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Abstract

The paper presents the results of a study on the performance of Glass Fibre Reinforced Polymer (GFRP) wrapped high
strength concrete columns under uni-axial compression. The columns had slenderness ratios of 8, 16, 24 and 32. Three
types of wrap materials (Chopped Srand Mat GFRP, Uni-Directional Cloth GFRP and Woven Roving GFRP) were
used with 3 mm and 5 mm thicknesses. The columns were tested under monotonic axial compressive loading up to
failure. The deflections and axial strain were noted for each load increment. The HSC columns with GFRP wrapping
exhibited improved performance in terms of load and deformation capacity. Adaptive Neuro - Fuzzy Inference System
(ANFIS) modeling has been proposed for predicting the performance parameters. A better correlation has been
observed between the test results and those predicted through the proposed modeling.
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1. Introduction

Reinforced concrete columns confined with FRP casitps exhibit higher compressive strength,
axial strain and lateral strain at ultimate stdtiee ductility values are also higher for FRP coedin
columns. The effect of FRP wrap is not the samecfdumns with different slenderness ratios,
although the available equations for predicting poessive strength do not consider slenderness ratio
as a parameter. Most of the results for FRP codfowncrete and theoretical models published in the
literature are based on short stubs for which €lemeks ratio is very minimal.

The effect of slenderness ratio on the performariceinforced concrete columns with FRP wrap at

yield level and ultimate level were studied. Thenbined effect of slenderness ratio and thickness of
FRP wrap on stresses, axial strains and latemihstfor the columns were studied. Mirmiran et al.

[1] investigated the slenderness limit for hybriBHA confined concrete columns. Seven Concrete
Filled FRP Tube (CFFT). Specimens having slendsrnaisos of 4, 11, 18, 22, 30, 34 and 36 were
prepared and tested uniaxial compression. Typaihlré of specimens was characterized by rupture
of FRP wrap at points of maximum stress concewimatwhich were away from the centre of the

columns. It was shown that slenderness did notffe stiffness of the hybrid system, but resulted
in reduced compressive strength and axial straradteristics. An analytical model was also

proposed for estimating the strength of FRP codfitencrete columns.

Girard and Bastien [2] studied the behaviour offigiced concrete columns confined by lateral ties
using a finite element bond slip model. The modakwapable of accounting for the confinement
provided by hoop reinforcement, softening of coterand for the gradual loss of bond between
concrete and steel. The results of finite elemémukation agreed well with experimental results
reported by other researchers.
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Challal et al. [3] carried out extensive experinamhvestigations on short columns of square and
rectangular shape, on a total of 90 specimens.eTtatos of shorter face to longer face of cross
sections were adopted at 1.000, 0.654 and 0.500 eemstant area and corner radius of 25.4 mm.
Two grades of concrete at 20.7 MPa and 41.4 MPa weopted with zero, one, two, three and four
layers of CFRP wrapping. The investigation foundtttihe rate of gain of strength fell down with
increase in level of confinement, while the duttilievels showed remarkable increase with
increasing confinement. The researchers categotimedyehaviour of confined concrete as bilinear
with three distinct regions: i) initial behaviounslar to plain concrete, ii) transition zone in wwh
CFRP exerted confining pressure on the core, asdtedeteriorated and iii) constant stiffness zone
where the confinement effect of CFRP stabilizedataonstant value. The poison's ratio for the
columns was stable around 0.2 while the dilatidio far plastic response was influenced by level of
confinement.

Hadi and Li [4] investigated the behaviour of hgfhength concrete columns with FRP confinement.
The specimens were confined using carbon, glasskawlar fibre reinforced polymer of varying
thicknesses and subjected to concentric as weticasntric loading. All columns failed in a brittle
manner. The failure of unconfined columns was higkkplosive. Under concentric loading
conditions, confinement using kevlar FRP resultedame increase of deflection and ductility over
the unconfined specimens. Carbon fibre wrappedisges with single layer failed explosively,
while those with three layers seemed to appeagrakevithout any damage to the wrap even after
failure of the column. Under eccentric loading,bmar FRP confined columns failed explosively,
while kevlar and glass FRP confined specimens stoadequate warning in the form of white
patches on FRP surface at the time of initiatiofaiire.

