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OPEN Strengthening of structurally
deficient and partially damaged
short square columns using
GFRECC retrofit technique

P. Ruba, G. V. Vigneshpandian & P. Bhuvaneshwari**

Glass fiber-reinforced engineered cementitious composite (GFRECC) is being used in this study to
repair short square reinforced concrete columns that are structurally weak and measure 100 mm X
100 mm X 1000 mm. Polypropylene fibers and E-glass rovings are combined in a cementitious matrix
to create the composite. Eight columns were cast and tested: two low-strength concrete columns
(E-A4), two standard control columns (E-Al), two with inadequate main reinforcement (E-A2), and
two with insufficient lateral ties (E-A3). The GFRECC technology was used to repair and retrofit all
specimens after they had been preloaded axially until the first obvious cracks appeared. With ANSYS
14.0, corresponding numerical models (N-A1, N-A2S, N-A3S, and N-A4S) were created and examined.
To evaluate the restoration of ultimate load capacity, stiffness, energy absorption, and ductility, a
parametric study was carried out. Retrofitting has enhanced the ultimate load for E-A2S and E-A3S
columns. The increment was noticed as 2.36 and 2.52 times the value for the E-A1 column. A similar
improvement of 2.33 and 2.48 times was noticed for N-A2S and N-A3S columns. Compared to E-Al,
percentage increase in stiffness modulus for E-A2S, E-A3S, and E-A4S were 114.06%, 89.75%, and
14.19% respectively. Corresponding increment for N-A2S, N-A3S, and N-A4S were 120.5%, 100.1%,
and 19.95% respectively. In the case of toughness modulus similar behavior was noticed from
experimental and numerical results. Enhancement in energy ductility was 77.36%, 42.95%, and 15.7%
for E-A2S, E-A3S, and E-A4S columns, compared to the control column. Corresponding increment

for N-A2S, N-A3S, and N-A4S were 64.12%, 44.16%, and 23.14% respectively. Effective grouting

in conjunction with extra wrapping layers improved the structural behavior of low-grade concrete
columns.

Keywords Short columns, Structural deficiencies, Strengthening, Axial loading, Numerical analysis,
Parametric study

List of symbols
f Applied stress in the material (MPa)
E.  Modulus of elasticity or initial stiffness of the material (MPa)

e Strain corresponding to the applied stress f (dimensionless)
€0 Reference strain at which the peak stress f, occurs (dimensionless)
fa Maximum or peak stress attained by the material (MPa)

ft Tensile strength of concrete (MPa)
fer  Characteristic compressive strength of concrete (MPa)

Reinforced concrete (RC) structures need upgradation of operation in the service life. Since many structures
built in the past were not satisfying the present code requirements and accidental loads, it became necessary to
strengthen these structures. Many techniques implemented in the past unnecessarily increased the self-weight
of the structure and also led to un-preferable corrosion of strengthened members. Usage of FRP is the latest
technique which utilizes organic epoxy as a binder. Wide range of FRP composites like glass, carbon, and aramid
fibers along with polyester, epoxy, or vinyl-ester matrices were used for retrofitting structural components in
earlier research works!S.

School of Civil Engineering, SASTRA Deemed University, Thanjavur, Tamilnadu 613401, India. *email:
bhuvaneswari@civil.sastra.edu

Scientific Reports|  (2025) 15:33375 | https://doi.org/10.1038/s41598-025-17970-7 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-17970-7&domain=pdf&date_stamp=2025-9-8

