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1. Introduction 
 

FRP had the advantages of high strength, light weight, 

fatigue resistance, and good durability, and it was 

increasingly used in structures (Abdelkarim et al. 2017, 

Attari and Tavakkolizadeh 2019, Dhahir and Kareem 2017, 

Gholampour and Ozbakkaloglu 2017, Grammatikou et al. 

2018, Liang, et al. 2019, Prashob et al. 2019, Xie et al. 

2019, Chen and Wang 2019, Mansouri 2015, Ozbakkaloglu 

et al. 2013, Teng et al. 2009, Ozbakkaloglu and Lim 2013, 

Wei and Wu 2012, Harajli 2006, Mansouri 2016). 

Meanwhile, PVC material was also extensively applied due 

to its merits of cheap, fatigue resistance, and environmental 

protection. As early as in 1978, Kurt (1978) first poured 

concrete into a PVC tube to form a novel composite 

structure-the PVC confined concrete (PCC) column. The 

ductility of this PCC column was remarkably improved.  

To take full advantage of the above-mentioned PVC and 

FRP, Saafi (2001) proposed a grooved PFCC column. This 

column not only improved the carrying capacity but also 

significantly enhanced the ductility of the specimen. 

However, the stress concentration was easy to occur at the 

grooved position. To overcome this problem, Yu (2007)  
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simplified the construction process of PVC-FRP tube, and 

winded the FRP strips directly on PVC tube. A new non-

grooved PFCC column including steel skeleton, core 

concrete and PVC-FRP tube was proposed. In comparison, 

this new composite column is more economical and has 

better long-term stability than the well-researched FRP 

confined concrete column. 

So far, some scholars had made a lot of achievements on 

the study of static behavior, seismic performance and 

durability of PFCC columns (Niu et al. 2017, Yu et al. 

2018, Toutanji and Saafi 2002). Among them, Fakharifar 

(Fakharifar and Chen 2016), and Yu (2007) conducted the 

axial compression experiments on PFCC columns and the 

test results indicated that the carrying capacity and ductility 

of the PFCC columns were notably improved. (Yu et al 

2015, Niu et al. 2017, Yu 2014) conducted an experiment 

on the PFCC column under eccentric load. Results revealed 

that with the increment of eccentricity or FRP strips 

spacing, the carrying capacity of the eccentrically loaded 

PFCC column decreased. (Fakharifar and Chen 2017) 

studied the flexural behavior of PFCC columns and 

indicated that the FRP strips could effectively improve the 

flexural capacity of the PFCC columns. Chen (2016) and 

Jiang et al. (2014) carried out the experiments on seismic 

behavior of PFCC column. Test results demonstrated that 

the hysteresis curve of this column was full and it presented 

superior seismic performance. (Toutanji and Saafi 2001) 

and (Gupta and Verma 2016) conducted the durability 

studies on PFCC column and revealed that the specimens 

had good durability. (Wang 2008, Jiang et al. 2014 and Yu 

et al. 2015) established a finite element model for 

evaluating the mechanical behavior of PFCC column  
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the weak PFCC column and strong RC ring beam joint under eccentric compression was proposed and it was in good agreement 

with the experimental data. 
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subjected to axial load. The results showed that PFCC 

column with the FRP strips spacing of 30 mm-40 mm had 

good mechanical properties and economic applicability. 

In summary, some scholars had carried out many 

researches on the static performance, seismic performance 

and durability of PFCC columns. However, few studies  

 

 

 

 

were focused on the joint of PFCC column and RC ring 

beam. Only the author’s research group (Zhu 2018, Yu et al. 

2019) conducted some experimental investigations on the 

axial compression performance of weak PFCC column and 

strong RC ring beam joints (PFCC-RBJs). The results 

showed that the ring beam joint had excellent applicability,  

 
Far from the side of the axial load (T)   Near the side of the axial load (C) 

Fig. 1 Details of specimens (F7) 

Table 1 Parameters of PFCC-RBJs under eccentric compression

 

Specimen 

number 

Height of 

ring beam /h 

(mm) 

Width of ring 

beam/b 

(mm) 

Reinforcement ratio  

of ring beam /ρ(%) 

Eccentricity 

/e(mm) 

