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 اٌٍّخط اٌؼشثٝ 2
 دد اٌزطٛساد اٌغش٠ؼخ فٟ إٌٙذعخ اٌّؼّبس٠خ إٌٝ إدخبي اٌّض٠ذ ِٓ اٌّجبٟٔ اٌشب٘مخ فٟ اٌؼبٌُ ِمبسٔخ ثبٌّبظٟ ٚاٌزٟأ

رعغ اٌزؾذ٠بد أِبَ رص١ُّ أوضش ٌٍؼٕبصش إٌؾ١فخ ِضً اػّذح اٌخشعبٔخ اٌّغٍؾخ إٌؾ١فخ. ٠غت ص٠بدح لذسح اٌزؾًّ ٌزٍه 

اٌخشعبٔخ اٌّغٍؾخ  رم٠ٛخ أػّذح ذٌمذ أصجزالاػّذح اٌخشعب١ٔخ اٌّغٍؾخ إٌؾ١فخ ِٓ اعً اْ رفٝ ثٛظبئف ا١ٌٙىً اٌّزغ١شح. 

اٌخشعبٔخ اٌّغٍؾخ  لأػّذحاٌزؾًّ فؼب١ٌزٙب فٟ رؾغ١ٓ اٌغٍٛن ٚلذساد ثبلا١ٌبف  ثبٌزغ١ٍف ثبعزخذاَ اٌج١ٌّٛشاد اٌّمٛاٖ

فئْ  ،اٌخشعبٔخ اٌّغٍؾخ اٌمص١شح ٚ ثبٌزبٌٝ  دساعخ أػّذح ؽٛيوبٔذ ِؼظُ الأثؾبس اٌغبثمخ ٚإسشبداد اٌزؼض٠ض اٌمص١شح. 

فٟ ٚسلخ اٌّشاعؼخ ٘زٖ ، رّذ  .اٌخشعبٔخ اٌّغٍؾخ إٌؾ١فخ ٚ اسشبداد اٌزؼض٠ض رؾزبط ٌّض٠ذ ِٓ اٌفُٙ عٍٛن أػّذح

ِٓ اٌخشعبٔخ اٌّغٍؾخ إٌؾ١فخ اٌغ١ش ِذػّخ ٚ اٌّذػّخ ثبعزخذاَ اٌج١ٌّٛشاد اٌّمٛاٖ ثبلا١ٌبف  ِشاعؼخ عٍٛن أػّذح

ػٍٝ الأػّذح ٠ّىٓ أْ رؤصش ٔؾبفخالأٚساق اٌجؾض١خ اٌغبثمخ. ِٓ خلاي ِشاعؼخ اٌذساعبد اٌّخزٍفخ ، ٠ّىٓ اعزٕزبط أْ 

اٌزشٛ٘بد. ٔغجخ ٔؾبفخ الاػّذح اٌخشعب١ٔخ اٌّغٍؾخ ٘ٝ أ٠عب لذسح رؾٍّٙب ٌلاؽّبي ٚ الأفبػبلاد ٚ  ا١ٙٔبس٘ب ٚ غش٠مخ

 اؽذ اٌؼٕبصش اٌزٝ رؤصش ػٍٝ وفبءح اٌزذػ١ُ.

, اٌمذسح الاعزؼبث١خ اٌج١ٌّٛشاد اٌّمٛاٖ ثبلا١ٌبف, ٔغجخ إٌؾبفخ, رذػ١ُ, أػّذح اٌخشعبٔخ اٌّغٍؾخ اٌىٍّبد اٌّفزبؽ١خ2

الأؾشاف اٌغبٔجٝ, الأؾٕبء, ػذَ الارضاْ. ,الأفبػبلادٌٍزؾ١ًّ,   

Abstract: 
Rapid architecture developments have introduced more tall buildings in the world compared 

to the past and that challenge the design of more slender members such as RC slender 

columns. The load carrying capacities for these slender RC columns need to be increased in 

order to fulfill the changing structure functions.  Strengthening RC columns with FRP wraps 

has proven its effectiveness in improving the behavior and load carrying capacities for short 

RC columns. Most of the previous researches and strengthening guidance were more in 

studying short RC columns; consequently, the behavior of slender RC columns and 

strengthening guidance need to be more understood. In this review paper, behavior of 
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unconfined and FRP confined slender RC columns and are reviewed from previous research 

papers. From review various studies, it can be concluded that slenderness of the columns can 

affect their failure modes, load carrying capacities, strains and deformations. Slenderness ratio 

is also one of the parameters that affect the strengthening efficiency of RC columns. 

