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ABSTRACT

Confinement of circular concrete columns by circerahtial fibre reinforced polymer
(FRP) wraps is among the most widely implementepliegtions of FRP materials for
infrastructure. FRPs are wrapped in the hoop daecaround the perimeter of concrete
columns and bonded in place with an epoxy adhesheeffect of this is to drastically
improve the columns’ strength and deformability, iehh has clear benefits for axial
strengthening, seismic enhancement, and blast daméggation. The technique has been
applied to many thousands of columns around theldwomet several aspects of the
mechanics of FRP-confined concrete remain poorlgewstood. One area in which
additional research is needed is in understandixiglaining, and quantifying the observed
variability of hoop strains in the FRP wraps atui@. This paper follows from previous
work using a digital image analysis technique teectly measure the variability of both
axial and hoop strains over the surface of FRP-pedpconcrete columns. The results of
new tests on FRP wrapped cylinders with increaasggect ratios are presented with a view
to understanding and quantifying the factors théiténce the variability and effectiveness
of FRP confinement for concrete. The focus in theent paper is on the influence of the
cylinders’ aspect ratio on observed hoop strairiaikatre.

INTRODUCTION AND BACKGROUND

Confinement of circular concrete columns by circerahtial wraps is one of the most
widely accepted applications of fibre reinforcedypeer (FRP) materials for repair and
strengthening of structures [1]. In these applweaj FRPs are wrapped (typically with
fibres oriented in the hoop direction only) arouhd perimeter of concrete columns and
bonded in place with an epoxy adhesive; the eféédhis is to restrain dilation of the
concrete when loaded in axial compression, creaifgneficial triaxial stress condition,
and to drastically improve its strength and defditityg. This has obvious benefits for
axial strengthening and for seismic enhancementiwhas led to the technique being
applied to many thousands of columns around thédwbDespite its success, key aspects of
the mechanics of FRP confined concrete remain paortierstood [1]. One area in which
additional research is needed is in understandixiglaining, and quantifying the observed
variability of hoop strains in the FRP wraps aluia.

The ultimate compressive strength of FRP confirmttrete is reached when the FRP wrap
ruptures in hoop tension. Available research [XB8]gests that this occurs at a hoop strain
value between 30% and 50% less than expected obasis of direct tensile tests on the
FRP material. The ratio of the tensile hoop stnaithe FRP at failure to the average failure



strain observed in direct uniaxial tensile coupests is often referred to as the strain
efficiency, 7. From numerous test observations, Jiang and [Armve suggesteg = 0.5
for carbon FRP wraps amgl= 0.7 for glass FRP wraps for design of theseesyst ACI
Committee 440 [5] suggegt= 0.55 for circular FRP wrapped columns.

Various possible causes have been suggested tairexfiserved strain efficiencies of less
than 1.0 [2, 3], despite the fact that much higéteain efficiencies have been observed in
many cases (exceedimg= 1.0 in some cases [1]); none of the availabjdanations have
been satisfactorily proven. Furthermore, all aiddaempirical hoop strain data on which
current design procedures (e.g., [5]) are baseeé wktained using localized strain gauges,
and they provide little insight into the widely adkvledged variation of hoop strain over
the surface of FRP wraps. The actual hoop and agiain variability that exists in FRP
wraps at loads approaching failure has until rdgerdt been well characterized [1]. This
issue is fundamental to the proper interpretatibtest results of FRP confined concrete
and to the development of accurate and rationdircament models [3].

Bisby and Take [1] have recently presented thet feser detailed measurements
guantifying both the axial and hoop strain variatiover the surface of short (150 mm
diameter x 300 mm height) FRP confined concretendgls under concentric axial
compressive loading. This was accomplished usidigial image correlation technique,
geoPIV[6] to optically measure strain distributions gsimgh-resolution photogrammetry.
Their results clearly show that [1]:

* accurate measurement of hoop and axial strainsR¥h donfined concrete cylinders is
possible usinggeoPIVand good correlation is observed between the a@pichnique
and conventional foil strain gauges;

* hoop strains vary over the surface of FRP confsteatt circular concrete cylinders at
failure by as much as 50% of the coupon failuraistreven near mid-height, away
from the frictional confinement provided by the dioag platens; and

» the coupon failure strain is actually achievedimwually all cases, albeit only locally.

Two key issues which remain are to explain the mlaysmechanism(s) causing the
observed hoop strain variation and to determingotissible consequences (if any) of these
new insights for the design of FRP confined corcosiumns.