Layer of FRP /

ft &
 
FRP strip 

spacing /
fs

(mm) 

kN)(

eN  

F1 300 75 10Ф6.5(1.45%) 20 2/60 1005.1 

F2 300 75 10Ф6.5(1.45%) 40 2/60 753.8 

F3 300 75 5Ф6.5+5Ф8 (1.85%) 20 2/60 988.9 

F4 300 75 10Ф8(2.25%) 20 2/60 1012.8 

F5 300 75 5Ф6.5+5Ф8 (1.85%) 40 2/60 716.7 

F6 300 100 4Ф6.5+6Ф8 (1.45%) 20 2/60 1126.9 

F7 300 125 4Ф6.5+8Ф8 (1.45%) 20 2/60 1021.9 

F8 300 100 4Ф6.5+6Ф8 (1.45%) 40 2/60 787.5 

F9 240 75 8Ф6.5(1.45%) 20 2/60 990.7 

F10 180 75 6Ф6.5(1.45%) 20 2/60 1098.5 

F11 240 75 8Ф6.5(1.45%) 40 2/60 711.6 

F12 300 75 5Ф6.5+5Ф8 (1.85%) 20 2/20 1227.3 

F13 300 75 5Ф6.5+5Ф8 (1.85%) 20 － 908.6 

Note: *ρ was reinforcement ratio of ring beam,
bh

As
 , in which sA  denoted the total area of annular steel of ring beam; h, b 

represented the ring beam height and width, respectively.  

*- indicated that the surface of PVC tube was not wrapped with FRP strips. 

* 
eN  indicated the ultimate carrying capacity of PFCC column. 
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appreciable carrying capacity and favorable ductility in 

PFCC structure system. However, the eccentrically 

compression column was inevitable in practical 

engineering, and there is no published study on the PFCC-

RBJs under eccentric compression. 

Therefore, one weak PVC confined concrete column-RC 

strong ring beam joint (PCC-RBJ) and twelve PFCC-RBJs 

under eccentric compression were investigated. The effect 

of five key parameters, such as reinforcement ratio, width 

and height of ring beam, FRP strips spacing and 

eccentricity, on the ultimate carrying capacity and strain 

behavior were analyzed and discussed. Additionally, a 

modified stress-strain model for conveniently predicting the 

weak PFCC column and strong RC ring beam joint under 

eccentric compression was proposed. 

 

2.2 Material properties 
 
The concrete with strength grade C30 was adopted in 

the experiment. According to the Chinese code GB/T 

50081-2002 (GB/T 50081; 2002), the average compressive 

strength of concrete was 23.6 MPa, and the elastic modulus 

was 2.43×104 MPa. The mechanical properties of the steel, 

FRP strips and PVC tube were respectively determined 

depending on the Chinese code GB/T 228.1-2010 (GB/T 

228.1; 2010), GB/T 3354-2014 (GB/T 3354; 2014) and 

GB/T 8804.1-2003 (GB/T 8804.1; 2003). The tensile 

strength of CFRP strips and PVC strips were 3903 MPa and 

62.4 MPa respectively. The detailed mechanical properties 

of steel, FRP strips and PVC tube were listed in Table 2. 

 

2.3 Measurement scheme 
 
2.3.1 Strain gauge arrangement  

To measure the strain of annular steel of ring beam, 

several strain gauges (SGs), such as SGs1-18, were attached 

on the compression side (C), the tension side (T) and the 

symmetry axis (M), as shown in Fig. 1. For the specimens 

(i.e., F1-F8, F12-F13) with 5 layers or 6 layers of annular 

steel, SGs were arranged on the 3 layers of annular steel at 

the upper part of the joint. For the specimens (i.e., F9-F11) 

with 3 layers or 4 layers of annular steel, SGs were pasted 

on the 2 layers of annular steel at the upper part of the joint. 

SGs (i.e., SGs19-24) were attached to the middle of the  

 

 

 

outer and inner limbs of the stirrup on the side T, M and 

side C to determine the stirrup strain of ring beam. 

To accurately measure the strain of longitudinal steel 

bars of column, some SGs (i.e., SGs25-34) were arranged 

on two longitudinal steel bars of the side C and side T. The 

specific arrangement of SGs was shown in Fig. 1. 