www.nature.com/scientificreports/

The wrapping up rectangular short RC columns using CFRP sheets enhanced both the load-carrying ability
and ductility’. The experimented with the performance of GFRP-wrapped rectangular RC columns subjected to
compression and found that both compressive strength and deflection ductility were improved considerably®.
The performance of FRP retrofitted RC column. The different data included in the study are the grade of the
concrete and the shape of the column® . The study reported that the behaviour was enhanced for circular-shaped
columns, compared to rectangular columns. Eid et al.!* concentrated on wrapping circular columns through
FRP composites as the comparison shows in Table 1. The study was adopted for both normal and high-strength
concrete and recommended increased layers for achieving improved compressive strength. It was inferred that
ductile behaviour was reported in normal-grade concrete columns. It was reported that the cover concrete was
intact without any spalling and debonding of composites. The response of RC columns under eccentric load. The
study reported that wrapping was effective even after the concrete reached the ultimate value!!. The presence of
fiber composites was found to increase the compressive stress and strain in the column. The experimented with the
eccentric loading of strengthened columns!2. Strengthening was carried out using fiber-reinforced cementitious
matrix. It was confirmed that confinement using longitudinal Fiber Reinforced Cementitious Mortar (FRCM)
improved the ductility of eccentrically loaded columns. Previous studies have highlighted the advantages of
using inorganic binders in fiber-reinforced polymer (FRP) composites for enhanced performance!*-22. The axial
performance of FRP-ECC-confined RC columns has not been extensively studied in the past, despite the great
potential of these systems. An ECC-carbon fiber sheet composite composed of low calcium fly ash has been
discussed?*?* to function well mechanically under saltwater conditions. Similarly, research?>2° has shown that,
at comparable confinement ratios, FRP-confined ECC columns are more ductile than traditional RC columns
confined with FRP. To ensure the safe and efficient use of FRP-confined ECC columns in structural engineering,
more research is necessary to fully comprehend the impact of size on the compressive behavior of these columns.
Wang et al?’ concentrated on maximizing the use of concrete by adding gangue aggregate. Their theoretical
investigation sought to enhance aggregate concrete performance by thoroughly examining the mechanisms of
interaction in hybrid fiber-reinforced polymers. The purpose of this work was to improve the ductility of FRP-
confined high-strength concrete (HSC) columns by introducing an engineered cementitious composite (ECC)
between the fiber sheet and the concrete. According to the results, the hybrid composite columns (fiber sheet-
ECC-HSC) exhibit better confining efficacy and a more even circumferential strain distribution than traditional
FRP-confined HSC columns. This leads to enhanced ductile compressive performance, which is ascribed to a
higher ultimate axial strain®. Numerical analysis were conducted a of both axial and eccentric loading of concrete
columns and reported that retrofit have enhanced the ultimate strength for both types of loading?’. Shams AL-
Amin and Raquib Ahsan®® carried out the analysis numerically for the RC column for lateral loading. It was
reported that the failure of the columns was due to crack formation from the base of the column followed by
body cracks. In the past, the efficiency of using ANSYS for carrying out finite element based non - linear analysis
of RC beams was proved by many researchers®'~*?. The earlier research involved investigating the efficiency of
ANSYS for the analysis of RC beams and the benefit of performing numerical simulation. Different stages of
the response of the finite element model of RC beam were examined from initial crack to failure. Numerical
analysis of fire-damaged RC columns was carried out by Bhuvaneshwari et al*. It was inferred that the ductility
behaviour of strengthened columns gets enhanced due to GFRC wrapping. Experimental and numerical analysis
of GFPPECC strengthened fire-damaged beam members were performed?. It was proved that confinement
through GFPPECC was effective in strengthening fire-damaged reinforced concrete beam members. A review
of the usage of FRC for strengthening RC structures was concentrated®. The efficiency under extreme condition
and future scope has been discussed in detail. The effectiveness of different fiber composite systems in columns
under seismic excitation was concentrated®. The suitability of each fiber system was discussed in detail for
practical applications. The confinement effect of recycled aggregate concrete columns using CFRP wraps was
experimented®’. The optimum replacement percentage of recycled aggregate was reported as 30%. They also
recommended that for similar concrete, design equations available in ACI 318-19 and ACI 440.2R-17 codes®
could be effectively applied. Numerical investigation of pre-damaged RC columns strengthened using FRP was
studied®. The hardening/softening rule in the Concrete Damaged Plasticity Model was changed to introduce the
preload effect on FRP confinement and found to give satisfactory results.