Aire et al. [5] investigated the stress-strain bt of axially loaded concrete cylinders with
compressive strengths of 30 MPa and 70 MPa. Canfimé was provided with GFRP and CFRP.
The number of layers was 1, 3 and 6 for 30 MPam®tecore and 1, 3, 6, 9 and 12 layers for 70 MPa
concrete. It was observed that CFRP was more aféest providing confinement and led to more
compressive strength when compared to correspondingper of layers of GFRP. The failure of
columns confined with CFRP was explosive while fifiéure of columns confined with GFRP was
less explosive, although sudden in nature. Thelteesodicated that hardening type failure was
noticed in confined concrete with multiple layefs=RP. Both compressive strength and axial strain
capacities improved due to confinement. It was ontesbthat FRP confinement was more effective
for normal strength concrete than for high strerggihcrete. An analytical model was also proposed
as part of the work and the results from the madeted well with experimental results.

Kaminski and Trapko [6] investigated the effectvafying configurations of FRP strengthening on
the performance of reinforced concrete columnsrwagiquare and circular cross sections. External
CFRP strips in the longitudinal direction, CFRPdiadinal strips combined with transverse bands,
CFRP longitudinal strips combined with full lengtansverse CFRP wraps, CFRP transverse wraps
alone. Internal adhesive bonding of CFRP longitabstrips, CFRP strips combined with bands and
CFRP strips combined with wrap. The increase inlHcarying capacity was attributed to the lower
strain in CFRP confined columns compared to unoedficolumns at the same load levels. The
specimens with longitudinal CFRP without bands oapg showed that the failure was induced by
damage at the contact surface. Some of band wadpd fn the case of longitudinal strips combined
with band wraps.

Saenz and Pantelides [7] proposed a strain-baseatkinfior FRP confined concrete. The model
estimated the stress corresponding to the givennskevel. The secant modulus with a softening
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mechanism was used in the model. The fundamentaMieur of FRP under loading was described.
Volumetric contraction was exhibited in the lineslastic axial response zone. As the concrete
softened, the volumetric strain reached zero mgrkive transfer of load from concrete core to the
FRP confinement. The radial strain at zero voluiwestrain marked the activation of FRP
confinement. The model consisted of linear elas&ponse regime, transition regime and ultimate
axial stress-radial strain regime. The ultimateatastrain of the FRP confined column was expressed
as a function of the confinement effectiveness.

The present study attempted to investigate thetioakhip between column parameters like
slenderness ratio and thickness of FRP wrap arfdrpeance parameters like ultimate compressive
stress and ultimate axial strain. The combinedcefiéslenderness and FRP wrap on the performance
of concentrically loaded concrete columns was natlsarly established in the literature yet.

2. Materialsand Methods

An experimental investigation has been conducte@®aoolumn specimens having 150 mm diameter
and slenderness ratios of 8, 16, 24 and 32. Thgitlatinal reinforcement consisted of 6 bars of 8
mm diameter and internal ties consisted of 6 mmadiar bars at 115 mm spacing. Out of the twenty
eight columns, one reference column was testedowithny wrapping and the remaining 6 columns
were wrapped with GFRP of varying configurationhndlifferent thickness for each slenderness ratio.

2.1 Material Properties

The concrete used for casting the specimens wagneesfor compression strength 60 MPa. The mix
ratio adopted was 1:173:2.51:0.34:0.8% (cement:e Faggregate: Coarse aggregate: Water:
Hyperplastizicer percentage by weight of bindef)e Tharacteristic compressive strength achieved
was 63.64 MPa. The longitudinal reinforcement cstesi of ribbed steel with yield strength of 450
MPa and mild steel with yield strength of 300 MPaswsed for the internal ties. Properties of glass
Fibre Reinforced Polymer (GFRP) is presented ind ab