To measure the strain of PVC tube, FRP strips and 

concrete in the joint zone, several SGs were attached to the 

symmetrical position of the side C and side T of the middle 

part of the PVC-FRP tube. Eight SGs (i.e., SGs39-46), as 

depicted in Fig.1, were arranged on PVC-FRP tube to 

determine the circumferential strain of FRP strips and axial 

strain of PVC tube, respectively. Additional four SGs (i.e., 

SGs35-38) were adopted to measure strain stirrup of 

column at the connection of PFCC column and joint. Two 

pairs SGs (arranged at 90°), such as SGs47-50, were 

employed to monitor the axial and circumferential strain of 

concrete in the side T and side C of specimen at the middle 

height of joint. 

 

2.3.2 Arrangement of displacement gauges 
A total of 5 displacement gauges (Nos.1-5) were 

arranged for the specimen, among which No. 1 and No. 2 

were used to measure the axial displacement of the 

specimen. No. 3 was employed to determine the lateral 

displacement of concrete in joint zone, and No. 4 and No. 5 

were adopted to monitor the deflection of the side T in 

middle of the upper and lower PFCC columns. More details 

were depicted in Fig. 2. 

 

2.4 Loading scheme 
 

The experiments of PCC-RBJ and PFCC-RBJs under 

eccentric compression were conducted by the 5000 kN 

electron-hydraulic servo compressive machine in Structure 

and Earthquake Resistance Laboratory of Anhui University 

of Technology, as shown in Fig. 2. Two knife-edge bearings 

were employed to simulate the boundary conditions of the 

specimen. The preloading with 5% of the estimated ultimate 

strength of specimen was firstly applied to check whether 

the device operated normally. After that, multi-stage load-

controlled scheme was applied and the load increment of 

each stage was 10% of the estimated ultimate strength, and 

each stage was kept for 2 minutes. When the load increased  

Table 2 Mechanical properties of steel, FRP strips and PVC strips 

Type of materials Yield strength 

（MPa） 

Tensile 

strength（MPa） 

Elastic 

Modulus（105MPa） 

Ultimate strain 

Ф6.5 291.30 504.30 1.93 - 

Ф8 276.53 429.72 1.81 - 

Ф10 350.99 553.86 1.84 - 

CFRP strips - 3903 2.84 0.0137 

PVC strips - 62.4 0.0257 - 
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to approximately 90% of the estimated ultimate strength of 

specimen, the displacement-controlled scheme with a 

constant rate of 0.5 mm/min was employed. The experiment 

was terminated when the specimen was damaged or the 

load declined to 85% of the ultimate strength. When the 

failure of column occurred or the load-displacement curve 

came into the descent section, and the load fell to 85% of 

the ultimate strength, the specimen was considered to be 

damaged. 

 

 

3. Experimental results and analysis  
 

3.1 Failure mode 
 

Three stages, such as the elastic stage, crack 

development stage, and destruction stage, were observed in 

the test process of specimen. The variation of appearance 

was not obvious in elastic stage. With the increase of load, 

horizontal cracks appeared in the side T of core concrete in 

the middle of column, and the specimen entered the crack 

development stage. When the load was close to the ultimate 

carrying capacity, an obvious flexural deformation appeared 

on the PFCC column, several FRP strips were broken, and 

the specimen entered the destruction stage. At this stage, the 

longitudinal steel in the joint zone yielded, whereas the 

annular steel in the joint zone not yielded. By comparison, 

the strain of concrete and stirrup in joint was relatively  

 

 

 

small, and no visible cracks appeared on the surface of the 

joint zone. According to the test process and phenomenon, 

the failure mode of the specimen was ductile failure. The 

typical failure mode of PFCC-RBJ was depicted in Fig. 3. 

 

3.2 Ultimate carrying capacity of PFCC-RBJ 
 

The carrying capacity was the key property of structural 

members. In extant studies, the effects of the variable 

parameters (i.e., ρ, b, h, fS , e) on the ultimate carrying 

capacity was depicted in Fig. 4. The detailed experimental 

results of ultimate carrying capacity was listed in Table 1. 

As illustrated in Figs. 4(a)-4(c), obviously, the 

reinforcement ratio, width and height had no remarkable 

impact on the ultimate carrying capacity. This is mainly 

because, according to the design principle, the damage of 

the PFCC column in extant studies dominated the failure of 

the specimen. The reinforcement ratio, width and height had 

little effect on the ultimate carrying capacity of PFCC 

column. The ultimate carrying capacity declined with the 

increase of FRP strips spacing, as shown in Fig. 4(d). This 

was mainly because the confinement effect of FRP strips on 

PFCC column weakened as the FRP strips spacing 

increased. The increase of eccentricity would significantly 

decrease the ultimate carrying capacity, as demonstrated in 

Figs. 4(e1)-4(e4). Take specimens F6 (e = 20 mm) and F8 (e 

= 40 mm) for instance, the carrying capacity of F6 was 1.43 

times than that of F8. 

