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Abstract– Many reinforced concrete structures are exposed to corrosive environment which can 
lead to damage of the reinforcing steels. These members include coastal structures subjected to 
wind-born salt spray and seawater, as well as bridges beams and decks subjected to deicing salt. 
Design engineers should prevent the deterioration of reinforcing steel, especially transverse 
stirrups. Using FRP materials in new concrete members has attracted researchers’ interests due to 
FRP high resistance against corrosion. Distance of FRP stirrups plays a key role in the cyclic 
behavior of joints and energy absorption magnitude. In this study, experimental and finite element 
investigations have been studied to assess the effects of stirrup distances on the cyclic behavior of 
concrete joints. In the experimental study, two half-scale concrete joints with the same beam and 
column dimensions and longitudinal steel reinforcing characteristics but different distance of 
transverse FRP stirrups were tested under cyclic loading. Besides presenting and analyzing the 
main results and photographs of the experimental tests, the made ANSYS finite element models 
were compared and validated with these tests. Moreover, the distances of FRP stirrups were varied 
in finite element models. According to experimental and finite element method results, the joints 
with congested stirrups had not only higher ductility and energy dissipation, but also had 
additional capacity, as much as 12% relative to the non-ductile joint with wider distance stirrups.           

 
Keywords– Concrete joint, FRP stirrup, finite element method, ductility, cyclic behavior, experimental results  
 

1. INTRODUCTION 
 

Steel reinforcing bars are vulnerable to oxidation when exposed to chlorides. Examples of such exposure 
include marine areas and regions where road salts are used for deicing and also the locations where salt 
contaminated aggregates are used in the concrete mixture. Application of FRP bars in the form of 
longitudinal bars and stirrup in bridges, slabs and buildings is increasing as a result of their high resistance 
to corrosive regions [1-3]. The use of FRP composites in strengthening members of reinforced concrete 
structures such as beams and joints has been of great interest for civil engineers in recent years [4-6]. 
Various design codes for using FRP material in concrete structures were presented [7-10]. Many existing 
reinforced concrete buildings were already designed for gravity loads and lateral forces that may be much 
smaller than those prescribed by existing building codes [11]. Berg and others have studied cost analysis 
of an FRP reinforced concrete bridge deck. Their conclusions showed that construction of an FRP 
reinforced concrete bridge deck using conventional construction technology and labor was accomplished 
with a 57% savings in construction labor over nominally identical steel rebar reinforced deck [12]. Many 
researchers such as Nanni et al. have studied FRP reinforcement in concrete and assessed tensile 
properties of braided FRP rods for concrete reinforcement [13]. Li et al. studied reinforcement of concrete 
beam-column connections with hybrid FRP sheet [14]. Gadve et al. have conducted an experimental work 
on corrosion of steel reinforcements embedded in FRP wrapped concrete [15].  Lau and his colleagues 
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analyzed the experimental behavior of hybrid FRP reinforced concrete beams [16]. Gravina and Smith 
assessed the flexural behavior of indeterminate concrete beams reinforced with FRP bars [17]. 
Longitudinal bars had the greater diameter relative to stirrups and were far from corrosive environment. 
Therefore, effect of corrosion on longitudinal reinforcement was much less than stirrups. Performance of 
stirrups was very effective for cyclic behavior of members and flexibility and energy absorption capacity. 
Stirrup corrosion reduces the capacity of members and performance of structure in seismic loads. Seismic 
design code of steel RC frames was provided as ACI-318, giving some regulations regarding concrete 
structures ductility corresponding to the use of steel stirrups [18].  

There has been no considerable research about cyclic behavior of concrete structures having man-
made in-placed fabricated FRP transverse stirrups. One of the problems in using factory pre-fabricated 
grid stirrups is the unavailability of FRP grids and cost inefficiency in small projects. Man-made in-place 
stirrups introduced in this experimental study compared to fabricated types are easily assembled and 
compatible with any arrangement of longitudinal reinforcements such as triangular, rectangular and 
circular types. This study is mainly concentrated on the performance of the new proposed FRP stirrups in 
concrete joints with steel longitudinal reinforcement. Therefore, two concrete joints including different 
spacing FRP stirrups and constant steel longitudinal reinforcements were constructed and tested under the 
cyclic loading. The FRP stirrups distance in the specific critical region of beam and column was 50mm in 
the first joint while this space was 100mm in the other. Moment-drift, moment-curvature and moment-
strain diagrams for FRP stirrup were achieved. Finally, FEM model was validated by experimental results 
and four more numerical models were constructed. So there were two groups of FEM models, two joints 
in each group. The first joint utilized closed space FRP stirrups and the latter used wider spacing stirrups 
with expected less ductility. Based on the results obtained from FEM analysis, the load-deformation 
curves and ductility coefficient of joints were calculated. 
 

