid lines. The green dotted lines in this figure also represent the yield strain of steel 

hoops. Hoop strains of CFRPRW2 and CFRPRW3 reached yield state at the drifts of 1.5% 

and 1.2%, respectively because of the relatively high axial load ratio, while the hoop of 

CFRPRW1 tested under the lowest axial load ratio of 0.17 did not yield even increasing 

the drift up to 2.0%. 

  

 

Fig. 2-19 Measured strains of hoops in boundary elements 
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The strains of horizontal web reinforcements measured at the height of 100mm are shown 

in Fig. 2-20, of which yield strain is represented by green dotted line. It can be seen that 

only the horizontal web steel bar of CFRPRW3 reached yield strain at the 1.0% drift. For 

specimens of CFRPRW1 and CFRPRW2, there are no distinguishing difference observed. 

  

 

Fig. 2-20 Measured strains of horizontal web steel bars 

2.3.5 Lateral deformation 

The profile of average lateral displacement in push and pull directions along the wall 

height at several specific drifts is plotted in Fig. 2-21. The lateral displacement at each 

height within 600mm ~ 2000mm corresponds to the average of two DTs. The lateral 

displacement of the height, which varied from 600mm to 2560mm, increased linearly, 

while the slope of profile curve became sharp below the height of 600mm resulting in an 

inflection point for all specimens especially at large drifts. The inflection point of lateral 

displacement, which is noted using red solid circle in Fig. 2-21, reflects the rotation of 

concrete wall around the potential plastic hinge region within the approximate height of 

600mm. 
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Fig. 2-21 Profile of the measured lateral displacement along the height of wall 

2.3.6 Residual deformation and residual width of cracks 

Residual deformation and residual crack width are two important parameters to assess the 

resilient capacity of concrete walls. Fig. 2-22 compares measured drifts of three 

specimens. Specimen CFRPRW1 only had 0.17% residual drift even unloading from the 

drift of 1.92%, exhibiting the 86% recovery of deformation after seismic loading. For 

CFRPRW2 and CFRPRW3 tested under relatively high axial load ratio, the excellent 

recovery of lateral drift reached 89% and 86%, respectively, after unloading from the 

maximum drift. The residual drifts after unloading from 1.5% drift of all specimens were 

less than 0.5% even under the high axial load ratio up to 0.33, indicating a repairable 

probability of 98% [2.3]. 

Comparison of the maximum crack width and residual crack width are shown in Fig. 2-

23. The maximum crack width was measured at the peak lateral drift of each loading 

cycle, while the residual crack width was measured when the lateral load was unloaded 

to 0. The property of well recovery after cyclic loading similar to deformation recovering 
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can also be seen on cracks. The flexural crack of specimen CFRPRW1 was effectively 

reduced to only 23% of that measured at the corresponding peak drift level. Specimens 

remained well crack recovering capability though increasing the axial load ratio higher 

than 0.17. 

 

Fig. 2-22 Comparison of residual drifts 

  

(a) maximum crack width (b) residual crack width 

Fig. 2-23 Comparison of crack widths 

2.3.7 Energy dissipation capacity 

The energy dissipation capacity of seismic components can be assessed using the index 

of equivalent viscous damping (EVD). According to JGJ/T 101-2015 [2.2], the equivalent 

viscous damping can be calculated in form of  

 𝜁𝑒𝑞 =
1

2𝜋
∙
𝑆(𝐴𝐵𝐶+𝐶𝐷𝐴)

𝑆(𝑂𝐵𝐸+𝑂𝐷𝐹)
 (2.8) 
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Where, S(ABC+CDA) is the area of shadow region encircled by the hysteretic loop, S(OBE+ODF) 

is the areas of two triangles OBE and ODF as shown in Fig. 2-24. 

 

Fig. 2-24 Concept of the equivalent viscous damping [2.2] 

The calculating results of EVD are shown in Fig. 2-25. The EVDs of all specimens exhibit 

an inverted triangle trend that EVDs declined first and remained the constant value of 0.1 

within 0.5% ~1.0% drifts, after which increased with the drift. There is no evident 

difference on EVDs of three specimens before the drift of 1.0%, while the EVD of 

specimen under high axial load ratio went up faster than that under low axial load ratio 

after 1.0% drift. The measured EVD for the three test walls was beyond 0.095, implying 

that concrete walls reinforced by CFRP bars had higher energy-dissipation capacity than 

UPTP walls whose EVD was less than 0.04 [2.4]. 

 

Fig. 2-25 Comparison of the equivalent viscous damping 



Chapter 2 

51 

2.4 Conclusions 

In this chapter, three full-scale CFRP bar reinforcing concrete walls with rectilinear hoops 

in the boundary elements were fabricated and tested under cyclic reversed lateral load and 

axial compression with three axial load ratios of 0.17, 0.26 and 0.33 to investigate the 

seismic behavior of the walls under high axial load level. When supported by concrete 

walls with a span of 8.0 m in the transverse direction, the axial load ratios of 0.17, 0.25, 

and 0.33 approximately correspond to the total gravity sustained by inner walls at the 

lowest story of the buildings of 10-story, 15-story, and 20-story, respectively. 

From the experimental results and discussion described in this chapter, the following 

conclusions can be drawn: 

1) The ultimate state (peak point at the V-R curve) of concrete walls reinforced by CFRP 

bars was dominated by the rupture of the CFRP bars under compression. With the 

increment of axial load ratio, the stable drift-hardening capacity of concrete walls 

decreased from 2.0% drift to 1.2% drift due to the compression failure of CFRP bars 

and the crushing of concrete shell of the walls. 

2) The residual drift ratio of the wall was kept less than 0.3% after unloading from the 

1.5% drift level regardless of axial load level due to the long elasticity of CFRP bars. 

However, to ensure the walls a drift-hardening capacity of 2.0%, which has been 

defined as the drift of life safety for common concrete components in current design 

codes, the axial load ratio should be limited below 0.25 for concrete walls reinforced 

with CFRP bars. 

3) The residual width of cracks decreased along with the increase of axial load and 

exhibited very small values. The recovery ratio of the residual crack width to 

corresponding maximum crack width measured at the drift of 1.5% reached 77%, 

94%, and 88% in the specimens with axial load ratio of 0.17, 0.26, and 0.33, 

respectively.  

4) The measured minimum equivalent viscous damping for the three test walls was 
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beyond 0.095, implying that concrete walls reinforced by CFRP bars had higher 

energy-dissipation capacity than UPTP walls. 
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CHAPTER THREE 

3. Seismic behavior of concrete walls reinforced by CFRP bars 

with boundary elements confined by circular hoops 

3.1 Introduction 

The experimental results of concrete walls reinforced by CFRP bars with boundary 

elements confined by rectilinear hoops described in chapter two have shown satisfactory 

drift-hardening capacity even under high axial load. However, rectilinear hoops had been 

placed in a composite form (perimeter hoop plus overlapped hoops or cross ties) to 

guarantee more effective confinement to the concrete core by mitigating the so-called 

arch effect as shown in Fig. 3-1 [3.1], which tends to cause some construction difficulty. 

Besides, according to the study by Blume and Newmark [3.2], the confining effect of 

rectilinear hoops is approximately 50% of that by circular hoops when the same amount 

of hoops is used. 

 

Fig. 3-1 Arch effect in the cross section [3.1] 

From the above-mentioned observations, it is presumed that using circular hoops to 

confine the concrete in the boundary elements may provide more convenient and higher 
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confinement effect than composite rectilinear hoops, resulting in identical seismic 

performance of concrete walls with CFRP bars with much smaller amount of transverse 

hoops. 

Objectives of this chapter are, 1) to present experimental information on the seismic 

behavior of concrete walls reinforced by CFRP bars with the boundary elements being 

confined by circular hoops, and 2) to investigate effects of circular hoops in the boundary 

elements on the seismic properties of the walls. 
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3.2 Experimental program 

To achieve the research objectives, three full-scale specimens having the same geometry 

and reinforcement details as specimens in chapter two except for hoops in boundary 

elements were fabricated and tested. Because of materials properties, loading apparatus 

and instrumentation of the experimental program in this chapter were same as that in 

chapter two, only the details of test walls will be described in this section. 

 

Section 1-1 

Fig. 3-2 Dimensions and reinforcement details of test walls 
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Fig. 3-2 and Table 3-1 shows the reinforcement details and outlines of test specimens, 

respectively. All specimens with the same geometry were reinforced by the same 

arrangement and tested under three different axial load ratios of 0.17, 0.26 and 0.33. It 

can be seen that specimens with circular hoops have the identical CFRP bars in boundary 

elements with the specimens having rectilinear hoops and each end of CFRP bars was 

also anchored using the same method as shown in Fig. 2-2 in last chapter. The circular 

hoops were placed in boundary elements at the spacing of 50mm leading to the volumetric 

ratio to the confined core of 1.4%, which is only 36% of the volumetric ratio of rectilinear 

hoops at the same spacing. The web vertical and horizontal reinforcement was uniform 

as specimens described in previous chapter. 

The experimental variable was also the axial load ratio, which varied from 0.17 to 0.33. 

Specimen notations were marked as CFRPHW1, CFRPHW2 and CFRPHW3 to 

correspond to axial load ratios of 0.17, 0.26 and 0.33, respectively. 

Table 3-1 Outlines of test specimens 

Notati

on 
L/lw n 

Boundary element Web 

Longitudi

nal bars 
Hoops 

Vertical 

bars 
Horizontal bars 

CFRP

HW1 

2 

0.17 
8-CFRP 

bars 

 

4-HRB335 

bars 

HPB300

@50 

 

ρh=1.4% 

HRB335 

@62 

 

ρv=0.8% 

Region above the 

height of 600mm: 

HRB335@70 ρw=0.7% 

 

Region below the 

height of 600mm: 

HRB335@50 ρw=1.0% 

CFRP

HW2 
0.26 

CFRP

HW3 
0.33 

Notes: L/lw, shear span ratio; n, axial load ratio, n=N/(Af’c); N, axial load; A, sectional 

area of wall; f’c, axial compressive strength of concrete; ρh, volumetric ratio of hoops to 

the confined core measured center to center of perimeter hoop of boundary element; ρv, 

steel ratio of vertical web reinforcement; ρw, steel ratio of horizontal web reinforcement. 
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3.3 Test results and observation 

3.3.1 Observed behavior 

The crack patterns of specimens are shown in Fig. 3-3 through Fig. 3-5. The drift below 

each crack pattern is the targeted one of loading program shown in Fig. 2-6, while the 

drift in bracket behind loading targeted drift represent the actual drift measured by DT. 

The last pattern of each figure shows the cracks observed at the end of test. Cracks 

observed in push and pull directions are represented using red and blue lines, respectively, 

and the spalling of concrete is shown in black solid. Besides, the dotted-line grids with 

the size of 100mm are utilized to give a reference to the crack pattern. 

For specimen CFRPHW1, when the lateral drift reached 0.06% in pull direction, the 

flexural crack was first observed at the section 370mm away from the wall base. The first 

flexural crack in push direction arose at the drift of 0.19%. As increment of lateral drift  

up to 0.31%, flexure-shear cracks were observed. The cover concrete began to spall off 

as the drift increased to 0.90%. Cracks propagation distributed along the height of 

1900mm after experiencing the final loading cycle with the targeted drift of 3.0%. 

    

R=0.6%(0.3%) R=1.0%(0.6%) R=1.6%(1.1%) R=3.0%(2.4%) 

Fig. 3-3 Crack patterns of specimen CFRPHW1 

The flexural crack was also first observed during the test of specimen CFRPHW2 at the 

drift of 0.07%. The next specific observed behavior was the flexure-shear crack when 
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increasing the drift up to 0.13%. As reversed cyclic lateral loading continued, spalling of 

cover concrete started to appear at 1.04% drift. At the end of test, cracks propagated up 

to the section of 1730mm away from the base stub. 

    

R=0.6%(0.2%) R=1.0%(0.5%) R=1.6%(1.0%) R=2.5%(1.9%) 

Fig. 3-4 Crack patterns of specimen CFRPHW2 

For specimen CFRPHW3, the flexural and flexure-shear cracks were observed at the 

drifts of 0.05% and 0.12%, respectively. When the drift increased to 0.56%, the concrete 

spalling was observed. As shown in Fig. 3-5, the cracks propagating height reached up to 

1600mm accounting for 68% of the overall wall panel.  

    

R=0.6%(0.3) R=1.0%(0.6%) R=1.6%(1.1%) R=2.0%(1.6%) 

Fig. 3-5 Crack patterns of specimen CFRPHW3 
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The crack propagating height declined as increasing the axil load ratio comparing crack 

patterns of three specimens, which indicates the restraining effect of axial load on cracks 

propagation. 

3.3.2 Lateral force-drift responses 

Fig. 3-6 shows the V-R curves of specimens with circular hoops, where the point of 

maximum lateral load was covered using the solid red circle. Besides, the P-Δ effect on 

lateral force was represented by the dotted lines. Table 3-2 summarizes primary 

experimental results. 

The CFRP bars reinforcing concrete walls with boundary elements confined by circular 

hoops can also exhibit well resilience with little residual deformation up to 1.5% drift 

even under the high axial load ratio of 0.33 as shown in Fig. 3-6. For CFRPHW1 and 

CFRPHW2 under relatively lower axial load ratios than 0.33, they can maintain resilient 

capacity up to near 2.0%. The compression failure of CFRP bars and crushing of concrete 

shell account for the decline of lateral force that resulted in failure of walls. 

The effects of axial load ratio can be found by comparison of three specimens in Table 3-

2 and Fig. 3-7. The method to obtain envelop curves is identical with specimens with 

rectilinear hoops, which has been described in detail already. As shown in Fig. 3-6 and 

Table 3-2, The maximum lateral load increased with the increment of axial load ratio. The 

specimen CFRPHW3 had the highest maximum lateral load of 926kN that was 8% and 

13% larger than CFRPHW2 and CFRPHW1, respectively. While the corresponding drift 

to maximum lateral load showed the inverse tendency that the drift decreased from 1.64% 

to 1.02% as increasing the axial load ratio. 

Table 3-2 Primary results of specimens 

Notation n 
Vmax 

(kN) 

Rmax 

(%) 

Vmin 

(kN) 

Rmin 

(%) 

Vave 

(kN) 

Rave 

(%) 

CFRPHW1 0.17 846.96 1.86 -790.97 -1.42 818.97 1.64 

CFRPHW2 0.26 859.59 1.08 -854.98 -1.38 857.29 1.23 

CFRPHW3 0.33 950.91 1.16 -902.94 -0.88 926.93 1.02 

Notes: n, axial load ratio; Vmax, peak lateral force in push direction; Rmax, corresponding 

drift to Vmax; Vmin, peak lateral force in pull direction; Rmin, corresponding drift to Vmin; 
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Vave, average of Vmax and Vmin; Rave, average of Rmax and Rmin. 