 
 

(a) Experimental loading schematic diagram (b) Experimental loading device diagram 

Fig. 2 Test set up 

  

 

(a) Overall failure mode (b) Failure mode of PFCC column (c) Failure mode of joint zone 

Fig. 3 Typical failure mode of PFCC-RBJ 
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3.3 Strain analysis 
 

3.3.1 Axial strain of PVC tube  
Consistent with the impact on ultimate carrying 

capacity, three studied parameters (i.e., ρ, b, h,) had no 

significant effect on the axial strain of PVC tube, and the 

load-strain curves of specimen were basically identical, as 

demonstrated in Figs. 5(a)-5(c). 

The effect of FRP strips spacing and eccentricity on 

axial strain of PVC tube was depicted in Figs. 5(d), 5(e1)-

5(e4). Initially, as the confinement of FRP strips on PVC 

tube was very small, the effect of FRP strips spacing on the 

axial strain of PVC tube was not obvious. With the 

increment of load, the axial strain of PVC tube decreased 

with the decrease of FRP strips spacing. It can be concluded 

that the decrease of eccentricity would slow down the 

development of axial strain of PVC tube. 

 

3.3.2 FRP strips strain 
As three studied parameters such as reinforcement ratio, 

width and height were mainly related to joint, the effect of 

these parameters on the strain of FRP strips was not distinct,  

 

 

as depicted in Figs. 6(a)-6(c). 

Fig. 6(d) illustrated the effect of FRP strips spacing on 

FRP strips strain. The strain of FRP strips decreased with 

the decrease of FRP strips spacing. In contrast, the impact 

of FRP strips spacing on the strain of FRP strips on the side 

C was more obvious than that of side T. 

The effect of the eccentricity on the FRP strips strain 

was depicted in Figs. 6(e1)-6(e4). It can be seen that the 

increase of eccentricity would accelerate the strain 

development of the FRP strips. Besides, the effect of 

eccentricity on accelerating strain development was more 

significant on side C than that of on side T. 

 

3.3.3 Annular steel strain 
The load-strain relationship curves of annular steel were 

illustrated in Fig. 7. Clearly, as the confinement effect 

provided by the inner annular steel was more obvious than 

that of the outer annular steel, the strain of inner annular 

steel was larger than that of the outer annular steel at the 

same layer. The strain of annular steel decreased from 

middle of joint to the end of joint in the axial direction. In 

addition, the strain of annular steel on side C was greater 
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Fig. 4 Effect of several parameters on the ultimate carrying capacity 
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than that on side T. The confinement effect of annular steel 

on side C was greater than that of side T.  

The effect of reinforcement ratio, width and height on 

strain of annular steel was depicted in Figs. 8(a)-8(c). With 

the increase of the reinforcement ratio, width or the 

decrease of height, the strain development rate of the 

annular steel on the side C was significantly reduced, while 

the effect of these three parameters on the strain of the 

annular steel at the side T was not obvious. As can be seen 

from Fig. 8(d), the decrease in FRP strips spacing improved 

the maximum strain of annular steel. This may come from 

that the ultimate carrying capacity enhanced with the 

decrease of FRP strips spacing, thereby, the circumferential 

confinement required by the joint core also increased 

correspondingly. With the increase of eccentricity, the strain 

development rate of the annular steel on the side C was 

significantly reduced, while the eccentricity had little effect 

on the strain of the annular steel on the side T, as shown in 

Figs. 8(e1)-8(e4). 

 
 

 

 
3.3.4 Ring beam stirrup strain 
The load-strain relationship curves of ring beam stirrup 

were depicted in Fig. 9. Initially, for the side T of ring beam 

stirrup, the ring beam stirrup was under compression and 

the strain of the stirrup developed slowly. The development 

rate of the inner limbs strain of the stirrup was greater than 

that of the outer limbs stirrup strain. As the load increased, 

the compression strain of the stirrup decreased, and the 

strain of stirrup gradually changed from compression strain 

to tension strain. For the side C of ring beam stirrup, the 

ring beam stirrup of specimens with an eccentricity of 20 

mm were always under compression, and the strain 

development rate of the stirrup on side C was larger than 

that of the stirrup on side T. This may come from that 

concrete on the side C subjected to the diffusion 

compressive stress was greater than that of side T. While 

most of the specimens with an eccentricity of 40 mm were 

always in a tension state. 
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Fig. 5 Effect of several parameters on the axial strain of PVC tube 
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As shown in Figs.10 (a1-a2), the strain development rate 

of the inner limbs decreased, with the reinforcement ratio 

increased, while the effect of reinforcement ratio on strain 

development rate of outer limbs was not distinct. With the 

increase of width, the ring beam stirrup strain development 

rate of the outer limbs on the side C decreased. During the  

 