2. EXPERIMENTAL RC JOINTS SPECIMENS 
 
In order to examine the effect of FRP stirrups distance on the cyclic behavior of concrete joints, two half-
scale specimens were constructed  with the same steel longitudinal bars ( 148 in columns and totally 

126  at the top and bottom of the beams) and same dimensions,  250 mm square columns and 200 by 250 
mm beams (height by width).  The first joint had closed space FRP stirrups considering design code 
ductility regulations and was introduced as FDJ (FRP Ductile Joints), and the other had wider double 
spaced FRP stirrups and was introduced as FNJ (FRP Non-ductile Joints). Characteristics of the joints 
have been shown in Fig.1 and given in Table 1. 
 

 
Fig. 1. Schematic of joint specimens 
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Table. 1. Details of experimental joint specimens with CFRP materials 
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a) Material properties  
 

Seven and 28-day compressive strengths of concrete cylinders used in the joints were 21 and 30 MPa, 
respectively. Maximum aggregate size and slump of the used concrete were 10 and 80 mm, respectively. 
Yield and ultimate strength of steel longitudinal bars of column were 408 and 470 MPa. Furthermore, 
yield and ultimate strength for steel longitudinal rods of beams were 354 and 542 MPa. CFRP sheet 
texture was used to fabricate man-made in-place FRP stirrups for our experimental specimens.  FRP 
stirrups cross section shown in Fig. 2 for the joint specimens was 7.8 mm2. Mechanical properties of fibers 
provided by manufacturer are given in Table 2. These fibers were initially sheets which, upon 
consideration of cross section thickness equal to 0.11 mm, were cut as strips. Cut strips were treated and 
completely covered by resin and were installed as stirrups in determined places on the steel longitudinal 
bars. 
 

   

(a) Original FRP sheet      (b) Cutting FRP strips       (c) Stirrups installed in joints 

Fig. 2. Used FRP fibers for In-placed Stirrups 
 

Table 2. Mechanical properties of CFRP fibers 

Thickness per fiber 
(mm)  

Ultimate 
strain (%)  

Modulus of 
Elasticity (GPa)  

Tensile strength  
(MPa)  

Fiber Type  Product  

0.11  1.5  235  3550  
High Resistance 

Carbon  
YC-N200  

 
b) FRP stirrups design 
 

To design the FRP stirrups cross section, equivalent cross section of steel stirrup was adopted by 
assuming 6mm diameter steel stirrups, 28.3 mm2 cross section and 260 MPa yield strength. According to 
design code regulations of ACI 318, shear capacity of steel stirrups was calculated by Eq. 1 [18]. 

s

ysv
s S

dFA
V                                        (1) 

where Asv, Fy, d and Ss are the sum area of two steel stirrups legs, steel bar yield strength, effective height 
and spacing of steel stirrups, respectively.  If FRP fibers are used, shear capacity of FRP stirrups is 
calculated by Eq. 2 based on ACI 440 and Canadian design code CSA [8, 9]. 

s

dfA
V fvfv

f                                                          (2) 
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where Vf , Afv , s , and ffv are shear capacity of  FRP stirrups, sum area of two FRP stirrups legs, spacing 
of stirrups,  and effective tensile strength of FRP stirrups.  