2.2 Preparation of Specimen

The specimens were prepared by casting them irstmsbeement pipe moulds. After sizing, the pipes
were placed firmly in position using a lean mix saotat the base. The bottom faces of the pipes were
covered with polymer sheets to avoid any leaks.e€CdNocks were placed at appropriate places to
ensure adequate cover to the reinforcement. Tleiontof the pipes was applied a liberal coat of
lubricating oil to prevent concrete from adherimgthe asbestos cement pipe. Steel reinforcement
cage was prepared for each specimen accordingeteetiuirements. The reinforcement cages were
placed into the asbestos cement pipe formwork asitipned in such a way that pre-determined
cover was available on all sides. The designed rebmanix was filled into the moulds in layers.
Adequate compaction was carried out using neebiatar to avoid honey combing... The specimens
were removed from moulds without any damage andccur a standard manner for a period of 28
days.
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Tablel. Properties of Glass Fibre Reinforced Pohy(G&RP)

. . . Tensile Ultimate Elasticity
SI(')N Type((;):‘:glgre n Th('r%knr:)%S Strength Elongation Modulus
(Mpa) (%) (Mpa)
1. Chopped Strand Mat 3 126.20 1.60 7467.46
2. Chopped Strand Mat 5 156.00 1.37 11386.86
3. Uni-Directional Cloth 3 446.90 3.02 13965.63
4. Uni-Directional Cloth 5 451.50 2.60 17365.38
5. Woven Rovings 3 147.40 2.15 6855.81
6. Woven Rovings 5 178.09 1.98 8994.44

2.3 Wrapping with FRP

The cured specimens were prepared for wrapping RRR. The surfaces of the specimens
were ground with a high grade grinding wheel to seenall loose and deleterious material
from the surface. A jet of compressed air was &pptin the surface to blow off any dust and
dirt. Then, all surface cavities were filled up hvinortar putty to ensure a uniform surface
and ensure proper adhesion of FRP to the extefiocomcrete. The specimens were wrapped
with GFRP fabrics of appropriate fibre type by appd the resin on the surface of the
specimens, wrapping them with FRP fabric and applyneasured quantities of resin to the
application of successive layers of FRP fabric segin. The wrapped surfaces were gently
pressed with a rubber roller to ensure proper adhebetween the layers and proper
distribution of resin. Figures 1-3 show the apglma of FRP wrap on the surface of the
column specimen.

3. Test Specimens

The test specimen comprised of 28 column specimfewsng 150 mm diameter with
slenderness ratios of 8, 16, 24 and 32. The lodigitl reinforcement consisted of 6 bars of 8
mm diameter and internal ties consisted of 6 mmadiar bars at 115 mm spacing. Out of the
twenty eight columns, one reference column wasedestithout any wrapping and the
remaining columns were wrapped with GFRP of varyganfiguration with different
thickness for each slenderness ratio. The specimesignations, slenderness ratios,
geometrical details and wrap details are providetable 2.
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Figure 3: Wrapped Specimens

4. Test Set-Up

Testing of specimens having heights of 300mm, 6@ ®0mm and 1200mm was carried
out on a loading frame of 2000 KN capacity by apmythe load in uniform increments of 25

KN. The instruments used for the testing includeflettor meters having a least count of
0.01lmm, and a lateral extensometer with a leashtcoti 0.001mm. Figure 4 shows the

instrumentation for columns having 300mm, 600mmQrAth and 1200mm height on a

loading frame. Hydraulic loading jack was placedsteel platform of the loading frame. The

specimen was placed with capping at both ends.|Axiampression was measured using two
dial gauges.
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Figure 4: Test set-up with instruments