Keywords: RC columns, Slenderness ratio, strengthening, FRP, load carrying capacity,               

strain, Lateral deflection, buckling, instability. 

1. Introduction 

A column is a structure member under axial compression, however; most column members, 

in reality, are subjected to bending moment in addition to the axial compression and that can 

arise from material or geometric imperfections.  

Columns are divided into two categories short and slender columns depending on their 

slenderness ratios. Slenderness ratio is one of the important parameters that affect the behavior of 

RC columns. Slenderness ratio is (λ = kL/r), where k and L are the column effective length factor 

and the unsupported length of the column, respectively; and r is the radius of gyration of the 

column section. For short columns with lower slenderness ratios,   the stiffness and flexure 

rigidity is relatively high, columns are only subjected to first order moment effect which is 

insignificant and can be declined while, slender columns with high slenderness ratios 

experience a reduction in their stiffness and thus, they are vulnerable to large lateral 

deformations causing secondary order moment effect and instability buckling failure to occur 

hence, the behavior of slender column is more complicated and must be well understood, and 

the effect of the additional bending moment exerts on this columns must taken into account in 

the design consideration. The strengthening of RC structures is critically important to enhance 

the serviceability and the capacity of structures in response to the increase in load demand 

beyond the original design. Common strengthening methods such as section enlargement 

(concrete jacketing), externally bonded steel plates, and externally bonded fiber-reinforced 

polymer (FRP) have been used for many years to improve structural service performance and 

ultimate capacity of concrete structures. FRP composities are characterized by their high 

strength to weight ratio and their corrosion resistance that results in a significant increase in 

using them in various civil engineering applications. FRP have proven their effectiveness in 

strengthening of RC columns since they are able to enhance the load carrying capacity and 

strains of concrete. The available strengthening guidelines are more for short columns than 

slender ones which make the behavior of strengthened slender RC columns is confusing and 

need to be more understood. 
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2. Literature review 

Pan, J. L. et al. [6] tested six rectangular RC columns wrapped with FRP under axial 

compression. The rectangular cross-section of the specimens was (120×150) mm, the 

slenderness ratio (L/b) was 4.5, 8, 10, 12.5, 14, and 17.5 respectively. The FRP was made of 

high strength unidirectional carbon fibers. The test results for columns are shown in Table 1. 

Table 1: The test results for columns of Pan, J. L. et al. [6] 

 

They found that the FRP strengthening effect is inversely proportional with the slenderness 

ratio of the column. For columns with slenderness ratio L/b greater than 10, failure occurred 

due to buckling and the FRP cannot be used fully due to its rupture after the peak load. 

Fitzwilliam, J., & Bisby, L. A. [2] studied the effect of FRP hoop and longitudinal wraps on 

RC columns with different slenderness ratios. Their study included eighteen circular RC 

columns with varying slenderness and CFRP strengthening schemes. All columns were 152 

mm in diameter and the column lengths were 300 mm, 600 mm, 900 mm, and 1,200 mm and 

tested to failure under eccentric axial compression. The column slenderness, kL/r, was varied 

between approximately 10 and 35. They come out that increased slenderness caused decreased 

load capacity and increased lateral deflection. Slenderness effects were more significant for 

CFRP wrapped columns with higher levels of CFRP confinement. The effect of slenderness 

and CFRP wrapping scheme on peak load capacity are shown in Fig. 1. 
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Fig. 1: Effect of slenderness and CFRP wrapping scheme on peak load capacity of Fitzwilliam, J., & Bisby, L. 

A. [2] 

 Slender member strengthened with hoop wraps only suffered from reduced flexural rigidity 

leads to instability failure under increasing secondary moments. Longitudinal CFRP wraps 

can be used improve the behavior of slender CFRP wrapped circular concrete columns and 

allow them to achieve higher strengths as it contributes significantly to the tangent flexural 

rigidity of the member at higher loads near ultimate. 

Soliman, A. E. K. S. [9] studied confining concrete columns having different slenderness 

ratios with fiber reinforced plastic/polymer (FRP) and how it affected the compressive 

strength, failure mode, axial, and radial strains. The study included six filled plastic tube 

concrete column specimens without steel reinforcement and one unconfined concrete 

specimen having slenderness ratios ranged from 10 to 17.5. Test results of column specimens 

are shown in Table 2. 