According to ACI-440-R1, effective tensile strength in FRP stirrups is assumed to be 0.004Ef when 
Ef is the modulus of elasticity of FRP stirrups. Required equivalent cross section of FRP stirrups was 
calculated according to Eq. 3 by assuming 0.4% strain for FRP stirrups and equality of shear capacity of 
FRP and steel stirrups. These results are presented in Table 3. 

f

ysv
f E

FA
A

004.0
                                                              (3) 

Table 3. Equivalent area of FRP stirrups 

Modulus of elasticity of FRP 
fibres (GPa) 

Yield strength of equivalent 
steel stirrups (MPa) 

Cross section of a stirrup (mm2)  

235 260  
FRP stirrup 

Equivalent steel 
stirrup  

7.8  28.3  
 
c) Experimental test set-up  
 

Experimental set-up has been shown in Fig. 3, using two jacks set horizontally at the top of each 
specimen to apply cyclic load at the tip of the beam and one jack set at the end of the column to apply the 
axial loading to column. The other end of column was fixed to joint support. The applied constant axial 
load of 350 kN was equal to 20% of maximum nominal compressive capacity of the column and 
calculated from Eq. (4).  

yssgcn fAAAfP  )(85.0 '                                                          (4)  

According to Fig. 4, applied horizontal loading was initiated as displacement cyclic control with 3 cycles 
in 0.5% drift with displacement equal to 6.25 mm. Next loading stages were comprised of three cycles per 
incremental loading stage. To determine the beam tip displacement and total beam-column joint rotation, 
two LVDTs were used at the top of the beam, as well as two more diagonal LVDTs at the beam-column 
intersection. All instrumentation tools were plugged into the information Data Logger machine to record 
all test data.  
 

                            
                      Fig. 3. Details of test set- up                                        Fig. 4. Relative displacement of the beam 

                                                                                                            with respect to joint column 
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3. CYCLIC PERFORMANCE OF EXPERIMENTAL JOINT SPECIMENS 
 
The weak beam-strong column idea was expected in both specimens to have relative ductile joints. Fig. 5 
shows Moment-Drift diagrams in both experimental specimens. These diagrams illustrate the stable 
behavior of joints up to 7% drift. Cracks were widened and this was the case for previous cracks as well in 
drifts 2-7%. Finally, diagonal shear crack occurred in the beam and near the joint. Moreover, cracks 
development and depth increasing continued in the joint region, and this was repeated up to the end of 
loading upon achieving 7% drift. Joint specimens at the end of tests with close-up details of crack patters 
of two specimens are illustrated in Fig. 6.  

Ductile specimen FDJ had the highest loading capacity as much as 12% higher than non-ductile 
specimen FNJ. In FDJ specimen, initial yield in steel longitudinal bars occurred in the moment and 
displacement of 15.16 kN.m and 0.89 mm, respectively and 18.91 kN.m and 12.44 mm at FNJ specimen.  
FDJ experienced longitudinal bars yielding in the smaller displacement, 20% lower compared to FNJ. 
Ductility of specimens based on the ratio of ultimate displacement to yielding displacement (Δu/Δy) or the 
ratio of ultimate drift to yielding drift in FDJ and FNJ were 8.6 and 6.8, respectively, therefore closed 
spacing stirrup specimens showed 25% higher ductility compared to the wide spacing stirrup non-ductile 
specimen, indicating the FRP stirrups positive effects on the cyclic performance of RC joints reinforced 
with non-metalic stirrups. Steel RC joint specimen with the same characteristics and steel longitudinal and 
stirrups was tested under cyclic loading and showed stable behavior up to 7% with the ductility coefficient 
equal 7.5[19]. The comparison of steel and FRP stirrup joint specimen showed that both had almost the 
same ductility behavior, even more at the FRP specimen, indicating that the proposed designed and tested 
specimen had the ductility criteria the same as the steel stirrup specimen joint. 

 

                   
                                (a) FDJ specimen                                           (b) FNJ specimen 

Fig. 5. Moment-displacement diagram of the joints  
 

Moment-drift back-bone curves of the joints have been shown in Fig. 7. The slope of this specimen was 
very steep up to 1.5% and then decreased from 1.5% to 7% and no capacity degradation was observed up 
to the end of loading. Table 4 presents the maximum values of the positive and negative moments for both 
specimens. FNJ has the maximum positive moment which is 11.5% lower than FDJ. FNJ has the 
maximum negative moment which is 17.2% higher than FDJ. 
 