  

 

Fig. 3-6 Measured lateral force-drift (V-R) relationships of specimens 

 

Fig. 3-7 Comparison of envelop curves 

3.3.3 Stiffness Degradation 

The experimental secant stiffness of each drift level was calculated according to the Eq. 

(2.2) and calculating initial stiffness was obtained by the Eq. (2.3) through Eq. (2.6). All 
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these equations can be found in the last chapter.  

Table 3-3 compares the experimental initial stiffness (measured secant stiffness at the first 

loading cycle) and calculating initial stiffness of circular hoops confining walls. It can be 

seen that the calculating initial stiffness agreed well with the experimental initial stiffness 

with the difference range of 4% ~13%. 

Fig. 3-8 shows comparison of the stiffness degradation caused by cumulative damage 

under cyclic loading. The specimen CFRPHW1 exhibited nearly same stiffness 

degradation curve as CFRPHW2. For specimen CFRPHW3, its secant stiffness was larger 

than other two specimens at same specific drifts. 

Table 3-3 Comparison between experimental and calculating initial stiffness 

Notation 

Experiment Calculation 

K1/Ke K1 

(kN/mm) 

Ke 

(kN/mm) 

ΔB 

(nm) 

ΔS 

(nm) 
ΔS/Δ 

CFRPHW1 173.84 

199.36 4.17 0.84 0.17 

0.87 

CFRPHW2 190.43 0.96 

CFRPHW3 173.87 0.87 

Notes: K1, experimental initial stiffness; Ke, calculating initial stiffness; ΔB, lateral 

displacement caused by flexural deformation under the lateral loading of 1N; ΔS, lateral 

displacement caused by shear deformation under the lateral loading of 1N; Δ, ΔB+ΔS. 

 

Fig. 3-8 Comparison of the Stiffness degradation 
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3.3.4 Strains measured in steel bars and CFRP bars 

Fig. 3-9 shows the measured strain of CFRP bar at the height of 100mm for CFRPHW3, 

while for specimens CFRPHW1 and CFRPHW2, the CFRP strain at the height of 300 

mm is shown because strain gauges broke down. The ultimate tensile strain of the CFRP 

bar is also plotted by green dotted line. Tensile rupture of CFRP bars was not observed 

for all specimens in spite of the axial load ratio according to measured strains of CFRP 

bars. It is reasonable to infer that the compression failure of CFRP bars occurred under 

high compression stress, which account for the decline of lateral resistance of walls. The 

other point obtained from strain-drift curves of CFRP bars is the origin-oriented property 

resulting from ultra-high tensile strength with linear elasticity of CFRP bars, which offers 

components resilience. 

  

 

Fig. 3-9 Measured strains of CFRP bars 

The strain profiles of CFRP bars along height of walls are shown in Fig. 3-10. The 

slippage of CFRP bars within the potential hinge region can also be observed as 

specimens with rectilinear hoops in spite of the axial load ratio. 
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Fig. 3-10 Strains distribution of CFRP bar 

Strains of longitudinal steel bars in boundary elements at the height of 100 mm are 

measured and shown in Fig. 3-11, in which green dotted lines represent yield strain of the 

steel bars. The longitudinal steel bars of all specimens yielded before the drift of 0.5% 

resulting large plastic deformation under the reversed load. 

  

Fig. 3-11 Measured strains of longitudinal steel bars 



Chapter 3 

66 

 

Fig. 3-11 Continued 

Fig. 3-12 shows measured strains of circular hoops at the height of 100mm. The yield 

strain of hoop is also shown as green dotted line in each figure. Circular hoops yielded 

under the axial load ratios of 0.26 and 0.33 at the drift of 1.2%. For specimen CFRPHW1 

tested under 0.17 axil load ratio, yield of the circular hoop did not be observed according 

to the strain-drift relationship. 

  

 

Fig. 3-12 Measured strains of hoops in boundary elements 
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The horizontal web steel bar placed in each specimen at the height of 100 mm did not 

yield during the test as shown in Fig. 3-13. 

  

 

Fig. 3-13 Measured strains of horizontal web steel bars 

3.3.5 Lateral deformation 

Lateral displacements of the heights of 600mm, 1200mm, 1600mm, 2000mm and 

2560mm at several drifts are plotted in the form of profile in Fig. 3-14 to represent 

deforming characteristic of specimens. The red solid ellipses mark the inflection point of 

the profile of lateral displacement that means large rotation occurred below this point 

resulting in the variation on slope of the profile. 

3.3.6 Residual deformation and residual width of cracks 

Residual deformation and residual crack width of concrete walls with circular hoops are 

shown in Fig. 3-15 and Fig. 3-16, respectively. All specimens exhibited well recovering 

capacity on deformation even under the axial load ratio up to 0.33. The recovering ratio 



Chapter 3 

68 

of residual drift to peak drift at the last loading cycle reached over 85% for all specimens. 

  

 

Fig. 3-14 Profile of the measured lateral displacement along the height of wall 

 

Fig. 3-15 Comparison of the measured residual drifts 

Fine recoverability can also be observed from the residual crack width. As shown in Fig. 

3-16, the ratio of residual crack width to corresponding maximum crack width at the 

ultimate drift is only 25% for the spacemen CFRPHW1, and that ratio still remains low 

values of 7% and 15% for other two specimens under higher axial load ratios of 0.26 and 
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0.33, respectively. 

  

(a) maximum crack width (b) residual crack width 

Fig. 3-16 Comparison of the crack widths 

3.3.7 Energy dissipation capacity 

The equivalent viscous damping (EVD) is utilized to assess the energy dissipation 

capacity of concrete walls with circular hoops as well. Fig. 3-17 shows comparison of the 

EVD. Three walls exhibited almost the same EVD of about 0.1 within 0.5% ~1.0% drifts. 

When the drift beyond 1.0%, The EVDs of CFRPHW2 and CFRPHW3 remained uniform 

and increased with drift until failure, while the EVD of CFRPHW1 was slightly lower 

and reached up to 0.2 at the drift of 2.5%. Like the walls described in chapter two, the 

measured minimum EVD for the test walls confined by circular hoops was 0.095 that was 

larger than the maximum EVD (=0.04) of UPTP walls, indicating higher energy-

dissipation capacity than UPTP walls [3.3]. 

 

Fig. 3-17 Comparison of the equivalent viscous damping 
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3.4 Comparisons with specimens confined by rectilinear hoops 

To clearly understand the effect of hoops in boundary elements, the envelop curves of 

specimens with circular hoops are compared with that of specimens confined by 

rectilinear hoops as shown in Fig. 3-18. In general, envelop curves of circular-hoop series 

overlap that of rectilinear-hoop series before the drift of 1.0%, and the decline of lateral 

force at large drift is more evident for circular-series in spite of the axial load ratio. For 

the axial load ratio of 0.17, rectilinear-hoop confining walls exhibited the slightly larger 

lateral force after 1.0% drift and ultimate drift in pull direction than circular-hoop 

confining one. The similar situation can be observed for the axial load ratio of 0.26 that 

CFRPRW2 had the ultimate drift over 2.0%, while the ultimate drift of CFRPHW2 did 

not exceed 1.8% in push direction. When the axial load ratio reached 0.33, two series of 

specimens exhibited the same deformability. 

  

(a) axial load ratio of 0.17 (b) axial ratio of 0.26 

 

 

(c) axial load ratio of 0.33  

Fig. 3-18 Effect of hoops in boundary elements  
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3.5 Conclusions 

In order to investigate if confinement of concrete in the boundary elements by circular 

hoops can ensure sufficient drift-hardening capacity to concrete walls reinforced with 

CFRP bars, three full-scale specimens were fabricated and tested under the same 

experimental condition as described in chapter two. From the experimental results and 

comparisons, the following conclusions can be drawn: 

1) While the steel amount of circular hoops (volumetric ratio of 1.4%) was only 36% of 

that of the composite rectangular hoops used in the boundary element of the walls 

described in chapter two, concrete walls reinforced by CFRP bars with boundary 

elements being confined by circular hoops exhibited stable lateral resistance up to 

about 2.0% drift if the axial load ratio was less than 0.26. The specimen under high 

axial load with axial load ratio of 0.33 showed stable lateral resistance up to 1.2% 

drift. These facts imply high efficiency of confinement by circular hoops, use of 

which could simultaneously reduce the steel amount of transverse bars and improve 

construction of the walls. 

2) The residual drift ratios of all specimens were kept less than 0.3% after unloading 

from the 1.5% drift level regardless of axial load level, indicating high reparability 

of CFRP bar reinforcing concrete walls. 

3) High reparability was also observed from the residual crack width. The ratio of 

residual crack width to corresponding maximum crack width at the ultimate drift is 

only 25% for the wall with axial load ratio of 0.17, and that ratio remained as low as 

7% and 15% for the walls under higher axial load with axial load ratios of 0.26 and 

0.33, respectively. 

4) Confinement by circular hoops couldn’t change the ultimate state of concrete walls 

reinforced by CFRP bars, which still was dominated by the rupture of the CFRP bars 

under compression. With the increment of axial load ratio, the stable drift-hardening 

capacity of concrete walls decreased from 2.0% drift to 1.2% drift due to the 

compression failure of CFRP bars. 
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5) Like the walls described in chapter two, the measured minimum equivalent viscous 

damping for the three test walls confined by circular hoops was beyond 0.095, 

indicating higher energy-dissipation capacity than UPTP walls. 
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CHAPTER FOUR 

4. Numerical analytical methods to assess hysteretic behavior 

of concrete walls reinforced by CFRP bars 

4.1 Introduction 

As described in chapter two and chapter three, concrete walls reinforced by CFRP bars 

exhibited stable lateral resistance and well resilience, which can be attributed to the long 

linear elasticity of CFRP bar due to its ultra-high tensile strength and low bond strength. 

In particular, due to the low bond strength of CFRP bars, the well-known plane-remain-

plane assumption, which has been generally made as conducting analysis of cyclic 

behavior of concrete components made of longitudinal deformed rebars with high bond 

strength, may not be applicable to the analysis of CFRP bar reinforcing concrete walls. A 

numerical analysis method is apparently desirable for evaluating seismic performance of 

concrete walls with CFRP bars. 

Sun and his colleagues have proposed an integrated analytical method for concrete 

components, and the proposed method can take into account the effect of bond slippage 

of longitudinal rebars on the cyclic response of general concrete columns and walls 

reinforced by rebars with high and/or low bond strength [4.1-4.3]. 

Objective of this chapter are to develop analytical method to predict seismic performance 

of concrete walls reinforced with CFRP bars by modifying the analytical method 

proposed by Sun et al., and to verify reliability and accuracy of the numerical analytical 

method.  
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4.2 Numerical analytical method 

4.2.1 Simplified analysis model for concrete wall 

The simplified analysis model for concrete wall is shown in Fig. 4-1. Rotation of the wall 

concentrates in the plastic hinge with uniform curvature to simplify calculating 

procedures. Then the relation between curvature of cross section, 𝜙, and the drift caused 

by flexural deformation, Rf, can be simply obtained as shown in Fig. 4-1. It is important 

to figure out the ratio of the lateral drift from flexural deformation to overall drift before 

analyzing, of which calculating methods will be described after. 

 

Fig. 4-1 Simplified analysis model for concrete wall 

4.2.2 Bond-slip spring zone 

To take into account the slippage of CFRP bars in concrete, CFRP bars are considered to 

connect with concrete through several bond-slip springs, which is called finite springs 

method (FSM). In the FSM, the concrete wall is divided into three zones as shown in Fig. 

4-2. Bond-slip springs in the component side are shown as an example to explain the FSM 

method. As shown in Fig. 4-2, The bond-slip spring zone is divided into n segments, each 

of them is a bond-slip spring, through which the CFRP bar is connected with the concrete. 

The bond-slip relation is defined by the function of 𝜏 ( ) with variables of bond stress and 
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slippage. The objective of bond-slip springs model is to obtain stress of CFRP bar, 𝜎C, as 

the slip value, SC, is given. That calculating procedure based on the model shown in Fig. 

4-2 is summarized as follows: 

1) Assign the SC to S0 that is the slip of the first segment, SC=S0. 

2) Give an initial value of 𝜎0 to the stress of CFRP bar in the first segment. 

3) The CFRP bar stress and slip in adjacent segment, 𝜎1 and S1 can be calculated by Eq. 

(4.1) and Eq. (4.2) based on 𝜎0 and S0 

 𝜎1 = 𝜎0 − 𝜏(𝑆0)
4𝑙

𝑑𝑠
 (4.1) 

 𝑆1 = 𝑆0 − 𝑓𝐶𝐹
−1(𝜎1)𝑙 (4.2) 

Where, l is the length of segment, ds is the diameter of CFRP bar, 𝜏 ( ) is the bond stress-

slip function, 𝑓𝐶𝐹
−1( ) is the inverse function of CFRP bar stress-strain relation. 

4) Then the stress and slip of the (k+1)-th segment, 𝜎k and Sk can also be obtained as 

follow: 

 𝜎𝑘+1 = 𝜎𝑘 − 𝜏(𝑆𝑘)
4𝑙

𝑑𝑠
 (4.3) 

 𝑆𝑘+1 = 𝑆𝑘 − 𝑓𝐶𝐹
−1(𝜎𝑘+1)𝑙 (4.4) 

5) Because both ends of CFRP bar are well anchored using the equipment shown in Fig. 

2-2, the boundary condition is Sn+1=0. If the calculated Sn+1=0, the assumed 𝜎0 is the 

correct result of 𝜎C corresponding to the given SC; if not, assume a new 𝜎0 and repeat 

calculations of step 3) and step 4). 

The stress of CFRP bar in base side 𝜎B can be derived from SB by the same calculating 

procedures as component side. 
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Fig. 4-2 Bond-slip springs model 

4.2.3 Plastic hinge zone 

In the plastic hinge zone, the stress and strain of CFRP bars are uniformly distributed and 

the stress in hinge zone equals the stress in the first segment of bond-slip spring zone. In 

other word, 𝜎H=𝜎C=𝜎B. CFRP bars are not considered to have any connection with 

concrete in the plastic hinge zone. While the vertical web reinforcements consisted of 

deformed steel bars are assumed well bonded with concrete so slippage is ignored. The 

cross section is divided into finite elements as shown in Fig. 4-3, where the strain profile 

is also exhibited. It can be seen that only the plane of concrete and steel bars remains 

plane after bending, the strain profile of CFRP bars is lower than that of concrete and steel 

bars due to the slip. 

