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Abstract

Fibre reinforced polymer (FRP) has been widely as a substitute for steel
reinforcement in reinforced concrete (RC) structures or to retrofit existing structural
members as a result of its high tensile strength and anti-corrosive characteristics.
Most of FRP products are designed to enhance the flexural strength of structural
members in the form of FRP rebars and sheets. In this paper, a new type of glass
fibre reinforced polymer (GFRP) plates with openings is proposed to improve the
shear strength of RC beams and its effectiveness was experimentally examined.
Totally, six specimens were manufactured by embedding the proposed GFRP plates
into concrete beams with steel longitudinal reinforcement instead of typical steel
stirrups. All the test specimens had the shear span ratio of 2.8 and test variables
include the sectional area of the GFRP plate and its width and thickness. The test
results indicate that the RC beams with the proposed GFRP shear reinforcement can
retain the shear strength approximately up to 3.5 times higher than the one with
conventional steel stirrups and the shear strength increases as the width of the GFRP
plate increases.

Keywords: glass fibre reinforced polymer, stirrup, plate, reinforced concrete beam

1 Introduction

The shear behaviour of reinforced concrete beams is diverse and irregular because of
the interrelation between concrete and reinforcement bars (rebars). As shear
reinforcements, steel stirrups play the role of preventing the brittle failure of
concrete due to shear cracks and the ability to withstand an even greater load while
resisting cracks. When a strong shear force acts on the members, the steel stirrup bar
arrangement becomes dense and either the self weight increases or aggregates are
arranged unevenly, thus causing the performance reduction of structures. Unlike
reinforcement steel, fibre-reinforced plastics (FRP) have advantages, such as high



corrosion resistance and being light weight, and are therefore widely used as
reinforcements instead of reinforcement steel.[1]~[5] However, studies on the
application of FRP as replacement materials for steel stirrups are rare. In order to
understand the application of carbon fibre-reinforced plastics (CFRP) in the form of
rebars as stirrups, Ahmed et al. [6] studied the bond strength (based on the diameter
and the embedment length) and the shear reinforcement performance of CFRP
stirrups on concrete beams. Ahmed et al. [7] also conducted the shear test after
reinforcement with stirrups in the form of CFRP rebars instead of steel stirrups and
compared empirical equations and prediction equations in terms of the shear’s
strength. Dinh et al. [8] studied the shear behaviour after reinforcement with high-
strength reinforcement steel fibre stiffeners instead of steel stirrups.

The present study proposes a way of using, as shear reinforcements,
manufacturing glass fibre-reinforced polymers (GFRP) by manufacturing them in
the form of plates, and embedding GFRP plates, instead of steel stirrups, in concrete
beams, as shown in Figure 1. The purpose of the present study thus lies in grasping
the structural behavior of the new shear reinforcement shapes and evaluating the
shear behavior of concrete beams to which these new shapes have been applied.

Figure 1: Reinforced concrete beam with GFRP plates

2 Experimental Program

2.1 Material

The standard design compressive strength of the concrete used in manufacturing the
test specimens was 45 MPa and the mixing ratio shown in Table 1 was used.
According to the standards in KS F 2405, the compressive strength was measured
after aging for 28 days, and an average compressive strength of 42.7 MPa was
confirmed. As for the tension reinforcements, deformed bars with a diameter of 29
mm were used, and as for the stirrups, deformed bars with a diameter of 10 mm



were used. Table 2 shows the material properties of the reinforcement steel and
GFRP used in the experiments.

Component Value
Compressive Strength 45 MPa
Water Cement Ratio 314 %
Sand to Aggregate Ratio 45.5 %
Coarse Aggregate Size 25 mm
Slump 600 mm
Water Content 145 kg/m®
Cement Content 492 kg/m®
Fly Ash Content 43 kg/m®
Fine Aggregate Content 786 kg/m?®
Coarse Aggregate Content 872 kg/m?®
AE Water Reducer Content 6.42 kg/m®

Table 1: Concrete mix proportions

Diameter (mm) | Area (mm?) Tenszlli:/ﬂs);r)e ngth Elz/s[t(zgili;u?((})ff’a)
Tensile Reinforcement 28.7 642.4 500 200
Stirrup 9.5 71.3 500 200
GFRP - - 480 50

Table 2: Properties of steels & GFRP

2.2 Specimens, Plans, and Variables

5 test specimens shear reinforced with GFRP plates and 1 test specimen reinforced
with steel stirrups were manufactured, respectively, and the shear test was conducted
on a total of 6 test specimens. The general arrangement patterns of steel stirrups and
GFRP plates are shown in Figure 2. As for the test specimens, the total length was
2,700 mm and the clear span was 2,100 mm, respectively, and the development
length of 300 mm was placed from the point to both ends. The cover’s thickness was
set to 40 mm. As for the test specimens, the effective depth was 218.9 mm and the
shear span to depth ratio was 2.8, respectively. All test specimens were designed to
prevent flexural failure and to cause shear failure. The GFRP plate reinforcement
area was the same and the effect of the thickness and the width of reinforcements

were selected as the experimental variables. A survey of the test specimens is shown
in Table 3.
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Figure 2: Type of shear reinforcements