Table 4. Maximum positive and negative moments in specimens 
 

Decreasing with respect to reference specimen (FDJ) 
max

( )

P

kN



 

max

( )

P

kN



Specimen  
(%)max

P (%)max
P 

--- --- 23.75 31.25 FDJ 
17.2 11.5 27.84 27.66 FNJ  
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(a) FDJ specimen                                                           (b) FNJ specimen 

 

                       
   

(c) FDJ crack pattern                                          (d) FNJ crack pattern  
Fig. 6. Joint specimens at the end of loading 

 

 
(a) FDJ specimen                                                   (b) FNJ specimen  
Fig. 7. Moment-drift back-bone curves for experimental specimens 

 
4. STRAINS IN JOINT STIRRUPS 

 
Positions of strain gauges instrumented on FRP stirrups and steel longitudinal reinforcements have been 

shown in Fig. 8. The first stirrup (at the distance of 50 mm from the column side) applied moment-strain 

diagram is shown in Fig. 9. FRP stirrups strains at the end of loading in FDJ and FNJ specimens 

approached up to 0.088% and 0.061%, respectively. FRP stirrups strain in the panel zone (inside of joint) 

has been shown in Fig. 10, maximum strain at the end of loading for FDJ and FNJ specimens were 0.24 

and 0.6%, respectively. In Fig. 11, moment-strain diagram of 1st stirrup of column at a distance 50 mm 

from the column side was represented. At the end of loading, maximum strain of stirrups in FDJ and FNJ 

was 0.051 and 0.074%, respectively. Maximum strains of the first stirrup of beam and stirrups of inside 

joint at each specimen have been shown in Table 5. 
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(a) FDJ specimen                                          (b) FNJ specimen   

Fig. 8. Position of strain gauges on stirrups and longitudinal reinforcements, 
 

  
(a) FDJ specimen                                                                 (b) FNJ specimen  

Fig. 9. Moment-strain diagram of the first stirrup in joint beam 
 

Table 5. Maximum strains for first stirrup of beam and column and stirrup of joint source region 

Maximum strain for first stirrup of 
column  (%)  

Maximum strain of 
joint region stirrup 

(%) 

Maximum strain of first 
stirrup of beam  (%)  

Specimen 

0.051 0.24 0.088 FDJ 
0.074 0.6 0.061 FNJ 

 

  
(a)    FDJ specimen                                   (b) FNJ specimen  

Fig. 10. Moment-strain diagram of stirrups in panel zone 
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(a)    FDJ specimen                                                        (b) FNJ specimen  

Fig. 11. Moment-strain diagram for 1st stirrup of column 

 
5. FRP STIRRUPS EFFECTS ON MOMENT-CURVATURE AND ENERGY ABSORPTION 

 
Moment-curvature diagram of a reinforced concrete section depicts its nonlinear bending characteristics 

exactly. In fact, this diagram shows the value of moment of a section regarding the initial state for a 

certain concrete section with definite distribution of longitudinal reinforcement, for a given axial force. 

Fig. 12 shows the moment-curvature diagram of beam (50 mm apart from column side). Maximum 

rotation of cross section for FDJ and FNJ is 0.058 and 0.057 radian, respectively. Energy absorption 

diagram of two specimens were presented in Fig. 13. Energy absorption diagram for joints can be obtained 

from the sum of the cross sections of hysteresis loops for drifts at loads not lower than 85% of maximum 

loading. According to this curve, both specimens absorbed the same low amount of energy up to 1.5% 

drift because of their initial crack patterns prior to the effectiveness of FRP stirrups. After 2% drift, the 

difference in energy absorption between FDJ and FNJ specimens was increased, so the value of energy 

absorption of ductile FDJ specimen was 3610 kN.m which was 1.18 times of maximum value 

corresponding to FNJ up to 7% drift. Stiffness variations diagram of joints against beam tip displacement 

is shown in Fig. 14, these diagrams are the same for both specimens. 

 

       
   (a)  FDJ specimen                                                           (b) FNJ specimen  

Fig. 12. Moment-curvature diagram for end of joints beam 
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Fig. 13. Energy absorption diagram of the experimental specimens 

 

 
Fig. 14. Stiffness variation diagram of joints against displacement 

 
6. FINITE ELEMENT ANALYSIS 

 
Three types of elements (Solid65, Link8, Solid45) in Ansys program were adopted in the FE models of joint 

specimens. Solid65 element was defined by eight nodes, having three degrees of freedom at each node, 

widely used for 3-D modeling of solids with or without reinforcements. Link8 element is a uni-axial 

tension–compression element with three degrees of freedom at each node, namely translations in the nodal 

x, y, and z directions. It was used for modeling both longitudinal and transverse reinforcements in the 

concrete joints. The modeling of steel reinforcement was carried out using the discrete model in which rebar 

elements were connected to concrete mesh nodes. The layered Solid45 element was used for modeling the 

steel reaction plates [20]. The concrete behaves differently under different types and combinations of stress 

conditions due to the progressive micro cracking at the interface between the mortar and the aggregates 

(transition zone). The propagation of these cracks under the applied loads contributes to the nonlinear 

behavior of the concrete.  