The curvature of cross section 𝜙 can be obtained using the simplified model described in 

4.2.1. Once strain at the center of section εce is decided, the strain of each concrete fiber 

and steel bar can be calculated based on the plane-remain-plane assumption. Strains of 

CFRP bars will be obtained using the FSM in 4.2.2. Through obtained strains of 

reinforcement and concrete, stress will also be got based on material models that will be 

described in the next section and then the axial load and moment of the section can be 

calculated. 
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Fig. 4-3 Section discretion and strain profile in the wall section 

In the original analysis of SBPDN bars reinforcing concrete walls by Fujitani and Sun 

[4.3], confinement of hoops in boundary elements was ignored and only considered the 

confining effect of horizontal web reinforcement. While confinement of hoops placed in 

boundary elements will be well considered in this dissertation and verified by comparing 

the analytical and experimental results to confirm that if this modification on the original 

method [4.3] can enhance the accuracy of analytical method after. 

4.2.4 Basic assumptions 

Analyzing models in the numerical method have been introduced in previous sections 

where some assumptions are adopted to simplify calculating procedures. Above-

mentioned assumptions will be summarized as follows to clarify preconditions for 

beginning of the analysis: 

1) The rotation resulting from flexural deformation concentrates in the plastic hinge 

zone with uniform curvature. 
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2) The plane of concrete and steel bars remains plane after bending. 

3) Strain and stress of CFRP bars are uniformly distributed within the plastic hinge zone. 

4.2.5 Analytical procedures 

Based on above-mentioned assumptions and models, the procedures to trace cyclic V-R 

response of concrete component considering the bound-slip effect of rebars proposed by 

Sun et al. [4.1-4.3] can be described as follows: 

1) Divide a member into bond-slip spring zones and plastic hinge zone as shown in Fig. 

4-2. 

2) For a given drift caused by flexural deformation Rf, calculate curvature 𝜙 in the 

plastic hinge zone by Eq. (4.5) based the first assumption and the model shown in 

Fig. 4-1. 

 𝜙 =
𝑅𝑓

𝐿𝑝(1 −
𝐿𝑝
2𝐿)

 (4.5) 

Where, Lp is the plastic hinge length, L is the shear span. 

3) Give an initial value to the strain at the center of section εce, and obtain the concrete 

strain distribution εc and steel bar strain εs across the section depth following the 

second assumption and Fig. 4-3. 

4) Give an initial value to the slip SB at the bond-spring zone of base side. 

5) Obtain the CFRP stress 𝜎B at the bond-spring zone of base side by the FSM described 

in 4.2.2. 

6) Calculate the CFRP strain εCF in plastic hinge zone by the equation as below: 

 𝜀𝐶𝐹 = 𝑓𝐶𝐹
−1(𝜎𝐻) (4.6) 

Where, 𝑓𝐶𝐹
−1( ) is the inverse function of CFRP bar stress-strain relation, 𝜎H is the CFRP 
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bar stress in plastic hinge that equals 𝜎B and is uniform within the hinge region because 

of the third assumption. 

7) Get the slip SC at the bond-spring zone of component side according to the difference 

on elongation between CFRP bar and concrete within hinge zone as the below 

equation shown: 

 𝑆𝐶 = −𝑆𝐵 + (𝜀𝑐 − 𝜀𝐶𝐹)𝐿𝑝 (4.7) 

8) Obtain the CFRP bar stress 𝜎C at the bond-spring zone of component side by the FSM 

described in 4.2.2. 

9) If 𝜎C = 𝜎B exists, then the εCF in step 6) is the CFRP bar strain in hinge zone, if not, 

assume a new slip SB and repeat calculations of step 4) through step 8). 

10) For all CFRP bars, repeat step 4) through step 9) to obtain the CFRP bar strain 

distribution taking account of the slip effect. 

11) Calculate the concrete fiber stress fc, the steel bar stress fs, and the CFRP bar stress 

fCF from respective constitutive law that will be introduced in the next section. 

12) Calculate the internal axial load N by Eq. (4.8) 

 𝑁 =∑𝑓𝑐𝐴𝑐 +∑𝑓𝑠𝐴𝑠 +∑𝑓𝐶𝐹𝐴𝐶𝐹  (4.8) 

Where, fc, fs, fCF, are the stress of each concrete fiber, steel bar, and CFRP bar, respectively, 

and Ac, As, ACF, are the corresponding areas. 

13) If the calculated internal axial load N balances the applied axial load P within a 

tolerable error, move forward the next step. If not, assume a new center strain εce and 

repeat form step 3). 

14) Obtain the moment of cross section using Eq. (4.9). 

 𝑀 =∑𝑓𝑐𝐴𝑐ℎ𝑐 +∑𝑓𝑠𝐴𝑠ℎ𝑠 +∑𝑓𝐶𝐹𝐴𝐶𝐹ℎ𝐶𝐹  (4.9) 
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Where, hc, hs, hCF are the distances to centroidal axis of each concrete fiber, steel bar, and 

CFRP bar, respectively. 

15) Calculate the lateral force V corresponding to the given drift Rf through Eq. (4.10). 

 𝑉 =
𝑀

𝐿
− 𝑃𝑅𝑓 (4.10) 

Where, P is the applied axial load. 

4.2.6 Calculation of flexural deformation and plastic hinge length 

As described above, it is inevitable to decide the drift caused by flexural deformation and 

plastic hinge length before the analysis of hysteretic behavior. In 2.3.3 and 3.3.3 the 

flexural and shear deformation of specimens have been calculated based on the elastic 

theory, where the ratio of flexural deformation to overall deformation is 0.83 for all 

specimens. In this section, flexural deformation and plastic hinge length will be calculated 

according to the measured vertical displacement along wall height. 

 

Fig. 4-4 Calculating methods of experimental rotation 

The calculating procedures are shown as follows: 

1) Obtain the experimental rotation exp𝜃i (shown in Fig. 4-4) at the height of 400mm, 
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800mm and 1200mm according to vertical displacements measured by DTs (shown 

in Fig. 2-6) at peak drifts by Eq. (4.11) 

 𝜃𝑖 =𝑒𝑥𝑝

𝑣𝑒𝑝𝑢𝑠ℎ(ℎ𝑖) + 𝑣𝑒𝑝𝑢𝑙𝑙(ℎ𝑖)

𝑙𝑤 + 2𝑥
 (4.11) 

Where, vepush(hi) and vepull(hi) are the measured displacement by vertical DTs at the height 

of hi, lw is the cross section length of wall, x is the distance between DT and wall. 

2) Take parameters of α and 𝛽 that are the ratio of lateral displacement resulting from 

shear deformation Δs to overall lateral displacement Δ and the ratio of plastic hinge 

length Lp to the section length lw respectively to obtain the calculating shear rotation 

cals𝜃i and the calculating flexural rotation calf𝜃i at the height of hi based on the 

simplified deformation models shown in Fig. 4-5 by Eq. (4.12) through (4.22) 

  
(a) Shear deformation model (b) Flexural deformation model 

Fig. 4-5 Models of wall deformation 

 ∆𝑠= 𝛼∆ (4.12) 

 𝐿𝑝 = 𝛽𝑙𝑤 (4.13) 

 tan 𝜃𝑠 =
∆𝑠
𝐿

 (4.14) 

 δ(ℎ𝑖) = ∆𝑠
ℎ𝑖
𝐿

 (4.15) 

 𝑣𝑐𝑝𝑢𝑠ℎ(ℎ𝑖) = [𝑥 + 𝛿(ℎ𝑖)] tan 𝜃𝑠  (4.16) 
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 𝑣𝑐𝑝𝑢𝑙𝑙(ℎ𝑖) = [𝑥 − 𝛿(ℎ𝑖)] tan 𝜃𝑠 (4.17) 

 𝜃𝑖𝑐𝑎𝑙𝑠 =
𝑣𝑐𝑝𝑢𝑠ℎ(ℎ𝑖) + 𝑣𝑐𝑝𝑢𝑙𝑙(ℎ𝑖)

𝑙𝑤 + 2𝑥
 (4.18) 

 ∆𝑓= ∆ − ∆𝑠 (4.19) 

 𝜙 =
∆𝑓

(𝐿 −
𝐿𝑝
2 )𝐿𝑝

 (4.20) 

 𝜃𝑖𝑐𝑎𝑙𝑓 = {
𝜙ℎ𝑖
𝜙𝐿𝑝

 
hi≤Lp 

(4.21) 
hi>Lp 

 𝜃𝑖𝑐𝑎𝑙 = 𝜃𝑖𝑐𝑎𝑙𝑠 + 𝜃𝑖𝑐𝑎𝑙𝑓  (4.22) 

Where, 𝜃s is the rotation of wall caused by shear deformation, 𝛿(hi) is the lateral 

deformation at the height of hi resulting from shear deformation, vcpush(hi) and vcpull(hi) are 

the calculated displacement of DTs at the height of hi, Δf is the lateral displacement due 

to flexural deformation, 𝜙 is the curvature within plastic hinge region. cal𝜃i is the 

calculated rotation at the height of hi. 

3) cal𝜃i is the function of parameters of α and 𝛽 and can be presented as the form of 

cal𝜃i(α, 𝛽). Calculate quadratic sum 𝜍 of the difference value between exp𝜃i and cal𝜃i at 

each height using the Eq. (4.23). 

 ς = ∑[ 𝜃𝑖𝑒𝑥𝑝 − 𝜃𝑖(𝛼, 𝛽)𝑐𝑎𝑙 ]2 (4.23) 

4) Calculate 𝜍 by changing the value of α and 𝛽 from 0.001 through 0.999 to find the 

minimum value of 𝜍, to which the corresponding α and 𝛽 are the calculated results. 

The ratio of lateral drift resulting from lateral deformation to overall drift Rf/R versus drift 

relations for specimens except the specimen CFRPHW3 because of breakdowns of 

vertical DTs are shown in Fig. 4-6 in red lines by the calculating procedures described 

above, where the blue lines represent the ratio of flexural lateral drift calculated from 

elastic theory described in 2.3.3 and 3.3.3. The value of α at different drifts for specimens 

is shown in Table 4-1, where the average value of all available data is 0.210. The ratio of 

shear lateral deformation to overall deformation from elastic theory is 0.168. Based on 
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results obtained from two different methods, the decided value of shear lateral 

deformation ratio is 0.2 in following analysis, which means that the drift caused by 

flexural deformation Rf equals 0.8R, where R is the overall drift. 

  

  

 

 

Fig. 4-6 Ratio of flexural lateral deformation to overall deformation 

For the ratio of plastic hinge length to section length 𝛽=Lp/lw, of which relations with 

drift are shown in Fig. 4-7 in red lines. Specific value of 𝛽 is also indicated in Table 4-2. 

The average value of 𝛽 is 0.585 that is similar with the value of 0.5 adopted by many 
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researchers according to the review by Bohl [4.4]. So 0.5 is adopted as the hinge length 

ratio to section length to conduct the analysis on cyclic behavior of concrete walls after. 

  

  

 

 

Fig. 4-7 Ratio of plastic hinge length to section length  

Table 4-1 Calculated results of α 

CFRPRW1 

Drift(%) 0.08 0.16 0.32 0.58 0.74 

α 0.191 0.192 0.203 0.225 0.233 

Drift(%) 0.91 1.07 1.24 1.44 Ave. 

α 0.245 0.229 0.232 0.290 0.226 
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Table 4-1 Continued 

CFRPHW1 

Drift(%) 0.16 0.27 0.43 0.59 0.75 

α 0.169 0.147 0.156 0.169 0.185 

Drift(%) 0.91 1.08 1.25 1.42 Ave. 

α 0.210 0.217 0.229 0.244 0.191 

CFRPRW2 

Drift(%) 0.12 0.27 0.40 0.55 0.71 

α 0.163 0.199 0.195 0.195 0.225 

Drift(%) 0.88 1.05 1.22 1.42 Ave. 

α 0.196 0.206 0.212 0.217 0.201 

CFRPHW2 

Drift(%) 0.14 0.25 0.38 0.53 0.70 

α 0.187 0.189 0.181 0.184 0.196 

Drift(%) 0.87 1.05 1.23 1.45 Ave. 

α 0.237 0.249 0.250 0.214 0.209 

CFRPRW3 

Drift(%) 0.17 0.31 0.46 0.65 0.83 

α 0.239 0.224 0.223 0.224 0.232 

Drift(%) 1.00 1.18 1.37 1.60 Ave. 

α 0.229 0.232 0.216 0.191 0.223 

Ave. α 0.210 

Table 4-2 Calculated results of 𝛽 

CFRPRW1 

Drift(%) 0.08 0.16 0.32 0.58 0.74 

𝛽 0.611 0.540 0.559 0.560 0.564 

Drift(%) 0.91 1.07 1.24 1.44 Ave. 

𝛽 0.565 0.562 0.561 0.482 0.556 

CFRPHW1 

Drift(%) 0.16 0.27 0.43 0.59 0.75 

𝛽 0.597 0.642 0.764 0.766 0.763 

Drift(%) 0.91 1.08 1.25 1.42 Ave. 

𝛽 0.637 0.630 0.624 0.457 0.653 

CFRPRW2 

Drift(%) 0.12 0.27 0.40 0.55 0.71 

𝛽 0.613 0.590 0.598 0.603 0.680 

Drift(%) 0.88 1.05 1.22 1.42 Ave. 

𝛽 0.678 0.658 0.640 0.451 0.612 

CFRPHW2 

Drift(%) 0.14 0.25 0.38 0.53 0.70 

𝛽 0.742 0.724 0.728 0.736 0.731 

Drift(%) 0.87 1.05 1.23 1.45 Ave. 

𝛽 0.492 0.476 0.455 0.392 0.608 

CFRPRW3 

Drift(%) 0.17 0.31 0.46 0.65 0.83 

𝛽 0.639 0.622 0.614 0.488 0.469 

Drift(%) 1.00 1.18 1.37 1.60 Ave. 

𝛽 0.447 0.428 0.395 0.367 0.496 

Ave. 𝛽 0.585 
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4.3 Material models 

To complete the analysis of hysteretic behavior of concrete walls reinforced by CFRP 

bars, constitutive laws of materials consisting of the wall are necessary as described 

before. Besides stress-strain models of concrete and reinforcement, the bond-slip model 

of CFRP bar in concrete will also be indicated in this section. 

4.3.1 Stress-strain model for confined concrete 

As reviewed in the first chapter, many researchers have proposed the stress-strain 

relationship of confined concrete in the last decades, among which the uniaxial 

compressive stress-strain envelop curve proposed by Sakino and Sun [4.5] is adopted in 

this dissertation. 

 

Fig. 4-8 Uniaxial compressive stress-strain envelop curve 

Fig. 4-8 indicates the envelop curve of Sakino and Sun model for confined concrete. This 

model can also be used in unconfined concrete, for example, cover concrete of RC 

components by giving the value of 1.0 to strength enhancement ratio of confined concrete. 

The stress-strain relation of confined concrete can be defined by the following Eq. (4.24). 

