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FRP STRAINS IN FRP WRAPPED COLUMNS

J. F. Chen?, J. Ai2 T.J. Stratford 3

123 |nstitute for Infrastructure and Environment, TWeiversity of Edinburgh

Abstract: Extensive research has been undertaken on dtemigy concrete columns using FRP wraps.
Recent research has extended this technique ireagshening steel tubular and concrete filled steel
tubular columns. The behaviour of FRP confined eeteccolumns is now well understood and accurate
models for both design and analysis are availabhe only gap in knowledge is perhaps the lack of
understanding of why the FRP failure strain in FRRpped columns is significantly lower than the
ultimate tensile strain in a coupon test and itangification. This paper presents a preliminarydgtu
tackling this problem.

Keywords: Concrete columns, steel tubular columns, strengtiig-RP, strain

1 jacket was also investigated by Harries and Catéy [
but this effect was not clearly established by thst
results.

Other causes for the reduced strain capacity of FRP
when used to confine concrete may include geometric
imperfections of the column, non-uniform bonding
between the FRP and the concrete, the biaxial sstres
state in the FRP composite, misalignment of fibess]
geometrical discontinuity at the overlapping zoh¢he
FRP. Although the effect of fibre orientation haseb
the subject of several studies [e.g. 5], the eftdaither
factors has not been investigated to the best ledyd
of the authors.

The aim of this paper is to establish a rationaitdi
element model to examine the effect of the geowwatri
discontinuity at the two ends of the FRP sheettan t
FRP strain at failure in FRP-wrapped concrete or
concrete filled steel columns. It is believed tliae
geometrical discontinuities at these two ends @& th
overlap zone can cause significant local bendirajrst
in the FRP, leading to a greatly reduced averaijerda
strain of the FRP. Four different models of FRPpped
columns are analysed using the finite element ntetho

Introduction

There has been extensive research into the use of
FRP wrapping to strengthen concrete and concride-fi
steel columns [e.g.: 1-5]. This technique is often
favoured for the simplicity with which it can bepied
and consequent economic benefits compared to
traditional methods of strengthening, and there are
numerous applications around the world [6,7].

To design FRP strengthening for a column the
designer requires a model for the concrete confined
within the wrap and the stress/strain that resultthe
FRP. Various models for concrete confined by FRReha
been developed, so that accurate methods are now
available for design [3,4,6,8]. The strain in theFFis
compared to an allowable value to check that failur
does not occur. Numerous experiments have shown tha
the wrap fails at a hoop strain significantly lowtean
the FRP ultimate rupture strain determined frompoou
tensile tests [1,3,4,9]. There can be a varietgassible
causes for this phenomenon. Lam and Teng [10]
conducted the first carefully planned comparative
experiments attempting to clarify the causes fduoced
strain capacity of FRP when used to confine coecret
They concluded that there are at least three faic{a)
the curvature of FRP jacket which results in a oedu
strain capacity; (2) the deformation non-uniformdfy

2 Geometry of an FRP wrapped column

This study considers a circular column wrapped

cracked concrete which leads to non uniform strain
distribution in the FRP; and (3) the existence aof a
overlapping zone in which the measured strains are
much lower than strains elsewhere. The effect of
adhesive bonding on the hoop rupture strain in RISF
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with a single layer of sheet FRP (Fig. 1a). Thengety
of the column can be described using a polar coatdi
system (Fig. 1b). The FRP starts at an afgl@® on the
inside of the wrap and finishes@t465° on the outside,



resulting in an overlap zone af=105°. The change in
radius necessary for the outer layer of FRP to lager
the inner layer is described by a transition zofie o
length3=30°. A sinusoidal transition is assumed, so that
the inner and outer surfaces of the FRP within the
transition zone are expressed as:

r = R+t, +ta;tf(1—co{g(9— (2rr- ,B))}J (1a)

r,=r +1; (1b)
where,r; andr, are the radius of the inner and outer
surfaces of the FRP within the transition zone
respectively,R is the radius of the un-strengthened
column,t; is the thickness of the FRP sheet, &nd the
thickness of the adhesive layer outside of thesttiam
zone. The values adopted for this study for these
parameters are listed in Table 1.

The system contains three interfaces (Fig. 1b): the
interface between the column and adhesive, that
between the inner surface of the FRP and the aghesi
and that between the outer surface of the FRP laad t
adhesive. For such a system under radial exparisisn,
expected that there are stress concentrations:

< on the outer surface of the FRPOatl05°, adjacent

to the end of the outer FRP layer (location A).

« on the inner surface of the FRPBat360°, adjacent

to the end of the inner FRP layer (location B).
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Figure 1a: An FRP wrapped column: schematic view
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Figure 1b: Coordinate system and interfaces

3 Properties of the FRP composite

FRP composites are orthotropic materials. Their
mechanical properties are affected by the fibre
architecture (orientation and distribution) and the
relative proportions of the two phases (fibre aratrin).

The macro properties of the composite may be
estimated from the fibre architecture and fibreuvoé
fraction using the “law of mixtures” (LoM) [12].