Research significance

From the earlier research, it was understood that strengthening structural components using FRC composites
would be effective. Several constructions carried out in the past failed to meet the present code revisions. The
present study will concentrate on introducing an eflicient retrofitting technique to retrofit the structurally deficient
reinforced concrete columns using the GFRECC technique. The confinement effect of GFRP is strengthened by
the strain-hardening and crack-bridging qualities of the ECC, which results in a better load-bearing capacity
than TRM systems that are more brittle and prone to debonding. Compared to epoxy-based GFRP or TRM

Aspect

Insight from chart

Bearing capacity Increasing the number of FRP layers enhances the confinement ratio, leading to a significant improvement in compressive strength.

Ductility & toughness | These properties typically improve along with strength.

Design validity The trend aligns with widely accepted stress-strain models for FRP-confined concrete behavior.

Table 1. Key Performance Insights on Multi-Layer FRP Wrapping Based on Reference [10].
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. o 3

Mix proportion (M30) (kg/m®) | Water | Cement | Fine aggregate | Coarse aggregate
Absolute quantity 186 502.7 482.32 1172.67

Ratio 0.37 1 0.96 233

Table 2. Mix Proportion for M30 Grade Concrete.

. o 3

Mix proportion (M15) (kg/m®) | Water | Cement | Fine aggregate | Coarse aggregate
Absolute quantity 162.5 | 325 822.25 1722.50

Ratio 0.50 1 2.53 5.30

Table 3. Mix Proportion for M15 Grade Concrete.

Properties Values
Density (g/1113) 610
Thickness (mm) 0.6

Elastic Modulus (GPa) | 72
Shear Modulus (GPa) | 1.5
Poisson’s Ratio 0.26

Table 4. Material Properties of of E-Glass fiber sheet.

Mix components Proportion

Cement 1
PP Fiber (Volume %) | 0.019
‘Water 0.25

Air Entraining Agent | 0.013

Table 5. Mix proportions of Mix proportion for ECC.

systems, inorganic adhesives combined with ECC offer superior long-term durability by improving substrate
compatibility and withstanding high temperatures and harsh conditions.

Experimental analysis
Materials used
The study used OPC 53 grade cement with a specific gravity of 3.13, conforming to IS 12269:2013%°. Aggregates
conforming to IS 383:1970*! were used for the concrete mix. Natural sand passing through a 4.75 mm sieve, with
a specific gravity of 2.54 and a fineness modulus of 3.27, was used as fine aggregate. Graded coarse aggregate
ranging from 4.75 to 12.5 mm in size was used, with a specific gravity of 2.68 and a fineness modulus of 2.92.
Table 2 shows the mix proportion for M30 grade concrete (1:0.98:2.43) as per IS 10262:2009*2, which was used
for casting columns A1, A2, and A3. Column A4 was cast using M15 grade concrete (1:2.53:5.3), and the mix
proportions are provided in Table 3. Wrapping was carried out using a bidirectional woven roving glass fiber
sheet, and its properties (as provided by the supplier) are shown in Table 4. Concrete cubes (150 mm x 150 mm
x 150 mm) and cylinder specimens (150 mm x 300 mm) were tested to determine compressive strength. The
ultimate strengths obtained were 39.06MPa for M30 and 22MPa for M 15 concrete, with split tensile strengths of
3.90MPa and 2.8MPa, respectively. Table 5 presents the mix proportion of ECC.

Direct tension tests on high-yield strength deformed bars (12 mm diameter) and mild steel bars (8 mm
diameter) resulted in yield strengths of 422 MPa and 252 MPa, respectively.