Width of Thickness of | Reinforcement
) fyorfy Type of shear . . Area
Specimens : . reinforcement reinforcement
(MPa) reinforcement
(mm) (mm) (mm?)
S-207 500 Steel - - 207
G15-45 480 GFRP 15 1.5 45
G30-300 480 GFRP 30 2.5 300
G25-300 480 GFRP 25 3 300
G50-300 480 GFRP 50 1.5 300
G30-525 480 GFRP 30 2.5 525
X Specimens Notation —G15-45
G : Type of shear Reinforcements (G—Glass Fibre Reinforced Polymer, S—Steel)
15 : Width of Reinforcement (15mm, 25mm 30mm)
45 : Reinforcement Area (45mm?, 207mm?, 300mm?, 525mm?)

Table 3: Characteristics of specimens

2.3 Test Setup and Procedures

Test specimens were simply supported and subjected to load using a hydraulic UTM
with the maximum capacity of 5000 kN at the average velocity of 5 kN/min. At load
points 613 mm from both points, two points were subjected to load, and a linear
variable differential transformer (LVDT) was installed at the bottom center of the
test specimens to measure the specimens’ vertical displacement. To grasp whether
concrete reached the maximum strain, the strain of concrete was measured by
attaching the strain gauges to the top and bottom of the center of the test specimens.



In addition, to determine the yield of the tension reinforcements, the strain of the
reinforcement steel was measured by attaching strain gauges to the bottom center of
the tension reinforcements. Strain gauges were attached to the axis of abscissa and
the axis of ordinate of GFRP plates to measure the strain on the axis of abscissa and
the axis of ordinate of GFRP plates. By using UCAM-500A, the data on load,
deflection, and strain were collected. The test specimen settings and the locations at
which strain gauges were attached are diagrammatized in Figure 3.
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Figure 3: Specimens setting and strain gauge

3 Test Results

3.1 Failure Modes

In cases where GFRP plates were either fractured or not fractured according to the
shear reinforcement area, there were two types of failure. The two types are
presented in Figure 4 and Figure 5, respectively. Table 4 shows the results of
experiments on reinforced concrete beams reinforced with GFRP plates. The case
where fracture had occurred on GFRP plates was basic grid-type G15-45, where the
shear strength of the experiments increased by approximately 99% in comparison to
the design shear strength. This seems to be because GFRP plates exhibited adequate
strength before their fracture, thus contributing to shear performance improvement.
On the contrary, when GFRP plates had not been fractured, the experimental shear
strength was similar to, or lower than, the design shear strength. This seems to be
because, due to the high reinforcement area, brittle fracture caused by concrete
crushing occurred first before GFRP plates reached the maximum strength.



Figure 5: Shear compression failure

Specimens Vesp (KN) Vea (KN) Failure Mode
S-207 297.90 200.65 Shear
G15-45 236.39 118.64 Shear
G30-300 264.38 241.04 Shear
G25-300 227.60 241.04 Shear
G50-300 248.31 241.04 Shear
G30-525 300.22 349.04 Shear

Table 4: Test results

3.2 Load-Deflection
3.2.1 Load-Deflection of Steel Stirrups and GFRP Plates

The load-deflection curve of beams reinforced with GFRP plates and those
reinforced with steel stirrups is presented in Figure 6. The reinforcement area of S-
207 reinforced with steel stirrups was 207 mm?, while that of G15-45 reinforced
with GFRP plates was 45 mm?. When the shear strength per unit reinforcement area
was compared, beams reinforced with GFRP plates were 3.5 times superior to those
reinforced with steel stirrups. Consequently, if GFRP plates exhibit adequate shear
performance, they will be more effective than steel stirrups for improving shear
performance.
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Figure 6: Load-deflection curve (Type of shear reinforcements)

3.2.2 Load-Deflection According to the Reinforcement Area of GFRP Plates

Characteristics due to the reinforcement area of GFRP plates are represented as a
load-deflection curve in Figure 7. As the reinforcement area increased, so did the
shear strength. When G30-300 and G30-525 test specimens, where all variables
were identical and only the reinforcement area differed, were compared in terms of
the shear strength, the shear strength increased by approximately 14% while the
reinforcement area increased by approximately 75%,. Through this, it was possible
to confirm that the increase in the shear strength was not as great as that in the
reinforcement area. This seems to be because even when the reinforcement area
increases, brittle fracture occurs due to concrete crushing before GFRP plates reach
the maximum strength.
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Figure 7: Load-deflection curve (Reinforcement area)