A recent numerical study by Tabbara and Karam fa@yides a compelling argument that
hoop strain variations may be due at least in fmtocalization of shear failure planes
within the concrete followed by movement of soliohcrete wedges along those failure
planes. Tabbara and Karam used this concept tpamdiently numerically predicted hoop
strain localizations of similar overall shapes amdgnitudes to those experimentally
observed by Bisby and Take [1] on virtually ideaticylinders, suggesting that the
mechanism causing a majority of the hoop straimatian is indeed localization of shear
failure planes. Notably, Tabbara and Karam's st{ifly also suggested that standard
cylinders of 2:1 aspect ratio (as used in the wvasjority of previous testing on FRP
confined concrete) may be insufficiently slender aeoid the influence of frictional
confinement from the end regions. Available dat&=B# confined concrete may therefore
be corrupted to a certain extent by end effectscéehe need for a detailed comparison of
strain variation for 2:1 cylinders with that obsetvor cylinders with larger aspect ratios.



EXPERIMENTAL PROGRAM

Table 1 shows details of the experimental progr@oncentric uniaxial compression tests
were performed on 16 unreinforced concrete cylisdeach 150 mm in diameter with a
height of 300 mm, 600 mm, or 900 mm. Nine of thenclers (three of each length) were
wrapped in the hoop direction over their full heaighth a single layer of a commercially

available unidirectional carbon/epoxy FRP strengimg system (Sikawrap Hex 230C).

The FRP wraps were applied using hand lay-up proesdwith a hoop overlap of 100 mm.

The compressive strength of the unwrapped conevate29.8 + 0.5 MPa at the time of
testing (based on three standard cylinder tests)ehél properties for the FRPs can be
obtained from the supplier.

The test setup for the cylinder tests is shownmettieally in Figure 1. Digital images with

the fields of view shown in Figure 1b were captusaery five seconds during testing
(using 10.1 megapixel digital SLR cameras) as egthder was loaded, at approximately
10 kN/min, until failure. Because only two camevase available and it was important to
maintain similar image resolution for all cylindeddring testing, strains were only
recorded over the bottom two-thirds of the 900 manglcolumns.

After testing, an image processing algorithm whiges normalised cross-correlation (as
implemented in the codgeoPIV[6]) was used to calculate virtual (optical) hodpams
along a single vertical line for each cylinder. Tdetails of the image analysis technique are
provided elsewhere [1, 6]. In general, the techaidefines particular regions of interest,
called patches, in the first image of each set, madks the displacements patches in
subsequent images, allowing optical measuremehbop strains by strategically-located
patches. Each patch must contain sufficient vamatn the intensity and distribution of
colours to be unmistakable in subsequent images,random, high-contrast, image texture
was applied to each cylinder. The gauge length eshdsr the virtual strain gauges was
approximately 15 mm in the current analysis. A datiion of the technique for axial and
hoop strain measurement has been presented prisgMi6u8].
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Figure 1. Schematics showing (a) plan view of $estip and (b) imaging locations



Table 1. Details of experimental program and seteogsults

Length 1 Strength Average Standard
# ID (mr?l) H/D™ | Repeat (MPS) strength ?MPa) deviation (MPa)
1 1 29.5
2 | U300 300 2 2 29.5 29.8 0.5
3 3 30.4
4 1 39.7
5 | W300| 300 2 2 39.7 38.5 2.1
6 3 36.1
7 | U600 600 4 1 29.0 29.0 N/A
8 1 36.1
9 | W600| 600 4 2 375 37.1 0.9
10 3 37.7
11 1 29.2
12 | U900 900 6 2 28.9 28.9 0.4
13 3 28.5
14 1 39.7 39.1
15 | WO00| 900 6 2 37.4 ' 1.5
16 3 40.1

H = Column length (mm)D = Column diameter (mm)

EXPERIMENTAL RESULTSAND DISCUSSION

The primary purpose of the tests described abow twastudy the variability of hoop
strains for FRP confined concrete cylinders of éasing aspect ratios. This was done in an
attempt to determine if end effects arising fronetional confinement in standard 2:1
aspect ratio FRP confined concrete cylinders imfhge hoop strain variability near the
cylinders’ mid-height, and the extent to which tsiuld be accounted for when using data
from 2:1 cylinders to calibrate empirical FRP caefnent models. A secondary purpose
was to study the hoop strain variability in cylinslef more realistic slenderness under
concentric uniaxial compression.