Casting and preloading of specimens

A total of eight reinforced concrete square columns were cast. Two columns (E-A1) were used as control columns.
According to IS 456-2000, the control column (100 mm x 100 mm x 1000 mm) reinforced with main rebars of 4
# 12mm and lateral ties of 8mm at 200 mm c / ¢ was cast. The column specimens were cast with enlarged areas
at the ends. The setup was followed to achieve uniform load distribution as discussed®. Test ends of columns
were provided with corbel (100 mm x 100 mm x 300 mm) to have sufficient flexural and shear strengths under
the applied load of the column as suggested'!. The provision of head and tail increased the shear load capacity of
columns under similar repeated loading was also proved.
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The remaining six columns were used as structurally deficient columns. E-A2 was cast as main-bar deficient
columns (4 # 10 mm main bars). E-A3 was cast as lateral tie deficient columns (8 mm dia with 400 mm c/c
spacing). E-A4 was cast as concrete grade deficient columns (M15 concrete). The materials and reinforcement
detailing used in the study are illustrated in Fig. 1a, b and ¢ respectively. The end conditions for all the columns
were followed with one end pinned and the other being fixed. Loading was achieved in a 1000 kN capacity
loading frame. The schematic view of the testing of columns and preloading of columns were shown in Fig. 2a
and b respectively. LVDT was used to pick the axial and lateral deflection of the columns. Axial loading was
applied to the control specimen until it finally failed. The remaining three examples, on the other hand, were
preloaded axially until the first obvious cracks developed, which happened at about 30-35% of the ultimate load.
The corresponding crack patterns and their locations are shown in the schematic included in the manuscript.

Repairing and retrofitting of preloaded Columns

The preloaded column is shown in Fig. 3a were repaired by using polymer concrete. Cement and tapecrete
polymer in proportion 1:0.5 was used for repair works. The repaired columns were water-cured for 28 days.
The repaired and cured columns were retrofitted using GFRECC composite. The mix proposition of the ECC
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Fig. 1. Materials and reinforcement detailing used in the study: (a) Gradation Curve, (b) Materials, (c)
Column detailing.
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Fig. 2. Testing of structurally deficient columns: (a) Schematic sketch of loaded column, (b) Preloading of
column.

(a) (b) (c)

Fig. 3. Retrofitting and testing of columns: (a) Preloaded column, (b) Retrofitted column, (c) Testing of
retrofitted column.

composite?> was cement (1 kg): polypropylene fiber (18.75 g): water (0.25 1): and air entraining agent (12.5 ml).
Since earlier researchers faced difficulty in achieving ductile behavior of confined components using FRC, work
is required to concentrate on fiber-based cementitious binders*!. The addition of fiber to the cementitious binder
would enhance the ductility of the composites. For applying the composite, the surface of the repaired columns
was wetted and the composite was applied over the faces of the columns. Then it was wrapped with glass fiber
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Fig. 4. Elements used for analysis: (a) Solid 65, (b) Link 8, (c) Shell 93.

Material Elastic modulus (MPa) | Poi ’s ratio
Concrete 2.7x10% 0.2

Steel 2.0x10° 0.3

E-Glass sheet | 7.2x 10% 0.26

ECC 25x10* 0.2

Table 6. Input for linear material properties.

sheets with an overlap of 100 mm. One more layer of composite was placed and the sheet was pressed to expel
air and similar procedure was followed by Tomaz Trapko!“. Figure 3b and c show the wrapped column and the
axial loading of the retrofitted column respectively.

Numerical analysis

Numerical modeling and meshing

Similar columns were modeled and analysed using ANSYS 14.0. Solid65 element Fig. 4a was used for concrete
and ECC binder, Link8 Fig. 4b, a spar element was used for steel reinforcements and Shell93 Fig. 4c element was
used for modeling the finer rovings as followed in earlier studies?®-31:4°,

The linear and nonlinear material properties were input. The inputs for linear material properties for concrete,
steel, E-Glass sheet, and ECC are displayed in Table 6. A nonlinear stress-strain plot following 1S456-2000%¢ was
input for concrete Fig. 6a and b The criteria of failure for concrete as per Von Mises failure theory along with
the William and Warnke (1974) model was given as input. It should be mentioned that the confinement effect
and crack opening behavior are not specifically taken into consideration by the William and Warnke model. It
is advised that future research employ sophisticated constitutive models that can capture nonlinear cracking
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Parameters

M30 | M15

Shear transfer coefficient (open crack) | 0.3 0.3

Shear transfer coefficient (closed crack) | 0.8 0.8

Uniaxial cracking stress (MPa) 3.834 | 2.711

Uniaxial crushing stress (MPa) 30 15

Table 7. Crack and crush properties for M30 and M15 grade concrete (SOLID65).