 𝑓𝑐 = 𝐾𝑓𝑝
′
𝐴𝑋 + (𝐷 − 1)𝑋2

1 + (𝐴 − 2)𝑋 + 𝐷𝑋2
 (4.24) 
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Where, f’p is the plain concrete strength, K is the strength enhancement ratio that can be 

calculated by Eq. (4.25) and Eq. (4.26) [4.6], X=εc/εco, fc and εc are the stress and strain, 

εco is the strain at the peak, which can be obtained by Eq. (4.27), A=Ec/Esec, Ec is the 

Young’s modulus of elasticity of concrete from Eq. (4.29) and Esec is the secant modulus 

at the point of peak stress from Eq. (4.30), D is the parameter governing the slope of 

descending portion of the stress-strain curve, which is decided using Eq. (4.31). 

 𝐾 = 1+ 11.5
𝜌ℎ𝑓𝑦ℎ
𝑓𝑝′

(
𝑑′′

𝐶
)(1 −

𝑠

2𝐷𝑐
) for rectilinear hoop (4.25) 

 𝐾 = 1+ 2.05
𝜌ℎ𝑓𝑦ℎ
𝑓𝑝′

(1 −
𝑠

2𝐷𝑐
)
2

 for circular hoop (4.26) 

Where, ρh is the volumetric ratio of hoop to the confined core measured center-to-center 

of perimeter transverse reinforcement, fyh is the yield strength of transverse reinforcement, 

d’’ and C are the nominal diameter and laterally unsupported length of transverse 

reinforcement, respectively, s is the spacing of transverse reinforcement, and Dc is the 

distance between centroids of perimeter transverse reinforcement. 

 
ε𝑐𝑜
𝜀𝑜

= {
1 + 4.7(𝐾 − 1)    
3.35 + 20(𝐾 − 1.5)

 
K≤1.5 

(4.27) 
K>1.5 

Where, εo is the strain at maximum stress of unconfined concrete that can be obtained by 

the following equation Eq. (4.28). 

 ε𝑜 = 0.94(𝑓𝑝
′)0.25 × 10−3  (4.28) 

 𝐸𝑐 = (0.69 + 0.332√𝑓𝑝′) × 10
4  (4.29) 

 𝐸𝑠𝑒𝑐 =
𝐾𝑓𝑝

′

𝜀𝑐𝑜
  (4.30) 

 𝐷 = 1.5 − 0.017 + 1.6√(𝐾 − 1)𝑓𝑝′/23  (4.31) 

There are also several points needed to be noted. First, the unit of stress in this model is 

MPa and the tensile stress is always 0, in other words, concrete does not resist tensile 
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stress. Second, the size effect is ignored here, so the unconfined concrete strength f’p 

equals the compressive strength of concrete cylinder f’c (200mm height by 100 mm 

diameter) that is obtained by multiplying a conversion coefficient of 0.86 and the 

measured cubic strength f’cu according to European standard [4.7] and Chinese standard 

[4.8]. The calculated cylinder strength f’c is 49.4MPa that will be used in the analysis of 

this chapter. The last one is that the parameter D in original Sun and Sakino model was 

modified by Tian, Sakino and Sun to take into account of the effect of strain gradient 

across the section by Eq. (4.32) [4.9]. The modified D from Eq. (4.32) will be adopted to 

replace Eq. (4.31) in the analysis after. 

 𝐷 = 2.25 − 0.017 + 1.6√(𝐾 − 1)𝑓𝑝′/23  (4.32) 

To assess cyclic behavior of concrete walls, Kitajima and Sun also proposed cyclic 

(unloading and reloading) stress-strain rules for confined concrete [4.10]. Fig. 4-9 shows 

the unloading and reloading paths. As unloading occurs at the point A (𝜀un, fun), the 

unloading curve is assumed to be a parabola with the peak point B (𝜀pl, 0) where the 

tangential stiffness is zero. The reloading curve is assumed to be a straight line connecting 

the reloading point R (𝜀un, fun) with the point C (𝜀un, 0.9fun) and along that straight line 

return to the point D on the envelop curve. Based on these assumptions, the unloading 

curve (AB) and reloading curve (RD) can be decided by Eq. (4.33) 

 

Fig. 4-9 Complete stress-strain curve of confined concrete under compression 
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 𝑓𝑐 =

{
 
 

 
 𝑓𝑢𝑛 (

𝜀𝑐 − 𝜀𝑝𝑙
𝜀𝑢𝑛 − 𝜀𝑝𝑙

)

2

            

𝑓𝑟𝑒 + (
0.9𝑓𝑢𝑛 − 𝑓𝑟𝑒
𝜀𝑢𝑛 − 𝜀𝑟𝑒

) (𝜀𝑐 − 𝜀𝑟𝑒)

 

unloading 

(4.33) 

reloading 

Where, 𝜀pl is the plastic residual strain after unloading, which is defined as the abscissa at 

the intersection of a straight line with the slope of Ec from the point A with the strain axis 

and can be calculated by Eq. (4.34). 

 𝜀𝑝𝑙 = 𝜀𝑢𝑛 −
𝑓𝑢𝑛
𝐸𝑐

 (4.34) 

 

4.3.2 Stress-strain model for reinforcement 

CFRP bars have a completely linear-elastic stress-strain relation. It is simple to obtain the 

CFRP bar stress through multiplying the elastic modulus and the stain. For deformed steel 

bars consisting of web reinforcement, the bilinear model of perfect elastoplasticity 

without considering strain-hardening effect is adopted to simplify calculating procedures. 

4.3.3 Bond-slip model of CFRP bar in concrete 

The bond-slip relation is significant in the numerical analysis considering the effect of 

slippage. Funato and sun have modeled the bond stress-slippage relation of SBPDN 

rebars, which is an WBUS steel bars with the yield strength of 1450 MPa and bond 

strength of 3MPa, based on experimental results [4.2]. That bond-slip model of SBPDN 

rebars proposed by Funato and Sun will be adopted and modified in the analysis of CFRP 

bars reinforcing walls. 

Fig. 4-10 shows the complete bond stress-slip relationship of SBPDN rebar. As shown in 

Fig. 4-10 (a) there are two envelop curves for monotonic loading and cyclic loading, 

respectively. Envelop curves for both monotonic loading and cyclic loading decline by 

the slope of 𝜏max/1000S𝜏max until the residual stress of 𝜏=α𝜏max (α=0.13) after which the 

envelop curves become a straight line that is parallel to S axis with the constant residual 

bound stress. The bond strength 𝜏max and corresponding slip S𝜏max are 3.0MPa, and 
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0.015mm, respectively according to Funato and Sun [4.2]. To apply that model to CFRP 

bars, 𝜏max and S𝜏max are both modified based on the investigation conducted by Quayyum 

who studied bond behavior of CFRP bars in concrete and proposed calculating equations, 

Eq. (4.35) and Eq. (4.36), for 𝜏max and S𝜏max of CFRP bars [4.11]. The equations proposed 

by Quayyum consider the effects of type of rebar surface, concrete strength, concrete 

cover, embedment length and confinement on concrete, which exhibit a well agreement 

with experimental results obtained from hundreds of specimens. Based the equations from 

Quayyum, 𝜏max and S𝜏max of CFRP bars in bond-slip spring zone of the component side 

are 4.0 MPa and 4.0 mm, respectively, which differ form that in bond-slip spring zone of 

the base side with the value of 6.0 MPa and 0.7 mm because of the difference on 

embedment length of CFRP bars. The embedment length of CFRP bars here means the 

length of bond-slip spring zone. 

Fig. 4-10 (b) shows unloading and reloading curves before the peak point B. As unloading 

occurs at the point E on the envelop curve, the bond stress decreases linearly by the slope 

of initial stiffness to the point F (𝜏=-α𝜏max) and then move parallelly to S axis until return 

to the opposite envelop curve (example of path: E→F→G→A’). If reloading occurs 

during that unloading path, for example, from the point H then the reloading curve go 

along the initial stiffness and come back to the envelop curve (example of path: 

E→F→H→I→B). 

Unloading and reloading curves after experiencing the peak point B are shown in Fig. 4-

10 (c). Unloading from J to K takes the initial stiffness as descending slope, after which 

unloading curve moves along the parallel line to S axis and then goes to the opposite 

cyclic loading envelop curve once the slip increases reversely (example of path: 

J→K→L→D’→M). The reloading curve goes up by the initial stiffness to the residual 

stress with which moves horizontally intersecting with 𝜏 axis at the point O. With 

increasing slip, the bond stress rises along a straight line connecting the point O and point 

Q return to the cyclic loading envelop curve, where the bond stress at point Q can be 

obtained by Eq. (4.37) from coordinates of the point J (SJ, 𝜏J) experiencing maximum slip 

(example of path: M→N→O→Q→P). While if reloading occurs on the halfway, the 

reloading curve goes by the initial stiffness up to the intersecting point S with OP line and 

then progresses linearly to the point P (example of path: J→K→R→S→Q→P). 
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The final Fig. 4-10 (d) indicates unloading and reloading curves after the envelop curve 

declined to the residual stress with the large slip. Lines of WY and VU both have the slop 

of 0 to prevent the slope of reloading curve from becoming negative during the analysis 

in the situation of large slip. 

 

 
(a) Envelop curves (b) Cyclic curves before the peak point 

 
 

(c) Cyclic curves after the peak point 
(d) Cyclic curves after reaching the 

residual bound stress 

Fig. 4-10 Bond stress-slip model 

 
𝜏𝑚𝑎𝑥

√𝑓𝑐′
= 0.03 + 0.14

𝑐

𝑑𝑏
+ 9.0

𝑑𝑏
𝑙𝑒𝑚𝑏𝑒𝑑

+ 2.9
𝐴𝑡𝑟
𝑠𝑛𝑑𝑏

 (4.35) 

 
𝑆𝜏𝑚𝑎𝑥
𝑙𝑒𝑚𝑏𝑒𝑑

=
𝜂

1000
(20.8 − 1.3√𝑓𝑐′ − 2.1

𝑐

𝑑𝑏
− 3.8

𝐴𝑡𝑟
𝑠𝑛𝑑𝑏

) (4.36) 

Where, f’c is the compressive strength of concrete in MPa, c is the concrete cover in mm, 

db is the CFRP bar diameter in mm, lemebed is the embedment length of CFRP bar in mm, 

Atr is the area of transverse reinforcement in mm2, s is the spacing of transverse 

reinforcement in mm, n is the number of CFRP bars being developed along the plane of 

splitting, 𝜂 is the rebar surface modification factor (=0.43). 
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 𝜏𝑄 = 𝛽𝑓𝑐𝑦𝑐𝑙𝑒(𝑆𝐽) (4.37) 

Where, fcycle(SJ) is the function of cyclic loading envelop curve, 𝛽 is the decline ratio of 

bond stress due to the effect of cyclic loading, here 𝛽 equals 0.8. 
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4.4 Verification of the numerical analytical model 

The modifications on analytical method proposed originally by Kitajima, Funato, Fujitani 

and Sun [4.1-4.3] are summarized in Table 4-3. To verify the necessity of considering slip 

effects of CFRP bars and reasonability of modifications. The analytical V-R curves 

without considering slip effects will be compared with experimental results first and then 

comparisons between modification cases and the original method will also be conducted. 

Table 4-3 Details of modifications for CFRP bars reinforcing concrete walls 

No. Item 
Original 

[4.1-4.3] 
Modification 

1 
Bond strength of 

WBUS bar 

𝜏max= 

3.0MPa 

𝜏𝑚𝑎𝑥

√𝑓𝑐
′
= 0.03 + 0.14

𝑐

𝑑𝑏
+ 9.0

𝑑𝑏

𝑙𝑒𝑚𝑏𝑒𝑑
+ 2.9

𝐴𝑡𝑟

𝑠𝑛𝑑𝑏
  

2 

Corresponding 

slip to bond 

strength 

S𝜏max= 

0.015mm 

𝑆𝜏𝑚𝑎𝑥

𝑙𝑒𝑚𝑏𝑒𝑑
=

𝜂

1000
(20.8 − 1.3√𝑓𝑐′ − 2.1

𝑐

𝑑𝑏
−

3.8
𝐴𝑡𝑟

𝑠𝑛𝑑𝑏
)  

3 

Confinement from 

hoops in boundary 

elements 

Ignoring Taking into consideration 

 

4.4.1 Effect of the bond-slip between CFRP bar and concrete 

Fig. 4-11 shows the comparison between analytical V-R curves ignoring slip effect and 

measured ones. The analytical method without consideration of slip adopts the same 

analytical method and material models with the analytical method considering slip except 

the FSM. Strains of CFRP bars are determined based on the plane-remain-plane 

assumption in the analysis ignoring slip. That analytical method ignoring slip effect is 

widely used in the analysis on ordinary RC components. It can be seen from Fig. 4-11 

that analytical hysteretic curves overestimate measured experimental results in spite of 

the axial load ratio and form of hoop. 

The overestimation on lateral resistance using the analytical method ignoring bond-slip 

of CFRP bars can be account for overlarge CFRP strains obtained from analysis as shown 
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in Fig. 4-12. That overestimated CFRP strains can be attributed to the ignorance of 

slippage of CFRP bars. 

  

  

  

Fig. 4-11 Comparison between experimental and analytical V-R curves ignoring bond-

slip of CFRP bars 

Based on the comparison between analytical results without consideration of slip effect 

and experimental results, it is clearly that taking into account of the bond-slip of CFRP 

bars is necessary in analyzing cyclic behavior of walls reinforced by CFRP bars. 
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Fig. 4-12 Comparison between experimental and analytical CFRP bar strains ignoring 

bond-slip of CFRP bars 

Fig. 4-13 shows analytical hysteretic curves considering the bond-slip effect with original 

bond strength and corresponding slippage, besides the results with modified bond strength 

and corresponding slippage are also indicated to verify validity of modifications on bond-

slip characteristics. Analytical cyclic V-R responses with the modified bond stress 𝜏max 

and corresponding slip S𝜏max agree much better with experimental results than that with 

the original 𝜏max and S𝜏max for all specimens. 
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Fig. 4-13 Effect of bond-slip characteristics on cyclic behavior of walls 
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Fig. 4-13 Continued 

Where, the legend “Experiment” represents the experimental result, “An_B” means the 

analytical result with original bond strength (3.0MPa) for SBPDN rebars and 

corresponding slip for SBPDN rebars, and “An_MB” expresses the analytical result with 

modified bond strength and corresponding slip for CFRP bars. 