Table 2 Specimen Details

SI No Details of Diameter Height Type of  Thickness  Nominal
Specimens (mm) (mm) GFRP of GFRP  slenderness
(mm)
1 S8R0 150 300 - 0 8
2 S8CSM3 150 300 CSM 3 8
3 S8CSM5 150 300 CSM 5 8
4 S8UDC3 150 300 ubDC 3 8
5 S8UDC5 150 300 ubC 5 8
6 S8WR3 150 300 WR 3 8
7 S8WR5 150 300 WR 5 8
8 S16R0 150 600 - 0 16
9 S16CSM3 150 600 CSM 3 16
10 S16CSM5 150 600 CSM 5 16
11 S16UDC3 150 600 ubC 3 16
12 S16UDC5 150 600 ubC 5 16
13 S16WR3 150 600 WR 3 16
14 S16WR5 150 600 WR 5 16
15 S24R0 150 600 - 0 24
16 S24CSM3 150 900 CSM 3 24
17 S24CSM5 150 900 CSM 5 24
18 S24UDC3 150 900 ubC 3 24
19 S24UDC5 150 900 ubC 5 24
20 S.24WR3 150 600 WR 3 24
21 S24WR5 150 900 WR 5 24
22 S32R0 150 1200 - 0 32
23 S32CSM3 150 1200 CSM 3 32
24 S32CSM5 150 1200 CSM 5 32
25 S32UDC3 150 1200 ubC 3 32
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26 S32UDC5 150 1200 ubC 5 32
27 S.32WR3 150 1200 WR 3 32
28 S32WR5S 150 1200 WR 5 32

5. Result and Discussion

The ultimate loads, stresses and strains reachédebgxperimental specimens are presented
in Table 3.The stress-strain curves for all thentyesight reinforced concrete columns (with
and without GFRP wrapping) tested for the expertaemvestigationsl. The stress-strain
curves for the columns grouped by slenderness aatigresented in Figures. 5 to 8, grouped
by thickness of GFRP wrapping are presented inrEiguoll.

Table 3 Ultimate Loads, Stresses and Strains fetebeGFRP Wrapped Columns

Specimen Ultimate Ultimate  Ultimate Ultimate Axial
Designation Load Deflection Stress (MPa)micro-Strain e )
(kN) (mm)
S8R0 1150 2.93 65.08 9766.67
S16R0O 1080 3.01 61.12 5016.67
S24R0 1000 3.29 56.59 3655.56
S32R0 900 3.45 50.93 2875.00
S8CSM3 1220 3.02 69.04 10066.67
S16CSM3 1140 3.16 64.51 5266.67
S24CSM3 1050 3.56 59.42 3955.54
S32CSM3 990 3.62 56.02 3016.67
S8CSM5 1300 3.32 73.56 11066.67
S16CSM5 1200 3.46 67.91 5766.67
S24CSM5 1175 3.89 66.49 4322.22
S32CSM5 1025 4.02 58.00 3350.00
S8UDC3 1370 4.70 77.53 15666.67
S16UDC3 1300 4.82 73.56 8033.33
S24UDC3 1275 4.90 72.15 5444.44
S32uUDC 1190 5.04 67.34 4200.00
S8UDCS 1450 4.83 82.05 16100.00



Jagannathan Saravanan, Kannan Suguna and Pulipaka Narasmha Rao Raghunath

S16UDC 1375 4.94 77.81 8233.33
S24UDC 1330 5.04 75.26 5600.00
éBZUDC 1225 5.35 69.32 4458.33
S8WR3 1270 3.92 71.87 13066.67
S16WR3 1170 4.23 66.21 7050.00
S24WR3 1120 4.17 63.38 4633.33
S32WR3 1050 4.35 59.42 3625.00
S8WR5S 1320 4.28 74.70 14266.67
S16WR5S 1225 4.33 69.32 7216.67
S24WR5 1185 4.33 67.06 4811.11
S32WR5S 1090 4.90 61.68 4083.33
S8WR5S 1320 4.28 74.70 14266.67
S16WRS5 1225 4.33 69.32 7216.67
S24WR5 1185 4.33 67.06 4811.11
S32WR5 1090 4.90 61.68 4083.33

5.1 Stress-Strain Behaviour of GFRP Wrapped HSC Columns
The stress-strain curves for all the twenty eighinforced concrete columns (with and

without GFRP wrapping) tested for the experimemaéstigations1. The stress-strain curves
for the columns grouped by slenderness ratio asemted in Figures. 5 to 8.

gl et avamion Savem (NFs)
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Figure 5: Stress- Strain Curves for ColumnsFigure 6: Stress- Strain Curves for Columns
R8 R16
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Figure 7: Stress -Strain Curves for ColumnsFigure 8: Stress -Strain Curves for Columns
R24 R32