 

 

 

whole loading process, width had no remarkable impact on 

ring beam stirrup strain on side T, as shown in Figs .10(b1)-

10(b2). In addition, the influence of height on the strain of 

ring beam stirrup was depicted in Figs. 10(c1)-10(c2). It can 

be seen that as height decreased, the stirrup strain 

development rate of the inner limbs on the side T decreased.  
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Fig. 6 Effect of several parameters on the strain of FRP strips 
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Fig. 9 Stirrup strain of ring beam(F1) 

 

 

The stirrup strain of the outer limbs on the side T changed 

from compressive strain to tensile strain with the decrease 

of the ring beam height. Obviously, the maximum stirrup 

tensile strain on the side T and the maximum stirrup 

compressive strain on the side C increased as FRP strips 

spacing decreased, as illustrated in Figs. 10(d1)-10(d2).  

 

 

This was mainly because the decrease of FRP strips spacing 

would enhance the ultimate carrying capacity of specimen, 

correspondingly improve the stress of ring beam stirrup. As 

shown in Figs.10(e1)-10(e4), in the initial loading stage, the 

ring beam stirrup strain increased approximately linearly. 

As the eccentricity increased, the ring beam stirrup 

compressive strain development rate on the side T 

decreased. Compared with the specimens with an 

eccentricity of 20 mm, the ring beam stirrup of specimens 

with an eccentricity of 40 mm on the side C were under 

tension. 

 

 

4. Stress-strain relationship analysis 
 

In this section, the influences of five parameters (i.e., ρ, 

b, h, fS , e) on stress-strain relationship of PFCC column 

were shown in Figs. 11. In these figures,  c and ce   

represented the compressive stress and strain of PFCC 

column, respectively. All the stress- strain curves were  
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Fig. 8 Effect of several parameters on the annular steel strain 
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approximately composed of two stages. The first stage was 

a parabola, and the second stage was approximately a 

straight line. 

Obviously, during the whole loading process, the 

reinforcement ratio, width and height had no significant 

effect on stress-strain relationship curve of PFCC column, 

as shown in Figs. 11(a1)-11(c2). The main reason was that, 

as mentioned above, the influence of these three parameters 

on the strength of PFCC column was not significant. Figs. 

11(d1) and 11(d2) depicted the effect of FRP strips spacing  

 

 

on stress-strain relationship curve of PFCC column. It can 

be seen that the slope of the stress-strain relationship curve 

decreased with the increment of FRP strips spacing. The 

ultimate stress and ultimate strain of the PFCC column 

decreased as the FRP strips spacing increased. As shown in 

Figs. 11(e11)-11(e42), the slope of the stress-strain 

relationship curve of the PFCC column decreased with the 

increase of the eccentricity. The ultimate stress of PFCC 

column decreased as the eccentricity increased, while the 

effect of eccentricity on the ultimate strain of PFCC was not 

distinct. 

-1200 -900 -600 -300 0
0

200

400

600

800

1000
Ne/kN

 F1, =1.45%, Outer limb

 F1, =1.45%, Inner limb

 F3, =1.85%, Outer limb

 F3, =1.85%, Inner limb

 F4, =2.25%, Outer limb

 F4, =2.25%, Inner limb

e/me  
-200 0 200 400 600

0

200

400

600

800

1000

 F1,  =1.45%, Outer limb

 F1,  =1.45%, Inner limb

 F3,  =1.85%, Outer limb

 F3,  =1.85%,  Inner limb

 F4,  =2.25%, Outer limb

 F4,  =2.25%,  Inner limb

Ne/kN

e/me  

 

(a1) Effect of reinforcement ratio on 

side T 

(a2) Effect of reinforcement ratio on 

side C 
(b1) Effect of width on side T 

  