Parameter

E-Al1 | N-Al | % Error | E-A2S | N-A2S | % Error | E-A3S | N-A3S | % Error | E-A4S | N-A4S | % Error
Ultimate Load (kN) 249 257 3.11 591 598 1.17 628 639 1.72 280 293 4.43
Stiffness Modulus (kN/mm) 127.48 | 138.63 | 8.04 264.69 | 292.33 | 9.46 239.40 | 251.95 | 4.98 134.82 | 172.13 | 21.68
Toughness Modulus (kN mm) | 182.99 | 193.40 | 5.38 583.37 | 629.80 | 7.37 822.60 | 857.70 | 4.09 92.40 | 111.05 | 16.79
Energy Ductility 4.33 4.71 8.07 7.68 7.73 0.65 6.19 6.79 8.84 5.02 5.80 13.45

Table 8. Comparison of experimental (E) and numerical (N) results with percentage errors.

AN

T

Fig. 5. Numerical model generated.

and confinement mechanisms as shown in Table 7, especially in ECC-concrete systems, in order to increase
simulation accuracy. The failure behavior of concrete is described by Egs. (1)-(4).

I = (Bae)) (1 + (e/0)?) M
€0 = (2fa)/Ea (2)
Eo=f/e (3)

fr = 0.7/ (fer) (4)

To get the crack and crush plot in concrete, the shear transfer coefficients have been given as input. The range is
from 0 to 1 where 0 mentions a smooth crack and loss of shear transfer and 1 mentions a rough crack without
shear transfer. The values given as input for convergence Table 8 are as per the study?’. The cracking stress under
uniaxial tension as per IS 456-2000 is calculated using Eq. (4). The calculation error percentages between ANSYS
and experimental results depict in Table 8 for ultimate load, stiftness modulus, toughness modulus, and energy
ductility.

The real constant for the Link8 element was the cross-sectional area and for the Shell93 element was the
shell thickness. A total of four columns (100 mm x 100 mm x 1000 mm) along with 100 mm x 100 mm x 300
mm corbel were modelled. Specimen N-A1 was analyzed as a control column. Three columns were modeled
as structurally deficient columns (N-A2, N-A3, N-A4). Meshing with appropriate mesh attributes was carried
out as shown in Fig. 5. Newton-Raphson nonlinear analysis was performed on all specimens to capture the first
crack load. Similar columns were strengthened using shell93 elements (N-A2S, N-A3S, and N-A2S) and analysis
was repeated until the failure of the specimens (Fig. 6).
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Results and discussion

Structurally deficient columns were applied with load up to the first few cracks. then repaired, retrofitted, cured,
and loaded under axial loading. Similar columns were analysed using ANSYS 14.0. The load-deflection, ductility
ratio, energy ductility, stiffness, toughness, cracking pattern, and stress contours were the different parameters
considered for the study and the results were compared.

Load deflection behaviour

Experimental and numerical values of the load-deflection behavior of the columns are compared in Fig. 7 The
load resisted by columns is compared in Table 9. A comparison of the values showed that strengthening has
enhanced the ultimate load for A2 and A3 by 2.36 and 2.52 times, than control column Al.

Similar behavior was reported from numerical results, the improvement was 2.33 and 2.48 times, compared
to N-Al. Based on the eariler report®*#8-! states that the effect of CFRP wrapping was efficient in enhancing the
compressive strength of short columns, for axial and less eccentric loading.