Table 1 shows the average axial compressive stiemgtall unconfined and FRP confined
cylinders. These data show that all unconfinedncidrs displayed similar strengths, as did
all FRP confined cylinders, indicating that secamder effects did not significantly
influence the results (this is as expected, siheecblumns would be classified as ‘short’
according to most available concrete design codsisnaing an effective length of &Y. It

is therefore likely that the hoop strain variatmbserved below was due predominantly to
factors other than non-concentric loading. The EBRfinement strengthened the cylinders
by about 30% based on the average strengths @QBenm specimens. This agrees well
with available design models for FRP confined cetef5].

Figures 2 through 5 show vertical hoop strain pesfrecorded during the last 25 seconds
prior to failure for each test, along with postiiaé photographs for all FRP confined
cylinders tested in the current study. Includedtwn strain profiles are markers indicating



the average axial stress at the instant that eaaim profile was recorded. Black profiles
represent the last hoop strains recorded befdtedaiand it should be noted that these may
precede failure by up to 5 seconds. Hoop straifilesdfor the unconfined concrete are not
particularly interesting in the current context ame therefore not shown. Note that a
hardware failure caused loss of image data fobttem half of Cylinder W600-3.
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Figure 2. Vertical hoop strain profiles recordedig the 25 seconds prior to failure and
post-failure photographs for FRP wrapped cylindajsV300-1, (b) W300-2, and
(c) W300-3



Several features of Figures 2 through 5 are notixyor

Considerable hoop strain variation and volatilitgsapresent in all tests. Both the shape
of the hoop strain profiles and the degree of idkaappear to be random phenomena,
such that it seems unlikely that generalizatiomslzamade with respect to these issues.
The evolution of hoop strain profiles occurs rapidt loads near ultimate (recall that
each of the strain profiles shown are five secapist), although again generalizations
are difficult to make. The rapid, apparently randewolution of strain profiles suggests
non-uniform deformations occurring inside the coafl concrete cylinders, which
lends support to the Tabbara and Karam [7] hypa&the$ shear failure planes
mentioned above.

For the 2:1 cylinders (W300s) hoop strains are galyelargest close to mid-height.
This is expected given that frictional confinemém the loading platens is almost
certainly active within the top and bottom 75 mmtbé specimen. However, even
within the middle 150 mm where frictional confinemas typically assumed to be
absent, the hoop strain varies by up to 70% ottupon failure strain.

For 4:1 and 6:1 cylinders (W600s and W900s) theplsimin variation outside the top
and bottom 75 mm appears to be almost completaljora, and no generalizations are
possible. For the W600s up to 75% variability inropcstrain is observed within the
middle 450 mm, and for the W900s this value is alsout 75% within the middle 750
mm.

As observed in previous tests on 2:1 FRP confingtihders [1], the average
manufacturer-specified coupon failure strains fer ERP sheetq, = 1.33%) are almost
achieved in most cases (or exceeded in one cdiseif, anly locally. It should be noted
that previous research [1] has shown that hoojnstedso vary radially (by up to 50%
of the average coupon failure strain) as well asicadly, so measuring hoop strains
along a single vertical line provides no guararttest the maximum hoop strain is
observed.

Visual comparison of the hoop strain profiles witages of the respective cylinders
taken after failure shows a clear correlation betwkcations of maximum observed
hoop strain and locations of failure initiation. elborrelation is better in some cases
than others (for Columns W600-2 and W900-1 foransg) but it is present in all cases.
In cases where two cameras were used (i.e. foMB@0s and W900s), the hoop strains
from each camera agree well at the joint betweenti#o images, thus providing
additional confidence in the optical hoop strairesw@ement technique.

STATISICAL VARIABILITY POTENTIAL CONSEQUENCES

Given that is has now been convincingly proven twtsiderable hoop strain (and axial
strain) variability exists in FRP confined concratglinders, both longitudinally and
radially, an obvious next step is to determine tomsequences of this for available
empirical confinement models which have been calddt (and validated) on the basis of
incomplete, localized hoop (and axial) strain measients. A first step in this direction
can be taken by providing a quantified statistib@scription of the observed hoop strain
variability; one such quantification based on tteadpresented in the current paper has
been provided in Figure 6 and Table 2.
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Figure 3. Vertical hoop strain profiles recordedig the 25 seconds prior to failure and
post-failure photographs for FRP wrapped cylindajaV600-1 and (b) W600-2
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Figure 4. Vertical hoop strain profiles recordedinlg the 25 seconds prior to failure and
post-failure photographs for FRP wrapped cylindajsN600-3 and (b) W900-1
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Figure 5. Vertical hoop strain profiles recordedinlg the 25 seconds prior to failure and
post-failure photographs for FRP wrapped cylindajs~900-2 and (b) W900-3



Figure 6 shows a statistical summary of hoop strfiiciencies recorded for each
individual FRP confined cylinder (only strains reded outside the top and bottom 75 mm
of the cylinders have been included). Table 2 mtesia numerical summary of these data
which may be helpful to others in performing relidp studies on empirical models for
FRP confined concrete. These data represent ligdanost detailed statistical descriptions
of hoop strain variability ever presented. For 800 specimens each population
represents about 175 individual readings5@5 in total), whereas the W600 and W900
populations contain about 200 individual readirgysefach cylinderx 600 in total).