 
(b2) Effect of width on side C (c1) Effect of height on side T (c2)Effect of height on side C 

  

 
(d1) Effect of FRP strip spacing on

 side T 

(d2) Effect of FRP strip spacing on 

side C 

(e1)Effect of eccentricity with 

ρ=1.45% 

-2400 -1800 -1200 -600 0 600 1200
0

200

400

600

800

1000

 F3, Outer limb，(T)

 F3,Inner limb，(T)

 F3, Outer limb，(C)

 F3, Inner limb，(C)

 F5, Outer limb，(T)

 F5, Inner limb，(T)

 F5, Outer limb，(C)

 F5, Inner limb，(C)

Ne/kN

e/me
 

-2400 -1800 -1200 -600 0 600 1200
0

200

400

600

800

1000

 F1, Outer limb，(T)

 F1, Inner limb，(T)

 F1,Outer limb，(C)

 F1, Inner limb，(C)

 F2, Outer limb，(T)

 F2, Inner limb，(T)

 F2, Outer limb，(C)

 F2, Inner limb，(C)

Ne/kN

e/me
 

 

(e2) Effect of eccentricity with 

ρ=1.85% 

(e3) Effect of eccentricity with b=100 

mm 

(e4) Effect of eccentricity with h=240 

mm 

Fig. 10 Effect of several parameters on the stirrup strain of ring beam 

-400 -200 0 200 400 600 800 1000
0

200

400

600

800

1000

 F1, b=75mm, Outer limb

 F1, b=75mm, Inner limb

 F6, b=100mm, Outer limb

 F6, b=100mm, Inner limb

 F7, b=125mm, Outer limb

 F7, b=125mm, Inner limb

Ne/kN

e/me

-1500 -1200 -900 -600 -300 0 300
0

200

400

600

800

1000

1200

 F1, b=75mm, Outer limb

 F1, b=75mm, Inner limb

 F6, b=100mm, Outer limb

 F6, b=100mm, Inner limb

 F7, b=125mm, Outer limb

 F7, b=125mm, Inner limb

Ne/kN

e/me
-300 0 300 600 900

0

200

400

600

800

1000

 F1, h=300mm, Outer limb

 F1, h=300mm, Inner limb

 F9, h=240mm, Outer limb

 F9, h=240mm, Inner limb

 F10, h=180mm, Outer limb

 F10, h=180mm, Inner limb

Ne/kN

e/me

-300 0 300 600 900
0

200

400

600

800

1000

1200
Ne/kN

 F1, sc=60mm, Outer limb

 F1, sc=60mm, Inner limb

 F12, sc=20mm, Outer limb

 F12, sc=20mm, Inner limb

 F13, Without  CFRP, Outer limb

 F13, Without  CFRP, Inner limb

e/me

-1500 -1200 -900 -600 -300 0
0

200

400

600

800

1000

1200

 F1, sc=60mm, Outer limb

 F1, sc=60mm, Inner limb

 F12, sc=20mm, Outer limb

 F12, sc=20mm, Inner limb

 F13, Without  CFRP, Outer limb

 F13, Without  CFRP, Inner  limb

N
e
/k

N

e/me

-2400 -1800 -1200 -600 0 600 1200
0

200

400

600

800

1000

 F9, Outer limb，(T)

 F9, Inner limb，(T)

 F9, Outer limb，(C)

 F9, Inner limb，(C)

 F11, Outer limb，(T)

 F11, Inner limb，(T)

 F11, Outer limb，(C)

 F11, Inner limb，(C)

Ne/kN

e/me

21



 

Feng Yu, Nannan Zhang, Yuan Fang, Jie Liu and Guosheng Xiang 

 

  

0 2 4 6 8
0

10

20

30

40

 F1, =1.45%

 F3, =1.85%

 F4, =2.25%


/M

P
a

ec/10-3

 

0 2 4 6 8
0

10

20

30

40

 F1, =1.45%

 F3, =1.85%

 F4, =2.25%


/M

P
a

ec/10-3

 

 

(a1) Effect of reinforcement ratio on 

upper column 

(a2) Effect of reinforcement ratio on 

lower column 

(b1) Effect of width on upper column 

0 2 4 6 8 10
0

10

20

30

40

50

 F1, b=75mm

 F6, b=100mm

 F7, b=125mm


/M

P
a

ec/10-3

 
0 2 4 6 8

0

10

20

30

40

 F1, h=300mm

 F9, h=240mm

 F10, h=180mm


/M

P
a

ec/10-3

 