According to the analytical CFRP strains obtained from two cases of An_B and An_MB 

shown in Fig. 4-14, the reason resulting in underestimation for lateral force in the case of 

An_B is underestimating CFRP strains. It can be inferred that the bond-slip parameters 

of bond strength 𝜏max and corresponding slippage S𝜏max with value of 3.0MPa and 

0.015mm for SBPDN rebars proposed by Funato and Sun [4.2] give an underestimation 

on CFRP bar strains resulting in the same trend on lateral force, while results using the 

modified 𝜏max (4MPa for the component side, 6MPa for the base side) and S𝜏max (4.0mm 

for the component side, 0.7mm for the base side) based on reference [4.11] agree well 

with experimental results of both V-R curves and CFRP strains. 
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Fig. 4-14 Effect of bond-slip characteristics on the CFRP bar strain 
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Fig. 4-14 Continued 

Where, the legend “Experiment” represents the experimental result, “An_B” means the 

analytical result with original bond strength (3.0MPa) for SBPDN rebars and 

corresponding slip for SBPDN rebars, and “An_MB” expresses the analytical result with 

modified bond strength and corresponding slip for CFRP bars. 

4.4.2 Effect of the confinement from hoops in boundary elements 

Fig. 4.15 shows comparisons of V-R curves obtained by analytical cases considering 

confinement from boundary hoops or not, both analytical cases here take the modified 

bond strength and corresponding slippage. The case considering boundary hoop 

confinement exhibit relatively high accuracy compared with that without hoop 

confinement for lateral force-drift responses. 
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Fig. 4-15 Effect of confinement from boundary element hoops on cyclic behavior 

Where, the legend “Experiment” represents the experimental result, “An_MB” is the 

analytical result with modified bond strength and corresponding slip, “An_MB_Kb” is 

the analytical result with modified bond strength, to which corresponding slip, and 

consideration of confinement from boundary hoops. 

To better understand the effect of confinement from hoops in boundary element, Fig. 4-

16 compares envelop curves of An_MB and An_MB_Kb, where the black circle 
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superposed represents the last point before compressive failure of CFRP bar commencing. 

Table 4-4 also shows comparisons of analytical cases with experiments for the lateral 

force at circling points in Fig. 4-16. The conclusion can be drawn from that comparisons 

that considering the confinement provided by boundary hoops can improve accuracy of 

the analytical capacity by 12% at maximum. 

  

  

  

Fig. 4-16 Effect of confinement from boundary element hoops on envelop curves 

Where, the legend “Experiment” represents the experimental result, “An_MB” is the 
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analytical result with modified bond strength and corresponding slip, “An_MB_Kb” is 

the analytical result with modified bond strength, to which corresponding slip, and 

consideration of confinement from boundary hoops. 

Table 4-4 Analytical lateral forces at the drift before CFRP bar failure 

Notation 
Vexp (kN) Vexp/Van Vexp/VanKb 

+ - + - + - 

CFRPRW1 866.07 806.50 1.16 1.04 1.11 0.97 

CFRPHW1 812.08 790.97 1.06 1.03 1.01 0.99 

CFRPRW2 908.92 880.24 1.14 1.11 1.04 1.03 

CFRPHW2 859.59 854.98 1.10 1.07 1.04 1.00 

CFRPRW3 920.52 923.60 1.13 1.15 1.02 1.03 

CFRPHW3 950.91 896.46 1.17 1.11 1.09 1.03 

Notes: Vexp is the lateral force of the last drift level before compressive failure of CFRP 

bar, to which VanKb and Van are the corresponding analytical lateral forces considering 

confinement from boundary hoops or not, respectively, + and – mean the push and pull 

directions respectively. 

Fig. 4-17 shows the effect of boundary hoop confinement on residual drift. In general, no 

apparent difference on residual drift can be observed between two analytical cases 

considering confinement provided by boundary hoops or not before the drift of 0.8%, 

after which, analytical residual drifts without boundary confinement increase more 

sharply than that considering boundary confinement in spite of the axial load ratio and 

hoop form. Besides, before 0.8% drift, An_MB_Kb and An_MB underestimate residual 

drifts for all specimens that trend remains for An_MB_Kb except the specimen of 

CFRPHW3 as increasing drift, while overestimation by An_MB can be observed for 

specimens CFRPRW2, CFRPRW3 and CFRPHW3. 

Better accuracy of An_MB_Kb can also be seen in the CFRP bar strain predication. As 

shown in Fig. 4-18, analytical CFRP strains by the analysis with boundary hoop 

confinement agree very well with experimental results, while underestimation and 

overestimation can be observed on tensile strains and compressive strains respectively of 

the analysis without considering hoop confinement for all specimens. 



Chapter 4 

105 

  

  

  

Fig. 4-17 Effect of confinement from boundary element hoops on residual drifts 

Where, the legend “Experiment” represents the experimental result, “An_MB” is the 

analytical result with modified bond strength and corresponding slip, “An_MB_Kb” is 

the analytical result with modified bond strength, to which corresponding slip, and 

consideration of confinement from boundary hoops. 
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Fig. 4-18 Effect of confinement from boundary element hoops on CFRP bar strains 

Where, the legend “Experiment” represents the experimental result, “An_MB” is the 

analytical result with modified bond strength and corresponding slip, “An_MB_Kb” is 

the analytical result with modified bond strength, to which corresponding slip, and 

consideration of confinement from boundary hoops. 
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4.5 Conclusions 

A numerical analytical method was developed in this chapter to assess seismic behavior 

of concrete walls with their boundary elements being reinforced by CFRP bars and 

soundly confined by transverse hoops, composite rectangular and circular. The numerical 

method modified the integrated analytical method by Sun et al. [4.1-4.3] for common 

concrete components in three aspects; 1) introduction of proper bond strength for CFRP 

bars based on experimental results available, 2) modification of the slippage 

corresponding to the peak bond stress for CFRP bars, and 3) consideration of confinement 

effect by rectangular and/or circular hoops in the boundary elements of wall panel. 

Comparisons were conducted between the experimental hysteretic loops with those 

calculated by the presented analytical method to verify its reliability and accuracy. Based 

on the comparisons, the following conclusions can be drawn: 

1) Introducing bond strength and corresponding slip of CFRP bars, the presented 

analytical method could predict the hysteretic behavior of CFRP bars reinforced 

concrete walls up to ultimate drift with high and satisfactory accuracy. Besides, the 

analytical history of steel strains of CFRP bars also traced the experimental results 

fairly well. 

2) Ignorance of effects of bond slippage would overestimate the cyclic behaviors of 

walls, in particular the ultimate lateral resistance. The analytical ultimate lateral 

resistance was 50% larger than the measured one at maximum. 

3) Taking confinement effect by transverse hoops in the boundary elements into account 

could further improve accuracy of the analytical hysteretic curves and CFRP strains 

of the walls. 
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CHAPTER FIVE 

5. Evaluation of ultimate capacities of concrete walls 

reinforced by CFRP bars 

5.1 Introduction 

As described in chapter four, the overall cyclic behavior of concrete walls with CFRP 

bars can be predicted satisfactorily well by the analytical methods presented in this thesis. 

The ultimate lateral capacity, however, is still the most important and direct index used 

by structural engineers in the practice of design. Therefore, it is important to find or 

develop appropriate equations to simply and accurately evaluate ultimate capacities of 

CFRP bars reinforced concrete walls. 

There have been many design equations recommended in current design codes and the 

literatures [5.1-5.3] for ordinary reinforced concrete components. However, it remains 

unknown if the current equations are applicable to concrete walls reinforced by CFRP 

bars. 

Objective of this chapter is to confirm if the current representative design equations can 

be used to assess the ultimate lateral capacity of concrete walls reinforced by CFRP bars. 

The selected evaluating equations are those recommended in Japan (AIJ), the United 

States (ACI), and China (GB) [5.1-5.3]. Besides the code equations, the so-called NewRC 

stress block [5.4] is also adopted to evaluate the flexural strength of wall sections with 

CFRP bars. 
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5.2 Assessment of ultimate flexural capacity 

Eq. (5.1) and Eq. (5.2) are two equations in Japanese code AIJ for assessing flexural 

strength of reinforced concrete walls. These equations are simplified forms assuming the 

moment of cross section of wall reaches the maximum value Mu when steel bars yield. 

For concrete walls reinforced by CFRP bars in boundary elements, the yield strength fys 

in Eq. (5.1) and Eq. (5.2) is replaced by ultimate tensile strength during the calculation in 

this dissertation. 

 𝑀𝑢 = [0.9𝐴𝑠𝑡𝑓𝑦𝑠 + 0.5𝐴𝑣𝑓𝑦𝑣 + 0.5𝑃(1 −
𝑃

𝑡𝑤𝑙𝑤𝑓𝑐
′
)]𝑙𝑤 (5.1) 

 𝑀𝑢 = (𝐴𝑠𝑡𝑓𝑦𝑠 + 0.4𝐴𝑠𝑣𝑓𝑠𝑣 + 0.5𝑃) ∙ 0.9𝑙𝑤 (5.2) 

Where, Ast is the area of tensile longitudinal bars the boundary elements, mm2, fys is the 

yield strength of longitudinal bars in boundary elements, MPa, Asv is the area of all vertical 

web steel bars, mm2, fyv is the yield strength of vertical web bars, MPa, P is the applied 

axial load, N, tw is the thickness of the wall panel, mm, lw is the length (overall depth) of 

the wall panel, mm, f’c is the compressive strength of concrete cylinder (200mm height 

by 100mm diameter), MPa. 

The evaluating methods of flexural strength in American and Chinese codes for a given 

axial load are based on the computing procedure for M-𝜙 relation of cross section with 

simplification by replacing the actual stress distribution of concrete in compressive zone 

with an equivalent rectangular stress block as shown in Fig. 5-1. This method also 

assumes that the moment resisted by section increases to maximum as the extreme 

compression concrete fiber achieves ultimate strain 𝜀cu and confinement by transverse 

reinforcement is neglected. Differences between ACI and GB are calculating equations 

for the coefficients of equivalent rectangular concrete compressive stress block, αm and 

𝛽m that define ratios of the stress and the depth of equivalent stress block to the 

compressive concrete stress and the depth of neutral axis, respectively. Besides, the 

extreme compression strain of concrete 𝜀cu is also different according to ACI and GB 

codes. 

Sun and Sakino [5.4] also proposed calculating equations of αm, 𝛽m and εcu called NewRC 
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to obtain a more accurate predication for flexural strength of reinforced concrete 

components, which will also be used to verify its applicability on CFRP bars reinforcing 

concrete walls. 

Following ACI code, the maximum usable strain at extreme concrete compression fiber 

εcu is assumed to be 0.003. The factor αm defining the ratio of the stress of equivalent 

stress block to concrete compressive strength is also a constant of 0.85. The ratio of the 

depth of stress block to the depth of neutral axis 𝛽m relates to concrete compressive 

strength, which can be expressed as Eq. (5.3). 

 

Fig. 5-1 Equivalent stress block of concrete 

Where, tw is the thickness of the wall panel, mm, lw is the length (overall depth) of the 

wall panel, mm, c is the depth of neutral axis, mm, εcu is the maximum strain at extreme 

concrete compression fiber, hsi, is the distance from i-th layer of rebars to the extreme 

compressive fiber, 𝜀si is the strain of i-th layer of rebars, fsi is the stress of i-th layer of 

rebars, MPa, f’c is the concrete compressive strength, MPa, αm is the ratio of stress of 

stress block to concrete compressive strength, 𝛽m is the ratio of the depth of stress block 

to the depth of neutral axis. 

 𝛽𝑚 = {

0.85

0.85 −
0.2(𝑓𝑐

′ − 27.6)

27.6
0.65

 

17.2MPa≤f’c ≤27.6MPa 

(5.3) 27.6MPa<f’c <55.2MPa 

f’c≥55.2MPa 
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Where, f’c is the compressive strength of concrete cylinder (300mm height by 150mm 

diameter), MPa. 

The maximum strain at extreme concrete compression fiber εcu and stress block parameter 

αm are not constants as recommended in ACI code, but functions of concrete strength in 

Chinese code GB 50010. Besides the calculating equation for factor 𝛽m in GB 50010 also 

differs from that in ACI 318. Eq. (5.4) through Eq. (5.6) express calculating methods for 

εcu, αm and 𝛽m respectively. 

 𝜀𝑐𝑢 = 0.0033− (𝑓𝑐𝑢
′ − 50) ∙ 10−5 ≤ 0.0033  (5.4) 

 α𝑚 = {
1.0

1 −
0.1(𝑓𝑐𝑢

′ − 50)

50

 

f’cu≤50MPa 

(5.5) 
50MPa<f’cu ≤80MPa 

 𝛽𝑚 = {
0.8

0.8 −
0.1(𝑓𝑐𝑢

′ − 50)

50

 

f’cu≤50MPa 

(5.6) 
50MPa<f’cu ≤80MPa 

Where, f’cu is the compressive strength of concrete cube (150mm length), MPa. 

It is similar to GB 50010 that equations proposed by Sun and Sakino [5.4] for εcu and 𝛽m 

are affected by concrete strength as expressed in Eq. (5.7) and Eq. (5.8). Eq. (5.9) is the 

equation to decide factor αm that is obtained from f’c and 𝛽m. 

 𝜀𝑐𝑢 = [1.483 − 0.1(
𝑓𝑐
′

42
)] ∙ 0.94(𝑓𝑐

′)0.25 ∙ 10−3 (5.7) 

 𝛽𝑚 = 0.858 − 0.02(
𝑓𝑐
′

42
) (5.8) 

 𝛼𝑚 =
0.831 − 0.076(

𝑓𝑐
′

42)

𝛽𝑚
 (5.9) 

Where, f’c is the compressive strength of concrete cylinder (200mm height by 100mm 

diameter, MPa. 

Fig. (5.3) through Fig (5.9) express calculating methods of equivalent concrete stress 

block factors from different codes and literature. It should also be mentioned that the 

concrete compressive strength f’c is decided based on different concrete test specimens in 
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America, China and Japan. For America and Japan, concrete cylinders with respective 

sizes of 300mm height by 150mm diameter and 200mm height by 100mm diameter are 

usually adopted to test the compressive strength. While in China, concrete cube with 

150mm length is tested to define the basic compressive strength and right square prism 

with 300mm height by 150mm length is tested to obtain the compressive strength used in 

structural design. Only the compressive strength of concrete cube (150mm length) f’cu is 

measured by test in this dissertation, other compressive strengths of different concrete 

specimens are obtained according to transformational relations in European and Chinese 

standards [5.3,5.5-5.6]. Table 5-1 shows compressive strengths of several concrete 

specimens. 

Table 5-1 Compressive strength of concrete specimens 

Notation GB GB ACI AIJ & NewRC 

Specimen 

Shape Cube Square prism Cylinder Cylinder 

Size 
150mm 

length 

300mm height by 

150mm length 

300mm height 

by 150mm 

diameter 

200mm height 

by 100mm 

diameter 

Mark f’cu f’c f’c f’c 

Compressive 

strength (MPa) 
57.2 36.8 46.9 49.4 

Hereafter calculating procedures are identical for ACI, GB and NewRC. The strain of 

each layer of rebars can be obtained by Eq. (5.10) based on the plane-remain-plane 

assumption once concrete extreme fiber strain 𝜀cu is decided. 