@) ) | ©)

£, = 1.33% g5, = 1.33% [ £y, = 1.33%

0.012
0.010 |

0.008 |

Hoop Strain

0.006 |

0.004 |

0.002 |

0.000 L
W300-1 W300-2 W300-3 allW300 W600-1 W600-2 W600-3 allW600  W900-1 W900-2 W900-3 all W900

Figure 6. Statistical summary plots for observedphstrains at failure for FRP wrapped
cylinders (mean, mean plus/minus one standard ti@vjand maximum value)

Table 2. Statistical summary for observed hooprstrat failure for FRP wrapped cylinders

Mean | Std. | Max. M .| Std. dev. of :
: ean strain . Max. strain

ID Specimen # value | dev. | value efficiency strain efficiency

(%) | (%) | (%) efficiency

1 0.51 | 0.38 1.23 0.38 0.29 0.92

W300 2 0.79 | 041 1.20 0.59 0.31 0.90
3 0.72 | 0.24| 1.15 0.54 0.18 0.86

All 300 0.67 | 0.32] 1.23 0.50 0.24 0.92

1 0.58 | 0.33] 1.11 0.44 0.25 0.83

W600 2 0.71 | 0.32| 1.28 0.53 0.24 0.96
3 0.72 | 0.31] 1.15 0.54 0.23 0.86

All 600 0.66 | 0.32] 1.28 0.50 0.24 0.96

1 0.61 | 0.20{ 0.98 0.46 0.15 0.74

W900 2 0.55 | 0.25| 1.10 0.41 0.19 0.83
3 0.78 | 0.30 1.45 0.59 0.23 1.09

All 900 0.65 | 0.27] 1.45 0.49 0.20 1.09

All 0.66 | 0.30| 1.45 0.50 0.23 1.09

1 Based on suppliers specified average test vahre ténsile coupon failure strain
(www.sikaconstruction.cojn
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Figure 6 shows that the distributions of hoop eBaare reasonably similar from one
cylinder to the next, and also between cylinderslifierent aspect ratios. The mean hoop
strain varies between 0.51% and 0.7896=(0.38 andy = 0.59) for individual specimens,
but is almost uniformly about 0.66 for each cylintength group £ = 0.50). This agrees
exactly with the value off = 0.5 recommended by Jiang and Teng for carbon Wrps

[4]. This makes sense given that even isolatethsgi@uges (as used by Jiang and Teng) on
multiple columns should eventually yield the sanaistical population of hoop strain data
as those given above. On this preliminary basaipptears that currently recommended hoop
strain efficiencies are close to theeanhoop strain values which are actually achieved in
practice. Interestingly, the standard deviatiorhobp strain efficiency is also reasonably
consistent, with values ranging between 0.18 aBd.(0lhese data can be used to develop
empirical FRP confinement models with a prescritea! of statistical confidence, and
such an analysis is currently underway by the astho

CONCLUSIONS

The data presented in this paper have shown thsiderable hoop strain variability and
volatility exist in FRP confined concrete at loajsproaching failure. In combination with
prior work by others [7], these data suggest thatabserved strain localizations are caused
at least in part by localization of shear failunangs within the concrete followed by
movement of solid concrete wedges along thoseréajilanes. Zones of high hoop strain
localization correlate well with observed locati@mfdailure, indicating that failure of FRP
confined concrete is indeed initiated by tensileture of the FRP wraps at strains close to
the coupon failure strain, albeit only locally. fasstical summary of the observed hoop
strains has indicated that the hoop strain vaitghd similar for cylinders of aspect ratios
2:1, 4:1, and 6:1, so that empirical confinementet® derived on the basis of localized
strain measurement from 2:1 cylinders need notdbled into question. Taking all hoop
strain measurements from all cylinders presentagimga total of 1667 hoop strain
readings) gives a mean hoop strain efficiengyof 0.50 with a standard deviation of 0.30.
This agrees exactly with the strain efficiency & @ecommended by Jiang and Teng [4]
for carbon FRP confined concrete and can be usédure reliability studies on empirical
FRP confinement models.
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