Even a single layer of GFRP wrapping® improved the strength of columns cast with an aspect ratio of 1.0.
Similarly, found that GFRP wrapping®>? of reinforced concrete columns under axial loading increased the
ultimate strength. Also confirmed that GFRP wrapping® in the shear region of high-strength fiber RC beams
enhanced the ultimate strength. It is found that the numerical analysis of FRP-wrapped columns®® showed
enhanced ultimate strength. But in the present study, it was found that a single layer of wrapping could only
restore the strength characteristics of the grade-deficient (A4) columns. In a similar case, the increased number
of layers of wrapping recommended to have increased compressive strength!?.

Stiffness modulus
Resistance of the structural components to the applied loading is quantified through stiffness modulus. The
stiffness modulus of columns is compared in Fig. 8 Comparing the stiffness of the control column E-Al,
strengthened columns showed enhancement in stiffness of about 114.06%, 89.75%, and 14.19% for E-A2S,
E-A3S, and E-A4S respectively. Similar results were reported'?. It was found that the stiffness of the shear wall
was improved by providing four layers of fabric, bonded using the cementitious binder.

Corresponding improvements from the numerical analysis were reported as 120.5%, 100.1%, and 19.95%
for N-A2S, N-A3S, and N-A4S respectively. A similar numerical analysis carried* that prefabricated HSPRCC
cement-based composite sheets improved the stiffness modulus of deficient columns.

Toughness modulus

The energy absorbed by the columns up to failure is evaluated through the toughness modulus. Toughness
moduli for the columns are compared in Fig. 9 Energy absorption was highly improved in EA2S and EA3S due
to strengthening. The retrofitting of partially damaged beams showed improved toughness due to retrofitting®.
Similar behavior was noticed in the present study, for both main bar deficient (NA2S) and stirrup deficient
(NA3S) columns. Whereas wrapping could not improve the toughness of grade deficient column (A4S). It was
reported®, to improve the toughness modulus of reinforced columns, an increased number of layers of Textile
Reinforced Mortar (TRM) jacketing was required.

Ductility behavior

Energy ductility is quantified through the ratio of toughness modulus calculated up to ultimate load to that
calculated up to yield load. Energy ductility for the columns is compared in Fig. 10. Compared to E-Al,
percentage improvement in energy ductility for E-A2S, E-A3S, and E-A4S were 77.36%, 42.95%, and 15.7%
respectively. Similar behaviour was reported!®48, It was found that FRP confinement of normal strength concrete
columns enhanced the ductility, under axial loading.
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Fig. 6. Stress-Strain plot: (a) Concrete, (b) Steel.
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Load parameter E-Al | E-A2S | E-A3S | E-A4S | N-Al | N-A2S | N-A3S | N-A4S
Preload (kN) - 220 225 98 - 225 230 100
Yield Load (kN) 152 251 302 190 150 245 300 184
Ultimate Load (kN) | 249 591 628 280 257 598 639 293

Table 9. Load values for the specimens.
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Fig. 8. Comparison of stiffness modulus for columns.
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Fig. 10. Comparison of energy ductility for columns.

Similarly, confirmed that increased wrapping height enhanced the ductility of RC columns®®. The failure of
both concrete and rebars was delayed due to carbon fiber wrapping, confirming the enhancement of ductility
of tested columns®. The increasing the layers for wrapping improved the ductility of axially loaded columns.
Omarchaallal” found that increased layers of wrapping improved the ductility of low-strength concrete columns.
Corresponding enhancement for ductility from numerical results were 64.12%, 44.16%, and 23.14% for N-A2S,
N-A3S and N-A4S columns. Earlier numerical studies®”® also reported an improvement in ductility for
strengthened specimens.

Failure pattern

Loading of columns E-A1, E-A2S, E-A3S, and E-A4S showed that failure is at the support region due to stress
concentration and wrapping was intact without any delamination. Similar behavior was reported'® It was
reported that even under ultimate load, the cover concrete was intact in the column, without any spalling and
the confinement was effective without any debonding. In other research works carried'®>%0 out earlier, it was
found that debonding of composite wrapping occurred with the usage of other organic binders.