Table 2: Test results of column specimens of Soliman, A. E. K. S. [9] 

 

 He came out that for columns with lower slenderness ratios, the failure mode was noticed to be a 

diagonal shear failure and the failure of the specimens occurred due to the failure of the plastic 

tube, while columns with higher slenderness ratios experienced tensile failure due to the excessive 

increase of the observed horizontal displacements; at mid-height of column specimens, crushing 

of concrete had occurred on one side while tensile cracks were observed on the other side of the 

tested sample. 
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Chikh, N. et al. [1] studied the effect of both slenderness and strengthening ratios for the 

column specimens confined with CFRP wraps on the ultimate strength, stiffness, and ductility 

of the specimens. 18 columns specimens having concrete column strength of 25 MPa, 

slenderness ratios (L/Ø = 2; 5 and 6.5) and strengthened with 0, 1 and 3 layers of CFRP wraps 

are studied. They concluded that increasing the slenderness of the column led to both a change 

in the location of failure from its central zone to a lower one and a decrease in the CFRP 

ruptured, increasing the CFRP strengthening ratio resulted in increasing the compressive 

strength of the confined columns. For columns having the same cross-section area, increasing 

the slenderness ratio leads to a small decrease in the load carrying capacity and a moderate 

reduction in the axial deformation in contrary, this statement is not considered for columns 

with different cross-sections. 

Raval, R., & Dave, U. [8] investigated the axial strain of columns having different cross-

section geometry. A total of 15 RC columns of 1 meter in height were cast and loaded to fail 

in axial compression, 9 columns were control and the rest 6 columns were strengthened with 

one layer of GFRP wrap having 20mm of corner radius, the compressive strength of RC 

columns is equal to 15Mpa and the slenderness ratios are 5.8, 6.67 and 9 for circular, square 

and rectangular column respectively. They found that the effective confinement with GFRP 

wrapping resulted in improving the compressive strength. GFRP wrapping for circular 

columns produced highest increment in axial load than square and rectangular columns. 

Control and GFRP wrapped circular columns undergo higher axial deformation as compared 

to that for rectangular columns. Also, they observed higher deformation for GFRP wrapped 

rectangular columns as compared to that for square and circular columns because of 

slenderness effects have resulted into bending at the time of failure under small eccentricity. 

Saravanan, J. et al. [10] studied the effect of the slenderness ratio on the ultimate strength, 

ductility, axial, and lateral strains on high strength circular RC columns wrapped with 

UDCGFRP wraps. The study included 12 column specimens having 150 mm diameter, height 

range from 300 mm to 1200 mm and nominal slenderness ratios (γ = Ieff/ rg ) of 8, 16, 24 and 

32; one column for each slenderness ratio was kept as a reference column and was tested 

without any wrapping, the remaining columns were wrapped with UDCGFRP wraps with 

used thicknesses 3 and 5 mm.  They deduced that, increasing the slenderness ratio results in 

decreasing the ultimate strength of the column. Increasing the thickness of the fiber used leads 

to an increase in the ultimate strength. The axial strain and deflection ductility for unwrapped 

columns showed maximum sensitivity to slenderness ratio than wrapped ones. Ultimate loads, 

stresses and strains for tested columns are shown in Table 3 

. 
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Table 3: Ultimate loads, stresses and strains for tested columns of Saravanan, J. et al. [10] 

 

Parthasarthi, N. et al. [7] tested four high strength reinforced concrete square columns with 

dimensions 2200x150x150 mm under constant axially and bi-axially loaded conditions. The 

average compressive strength of concrete cube is equal to 51.2Mpa and the slenderness ratio is 

equal to 14.6. Details of eccentrically loaded column are shown in Table 4. They observed a 

reduction in the biaxial load capacity as a result of increasing the eccentricity based on the 

ultimate loads for reinforced concrete column. The reduction in the biaxial load capacity of 

the columns with high eccentricity was more than that of lower one. In columns having the 

same eccentricity, the reduction in the biaxial load capacity is more for specimen with higher 

longitudinal reinforcement ratio. Ultimate loads for the specimen with different eccentric 

loading and longitudinal reinforcement are shown in Fig. 2. 

Table 4: Details of eccentrically loaded column of Parthasarthi, N. et al. [7] 
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Fig. 2: Ultimate loads for the specimen with different eccentric loading and longitudinal reinforcement of 

Parthasarthi, N. et al. [7] 

Maranan, G. B., et al. [4] cast and tested eight full-scale geopolymer-concrete circular 

columns reinforced longitudinally and transversely with glass-fiber-reinforced-polymer 

(GFRP) bars under concentric loading. Six short columns (L/r = 8) were cast: one column 

without transverse reinforcement; three columns with circular hoops spaced at 50 mm, 100 

mm, and 200 mm on centers; and two columns with spirals spaced at 50 mm and 100 mm on 

centers. In addition, two slender columns (L/r = 16) transversely reinforced with hoops and 

spirals both spaced at 100 mm on centers were fabricated. They noticed that the slender 

columns exhibited higher deformation compared to the short columns due to their lateral 

movement, so they failed at a lower load compared to that of short column. The higher 

average ductility index and average confinement efficiency of the spiral-confined columns 

lead to more ductile behavior and higher post concrete-cover spalling strength of those 

columns compared to the hoop-confined ones. GFRP-reinforced geopolymer-concrete system 

was found to be more compatible than GFRP-RC system due to the higher elastic modulus of 

geopolymer concrete (33 GPa) compared to normal concrete (29 GPa) of the same grade (38 

MPa), resulting in higher normalized strength (97.3%) compared to GFRP-RC circular 

columns (88.3%).  