The stress-strain curves indicate the general triiadl all the columns exhibit similar
behaviour in the initial phase. The differencessiag due to the variations in wrapping
thickness and material are first exhibited in tbent of different levels of yield stresses,
although the differences are not as high as thoisalfimate stresses. The yield point on the
stress-strain curve signifies the point at whicle toncrete core begins to crush. Until
reaching the yield point, the concrete core is daamd resists much of the load applied on it.
The columns with UDCGFRP wrapping normally showettdy stress-strain behaviour. The
stress levels and strain levels reached by UDCGKRPped columns were higher than those
reached by corresponding columns with CSMGFRP oiGFRP of the same thickness. The
columns wrapped with 3 mm thick CSMGFRP and WRGKERBwed similar stress-strain
trends up to failure. But the behaviour of 5 mntkhWRGFRP wrapped column was better
than that of 5 mm thick CSMGFRP wrapped column.the group of columns with
slenderness ratio of 16, the 5 mm thick UDCGFRPppea column reached the highest
stress and strain values. The stress and stra@isleeached by 3 mm thick UDCGFRP
wrapped column and 5 mm thick WRGFRP wrapped colurere very close, but the stress-
strain paths followed by the two were differenttte case of columns with slenderness ratio
of 24, the stress-strain curve for 3 mm thick UD&PFwas very closely followed that of
column with 5 mm thick UDCGFRP, but failed at lovetress value. The columns with 3 mm
thick CSMGFRP and WRGFRP reached same stress |églghe strain for CSMGFRP was
lower. The stress and strain levels reached by 3tinmnck UDCGFRP wrapped column were
higher than those reached by even 5 mm thick CSM&G&RI WRGFRP wrapped columns.

5.2 Results at Ultimate Stage

The performance of GFRP wrapped columns at ultireteige showed the influence of GFRP
wrap material on stress and strain values. Theenfte of GFRP wrapping was more on the
stress and strain values at ultimate stage thasetabyield stage. The yield point marked the
start of participation of GFRP in resisting appl&desses, while the ultimate point marked
the failure of the wrapping mechanism after exnagsts capacity. The axial deflections for
columns with higher slenderness ratios were moaa tinose for the columns with lower
slenderness ratios. But the ultimate axial straieached by the columns with more
slenderness turned out to be lower than those eedar columns with lower slenderness. The
reinforced concrete columns with UDCGFRP wrappingvged the highest in ultimate stress
and ultimate axial strain. The columns wrapped VBtBMGFRP and WRGFRP exhibited
similar performance in terms of stresses and &raut the values were generally lower than
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those for UDCGFRP. The ultimate stresses and uiéiragial strain were shown in Figures 9
and 10.

Ultimate Stress (MPa)

te Axial Micro-Strain

uDcs Ty 32
Wrapping (Material, Thickness(mm)) WR3 s /

Figure 9: Ultimate Stresses for Tested Figure 10: Ultimate Axial Micro-Strains for
Columns Tested Columns

6. Adaptive Neuro-Fuzzy I nference System (ANFIS)

Adaptive Neuro-Fuzzy Inference System (ANFIS) iydrid system consisting of a Fuzzy

Inference System whose membership functions aredtun perform well using a back

propagation neural network. The use of neural ndwoakes the fuzzy inference system
adaptive and permits the outputs to be so adjustetb produce the least error. ANFIS is
highly suitable for function approximation workshere the input parameters and output
values are known, but the mathematical relationbleigveen them is not available, as in the
case of experimental results.

ANFIS as modelling systems consists of three distiegments: i) the input parameters and
membership functions, ii) the adaptive neuro-fuzmferencing system, iii) the output
parameter and the defuzzifier, if necessary. Aseie view of an ANFIS object is shown in
Figure.11. The present implementation of ANFIS nhedes carried out using the fuzzy logic
toolbox available in MATLAB software. The implematibn permits choosing the number
and type of membership function associated withheaput and the number of epochs
required for training the ANFIS. The generationtloé network and tuning of the network
parameters to match the expected target valuedudlye automated, with provision for
supplying a test data set along with the trainigigtg avoid over-fitting the inference system.