 𝜀𝑠𝑖 =
𝑐 − ℎ𝑠𝑖
𝑐

𝜀𝑐𝑢 (5.10) 

The axial stresses sustained by steel bars or CFRP bars can be obtained by assuming that 

their stress-strain relations are typical elastoplastic model and perfect linear-elastic model, 

respectively. The stress sustained by concrete can be calculated simply through the 

equivalent stress block without dividing concrete into fibers which do reduce the 

calculating complexity. Then the axial force N and ultimate Mu (with respect to the central 

axis of section) sustained by the wall section can be calculated by Eq. (5.11) and Eq. 

(5.12). 
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 𝑁 = α𝑓𝑐
′𝑡𝑤𝛽𝑐 +∑𝐴𝑠𝑖𝑓𝑠𝑖  (5.11) 

 𝑀𝑢 = 𝛼𝑓𝑐
′𝑡𝑤𝛽𝑐 (

𝑙𝑤
2
−
𝛽𝑐

2
) +∑𝐴𝑠𝑖𝑓𝑠𝑖(

𝑙𝑤
2
− ℎ𝑠𝑖) (5.12) 

Where, Asi is the area of i-th layer of rebars, mm2. 

The depth of neutral axis c in Eq. (5.10) through Eq. (5.12) can be decided by balancing 

the calculated axial force N by Eq. (5.11) with the applied axial force P through a simple 

iterative procedure. 

After obtaining the ultimate moment sustained by cross section that locates bottom of the 

wall panel by AIJ, ACI, GB and NewRC, the corresponding flexural capacity Vfu can be 

calculated by Eq. (5.13). 

 𝑉𝑓𝑢 = 𝑀𝑢 𝐿⁄  (5.13) 

Table 5-2 Comparison of measured and calculated flexural capacities 

Notation 
Vexp 

(kN) 

𝑉𝑒𝑥𝑝
𝑉𝑓𝑢,𝐴𝐼𝐽1

 
𝑉𝑒𝑥𝑝
𝑉𝑓𝑢,𝐴𝐼𝐽2

 
𝑉𝑒𝑥𝑝
𝑉𝑓𝑢,𝐴𝐶𝐼

 
𝑉𝑒𝑥𝑝
𝑉𝑓𝑢,𝐺𝐵

 
𝑉𝑒𝑥𝑝

𝑉𝑓𝑢,𝑁𝑒𝑤𝑅𝐶
 

CFRPRW1 872.13 0.62 0.60 1.22 1.21 1.05 

CFRPHW1 818.97 0.58 0.57 1.14 1.13 0.99 

CFRPRW2 897.48 0.57 0.55 1.20 1.21 1.05 

CFRPHW2 857.29 0.55 0.52 1.15 1.15 1.00 

CFRPRW3 922.06 0.55 0.51 1.19 1.21 1.05 

CFRPHW3 926.93 0.56 0.52 1.20 1.22 1.06 

Average 
 

0.57 0.55 1,18 1.19 1.03 

St. Dev. 0.02 0.03 0.03 0.03 0.03 

Notes: Vexp is the average of measured maximum lateral forces in push and pull directions, 

Vfu,AIJ1 and Vfu,AIJ2 are the calculated ultimate flexural capacities by Eq. (5.1) and Eq. (5.2) 

in AIJ code, respectively, Vfu,ACI is the calculated ultimate flexural capacity by ACI-code 

provisions, Vfu,GB is the calculated ultimate flexural capacity by GB-code equations, 

Vfu,NewRC is the calculated ultimate flexural capacity through equations proposed by Sun 

and Sakino [5.4]. 

The ratios of measured maximum lateral capacities to calculated flexural capacities are 
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shown in Table 5-2. As obvious form the results, flexural capacities (Vfu,AIJ1 and Vfu,AIJ2) 

by AIJ-code overestimate measured experimental capacities (Vexp) by over 40% for all 

specimens because CFRP bars do not achieve ultimate tensile strain in the actual test. 

While results by ACI and GB code (Vfu,ACI and Vfu,GB) give conservative predications by 

more than 13% underestimation on measured capacities. Furthermore, one can see from 

Table 5-2 that the calculated flexural capacities Vfu,NewRC agree very well with 

experimental capacities Vexp. 

To find the reason for the AIJ equations to overestimate experimental results, Table 5-3 

compares the calculated flexural capacities by AIJ equations that utilize the longitudinal 

strains of CFRP bar obtained from ACI, GB codes and NewRC stress block to replace the 

ultimate tensile strain of CFRP bar. It can be seen that substituting the CFRP strain 

obtained by ACI and GB equations into AIJ equation 1 can give a rational predication of 

flexural capacity. While the calculated results by AIJ equation 2 still overestimate the 

measured flexural capacities, but the discrepancy has been improved significantly. It can 

also be seen from Table 5-3 that utilizing the longitudinal strains based on the ACI block 

enables the AIJ equation 1 to predict the flexural capacity of concrete walls reinforced by 

CFRP bars with the same accuracy as the NewRC block.  

Table 5-3 Calculated flexural capacities by AIJ equations 

Notation 
𝑉𝑒𝑥𝑝

𝑉𝐴𝐼𝐽1,𝐴𝐶𝐼
 

𝑉𝑒𝑥𝑝
𝑉𝐴𝐼𝐽2,𝐴𝐶𝐼

 
𝑉𝑒𝑥𝑝

𝑉𝐴𝐼𝐽1,𝐺𝐵
 

𝑉𝑒𝑥𝑝
𝑉𝐴𝐼𝐽2,𝐺𝐵

 
𝑉𝑒𝑥𝑝

𝑉𝐴𝐼𝐽1,𝑁𝑒𝑤𝑅𝐶
 

𝑉𝑒𝑥𝑝
𝑉𝐴𝐼𝐽2,𝑁𝑒𝑤𝑅𝐶

 

CFRPRW1 1.08 1.05 1.05 1.02 0.94 0.91 

CFRPHW1 1.02 0.98 0.99 0.96 0.88 0.86 

CFRPRW2 1.05 0.96 1.02 0.95 0.93 0.86 

CFRPHW2 1.00 0.92 0.98 0.90 0.88 0.82 

CFRPRW3 1.02 0.89 1.01 0.88 0.92 0.81 

CFRPHW3 1.03 0.90 1.01 0.88 0.93 0.82 

Average 1.03 0.95 1.01 0.93 0.91 0.85 

St. Dev. 0.03 0.05 0.02 0.05 0.02 0.03 

 

  



Chapter 5 

118 

5.3 Assessment of ultimate shear capacity 

For ultimate shear capacity, there also two different expressions recommended in AIJ 

code with consideration of the ratio of boundary longitudinal rebars, steel ratio and yield 

strength of horizontal web reinforcement, shear span ratio, concrete compressive strength, 

and axial load ratio as follows: 

 𝑉𝑠𝑢 = [
0.053𝜌𝑡𝑒

0.23(𝑓𝑐
′ + 18)

𝑀𝑤

𝑉𝑤𝑙𝑤
+ 0.12

+ 0.85√𝜌ℎ𝑓𝑦ℎ + 0.1
𝑃

𝑡𝑤𝑙𝑤
]𝑡𝑤 ∙

7

8
(0.95𝑙𝑤) (5.14) 

 
𝑉𝑠𝑢 = [

0.068𝜌𝑡𝑒
0.23(𝑓𝑐

′ + 18)

√
𝑀𝑤

𝑉𝑤𝑙𝑤
+ 0.12

+ 0.85√𝜌ℎ𝑓𝑦ℎ + 0.1
𝑃

𝑡𝑤𝑙𝑤
]𝑡𝑤 ∙

7

8
(0.95𝑙𝑤) (5.15) 

Where, 𝜌te is the steel ratio of lumped tensile rebars in the boundary elements in 

percentage (=100Ast/(0.95twlw)), f’c is the compressive strength of concrete cylinder 

(200mm height by 100mm diameter), Mw/(Vwlw) is the shear span ratio (=L/lw, L is shear 

span) ranging between 1.0 and 3.0, 𝜌h is the steel ratio of transverse reinforcement in the 

wall panel, fyh is the yield strength of transverse reinforcement in the wall panel, P is the 

applied axial load, tw is the thickness of the wall panel, lw is the length (overall depth) of 

the wall panel. 

The equation assessing shear capacity in ACI code take into account of effects of the shear 

span ratio, steel ratio and yield strength of transverse reinforcement expressed as Eq. 

(5.16). GB code provision Eq. (5.17) for computing ultimate shear capacity considers 

similar factors with ACI code and ignores the effect of axial load that only appears in Eq. 

(5.14) and Eq. (5.15) recommended in AIJ code. 

 𝑉𝑠𝑢 = (
1

12
𝛼𝑐√𝑓𝑐′ + 𝜌ℎ𝑓𝑦ℎ) 𝑡𝑤𝑙𝑤 (5.16) 

Where, the coefficient αc is 3.0 for shear span ratio L/lw less than 1.5, is 2.0 for L/lw larger 

than 2.0, and varied linearly between 3.0 and 2.0 for L/lw between 1.5 and 2.0. 

 𝑣𝑠𝑢 = (𝛼𝑐𝑣𝑓𝑡 + 𝜌ℎ𝑓𝑦ℎ)𝑡𝑤𝑙𝑤0 (5.17) 
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Where, lw0 is the effective depth of section that can be defined as the distance from center 

of the boundary element to the outermost edge of another boundary element, the shear 

capacity coefficient αcv is calculated by Eq. (5.18), ft is the tensile strength of concrete 

and can be obtained from compressive strength by Eq. (5.19). 

 
𝛼𝑐𝑣 =

1.75

𝐿
𝑙𝑤0

+ 1
 

(5.18) 

Where, L/lw0 ranges between 1.5 and 3.0. 

 𝑓𝑡 = 0.88 × 0.395𝛼𝑐2𝑓𝑐𝑢
′  (5.19) 

Where, αc2 can be obtained by Eq. (2.1). 

Table 5-3 shows ratios of experimental capacities to calculated shear capacities. As 

described in chapter two and chapter three that all test walls were dominated by flexure, 

shear capacities shall be greater than measured lateral capacities. While calculated shear 

capacities by the first equation recommended in AIJ-code are over 10% smaller than 

experimental capacities, which indicates that Eq. (5.14) is not suitable to assess ultimate 

shear capacity for concrete walls reinforced by CFRP bars. As for ACI-code and GB-code 

equations that do not consider effects of the axial load on shear capacity show 

conservative evaluations under high axial load ratios. The second equation in AIJ code 

Eq. (5.15) can give a reasonable assessment for shear capacity of CFRP bars reinforcing 

walls even under relatively high axial load ratio. 

Table 5-4 Comparison of measured and calculated shear capacities 

Notation 
Vexp 

(kN) 

𝑉𝑒𝑥𝑝
𝑉𝑠𝑢,𝐴𝐼𝐽1

 
𝑉𝑒𝑥𝑝
𝑉𝑠𝑢,𝐴𝐼𝐽2

 
𝑉𝑒𝑥𝑝
𝑉𝑠𝑢,𝐴𝐶𝐼

 
𝑉𝑒𝑥𝑝
𝑉𝑠𝑢,𝐺𝐵

 

CFRPRW1 872.13 1.23 0.91 0.91 0.87 

CFRPHW1 818.97 1.16 0.86 0.86 0.82 

CFRPRW2 897.48 1.15 0.87 0.94 0.90 

CFRPHW2 857.29 1.10 0.83 0.90 0.86 

CFRPRW3 922.06 1.10 0.85 0.96 0.92 

CFRPHW3 926.93 1.10 0.85 0.97 0.93 

Average 
 

1.14 0.86 0.92 0.88 

St. Dev. 0.05 0.02 0.04 0.04 
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Notes: Vexp is the average of measured maximum lateral forces in push and pull directions, 

Vsu,AIJ1 and Vsu,AIJ2 are the calculated ultimate shear capacities by Eq. (5.14) and Eq. (5.15) 

in AIJ code, respectively, Vsu,ACI is the calculated ultimate shear capacity by ACI-code 

provisions, Vsu,GB is the calculated ultimate shear capacity by GB-code equations. 
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5.4 Conclusions 

To find a simple method to predict the ultimate flexural and shear capacities of concrete 

walls reinforced by CFRP bars, several design equations recommended in AIJ standards 

(Japan), ACI code (USA), GB code (China) were selected and compared with the 

experimental results described in chapters two and three. For comparison, the NewRC 

stress block and equations were also adopted to predict the flexural strength. Based on 

comparisons between the calculated capacities and the measured results, the following 

conclusions can be drawn: 

1) The flexural capacity of concrete walls reinforced by CFRP bars were overestimated 

by the two simplified equations recommended in AIJ code by 45% on average because 

these equations use the yield strength of longitudinal bars, while the CFRP bars didn’t 

yield till the end of tests. Substituting the CFRP strain obtained by ACI and GB 

equations into AIJ code equation 1 gave a rational predication of flexural capacity. 

The calculated flexural capacities by ACI and GB equations gave a conservative 

prediction to the test walls by 20% on average. 

2) The NewRC stress block and equations predicted the flexural capacities very well 

regardless of axial load level of the wall. The calculated flexural capacities by NewRC 

equations were only 3% lower than the test results on average. 

3) Since all the test walls failed due to the rupture of CFRP bars under compression 

rather than by shear, it is difficult to confirm accuracy of the representative code-

prescribed design equations for shear capacity. However, it is noteworthy that all 

theoretical shear capacities calculated by the equations in AIJ code, ACI code, and 

GB were larger than the experimental maximum lateral forces. It can also be presumed 

that all test walls didn’t reach their ultimate shear capacities, implying that the three 

code-prescribed equations would reasonably predict ultimate shear capacity for the 

concrete walls with CFRP bars. Among the three equations, the AIJ code equation 2 

(Eq. (5-15)) might give more rational prediction of shear capacity because it covers 

more structural factors, in particular the axial load ratio, than the others.  
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CHAPTER SIX 

6. Modeling of V-R envelop curve of concrete walls reinforced 

by CFRP bars 

6.1 Introduction 

The performance-based seismic design method (PBSDM) has been widely recognized in 

the earthquake engineering community as an essential next step towards resilient and loss-

resistant communities. Unlike conventional strength- or stress-based design methodology, 

which have been adopted in current design codes and standards, the PBSDM utilizes the 

deformation of building and infrastructures as the design targets, at the levels of strain, 

curvature, drift, and story drift. Because these structural factors are directly related to the 

damage degree of structural elements as well as of the whole structures, the PBSDM can 

provide information about not only the safety under various levels of earthquakes, but the 

repairable probability of building structures as well. 