3.2.3 Load-Deflection According to the Width and the Thickness of GFRP
Plates

The load-deflection curves for G30-300, G25-300, and G50-300 with the identical
reinforcement area are presented in Figure 8. In Figure 8, all 3 test specimens
exhibited identical behavior before the initial cracks occur. After the initial cracks,
differences in the stiffness gradually developed, and, after the shear cracks, those
differences became more pronounced. With G30-300 as the standard, in the case of
G25-300, where the reinforcements decreased in the width but increased in the
thickness, adequate strength was not exhibited before GFRP plates reached the
maximum strength due to brittle fracture caused by concrete crushing. On the
contrary, in the case of G50-300, where the reinforcements decreased in the
thickness but increased in the width, adequate maximum strength was exhibited.
Due to the fact that with the identical reinforcement area, GFRP plates failed to
reach the maximum strength due to concrete crushing only in G25-300, an increase
in the thickness was limited. In addition, as the width of the reinforcements
increases, the contact surface that can resist shear cracks increases, so that it is more
effective in checking shear cracks. Consequently, to secure high shear strength, it is
more effective to secure the width of a certain scale that is greater than the thickness.
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Figure 8: Load-deflection curve (Thickness & Width)

3.3 Strain

Figure 9 shows the strain of GFRP plates in intervals where shear cracks occurred.
The strain of GFRP plates remained in the elastic state until the initial shear cracks
occured, but as the working load increased, shear cracks occurred. Afterwards, the
strain increased considerably at the point of the occurrence of shear cracks. Judging
from the fact that, as shown in Figure 9, the strain of the axis of abscissa of GFRP
plates is in the elastic state, the capacity to withstand shear force is negligible.
Consequently, when GFRP plates are used as shear reinforcements, the axis of
ordinate of GFRP plates seems to contribute to shear performance.
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Figure 9: Load-strain curve (G30-525)

4 Conclusion

In the present study, to analyze the shear behaviour of reinforced concrete beams
shear reinforced with embedded-type GFRP plates, which are replacement materials
for steel stirrups, experiments were conducted with the GFRP reinforcement area
and the effect of the thickness and width of reinforcements as the variables. The
results were analyzed and led to the following conclusions:

1) When steel stirrups and GFRP plates were compared in terms of the shear
strength per unit reinforcement area, beams reinforced with GFRP plates
were 3.5 times better. When the shear strength was compared according to
the reinforcement area of GFRP plates, as the reinforcement area increased,
so did the shear strength.

2) When the effects of the thickness and the width of GFRP plates were
analyzed, an increase in the width, rather than in the thickness of
reinforcements, was more effective. This seems to be because an increase in
the contact surface that can resist shear cracks is more effective for checking
shear cracks.

3) When the axis of abscissa and the axis of ordinate of GFRP plates were
compared in terms of the strain, judging from the fact that the axis of
abscissa remained in the elastic state, there was nearly no effect on the
capacity to withstand shear force. Consequently, the contribution of the axis
of abscissa of GFRP plates to shear performance seems to be negligible.

Acknowledgements

This work was supported by the National Research Foundation of Korea (NRF)
grant funded by the Korea government (MEST) (No. 2012-0005672).



References

[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

Tang W.C., Lo T.Y., “Shear strengthening of polystyrene aggregate concrete
beams with near surface mounted GFRP bars”, Materials Research
Innovations, Vol. 14, No. 2, 138-145, 2010.

Nigro Emidio, Cefarelli Giuseppe, Bilotta Antonio, Gaetano Manfredi,
Edoardo Cosenza, “Fire resistance of concrete slabs reinforced with FRP bars.
Part I:Experimental investigations on the mechanical behavior”, Composites
Part B-Engineering, Vol. 42, No. 6, , 1739-1750, 2011.

El-Sayed AK, El-Salakawy EF, Benmokrane B, “Shear capacity of high-
strength concrete beams reinforced with FRP bars”, ACI Structural Journal, V.
103, No. 3, 383-389, 2010.

R.J. Gravina, S.T. Smith, “Flexural behaviour of indeterminate concrete beams
reinforced with FRP bars”, Engineering Structures, V. 30, No. 9, 2370-2380,
2008.

Razagpur AG, Isgor OB, “Proposed shear design method for FRP-reinforced
concrete members without stirrups”, ACI Structural Journal, V. 103, No. 1, 93-
102, 2011.

Ahmed K. EI-Sayed, Ehab EI-Salakawy and Brahim Benmokrane,
“Mechanical and Structural Characterization of New Carbon FRP Stirrups”,
Journal of Composites for Construction, Vol. 11, No. 4, 352-362, 2007.

Ehab A. Ahmed, Ehab F. El-Salakawy, Brahim Benmokrane, ‘“Shear
Performance of RC Bridge Girders Reinforced with Carbon FRP Stirrups”,
Journal of Bridge Engineering, Vol. 15, No. 1, 44-54, 2010.

Hai H. Dinh, Gustavo J. Parra-Montesinos, and James K. Wight, “Shear
Behavior of Steel Fiber-Reinforced Concrete Beams without Stirrup
Reinforcement”, ACI Structural Journal, Vol. 107, No. 5, 597-606, 2010.

10




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