Montaser, W., et al. [5] tested three groups, each group consists of 5 square RC columns are 

tested, each column has dimension= 150mm × 150mm and slenderness ratio = 10. Two RC 

heads were used at ends of each column with dimension of 150 × 450-mm to prevent any 

stress concentrations. They found that the width of CFRP strips (W) preferred to be equal or 

more than spacing of CFRP strips (S) to qualify the required capacity. Increasing the CFRP 

ratio increases the efficiency of stirrups because the failure happens on high load where 

stirrups reached to maximum strain. 

Xing, L. et al. [11] studied behavior of circular RC columns confined with FRP jacketing 

loaded eccentrically. The study concerned in several parameters that may affect the load 

carrying capacities and deformability of the confined RC columns; these parameters included 
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the slenderness ratio (Length to diameter ratio of the column (L/D)), number of confining FRP 

layers and loading eccentricity. 10 RC columns specimens having the same diameter of 300 

mm were included in their study; these specimens were divided into three groups to study the 

effect of each parameter. The noticed that, for all the FRP-confined columns, both the most 

compressed and the most tensioned longitudinal steel bars yielded before the ultimate axial 

load was reached. For the unconfined column , failure was sudden and characterized by 

concrete crushing and spalling near mid height on the compression side. The measured strains 

of the longitudinal steel bars in this specimen suggest that no yielding of these bars occurred 

prior to concrete crushing, and very small lateral displacements had developed at failure. The 

ultimate axial load, moment capacity and axial strain at ultimate load are direct proportional to 

the FRP thickness and inverse proportional to the initial load eccentricities and slenderness. 

Increasing the slenderness leads to an increase in the mid-height lateral displacement under 

the same load. Summary of test results is shown in Table 5. 

Table 5: Summary of test results of Xing, L. et al. [11] 

 

Hu, Z. et al. [3] studied the effect of slenderness on the behavior of RC columns wrapped 

with CFRP cloth and loaded concentrically. Their study included a total of 12 columns; half 

the columns were unwrapped columns, and the other half were wrapped ones, all the columns 

having a diameter of 200 mm and slenderness ratios (kL/r) of 12, 20, 32, 40, 48, and 56. They 

concluded that the slenderness ratio can affect the bearing capacity of the columns; by 

increasing the slenderness ratio of the column, its load carrying capacity decreases. The 

influence of the slenderness ratio of the columns in reducing the ultimate load capacity is 

found to be greater for wrapped column than unwrapped ones. Ultimate axial load versus 

slenderness ratios relationships are shown in Fig. 3. As the slenderness ratio of test specimen 

increases, the circumferential strain (εc) and the vertical strain (εv) of specimens decrease 

gradually, which indicated that the restraining effect of FRP is declined. By increasing the 

slenderness ratio of the columns, the lateral deflection of mid-height increased significantly at 
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loads close to the ultimate value. It can be concluded that CFRP circumferential restraint 

cannot increase the flexural stiffness of the column. 

 

 

Fig. 3: Ultimate axial load versus slenderness ratios relationships of Hu, Z. et al. [3] 

3. Conclusions  

Following are the results of literature review: 

1) As the slenderness ratio of column increases, its ultimate axial load decreases. 

2) The effect of FRP strengthening of columns decreases as the slenderness ratio increases. 

3) Strengthening slender columns in the hoop direction have insignificant effect on 

enhancing their flexure stiffness. 

4) Strengthening the slender columns in with FRP laminates in the longitudinal direction help 

in improving their behavior and increasing their strength. 

5) Slenderness effects were more significant for CFRP wrapped columns with higher levels 

of CFRP confinement. 

6) As the slenderness ratio of the column increases, the lateral deflection increases. 

7) Increasing the FRP thickness leads to increasing the ultimate axial load, moment capacity 

and axial strain at ultimate load for confined columns. 

8) Increasing the initial load eccentricity for columns results in decreasing the ultimate axial 

load, moment capacity and axial strain at ultimate load. 
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