The ANFIS model is capable of predicting only ondpoit parameter, although the input
parameters may be many in number. Hence, eachcposdparameter requires a separate
ANFIS object to be generated. The input parametapplied to ANFIS objects are the tie
spacing, the type of wrap material and the thicknelswrap material and they remain the
same for all objects. ANFIS objects were produdeth@ rate of one object per parameter for
ultimate load, ultimate deflection, ultimate latedeflection, ultimate stress, ultimate axial
micro-strain, deflection ductility, energy ducwlit deflection ductility ratio and energy

ductility ratio. The training and test data used developing the Fuzzy Inference Systems
(FIS).Triangular membership function was selected the input data and constant
membership function was selected for the outpue fitlimber of membership functions was
two per parameter for most of the cases. The chaficeembership functions was made by

10
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conducting a trial run of the ANFIS objects genedatising several alternative functions like
triangular membership function, trapezoidal meniergéunction, pi membership function,
sigmoid membership function, generalized bell mensiip function, Gaussian membership
function, S Shaped membership functiett.. The performance of certain membership
functions is good for certain data patterns. Thesent data showed minimum error levels for
triangular input membership function.

The output membership function can either be ateahsnembership function or a linear
membership function. For the present data, consiatgut membership function produced
the minimum error. The representation of triangul@@mbership functions is shown in
Figure.12.

Inj it:4 —>
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Figure 11: Schematic View of ANFIS

The ANFIS command takes the following inputs: tlenftgsl object, maximum number of
epochs of training, target value for training, niag parameters like initial step size, step
down factor, step up factor, display parameterddcide whether to display general ANFIS
information, error, step size at each parameteatgpdinal results and the checking data. The
checking data, if provided, helps the ANFIS objectivoid over-fitting to the training data
and return the ANFIS object which produced thetl@asount of error for the testing data.
Hence, the ANFIS object having desired propertlesukl be ready on running the ANFIS
command. Schematic view of typical ANFIS objecsh®wn in Figure.13.
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Figure 12: Typical Triangular Membership Function
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Figure 13: Schematic View of typical ANFIS General Object

Table 4. Errors in Training and Testing Parameters

Sl. RMS Percentage RMS Percentage
No. Parameter Error in Training Error in Testing
1 Ultimate Stress (MPa) 0.703¢ 5.038¢

2 Ultimate Micro-Strain 3.3604 14.7418

The ANFIS objects developed for predicting varipasameters related to the GFRP confined
reinforced concrete columns predicted data withyimgr degrees of errors. The errors

associated with the final ANFIS objects are showrTable 3.The errors displayed in the

tables, called Root Mean Squared Percentage Ewers, calculated as the root mean squared
error for the parameter divided by the mean of plaeametric values and converted to

percentage.

The data presented in column of Table 4 correspoitide errors associated with testing data,
which was not used for training the parametersdoily for checking the performance of the

ANFIS objects generated using the training dataes€herror values provide a means for
validation of the performance of the ANFIS objedtse Root Mean Square Percentage Error
(RMSPE) for training data ranged from 0.7038% @684% and that for testing data ranged
from 5.0385% to 14.7418%. The errors both traimumgl testing data lie within reasonable

limit and hence the model performance is agreefablerediction purposes.

6.1Using the ANFIS objectsfor Simulation:

After validation of the ANFIS objects, they may tied for making predictions for input data
at points other than the training and testing @oiRbints at very close intervals might be used
for getting the predictions of ANFIS objects aneé tlesults plotted in the form of surfaces.
These might help in two ways: i) getting a rougbadf the values one can obtain from the
ANFIS object for given input data, without actualiyoking the ANFIS object, ideally suited
for preliminary studies and ii) a form of finer wddtion of the performance of the ANFIS
objects at points other than the training and rigspoints, which might reveal absurd or
unreasonable values if the ANFIS object was impigptained. The three dimensional
surfaces generated for each prediction parameteedoh one of the three types of GFRP
wrapping (CSM, UDC and WR) are presented in Figutdgo 21.
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Uttimate Stress (MPa)
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Figure 14: Ultimate Stress: Unwrapped
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Figure 16: Ultimate Stress:
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Uttimate Micro-Strain
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Figure 17: Ultimate Stress: WR
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Figure 19: Ultimate Micro-strain: CSM
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Figure 20: Ultimate Micro-strain: UDC
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Figure 21: Ultimate Micro-strain: WR