Fig. 6-1 shows the flowchart that presents the key steps in the performance-based design 

process [6.1]. The performance objectives in the PBSDM consist of earthquake level and 

structural performance, which is generally defined in terms of strain, chord rotation, and 

drift ratio. To assess the performance point of building structures under a given level of 

earthquake, the envelope curve of lateral force V versus drift R (hereinafter referred to as 

V-R envelope) is indispensable. 

In this chapter, the V-R envelop curve of concrete walls reinforced by CFRP bars will be 

developed and compared with the experimental results described in chapters two and 

three. 
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Fig. 6-1 Performance-based design flow diagram [6.1] 
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6.2 Proposal of V-R envelop curve model 

Based on the experimental results described in chapter two and chapter three, the V-R 

envelop curve for concrete walls reinforced by CFRP bars can be comprised of an 

ascending part and a descending part as shown in Fig. 6-2. As obvious from Fig. 6-2, 

information about the peak point (P1) with maximum lateral force and the ultimate point 

(Po) with ultimate drift are two key parameters to define the envelop curve.  

 

Fig. 6-2 Outline of the proposed capacity envelop curve 

Table 6-1 Main formulae in the proposed model 

Region V-R relationship 
Critical 

parameter 

Ascending 

Initial 

elastic 

𝑉𝑖 = 𝐾𝑒𝑅𝑖 

Ri<Rcr 

Ke=Eq. (2.3) 

Rcr=Eq. (6.23) 

Drift-

hardening 

𝑉𝑖 = (0.1131
𝑉1

𝑅1
+ 94.315) ln(𝑅𝑖) +

(0.5904
𝑉1

𝑅1
+ 377.13)  

Rcr≤Ri≤R1 

R1=Eq. (6.6) 

V1=Eq. (6.10) 

Descending 

Multi-linear lines connected by points of 

P1 (R1, V1), P2 (R2, V2), Pj (Rj, Vj), · · · , Po 

(Ro, Vo) 

Ri>R1 

Rj=Eq. (6.15) 

Vj=Eq. (6.18) 

In developing of the V-R model, it is necessary to obtain the peak point and ultimate point 
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first to clarity the transition point from the ascending portion to the descending branches 

and the ending point of the envelop curve. Table 6-1 summarizes mathematic expressions 

for the proposed V-R envelop curve model. 

6.2.1 The peak lateral force and corresponding drift 

According to experimental results of concrete walls reinforced by CFRP bars, degradation 

of lateral force is attributed to compression failure of CFRP bars. The peak lateral force, 

therefore, is reached when the outermost CFRP bar in compressive boundary element (the 

first layer of CFRP bars from the compressive side of section) sustains extreme 

compression strain 𝜀CFRPcu (see Fig. 6-3). 

 

Fig. 6-3 Strain and stress distributions in a concrete wall section 

Then curvature of the cross section 𝜙 can be calculated in the form of: 

 𝜙 =
𝜀𝐶𝐹𝑅𝑃𝑐𝑢

𝑐 − ℎ𝐶𝐹𝑅𝑃1
 (6.1) 

Based on the plane-remain-plane assumption, concrete extreme fiber strain 𝜀cu can be 

expressed as: 
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 𝜀𝑐𝑢 = 𝑐𝜙 (6.2) 

And strains of i-th concrete fiber 𝜀ci, i-th layer of steel bars 𝜀si and i-th layer of CFRP bars 

(without slip) 𝜀CFRPi,nonslip are calculated by the flowing equation: 

 𝜀𝑐𝑖 =
(𝑐−ℎ𝑐𝑖)

𝑐
𝜀𝑐𝑢, 𝜀𝑠𝑖 =

(𝑐−ℎ𝑠𝑖)

𝑐
𝜀𝑐𝑢, 𝜀𝐶𝐹𝑅𝑃𝑖,𝑛𝑜𝑛𝑠𝑙𝑖𝑝 =

(𝑐−ℎ𝐶𝐹𝑅𝑃𝑖)

𝑐
𝜀𝑐𝑢 (6.3) 

As described in chapter four, CFRP bar strains will be overestimated without considering 

slippage of CFRP bars. Onaka proposed a simplified method to take into account of the 

slip effect by multiplying strain of rebar without slip by a reduction factor expressed as 

Eq. (6.4) [6.2]. That method is based on the simplified concentrated hinge model (see Fig. 

4-1) and apportions rebar strain in hinge zone among whole region consists of hinge zone 

and bond-slip zones uniformly (see Fig. 6-4). 

 𝜀𝑠𝑙𝑖𝑝 =
𝐿𝑝

𝐿𝑝 + 𝐿𝑏 + 𝐿𝑐
𝜀𝑛𝑜𝑛𝑠𝑙𝑖𝑝 (6.4) 

 

 

Fig. 6-4 Strain profile of rebar with consideration of slip effect 

While for CFRP bars, the measured tensile strain distributions described in chapter two 

and chapter three exhibit the phenomenon that tensile strain distributed uniformly within 
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hinge zone and decreased along CFRP bar to anchoring end (see Fig. 2-17, Fig. 3-10). 

Hence the simplified strain profile of CFRP bar for calculation is a tri-linear model as 

shown in Fig. 6-4. And in order to further simplify calculating procedure, the slip effect 

is considered only when CFRP bars sustain tensile strain while slippage of CFRP bars 

will be neglected under compression. Based on above assumptions, CFRP bar strain with 

slip can be obtained by the following equation: 

 𝜀𝐶𝐹𝑅𝑃,𝑠𝑙𝑖𝑝 = {

𝐿𝑝
𝐿𝑝 + 0.5(𝐿𝑏 + 𝐿𝑐)

𝜀𝐶𝐹𝑅𝑃,𝑛𝑜𝑛𝑠𝑙𝑖𝑝

𝜀𝐶𝐹𝑅𝑃,𝑛𝑜𝑛𝑠𝑙𝑖𝑝

 

𝜀CFRP,nonslip<0 

(6.5) 
𝜀CFRP,nonslip>0 

Where, strain is positive for compression and negative for tension. 

The axial stresses sustained by concrete fiber (fci), steel bar (fsi) and CFRP bar (fCFRPi) can 

be obtained by their stress-strain relations described in chapter four. Before calculating 

the peak lateral force, the corresponding drift should be obtained first to take into 

consideration of P-Δ effect. Because the same simplified concentrated hinge model as 

numerical analytical method in chapter four is adopted (see Fig. 4-1), therefore drift can 

be obtained from section curvature by Eq. (6.6) through (6.7). 

 𝑅 = 𝑅𝑓/(1 − 𝛼) (6.6) 

 𝑅𝑓 = 𝜙𝐿𝑝(1 −
𝐿𝑝
2𝐿
) (6.7) 

Where, Rf is the drift caused by flexural deformation, α is the ratio of shear drift to overall 

drift that is calculated by procedures described in 4.2.6, 𝜙 is the curvature of section 

within hinge zone, L is the shear span. 

After obtaining drift R1, the axial force N1 and moment M1 and lateral force V1 can be 

calculated by Eq. (6.8) through Eq. (6.10). 

 𝑁1 =∑𝐴𝐶𝐹𝑅𝑃𝑖𝑓𝐶𝐹𝑅𝑃𝑖

𝑚

𝑖=1

+∑𝐴𝑠𝑖𝑓𝑠𝑖

ℎ

𝑖=1

+∑𝐴𝑐𝑖𝑓𝑐𝑖

𝑘

𝑖=1

 (6.8) 
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𝑀1 =∑𝐴𝐶𝐹𝑅𝑃𝑖𝑓𝐶𝐹𝑅𝑃𝑖(
𝑙𝑤
2
− ℎ𝐶𝐹𝑅𝑃𝑖)

𝑚

𝑖=1

+∑𝐴𝑠𝑖𝑓𝑠𝑖(
𝑙𝑤
2
− ℎ𝑠𝑖)

ℎ

𝑖=1

+∑𝐴𝑐𝑖𝑓𝑐𝑖(
𝑙𝑤
2
− ℎ𝑐𝑖)

𝑘

𝑖=1

 

(6.9) 

 𝑉1 =
𝑀1

𝐿
− 𝑃𝑅𝑓1 (6.10) 

Where, ACFRPi, Asi, Aci are the corresponding areas to fCFRPi, fsi, fci, hci is the distance from 

center of i-th concrete fiber to the extreme compressive fiber, m and h are the numbers of 

layers of CFRP bars and steel bars respectively, k is the number of concrete fibers. 

6.2.2 The descending part of envelop curve 

The descending part of envelop curve is defined by several points (P1, P2, ⋅⋅⋅, Pj, ⋅⋅⋅, Po) 

with which straight lines are used to connect as shown in Fig. 6-2. Coordinates of P1 have 

been calculated in 6.2.1. The ending point Po with the ultimate drift will be decided in the 

follow section 6.2.3. Other control points (P2, ⋅⋅⋅, Pj) for the descending part of envelop 

are calculated here. 

P2 (R2, V2) is decided based on assumptions that the second layer of CFRP bars from the 

extreme compressive fiber reaches its ultimate compressive strain 𝜀CFRPcu and meanwhile 

the first layer of CFRP bars and the m-th layer of CFRP bars (the first layer from extreme 

tensile concrete fiber) from the extreme compressive concrete fiber both quit sustaining 

axial stress because of compression failure. According to that assumptions, curvature of 

section can be calculated by Eq. (6.11). Strains and stresses of consisting elements of the 

wall section (𝜀ci, 𝜀si, 𝜀CFRPi, fci, fsi, fCFRPi) and drift R2 can be obtained using the same 

method as described in 6.2.1 (see Eq. (6.2) through Eq. (6.7)). 

 𝜙 =
𝜀𝐶𝐹𝑅𝑃𝑐𝑢

𝑐 − ℎ𝐶𝐹𝑅𝑃2
 (6.11) 

Then the lateral force of point P2, V2 can be obtained using equations below: 
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 𝑁2 = ∑ 𝐴𝐶𝐹𝑅𝑃𝑖𝑓𝐶𝐹𝑅𝑃𝑖

𝑚−1

𝑖=2

+∑𝐴𝑠𝑖𝑓𝑠𝑖

ℎ

𝑖=1

+∑𝐴𝑐𝑖𝑓𝑐𝑖

𝑘

𝑖=1

 (6.12) 

 

𝑀2 = ∑ 𝐴𝐶𝐹𝑅𝑃𝑖𝑓𝐶𝐹𝑅𝑃𝑖(
𝑙𝑤
2
− ℎ𝐶𝐹𝑅𝑃𝑖)

𝑚−1

𝑖=2

+∑𝐴𝑠𝑖𝑓𝑠𝑖(
𝑙𝑤
2
− ℎ𝑠𝑖)

ℎ

𝑖=1

+∑𝐴𝑐𝑖𝑓𝑐𝑖(
𝑙𝑤
2
− ℎ𝑐𝑖)

𝑘

𝑖=1

 

(6.13) 

 𝑉2 =
𝑀2

𝐿
− 𝑃𝑅𝑓2 (6.14) 

Where, m is the total number of layers of CFRP bars placed in wall section, h is the total 

number of layers of steel bars, k is the total number of concrete fibers. 

For j-th point of the descending part of envelop curve (j≤0.5m), the corresponding 

curvature of section 𝜙 can be obtained by Eq. (6.15) based on the assumption that strain 

of j-th layer of CFRP bars from the compressive side reaches ultimate value 𝜀CFRPcu when 

CFRP bars fail except for layers from j-th to (m-j+1)-th. 

 𝜙 =
𝜀𝐶𝐹𝑅𝑃𝑐𝑢
𝑐 − ℎ𝐶𝐹𝑅𝑃𝑗

 (6.15) 

After obtaining 𝜀ci, 𝜀si, 𝜀CFRPi, fci, fsi, fCFRPi and Rj by Eq. (6.2) through (6.7), Vj can be 

calculated in the form of:  

 

𝑁𝑗 = ∑ 𝐴𝐶𝐹𝑅𝑃𝑖𝑓𝐶𝐹𝑅𝑃𝑖

𝑚−𝑗+1

𝑖=𝑗

+∑𝐴𝑠𝑖𝑓𝑠𝑖

ℎ

𝑖=1

+∑𝐴𝑐𝑖𝑓𝑐𝑖

𝑘

𝑖=1

 (6.16) 

 
𝑀𝑗 = ∑ 𝐴𝐶𝐹𝑅𝑃𝑖𝑓𝐶𝐹𝑅𝑃𝑖(

𝑙𝑤
2
− ℎ𝐶𝐹𝑅𝑃𝑖)

𝑚−𝑗+1

𝑖=𝑗

+∑𝐴𝑠𝑖𝑓𝑠𝑖(
𝑙𝑤
2
− ℎ𝑠𝑖)

ℎ

𝑖=1

+∑𝐴𝑐𝑖𝑓𝑐𝑖(
𝑙𝑤
2
− ℎ𝑐𝑖)

𝑘

𝑖=1

 

(6.17) 

 
𝑉𝑗 =

𝑀𝑗
𝐿
− 𝑃𝑅𝑓𝑗  (6.18) 
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6.2.3 The ultimate drift and corresponding lateral force 

There are two cases need to be compared to decide the ending point Po (Ro, Vo) with 

ultimate drift of capacity curve. Case A is the innermost layer of CFRP bars sustained 

compression reaches maximum compression strain, in other words, j in Eq. (6.15) through 

Eq. (6.18) equals 0.5m that means all CFRP bars in the compressive boundary element 

achieve or exceed maximum compression limit. The ending point in case A is P0.5m (R0.5m, 

V0.5m). Case B is that the lateral force declines to 0.85V1 that is an ending value 

recommended by Chinese standard [6.3]. The corresponding drift RG to 0.85V1 can be 

obtained by calculating the ordinate of the intersection of descending capacity curve and 

horizontal line of V=0.85V1. The ending point in case B is marked as PG (RG, 0.85V1). 

The maximum between V0.5m and 0.85V1 and the corresponding drift are selected as 

coordinates of ending point of envelop curve, which can be expressed as: 

 𝑉𝑜 = max(𝑉0.5𝑚 , 0.85𝑉1), 𝑅𝑜 = {
𝑅0.5𝑚
𝑅𝐺

 
Vo=V0.5m 

(6.19) 
Vo=0.85V1 

6.2.4 The ultimate compressive strain of CFRP bar 

As described above, it is necessary to confirm the ultimate compressive strain of CFRP 

bar 𝜀CFRPcu before calculating the capacity curve of wall. Table 6-2 presents ultimate 

compressive strains of CFRP bars in tests and analytical ultimate compressive strains 

using numerical analytical method in chapter four. It should be mentioned that the 

numerical analytical method cannot consider compression failure of CFRP bars, then 

analytical ultimate compressive strains of CFRP bars are obtained corresponding to the 

drifts where maximum compressive strains of CFRP bars are measured in experiments. 

