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Abstract 

Reinforced concrete (RC) columns, jacketing of FRPs has become a standard strengthened 
technique in the present times. The current research scenario focuses on the fact that strengthened and 
rehabilitation of RC columns by CFRP and GFRP are more effective. Additionally, the present research 
also highlights a new class of natural composites of BFRP (Basalt Fiber Reinforced Polymer) bonded 
with adhesive to column specimens as an alternate confinement material. Generally, it is advisable to use 
RC columns instead of CFRP and GFRP confinement material. The experimental study was strengthened 
by partially and fully wrapped square RC columns using GFRP and BFRP uni - directional and bi-
directional. The behavior of stress-strain curves and failure modes were observed. The experimental 
results show that the substantial increment in ultimate load-displacement capacity, ultimate stress-
ultimate axial and lateral strains lead to BFRP and GFRP failure. The fully warped square reinforced 
concrete (RC) column performs better in getting stress-strain behavior and displacement limit as 
compared to the partially covered system. It is a fact that the strengthened obtained by 
partial wrapping with BFRP and GFRP is a preferable and cost-effective alternative as compared to the 
fully wrapped. The test results show that the CNR-DT-R1 model is more reliable than Lam & Tang and 
provides reasonable and precise calculations for the ultimate axial stress of partially and fully wrapped 
RC columns.  

Keywords: Square columns, BFRP and GFRP, Partial strengthening, Full strengthening, Stress-strain 
behavior 

 
Introduction 

Reinforced concrete (RC) is the predominantly traditional building material being used all over the 
world. All structural members of older building structures designed from previous design codes have been 
weakened in strength and ductility of concrete due to natural disasters like earthquakes, tsunamis, fires, 
cyclones, floods, durability aspects, and the periodic time interval. Moreover, there is an increment in 
load due to changes in its usage. It was not rare to find that some structural members could be 
deteriorated or even damaged in this way. This deterioration or damaged structural member should be 
repaired, rehabilitated, or restored as per the structural member’s requirement and condition. The 
utilization of fiber -reinforced polymer (FRP) is very convenient for the strengthened of the structural 
member. FRP material has excellent properties, strength, less stiffness, cost-effectiveness, ductility, and 
corrosion resistance. The use of FRP enhances the compressive ductility and strength of the RC columns 
[1-5]. The extensive experimental studies demonstrate that the strengthened of RC column specimens 
shows the load-displacement capacity. It is governed by the significant influential parameters like the 
compressive strength, cross-section area, aspect ratio of the column specimens, different radius, the 
number of wrap layers, the orientation of FRP wrap, ratio and orientation of longitudinal reinforcement, 
and the nature of loading [6-11]. The performance of fully FRP wrapped columns were investigated by 
many researchers [12,13]. The behavior of cylinders and prisms on partially FRP wrapped [14-16], and 
reinforced concrete columns [17-19] have been attempted by a few researchers. The corner radius of 
samples examined by Saljoughian and Mostofinejad was 8 m2 [14,15] which is substantially less than the 
suggested corner radius in ACI 440.2 R-17 [16] of 13 m2 and FIB bulletin 14 of 20 m2 [17]. The behavior 
of partly FRP-covered concrete cylinders was experimentally studied with fully FRP-wrapped concrete 
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cylinders under axial compression. According to the experimental observations, the compressive strength 
of partially wrapped concrete cylinders is less than the compressive strength of entirely covered concrete 
cylinders [14,16,23]. Partial wrapping of concrete cylinders also led to increasing compressive strength 
and axial deformation compared to non-wrapped specimens [14,16]. 

 Partly covered FRP square RC columns should be widely calculated and matched to the behavior of 
entirely covered FRP square RC columns to understand the strength and ductility enhancement of partial 
wrapping. carbon, aramid, and glass are the most popular fiber types the among others utilized materials 
[18-20]. Basalt fibers have also been used more recently. By melting basaltic rock and afterwards 
spinning the molten substance, basalt fibers are obtained. The new manufacturing expertise for 
continuous basalt fibers is very comparable to that used to manufacture E-glass. 

Simultaneously, basalt filament is made by melting the basalt rock without any other additives and 
it benefits to the optimization of the cost. In this, lower energy is required due to the ease of the 
manufacturing procedure [21]. This research aims at comparing the experimental results of different 
external strengthened configurations such as basalt fiber and glass fibers. In terms of structural 
performance, the strengthened evaluation described here focuses more on the axial stress-strain behavior 
of square RC columns by applying full and partial GFRP and BFRP strengthened techniques. This study 
aims to determine the efficiency of the FRP reinforcement technique from an economic perspective. 
Various results were obtained, such as ultimate load, displacements and axial stress in the concrete, 
whereas ultimate lateral strain in FRP wrapping. Additionally, the study has been performed to verify the 
experimental data's reliability and accuracy with the theoretical models such as CNR-DT R1 [22] Lam & 
Teng model [23]. 
 