 

(b2) Effect of width on lower column (c1)Effect of height on upper column (c2) Effect of height on lower column 

0 2 4 6 8 10
0

10

20

30

40

50

 F1, sc=60mm

 F12, sc=20mm

 F13, Without  CFRP


/M

P
a

ec/10
-3

 
0 2 4 6 8

0

10

20

30

40

50

 F1, sc=60mm

 F12, sc=20mm

 F13, Without CFRP


/M

P
a

ec/10
-3

 

 

(d1) Effect of FRP strips spacing o

n upper column 

(d2) Effect of FRP strips spacing on 

lower column 

(e11) Effect of eccentricity on upper 

column with %45.1  

0 2 4 6 8
0

10

20

30

40

 F1, e=20mm

 F2, e=40mm


/M

P
a

ec/10-3
 

0 2 4 6 8
0

10

20

30

40

 F3, e=20mm

 F5, e=40mm


/M

P
a

ec/10-3

 

 

(e12) Effect of eccentricity on lower 

column with %45.1  

(e21) Effect of eccentricity on upper 

column with %85.1  

(e22) Effect of eccentricity on lower 

column with %85.1  

0 2 4 6 8
0

10

20

30

40

 F6, e=20mm

 F8, e=40mm


/M

P
a

ec/10-3

 
0 2 4 6 8 10

0

10

20

30

40

 F6, e=20mm

 F8, e=40mm


/M

P
a

ec/10-3
 

 

(e31) Effect of eccentricity on upper 

column with 00mm1b  

(e32) Effect of eccentricity on lower 

column with 00mm1b  

(e41)Effect of eccentricity on upper 

column with 240mmh  

0 2 4 6 8
0

10

20

30

40

 F1, h=300mm

 F9, h=240mm

 F10, h=180mm


/M

P
a

ec/10-3

0 2 4 6 8
0

10

20

30

40

 F3, e=20mm

 F5, e=40mm


/M

P
a

ec/10-3

0 2 4 6 8 10
0

10

20

30

40

 F1, b=75mm

 F6, b=100mm

 F7, b=125mm


/M

P
a

ec/10-3

0 2 4 6 8
0

10

20

30

40

 F1, e=20mm

 F2, e=40mm


/M

P
a

ec/10-3

0 2 4 6 8
0

10

20

30

40

 F9, e=20mm

 F11, e=40mm


/M

P
a

ec/10-3

22



 

Stress-strain model of weak PVC-FRP confined concrete column and strong RC ring beam joint… 

 

 

 

 

Fig. 12 Typical stress-strain curve of PFCC column 

 

 

5. A model for predicting the stress-strain relation 
of PFCC-RBJ under eccentric compression  

 

The experimental results showed that different from the 

uniform confining of concrete under axial load, the 

confinement of concrete under eccentric compression was 

not uniform. The confining force decreased with the 

increase of eccentricity. Considering the effect of 

eccentricity on the stress-strain relationship, a reduction 

coefficient of confinement effect zK  was introduced in 

extant studies, and then a modified stress-strain model for 

predicting the PFCC-RBJ under eccentric compression was 

proposed based on the Yu’s model (Yu 2007) as shown in 

Fig. 12. 
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In which, c , ce  represented the compressive stress 

and strain of PFCC column under eccentric compression, 

respectively. 2E
 

denoted the slope of intensified segment, 

as determined by Eq. (2). tRe was the intersection of the 

parabola and the intensified segment, as calculated by Eq. 

(3). Rof
 

indicated the intercept of the straight line of the 

intensified section of the PFCC column under compression, 

as expressed by Eq. (4). 
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In which, '
ccRf indicated the ultimate compressive 

strength of PFCC column under eccentric compression, as 

calculated by Eq. (5). '
ccRe represented the ultimate 

compressive strain of PFCC column under eccentric 

compression, as determined by Eq. (6). of  indicated the 

intercept of the straight line of the intensified segment of 

the PFCC column under eccentric compression without 

reinforcement, as determined by Eq. (7). sN was the 

calculated value of carrying capacity of the steel, which can 

be determined by Eq. (8), where, '
sA  was the total area of 

longitudinal steel in the column, '
yf  was the yield strength 

of longitudinal steel in the column,
'

cc

'
ccR

a
f

f
k  and

'
cc

'
ccR

b
e

e
k  

were the enhancement coefficient of the axial strain and 

stress of PFCC column, respectively, as listed in Table 3. 