The crack pattern and stress values of strengthened columns were compared with unstrengthened columns
in Figs. 11a-d and 12a-d respectively. Similar results were reported®3? that failure of wrapped columns occurred
near the ends, followed by crushing and separation of concrete. In the present analysis, the strengthening
showed improved first crack load and the first crack appeared from the base and progressed toward the end of
the column. Stress values were increased by 10-15 times for strengthened columns N-A2S and N-A3S, compared
to unstrengthened columns (N-A1). The corresponding increment in strain values for N-A2S and N-A3S was
5-10 times. Earlier studies!! reported that wrapping resulted in about 124% increase in ultimate compressive
strain in eccentrically loaded columns. The grade deficient column (N-A4S) showed a less enhancement of 1.25
times, for stress values.

Due to stress accumulation at the base, the crushing of retrofitted columns occurred at the base®. It was
found that the provision of a double layer for confinement increased the stiffness of the composites, resulting
in the crushing failure of concrete. Studies have reported that columns retrofitted with GFRP exhibited sudden
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Fig. 11. Crack pattern for columns (a) N-Al, (b) N-A2S, (c) N-A3S, (d) N-A4S.

brittle failure accompanied by an explosive sound®?. High-stress concentration resulted in the tearing of FRP
composites. In the present work, the higher stress value in strengthened column A3S showed that the fiber
composite took an additional load after the concrete had reached the ultimate stress value.

Analytical equations for confinement ratio (ACI 318, Yung-Chih Wang)

The compressive load-carrying capacity of both unconfined and confined columns was calculated based on ACI
318 and design equations®!. The parameters calculated for various columns are displayed in Table 10 and Table
11. The values from design equations are compared with those of experimental and numerical values in Fig. 13
and the confinement ratio is compared in Fig. 14. The confinement ratio (CR) values show that the confinement
was effective for A2 and A3 columns. Whereas for A4 columns the confinement has restored the columns to
resist the load higher than the unconfined columns.

Conclusion
Experimental and numerical analysis of strengthened preloaded structurally deficient square reinforced concrete
columns was carried out. Based on the results obtained following conclusions were arrived.

« Retrofitting has enhanced the ultimate load for E-A2S and E-A3S columns. The increment was noticed as
2.36 and 2.52 times the value for the E-A1 control column. A similar improvement of 2.33 and 2.48 times was
noticed for N-A2S and N-A3S columns compared to the control column N-Al
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EPTOY  (4UG) sy
Rz M =2.654
DX =.42922 S0r =-280.499
SHN =-.542E-02 MY =32.795
SMX =.282E-04
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-.az08-02 -.3528-03 -.2388-02 -.98708 .333E-04 -229.022 ~225.068 -122.112 -20.159 82.795
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Fig. 12. Stress contour for columns (a) N-Al, (b) N-A2S, (c) N-A3S, (d) N-A4S.

E-Al 241.52
E-A2 211.33
E-A3 241.42
E-A4 173.25

Table 10. Ultimate load for unconfined columns.

o Compared to control column E-Al, percentage increase in stiffness modulus for E-A2S, E-A3S, and E-A4S
were 114.06%, 89.75%, and 14.19% respectively. Corresponding increment for N-A2S, N-A3S, and N-A4S
were 120.5%, 100.1%, and 19.95% respectively , compared to control column N-A1

« In the case of toughness modulus similar behavior was noticed from experimental and numerical results.
There was significant improvement for E-A2S, E-A3S, N-A2S, and N-A3S columns, compared to the control
column