The mesh employed for the study had element length of 50 mm in beam and column of joint, whereas 

20 by 50mm element size was used in the cover of joints. The h-method was used for analysis and this 

method requires a finer mesh. The ANSYS program will continue to do equilibrium iterations until the 

convergence criteria are satisfied. In this paper, L2-norm of displacement tolerance equal to 0.2% was 

used. It is appropriate for the analysis of all models. In most cases, an L2-norm check on displacement 

with tolerance equal to 0.2% is also used in addition to the displacement norm check. The program will 

check for displacement convergence by comparing the square root sum of the squares (SRSS) of the 

displacement imbalances against the product of VALUE*TOLER (in this study=0.01). Concrete in 
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compression was considered to be linear-elastic up to about 0.3f'c, where f'c was the cylinder compressive 

strength. The smeared crack plastic model used in the current study requires a biaxial state for concrete, 

for which the theoretical failure surface proposed by William-Warnke [21] was considered, as shown in 

Fig. 15-a. Moreover, the concrete uni-axial compression law was also necessary for simulation; therefore 

numerical expressions (Desayi and Krishnan [22]) were used to construct the uni-axial compressive stress-

strain curve as shown in Fig. 15-b. In the William–Warnke concrete model, σxp and σyp are the most 

significant nonzero principal stresses in the x and y directions, respectively. In this smeared crack model, a 

smooth crack could close and all the material stiffness in the direction normal to the crack may be 

recovered. 

 

      
             (a) Biaxial state                                                                  (b) Compression uni-axial state 

Fig. 15. Constitutive laws to concrete 
 

The used material properties for the all concrete joint specimens have MPafc 30'  , MPaft 1.4 , 

GPaEc 23 , and Poisson`s ratio 2.0  conforming to the properties of experimental joint specimens. The 

kinematic hardening rule including Bauschinger effect and Von-Mises yield criteria was used for steel bars. 

In this study, Young’s modulus was MPaEs 000,200 , MPaf y 260 , and Poisson’s ratio 3.0 . Control 

of rupture in FRP strips is done through strain control. Using dimensions of experimental specimens, FE 

model of concrete beam is constructed and shown in Fig. 16. Moment-drift diagram of FE and experimental 

models is represented in Fig. 17, indicating a good agreement between FE and experimental model. 

Characteristics of experimental and FE models are provided in Table 6. There is a little difference between 

FE and the experimental models, the difference for displacement corresponding to first yielding of 

longitudinal bar, yielding of longitudinal reinforcements and ultimate loading were 6.7% ,  3.6% 10.5%, 

respectively. 

 
Table 6. Comparison of FE and experimental models 

Variation percent compared to 
experimental model  ).( mkNMu )(mmu  ).( mkNM y 

)(mmy
  Specimen  

(%)uM%u  (%)yM
 

%y
 

10.5  3.6  5.2  6.7  
31.25  85  15.26  9.89  Experimental
34.21  81.9  16.05  10.56  FE  
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Fig. 16. FE Model of experimental FDJ specimens  

       

 
Fig. 17. Moment-drift diagram of FE and experimental models 

 
a) Finite element models of joints 
 

To assess the effects of FRP strips spacing on reinforced concrete joints, two groups of concrete 
joints with different dimensions and reinforcements were constructed. The first joint had ductile condition 
with closed space FRP stirrups and the second had non-ductile condition with wider spacing stirrups. FRP 
stirrups space in second specimen of each group was twice that of the first one. Numerical models had 
compressive strength of 30 MPa and steel longitudinal bars specifications the same as those at 
experimental ones. Selection of finite element specimen dimensions should satisfy the idea of weak beam-
strong column. Dimensions and longitudinal reinforcement of modeled joints have been shown in Table 7. 
FRP stirrups cross sections have been presented in Table 8. FE models constructed by ANSYS software 
have been presented in Fig.18. 
 