Experimental programme 

Details of column specimens 
In the present study, the effect of partial strengthened and full strengthened of an axially loaded 

short RC column by using GFRP and BFRP material with uni-directional and bi-directional wrapping 
respectively, is evaluated. The different strengthened columns were prepared along with the non-
strengthened columns, details, as shown in Table 1. 

All square RC columns were designed based on IS-456-2000 [24]. The square column cross-section 
dimensions were 170 m2×170 m2 and height of 700 m2, as shown in Figure 1.  
 
 
Table 1 RC column strengthening details. 

Sr. No. Specimen ID Type of Strengthening 
Specimen details 

B (m2) D (m2) L (m2) 
1 S 1 Non-strengthened 170 170 700 
2 B1X 

Top strengthened 
(Series-I) 

170 170 700 
3 G1X 170 170 700 
4 B2X 170 170 700 
5 G2X 170 170 700 
6 B1Y 

Top-Bottom strengthened 
(Series-II) 

170 170 700 
7 G1Y 170 170 700 
8 B2Y 170 170 700 
9 G2Y 170 170 700 

10 B1Z 
Full strengthened 

(Series-III) 

170 170 700 
11 G1Z 170 170 700 
12 B2Z 170 170 700 
13 G2Z 170 170 700 

*G = Glass fiber, B = Basalt fiber, 1 = Unidirectional of material, 2 = Bidirectional of material, X = Top 
strengthening, Y= Top-Bottom strengthening and Z= Full strengthening. 
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Failure of the entirely confined RC column element occurred due to the crushing of concrete cover 
and rupture of BFRP wrap at the bottom side in B1Z and topside in B2Z, and the opposite of the overlap 
wrap zone as shows in Figure 8.  Similarly, rupture of GFRP wrap at the top side in G1Z and G2Z. The 
specimens’ failure begins with a snap noise due to the concrete’s cracking during the test time as seen by 
visual inspection. GFRP and BFRP ripples formed on the compression side, owing to the concrete surface 
cracking. Under higher loads, the concrete crushed the inner side and was finally crushed, causing the top 
of the GFRP and BFRP wrap to crack. During the testing time of the entire confined RC column crushed 
the concrete after gradual failure at the bottom side in B1Z and topside in B2Z G1Z and G2Z top side. 
GFRP and BFRP uni-directional material suddenly ruptures failure and explosive way preceded by a 
typical cracking sound. Following the GFRP and BFRP tensile rupture, the experiment is complete 
afterward observed that the FRP was detached stick up with its concrete from the column surface. The 
FRP rupture occurred severely at the corners in full confined column specimens. The difference between 
the crushing of concrete coverings indicate that the highest lateral confinement pressure was present at the 
corners.  

 
Load-dispalcement behavior 
Experimental results of the axial load-displacement tested specimens are reported in Table 4. The 

Column specimens are divided into 3 different groups for the ease of discussion. The load-displacement 
behavior of the 3 groups of the RC column [(a) - (b) top-bottom, and (c) full strengthened] including the 
non-strengthened column is presented in Figure 9.  In this Table 4 Aeff is the effective column’s cross-
section (non-strengthen and strengthen); P-ultimate is the ultimate load supported by the column ΔP-
ultimate = [100×(Pstr-Pnon-str)/Pnon-str] represents the increase of load-carrying capacity provided by 
the strengthened technique. It can be seen that the columns strengthened with conventional GFRP and 
BFRP techniques (partially and fully strengthened), apart from the case of G1Z and G2Z, have provided a 
modest increase in terms of strength gain (P-ultimate). The ultimate displacement of Δ L-ultimate = 
100×(Lstr -Lnon-str)/Lnon-str represents the displacement control by strengthened square RC columns at 
P-ultimate.  
 
 
Table 4 Experimental results of the axial load-displacement tested specimens. 

Specimen ID 
Aeff P-ultimate L-ultimate ΔP-ultimate ΔL-ultimate 

(m2) (kN) (m2) (%) (%) 

S 1 28900 776.71 9.88 - - 

B1X 28556.64 979.51 11.89 26.11 20.39 

B2X 28556.64 859.77 12.67 10.69 28.28 

G1X 28556.64 1132.58 13.78 45.82 39.53 

G2X 28556.64 967.51 13.72 24.57 38.92 

B1Y 28556.64 1043.15 10.97 34.30 11.07 

B2Y 28556.64 964.36 11.33 24.16 14.77 

G1Y 28556.64 1224.75 11.75 57.68 18.98 

G2Y 28556.64 1204.24 10.66 55.68 7.90 

B1Z 28556.64 1244.28 13.07 60.20 32.35 

B2Z 28556.64 1259.11 12.09 62.11 22.38 

G1Z 28556.64 1437.43 14.88 85.07 50.87 

G2Z 28556.64 1448.06 12.72 86.43 28.80 

  
 