« Enhancement in energy ductility was 77.36%, 42.95%, and 15.7% for E-A2S, E-A3S, and E-A4S columns,
compared to the control column E-Al. Corresponding increment for N-A2S, N-A3S, and N-A4S were
64.12%, 44.16%, and 23.14% respectively compared to N-Al
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Parameters E-A1S | E-A2S | E-A3S | E-A4S
Al
Psz = s.fify 0.0077 |0.007 | 0.00386 |0.0077
_ Ay
Psy = 0.0077 |0.007 | 0.00386 |0.0077
fi,se = psafsyn 1.925 1.925 [0.9661 |1.925
fi,sy = psyfsyn 1925 |1.925 |0.9661 |1.925
2tj
Pjxz = Ty 0.2 0.2 0.2 0.2
2tj
Py = 7= 0.2 0.2 0.2 0.2
fi,jz = pjaz - 0.005E), 30 30 30 15
fijy = pPjy - 0.005E, 30 30 30 15
Fy = max(fi,jz, fi,5y) 30 30 30 15
fi = min(f1,52, fi,5y) 30 30 30 15

o =1.25(1.8, /1 + 7‘94% - 1.6% -1) 5382|5382 |5382 |3.99
, ) —
a2=(%—0.6(%) —048)\/%4'1 1 1 1 1

Ke.=a; a 5382 |5382 |5382 |3.99

foe = Kcf 5991 |5991 |5991 |16.925
fr,e = fl,sz + f1,5 30.966 |30.966 |30.966 |16.925
fioy = fi,sy + fi5y 30.966 |30.966 |30.966 |16.925
Fy = max(fi,z, fi,y) 30,966 |30.966 |30.966 |16.925
fi = min(f,z, fi,y) 30.966 |30.966 |30.966 |16.925

F F
@ =1.25(1.8, /1+7.947} —1.67F — 1) 3507|3507 |3.507 | 359
7
— (L _ge(f)? — =i
a2_(Fl 0.6 () 0.8),/fé+1 1 1 1 1

K.=a; o 3.51 3.51 3.51 3.59

fie s = Kcfl 10521 |10521 |105.21 |53.85

W/ in x-direction 36 40 36 36

W/ in y-direction 36 40 36 36

Ace,j = tot, — Ay — (472 — 7r?) 9203.84 | 9342 | 9203.84 | 9203.84

Ae,j = toty, — % — A, 6803.84 | 6942 | 6803.84 | 6803.84
w2 /

Ae,s = (dpdy — Y “62)(1 = 0.55-)(1 — 0.55-) | 114864 | 71694 | 1148.64 | 1148.64

Acu = Acc,j — Ae, j 2400 | 2400 | 2400 | 2400
Acj = Ae,j — Ae, s 6040.82 | 6225.06 | 6040.82 | 6040.84
Acjs = Ae, s 76299 | 71694 |762.99 |762.99
Pen = 0.3f;Acu + foo jAC + froejsAcss 59452 | 571.06 | 59153 |304.5
CR= %2 246 |27 245|176

Table 11. Ultimate load for confined columns.

o All the columns N-A2S, NA3S, N-A4S failed due to stress concentration and simultaneous crack formation at
the ends, without any debonding of fiber composite

o The stress value for N-A2S and N-A3S columns was increased by 10-15 times more than the N-A1 column.
The higher stress value shows that the confinement offered by fiber composite was efficient to take additional
load, at the instant when concrete has attained the ultimate stress value The parametric analysis shows that
confinement provided by GFRECC retrofitting was effective for damaged reinforced concrete columns with
inadequate reinforcement. Whereas increasing the number of layers of the sheet along with the varied ori-

Scientific Reports|  (2025) 15:33375 | https://doi.org/10.1038/s41598-025-17970-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A4S

Ad _

O Experimental

A3S _

A3 B Numerical
A28 @ Design equation

A2
AlS

Al

1000
Ultimate load (kN)

Fig. 13. Comparison of ultimate load of columns.

Confinement ratio (CR)

< = D
h = o
& e

0

0 05 1 15 2 25 3 35 4 45

o Experimental 4 Numerical # Design equation

Fig

. 14. Comparison of confinement ratio.

entation of the fiber sheet may lead to positive results for axial loading of preloaded and repaired low-grade
columns.
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able request.
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