cce   represented the ultimate compressive strain of PFCC 

column without reinforcement, '
ccf was the ultimate 

compressive strength of PFCC column without 

reinforcement. 
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(e42) Effect of eccentricity on lower column with 240mmh  

Fig. 11 Effect of several parameters on the stress-strain curve of PFCC column 
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In which, '
ef represented the equivalent confinement 

effect coefficient of PFCC column under eccentric 

compression, ef denoted the confinement effect coefficient 

of axially loaded PFCC column, 
g
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fA
 , fA was the 

area of FRP strips, ff πdtA  . 
gk  was the confinement 

effect coefficient of FRP strips,
'
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S

S
k  , fs  and fs  were 

the width and spacing of the FRP strips, respectively, 
'

f
s 

fs . 

zk  
represented the reduction coefficient of confinement 

effect, which was fitted by the regression analysis of test 

data, as shown in Fig. 13 and Eq. (10) . 
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The comparison between the stress-strain curves 

predicted by the proposed model and the measured stress-

strain curves were depicted in Fig. 14. It can be seen that 

the proposed model were in good agreement with the test 

data. 

 

 

6. Conclusions 
 

One PCC-RBJ and twelve PFCC-RBJs under eccentric 

compression were designed with principle of “strong joint 

and weak column” and tested in extant studies. Several key 

parameters including width, height and reinforcement ratio 

of ring beam, eccentricity and FRP strips spacing were 

considered. The following conclusions can be drawn. 

 

 

• The failure mode of the PFCC-RBJs under 

eccentric compression was the broken of several FRP strips, 

the cracking of PVC tube and the concrete on the side C of 

the PFCC was crushed. 

• The ultimate carrying capacity of eccentrically 

loaded PFCC-RBJ decreased as the FRP strips spacing or 

eccentricity increased. The effect of the reinforcement ratio, 

width and height of ring beam on the ultimate carrying 

capacity was not obvious. 

• The axial strain of PVC tube decreased as the 

FRP strips spacing decreased. The decrease of eccentricity 

would slow down the development of axial strain of the 

PVC tube. Other three studied parameters had little effect 

on the axial strain of the PVC tube. 

• The strain of the FRP strips decreased with the 

increase of FRP strips spacing. The increase of eccentricity 

would accelerate the strain development of the FRP strips. 

Reinforcement ratio, width and height of ring beam had 

little effect on the strain of the FRP strips. 

• The slope of the stress-strain curve of PFCC 

column decreased as the FRP strips spacing or eccentricity 

increased. The ultimate strain of the PFCC column 

decreased as the FRP strips spacing increased, while the 

effect of eccentricity on the ultimate strain of PFCC was not 

distinct. Other three studied parameters had no evident 

effect on the stress-strain curve of PFCC column. 

• Considering the influence of eccentricity on the 

stress-strain relationship, a reduction coefficient of 

confinement effect
zk was introduced, and then a modified 

stress-strain model for predicting the weak PVC-FRP 

confined concrete column and strong RC ring beam joint  

Table 3 Test values of ak and bk
 

Data Sources 
Specimen 

number
 

ccf   ccRf   cce   ccRe   ak  bk  

Yu 

AR-Cs20 56.85  65.06  0.0172 0.0199 1.14  1.16  

AR-Cs30 47.99  58.31  0.0159 0.0172 1.22  1.08  

AR-Cs40 44.24  56.59  0.0147 0.0169 1.28  1.15  

AR-Cs50 40.64  52.71  0.0135 0.0166 1.30  1.23  

AR-Cs60 41.21  50.96  0.0129 0.0146 1.24  1.13  

Wang  

2016 

AR2-Bs20 36.81  36.94  0.0055 0.0092 1.00  1.67  

AR2-Bs30 34.73  35.73  0.0050 0.0080 1.03  1.60  

AR2-Bs40 34.24  35.10  0.0049 0.0062 1.03  1.27  

AR2-Bs50 34.07  33.69  0.0047 0.0060 0.99  1.28  

AR2-Bs60 32.28  37.01  0.0045 0.0069 1.15  1.53  

Average value      1.14 1.31 
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 Fig. 14 Comparison of stress-strain curves for joint between proposed model and test data 
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under eccentric compression was proposed. The proposed 

model agreed well with the test data. 
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