The simulation surfaces signify the three dimeraiorisualization of the generalization
functions brought about by the ANFIS objects. Timutation surfaces exhibit acceptable
values throughout the domain of interest for ingatia. The absence of any abnormal changes
in the slope of the simulation surfaces indicatesability of the ANFIS objects to smoothly
predict the values at points other than the trgirpoints. Hence, the models generated for
predicting the properties of GFRP wrapped reinfdrcencrete columns perform well to
predict the required properties within the domdimesearch input data. The stability of the
predictions outside the domain of interest are gudranteed. Hence, the ANFIS objects
should not be used for simulation when input patamsefall outside the experimental input
range.

7. Conclusions

Based on the results obtained through the expetahenvestigation and the ANFIS
modeling, the following conclusion are made

» UDCGFRP resulted in better performance of theppeal columns considering
ultimate stress, axial strain and lateral straimemw compared to the other wrap
materials of CSMGFRP and WRGFRP.

The slenderness ratio of the reinforced conaetemns affected the ultimate stress

levels attained by them, resulting in a maximun26f78% increase for unwrapped

columns and 5.00% to 36.11% increase for GFRP veggplumns.

* The columns with 5mm thick UDCGFRP wrapping irase in ultimate stresses in
the range of 26.09% to 36.11%.

* The unwrapped reinforced concrete columns, decrgathe slenderness ratio
resulted in higher ultimate axial strain which &sed up to 239.71% for reduction
of slenderness ratio from 32 to 8.

* The ultimate strain was increased in the ran@@%.to 64.17% in axial direction.

e Columns with 5mm thick GFRP wrapping increasaultimate axial strain in the
range of 53.19% to 64.17% for UDCGFRP. The ANFISIelimg proposed as part
of this study can be used for predicting the penmce of GFRP wrapped columns.

» The ANFIS modeling consider slenderness ratio apaeameter, which makes
predictions more accurate for given column geometry

15



Jagannathan Saravanan, Kannan Suguna and Pulipaka Narasmha Rao Raghunath

References

[1] Mirmiran, A., Shahawy, M. and Beitleman, T. &terness Limit for Hybrid FRP
Concrete ColumngASCE JI. of Compos. for Constr., 5(1), 26-34.2001.

[2] Girard, C. and Bastien, J. Finite Element B@&lgp Model for Concrete Columns under
Cyclic Loads ASCE JI. of Sructural Engg., 128(12), 1502-1510,2002.

[3]Aire, C., Gettu, R., Casas, J.R., Marques, S1 Muarques, D., (2005), "Compressive
Behaviour of Concrete Confined with Fibre Reinfatd@olymer Wraps", Pro&dvances in
Concrete and Composites, SERC, Chennai, India, pp. 825-832.

[4] Challal, O., Shahawy, M. and Hassan, MPerforoearof Axially Loaded Short
Rectangular Columns Strengthened with Fiber RetefdrPolymer WrappingASCE Jl. of
Compos. For Constr., 7(3), 200-208,2003.

[5] Hadi, M.N.S. and Li, J. External Reinforcemeoft High Strength Concrete Columns,
Elsevier JI. of Composite Structures, 65, 279-287,2004.

[6] Aire, C., Gettu, R., Casas, J.R., Marques,rfsl. llarques, D., Compressive Behaviour of
Concrete Confined with Fibre Reinforced Polymer @¢;aProc.Advances in Concrete and
Composites, SERC, Chennai, India, pp. 825-832. 2005.

[7] Kaminski, M. and Trapko, T, Experimental Behawi of Reinforced Concrete Column
Models Strengthened by CFRP Materiald.. of Civil Engineering and Management, 12(2),
109-115,2006.

[8] Saenz, N. and Pantelides, C.P. Strain-Basedfi@ment Model for FRP-Confined
Concrete ASCE JI. of Structural Engg., 133(6), 825-833.2007.

16