In the non-strengthened and strengthened square RC column, the axial load-displacement behavior 
is demonstrated in Figure 9. The column specimens with identical configurations demonstrated an even 
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The strengthen column specimens of B1Y, B2Y, G1Y, and G2Y reported compared to S 1, the ΔP-
ultimate increasing of 34.30, 24.16, 57.68, and 55.68 %, respectively. The corresponding increase of the 
ΔL-ultimate at P-ultimate of B1Y, B2Y, G1Y, and G2Y strengthened column specimens were 11.07, 
14.77, 18.98 and 7.90 %, respectively. Moreover, it was observed that the G1Y and G2Y load-carrying 
capacity was almost identical, and ultimate displacement control capacity was higher in G2Y than in 
another column specimen, as shown in Figure 9(b). 

Compared to the S1, the ΔP-ultimate increased by 60.20, 62.11, 85.07 and 86.43 % in the B1Z, 
B2Z, G1Z, and G2Z strengthened column specimens, respectively. The corresponding increase of the ΔL-
ultimate at P-ultimate of B1Z, B2Z, G1Z, and G2Z strengthened column specimens were 32.35, 22.38, 
50.87 and 28.80 %, respectively. The fully strengthened square RC column increased the ultimate load-
carrying capacity and displacement capacity compared to other columns and non-strengthened columns. It 
was also observed that the B1Z and B2Z columns load-carrying capacity was almost identical, and 
ultimate displacement control capacity was higher in B2Z than B1Z, as shown in Figure 4(C). G1Z and 
G2Z columns' ultimate load-carrying capacity performance is almost alike. The ultimate displacement 
control capacity was higher in G2Z than another column specimen corresponding to the ultimate load-
carrying capacity, as shown in Figure 9(c). 
 

Axial stress-strain behavior 
The experimental results of the axial stress-strain of the tested specimens are described in Table 5. 

The Column specimens are divided into 3 different groups for the ease of discussion. The axial stress-
strain response of 3 groups of the RC column [(a) top, (b) top-bottom, and (c) full strengthened] including 
non-strengthened column is presented in Figure 10. The strain gauge on concrete was placed in the 
column specimen’s mid-height, whereas the strain gauge on FRP wrapping was placed at mid-height of 
the wrapping. The axial strain of concrete was taken as positive, and the lateral strain of FRP wrapping 
was taken as negative. In this table, the axial strain of concrete was taken as positive, and the lateral strain 
of FRP wrapping was taken as negative. The column’s axial stress was computed by dividing the axial 
load to its effective c/s area (σcc=P-ultimate/Aeff), Δ σcc = (100×(σccStr-σcc non-str)/σcc non-str) 
represents the increase of stress carrying capacity provided by the strengthened technique. Moreover, 
Δɛcc = [100× (ɛccStr - ɛcc Ref)/ ɛcc Ref] is the increase of axial strain at P-ultimate and FRP efficiency 
ratio and Δɛf max = ɛf max / ɛf (the ratio between the average ultimate FRP hoop strains and the FRP 
rupture strain obtained from the coupon tests (ɛf) for all test specimens. The testing of the specimen ended 
at the point of FRP rupture unless it is specified. 
 
 
Table 5 Experimental results of the axial stress-strain of tested specimens. 

Specimen ID 
σcc ɛcc ɛf max Δσcc Δɛcc Δɛf max 

(MPa) (%) (%) (%) (%) (%) 

S 1 26.88 1.83 - - - - 

B1X 34.30 2.65 0.68 27.60 45.1 26.2 

B2X 30.11 2.35 1.09 12.02 28.5 47.4 

G1X 39.66 2.84 1.67 47.54 55.4 72.6 

G2X 33.88 2.96 1.69 26.04 61.6 86.2 

B1Y 36.53 2.10 1.73 35.90 14.6 66.5 

B2Y 33.77 1.84 1.42 25.63 0.6 61.7 

G1Y 42.89 2.68 2.20 59.56 46.6 95.7 

G2Y 42.17 3.20 2.38 56.88 74.9 121.4 

B1Z 43.57 2.62 2.06 62.09 43.4 79.2 

B2Z 44.09 2.42 1.84 64.03 32.5 80.0 

G1Z 50.34 3.60 1.56 87.28 98.5 67.8 

G2Z 50.71 4.83 3.72 88.65 164.1 189.8 
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approximately equal. Similarly, the Lam and Tang model results revolve around the ultimate axial stress 
of partially and fully FRP-restrained RC columns. Strengthened FRP composite material in BFRP had an 
ultimate load-carrying capacity near a GFRP in full strengthened columns.  This result is exciting from 
the cost-efficiency point of view. 
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