Table 7. Specification of FE modeled joints 
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(a)  J1D joint model                                (b) J1U joint model 

 
(c) J2D joint model           (d) J2U joint model  

Fig. 18. Models constructed in ANSYS 
 

Table 8. FE modeled FRP stirrups specification 

Stirrup space 
 in non-ductile region  

)mm(  

Stirrup space 
 in ductile region  

)mm( 

Stirrups  
cross section   

)
2mm(  

Specime
n name  

Group No  

200  100  8  J1D 
1  

200  200  8  J1U 
300  150  10  J2D 

2  
300  300  10  J2U 

 
b) Load-Displacement behavior of FE Specimens 

 

Selected joints were subjected to the incremental loading at the end of the beam. Load-displacement 
diagrams of four specimens have been shown in Fig. 19. Loading of all specimens was applied up to 7% 
drift equal to 140 mm displacement. According to analysis carried out on both groups, joint with FRP 
ductile stirrups had higher loading capacity compared to joints with non-ductile FRP stirrups. In both 
groups, up to displacement of 7 mm, load-displacement diagrams were the same. From 7 to 40 mm 
displacement, difference between load-displacement diagrams was relatively increased. From 50 to 140 
mm, the difference between both groups’ diagrams was increased up to 8.7% and 7.5 % at the first J1D 
specimen and the second J2D higher than forces corresponding to J2U specimen, respectively. FE analysis 
results of the specimen are represented in Table 9. According to the obtained results, the displacement in 
which the first yield of longitudinal reinforcement is observed was decreased 15% compared to J1U, but 
the 19% decrease happened in the second group of J2D specimens compared to J2U specimens. In both 
groups, the first joint of each group (J1D and J2D) with ductile conditions has the higher ductility 
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coefficient compared to non-ductile joints (J1U and J2U). Ductility coefficient for J1D joint was 8.69, 
which was 11.5% higher than the J1U specimens. Moreover, in the second group, J2D joint has ductility 
coefficient of 8.09, which is 22% higher than J2U specimens. 

 
 (a) 1st Group                                                   (b) 2nd Group   
Fig. 19. Diagram of force-displacement of two joint groups 

 
Table 9. Yield and ultimate load, displacement and ductility coefficient of FE models 

y

u





 ).( mkNMu  )(mmu

  
).( mkNM y  )(mmy  Specimen 

8.69 135.6 140 57.15 16.1  J1D  
7.35 123.9 140 65.6 19.05  J1U  
8.09 365.3 140 138.7 17.3  J2D 
6.59 338.6 140 142.2 21.23  J2U 

 
7. CONCLUSION 

 
Experimental and finite element investigations were studied here to assess the effects of CFRP stirrup 
spacing on the cyclic behavior of concrete joints. Two concrete joints with the same characteristics 
reinforced with longitudinal steel bars and transverse CFRP stirrups at the different spaces were 
experimentally constructed and tested, then the numerical models were validated and new models were 
produced. According to the behavioral observations and obtained results of experimental cyclic loading of 
two reinforced concrete beam-column joints and numerical models, the following results were drawn: 

 Both experimental specimens with FRP closed ductile stirrup (designed based on seismic 
provision codes) and non-ductile specimen with wider spacing FRP stirrup showed stable 
behaviors without significant strength degradation.  

 Maximum strain of FRP tested ductile and non-ductile joints were 0.24% and 0.6% and the 
maximum strain experienced by joint source stirrup was close to the allowable design code, 
showing the effectiveness of these stirrups on the increasing ductility. Therefore the ductile FRP 
joints showed 26% higher ductility coefficients and 18% higher energy absorption than those of 
non-ductile joints, even though their capacity difference was only 12%. Test results indicated that 
the FRP closed spacing stirrups equal to a quarter of the effective depth of the beam had an extra 
FRP stirrup inside of the joint, and had a significant effect on increasing ductility of seismic 
designed joints, however, little effect on increasing the capacity. 

Numerical analysis showed that all specimens reinforced with FRP stirrups designed based on Design 
code ductility regulations at closed space had an average 8%higher loading capacity and FE modeled 
joints with closed ductile stirrups condition had higher ductility coefficients up to 20% compared to wide 
stirrup spacing joints. 
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