Table 6-2 Ultimate compressive strains of CFRP bars 

Notation 
CFRPRW

1 

CFRPHW

1 

CFRPRW

2 

CFRPHW

2 

CFRPRW

3 

CFRPHW

3 

Measure

d 𝜀CFRPcu 

(%) 

0.44930 0.46360 0.46745 0.48955 0.45400 0.43060 

Analytic

al 𝜀CFRPcu 

(%) 

0.38845 0.38170 0.45577 0.43300 0.44357 0.47067 
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As indicated in Table 6-2, 𝜀CFRPcu vary from 0.38% to 0.49%. In the following calculation 

for V-R envelop curves, 0.40%, 0.45% and 0.50% are adopted as value of 𝜀CFRPcu. 

To better compare the effect of maximum compressive strain of CFRP bar 𝜀CFRPcu on 

capacity curves, coordinates of the peak point P1 (V1, R1) and ultimate point Po (Vo, Ro) 

obtained by the proposed model using different 𝜀CFRPcu are compared with measured 

experimental results in detail as shown in Fig. 6-5. In general, accuracy is improved with 

increasing 𝜀CFRPcu, the proposed envelop curve model can give good predications for not 

only peak lateral force but also terminate lateral force for all specimens with different 

hoops and axial load ratios when 𝜀CFRPcu equals 0.005. As for deformation of walls, it can 

also obtain reasonable calculated results to use the proposed model with the assumption 

of taking the ultimate compressive strain of CFRP bar as 0.005. 

  

  

Fig. 6-5 Comparison of calculated coordinates of specific points with experimental 

results 

Where, expR1, expV1, expRo, expVo are the experimental lateral forces and corresponding drifts 
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of peak point and terminate point, respectively; calR1, calV1, calRo, calVo are the calculated 

lateral forces and corresponding drifts of peak point and terminate point by proposed 

envelop curve model, respectively. 

6.2.5 The ascending part of envelop curve 

The ascending part of envelop curve consists of initial elastic region (OPcr) and drift-

hardening region (PcrP1), as shown in Fig. 6-2. The initial elastic region can be determined 

through the initial stiffness Ke (see Eq. (2.3) through (2.6)) and cracking lateral force Vcr. 

The cracking lateral force Vcr means the lateral force which flexural crack first occurs, 

which can be predicted by the following equations recommended by ACI-318 code [6.4]. 

 𝑉𝑐𝑟 = 𝑀𝑐𝑟 𝐿⁄  (6.20) 

 𝑀𝑐𝑟 =
𝑓𝑟𝐼𝑔
𝑦𝑡

 (6.21) 

 𝑓𝑟 = 0.62𝜆√𝑓𝑐′ (6.22) 

Where, Mcr is the moment that causes flexural crack, L is the shear span, mm, Ig is the 

moment of inertia of gross concrete section about centroidal axis, neglecting 

reinforcement, mm4, fr is the modulus of rupture of concrete, MPa, f’c is the concrete 

compressive strength, MPa, yt is the distance from centroidal axis of gross section, 

neglecting reinforcement, to tension face, mm, λ is the modification factor reflecting the 

reduced mechanical properties of lightweight concrete and is taken as unit for normal-

weight concrete. 

After Ke and Vcr are determined by Eq. (2.3) and Eq. (6.20), the drift corresponding to 

Vcr, Rcr can be simply calculated by dividing Vcr with the Ke. 

 𝑅𝑐𝑟 = 𝑉𝑐𝑟/𝐾𝑒 (6.23) 

For the drift-hardening region (PcrP1), it is needless to consider the compression failure 

of CFRP bar. Unlike descending part that curvature of section in hinge zone is calculated 

according to the maximum compressive strain of CFRP bar, section curvature 𝜙 within 

the ascending curve can be calculated simply based the given drift R (<R1) by Eq. (6.24) 

and Eq. (6.25). 
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 𝑅𝑓 = (1 − 𝛼)𝑅, Rcr<R<R1 (6.24) 

 𝜙 =
𝑅𝑓

𝐿𝑝(1 −
𝐿𝑝
2𝐿)

 (6.25) 

After obtaining section curvature 𝜙, strains and stresses of concrete fibers and rebars can 

be calculated by Eq. (6.2) through Eq. (6.5) and material models in chapter four, 

respectively. Finally, the corresponding lateral force V to the given R is obtained as 

 𝑀 =∑𝐴𝐶𝐹𝑅𝑃𝑖𝑓𝐶𝐹𝑅𝑃𝑖

𝑚

𝑖=1

+∑𝐴𝑠𝑖𝑓𝑠𝑖

ℎ

𝑖=1

+∑𝐴𝑐𝑖𝑓𝑐𝑖

𝑘

𝑖=1

 (6.26) 

 

𝑀 =∑𝐴𝐶𝐹𝑅𝑃𝑖𝑓𝐶𝐹𝑅𝑃𝑖(
𝑙𝑤
2
− ℎ𝐶𝐹𝑅𝑃𝑖)

𝑚

𝑖=1

+∑𝐴𝑠𝑖𝑓𝑠𝑖(
𝑙𝑤
2
− ℎ𝑠𝑖)

ℎ

𝑖=1

+∑𝐴𝑐𝑖𝑓𝑐𝑖(
𝑙𝑤
2
− ℎ𝑐𝑖)

𝑘

𝑖=1

 

(6.27) 

 𝑉 =
𝑀

𝐿
− 𝑃𝑅𝑓 (6.28) 

Fig. 6-6 shows relationships between the calculated lateral force, using M- 𝜙 analyzing 

procedures based on Eq. (6.24) through Eq. (6.28), and drift within drift-hardening region 

(PcrP1) for all specimens. As shown in Fig. 6-6, the following logarithmic equation is 

proposed to predict the lateral force: 

 𝑉𝑖 = 𝐴ln(𝑅𝑖) + 𝐵 (6.29) 

Apparently, the coefficients A and B for the logarithmic function (6.29) shown in Fig. 6-

6 both increase with increasing the peak lateral force V1, while decreasing the drift of 

peak point R1 (V1 and R1 are obtained by Eq. (6.10) and (6.6) in section 6.2.1). Therefore, 

the combined factor V1/R1 is introduced to express the formula for two coefficients A and 

B. Fig. 6-7 displays the relationships between coefficient A (and B) in Eq. (6.29) and 

factor V1/R1. It is clear that two coefficients (A and B) strongly correlate with the factor 

V1/R1. From Fig. 6-7, it is easy to derive expressions for A and B, and the drift-hardening 

region curve PcrP1 can be defined by Eq. (6.30). 
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 𝑉𝑖 = (0.1131
𝑉1
𝑅1
+ 94.315) ln(𝑅𝑖) + (0.5904

𝑉1
𝑅1
+ 377.13) (6.30) 

Where, Vi, V1 are in kN, Ri, R1 are in %. 

  

  

  

Fig. 6-6 Relationships between calculated lateral force and drift 
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Fig. 6-7 Relationships between basic coefficients and V1/R1 
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6.3 Verification of the proposed model 

In order to verify accuracy of the proposed V-R envelop curve model, the experimental 

cyclic curves described in chapter two and chapter three are compared with calculated 

capacity curves in Fig. 6-8. One can see from Fig. 6-8 that the proposed V-R envelop 

curve model can give a reasonable evaluation of the overall lateral resistance capacity to 

concrete walls reinforced by CFRP bars. 

  

  

  

Fig. 6-8 Comparison of calculated envelop curves with measured V-R responses 
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Fig. 6-9 shows comparisons of envelop curves by the proposed model and hysteretic 

curves by the numerical analytical method described in chapter four. It can be seen that 

the envelop curve model exhibits almost the same precision as the numerical analysis that 

needs complicate procedures to consider effects of slippage before the peak point, which 

indicates that using the proposed envelop curve model has advantages of both accuracy 

and simplicity that can provide design references for practical engineering. 

  

  

  

Fig. 6-9 Comparison of proposed envelop curve model with numerical analysis  
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6.4 Conclusions 

In this chapter, a simplified capacity curve model with no need for complicated 

programing has been developed to facilitate performance-based seismic design of 

concrete walls reinforced by CFRP bars. 

Through comparisons between the experimental results described in chapters two and 

three and the numerical predictions calculated by the proposed model, the following 

conclusions can be drawn: 

1) Taking the experimentally measured compressive strain of 0.005 as the rupture strain 

for the compressive CFRP bars located at the extreme fiber of wall section could give 

a fairly good prediction of the peak lateral resistance and the corresponding drift for 

concrete walls reinforced with CFRP bars.  

2) The ascending portions of the proposed V-R model agreed very well with the 

experimental results till the peak points. The descending portion also exhibited good 

agreement with the measured envelope curves, but conservatively underestimated the 

ultimate drift for the walls under higher axial load ratios. This might be attributed 

that the strain of 0.005 underestimated the rupture strain for the CFRP bars located 

at the inner layer, where the restraint from the surrounding non-damaged concrete 

may enhance the rupture strain of the CFRP bars. 
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CHAPTER SEVEN 

7. Conclusions and future works 

7.1 Conclusions 

Experimental and numerical studies were conducted to investigate to what extent (drift 

level) the utilization of carbon fiber reinforced plastic (CFRP) bars as longitudinal rebars 

could make concrete walls resilient. Objectives of this thesis focus on three items; they 

are 1) seismic behavior of concrete walls reinforced by CFRP bars, 2) seismic behavior 

of the walls with improved confinement in the boundary elements, and 3) Assessing 

methods of CFRP bars reinforced concrete walls. 

To figure out the issues mentioned above, experimental and analytical studies are 

conducted and described in detail in chapter two through chapter six. 

As the conclusions of this thesis, main findings achieved from the experimental and 

analytical works described in chapter two through chapter six are summarized as below. 

In chapters two and three, six full-scale CFRP bar reinforcing concrete walls with 

rectilinear or circular hoops in boundary elements were fabricated and tested under cyclic 

reversed lateral load and axial compression with three axial load ratios of 0.17, 0.26 and 

0.33. From the experimental results and discussion, the following conclusions can be 

drawn: 

1) The ultimate state (peak point at the V-R curve) of concrete walls reinforced by CFRP 

bars was dominated by the rupture of the CFRP bars under compression. With the 

increment of axial load ratio, the stable drift-hardening capacity of concrete walls 
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decreased from 2.0% drift to 1.2% drift due to the compression failure of CFRP bars 

and the crushing of concrete shell of the walls.  

2) The residual drift ratio of the wall was kept less than 0.3% after unloading from the 

1.5% drift level regardless of axial load level due to the long elasticity of CFRP bars. 

However, to ensure the walls a drift-hardening capacity of 2.0%, which has been 

defined as the drift of life safety for common concrete components in current design 

codes, the axial load ratio should be limited below 0.25 for concrete walls reinforced 

with CFRP bars.  

3) The measured minimum equivalent viscous damping for the six test walls was beyond 

0.095, implying that concrete walls reinforced by CFRP bars had higher energy-

dissipation capacity than UPTP walls. 

4) Circular hoops confining concrete walls reinforced by CFRP bars can achieve 

equivalent seismic behavior as compared with composite rectilinear hoops confining 

walls with a 64% reduction of steel amount and improvement of construction. 

Chapter four through chapter six presented methods of evaluating the seismic behavior 

of concrete walls reinforced by CFRP bars, including a numerical analytical method for 

hysteresis behavior, code equations for ultimate capacities and a V-R envelop curve model. 

Comparisons were conducted between the experimental results with those calculated by 

the presented assessing methods. Based on the comparisons, the following conclusions 

can be drawn: 

1) Introducing bond strength and corresponding slip of CFRP bars, the presented 

analytical method could predict the hysteretic behavior of CFRP bars reinforced 

concrete walls up to ultimate drift with high and satisfactory accuracy. Besides, the 

analytical history of steel strains of CFRP bars also traced the experimental results 

fairly well. 

2) Taking confinement effect by transverse hoops in the boundary elements into account 

could further improve accuracy of the analytical hysteretic curves and CFRP strains 

of the walls. 
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3) The NewRC stress block and equations predicted the flexural capacities very well 

regardless of axial load level of the wall. The calculated flexural capacities by 

NewRC equations were only 3% lower than the test results on average. 

4) The AIJ code equation 2 (Eq. (5-15)) might give more rational prediction of shear 

capacity because it covers more structural factors, in particular the axial load ratio, 

than the other code equations. 

5) The ascending portions of the proposed V-R model agreed very well with the 

experimental results till the peak points. The descending portion also exhibited good 

agreement with the measured envelope curves, but conservatively underestimated the 

ultimate drift for the walls under higher axial ratios. 
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7.2 Future works 

This dissertation has investigated seismic behavior and proposed methods for predicting 

cyclic behavior and ultimate capacities of concrete walls reinforced by CFRP bars with 

the variables of hoop configuration in the boundary elements and the axial load ratios. 

There are still several issues that have not been addressed yet due to time-constraint. 

Those unsolved issues are listed below as the future works to promote and amplify the 

application of CFRP bars reinforcing concrete walls. 

1) Seismic behavior of concrete walls reinforced by CFRP bars with different shear span 

ratios: All tested walls in this dissertation have a same shear span ratio of 2.0. 

However, seismic behavior of walls with different shear span ratios is not clear. 

2) Compressive behavior of CFRP bars in confined concrete: As described in this 

dissertation, degradation of the lateral resistance of CFRP bars reinforced concrete 

walls was triggered by the rupture of CFRP bars under compression. More 

experimental information about compressive behavior of CFRP bars in confined 

concrete is desirable to figure out the effect of compressive behavior of CFRP bars 

on overall seismic behavior of the walls. 

3) Development of cyclic bond-slip relationship of CFRP bar: The bond-slip relation 

has a significant effect on seismic behavior of the walls. The use of modified bond-

slip model originally proposed by Funato did give a good predication of cyclic curves 

of CFRP bars reinforcing walls. However, the accuracy of the calculated residual drift 

by numerical analysis still need to be enhanced, for which modeling of cyclic bond-

slip relationship based on more experimental data is inevitable. 

4) Development of simplified hysteretic model for concrete walls reinforced by CFRP 

bars: Although a simplified V-R envelop curve model has been proposed in chapter 

six, a complete simplified hysteretic model including hysteresis loop is also desirable 

for practical design. 

5) Fire resistance of concrete walls reinforced by CFRP bars: The fire resistance of 
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CFRP bars needs to be studied considering that fire may occur after strong 

earthquakes. One of the methods to enhance the fire resistance of CFRP bars used in 

shear walls is avoiding spalling of the cover concrete, which can be realized by using 

such as CFRP sheets to confine the potential plastic hinge region of concrete walls. 

The effectiveness of this method needs to be experimentally verified in the near 

future. 
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