The current study assumes the fibre and adhesive
properties given in Table 2. These values are §ygar
wet lay-up strengthening using carbon fibres and an
epoxy bonding resin. It is assumed that both th&ima
of the composite and the bonding adhesive have the
same properties. Assuming a unidirectional fibre
architecture (in hoop direction) and 60% fibre vohu
ratio are used, the deduced macro properties dfftfe
composite based on the LoM are given in Table 3.

Table 1: Geometry of the modelled column

Radius of columnR) (mm) 82.5
Thickness of FRPt] (mm) 0.1
Thickness of adhesive,(t (mm) 1.0
Angle of overlap §) (deg.) 105
Angle of transition ) (deg.) 30

Table 2: Properties of fibre, matrix and adhesive

Young's Poisson’s ratio
Modulus (GPa) [13]
Fibre 230 0.20
Matrix and 3.0 0.35
adhesive

Table 3: Derived properties of the FRP composite

En (GPa)| 139 | | Gy (GPa)| 3.70
E» (GPa)| 155| | vy, 0.26
Es; (GPa)| 15.5| | vis 0.26
G, (GPa)| 4.26| | va 0.26
G (GPa)| 4.26

Note: (a) Direction 1 is the fibre direction, ditens 2
and 3 are perpendicular to the fibre direction; Qbher
Poisson’s ratios can be derived fr(gjn/Eji = ij/\,ji ,

wherei, j =1, 2, 3.

4 Loading schemes and boundary conditions

Only the FRP and the bonding adhesive are
modelled in the finite element analysis; the coteie
not included. The action of the confined concratdle
FRP wrap may be obtained from a variety of models
[1,3,4,6]. This paper examines four different |oadi
schemes that describe the action of the confined
concrete on the strengthening materials (Tabl&iher
prescribed displacements or internal pressure hoadi
are applied at the adhesive-concrete interface.

A 1mm prescribed radial displacement is applied in
the first two loading schemes (LB1 and LB2). Faado
case LB1, the circumferential displacement is fixas
might be expected at the adhesive-concrete in&xfac



LB1 simulates the case when the column is under
uniform expansion and there is no debonding between
the FRP and the column. However, for load case LB2,
circumferential displacements are unrestrained.s Thi
would be close to an extreme situation where the
column is under uniform expansion but the FRP has
debonded from the column around the whole
circumference (but the FRP overlap has not faileith)
negligible frictions.

An internal pressure load is applied in loading
schemes LB3 and LB4. Again, the circumferential
displacement is either unrestrained (LB3) or fixed
(LB4). The former represents the situation where th
confined column induces a uniform pressure on RE F
and the bond between the FRP and the column istinta
The later is close to another extreme case whege th
FRP is completely debonded from the column but the
overlap zone remains intact, forming an integrabri
The applied internal pressure of 2.48MN/m gives 1mm
radial displacement at the inside of the adhesiveah
equivalent single layer strengthening system ttussd
not contain an overlap.

Table 4: Loading schemes and boundary conditions

Loading |Short| Force Dl_splac_ement (mm_)
schemes | title | (MN/m) Radial | Circumferential
DOF DOF
Displacemen LBl 1 Fixed
P LB2 1 Free
Internal LB3 2.48 Free Free
pressure | LB4 | 2.48 Free Fixed
5 Finite Element Modelling
5.1 Mesh and mesh convergence

The system was modelled using the general finite
element analysis package ANSYS. A uniform mesh
containing equally sized 4-node quadrilateral elame
was used. Fig. 2 shows details of the mesh atwtoe t
ends of the overlap. A mesh convergence study was
conducted wusing loading scheme LB1. The
circumferential element size varied from a minimafm
0.05° to a maximum of 3.0°. The FRP was represented
by one layer of elements and the adhesive repredgent
by five layers of elements in all the models. F@g.and
2b show parts of the finest and coarsest meshes,
respectively.
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(a) Near9=0° and 360 (b) nea®=105 and 468
Figure 2a: FE mesh details: element size=(.05

(a) Near©=0° and 360 (b) neaB=105 and 465
Figure 2b: FE mesh details: element size=3.0

Fig. 3 shows how the circumferential strain at the
outside of the FRP varied during the mesh convegen
study. The strain distributions are shown at two
significant positions: (a) at the end of the oyterce of
FRP (Fig. 3a) and (b) adjacent to the end of tmefin
piece of FRP (Fig. 3b). Clearly a substantial stres
concentration exists at both locations and a coaesh
significantly reduces the peak stresses, espeaaltiie
external surface of the inner layer of FRP near
location A.
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Figure 3: Effect of mesh size on circumferential FRP
strain distribution along the external surface urd#l

Fig. 4 shows how the maximum strain in the FRP
(from Fig. 3a) varies with the element size. Amedat
size of 0.1° (about 0.14 mm in circumferential dii@n)
was deemed sufficiently accurate for this initial



investigation and this mesh was used in all catmra
in the rest of the paper.
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Figure 4: Effect of mesh size on the maximum
circumferential strain in the FRP under LB1
5.2 Effect of loading and boundary conditions

The four different loading schemes and boundary
conditions were examined to determine the most
appropriate model for the action of the confined
concrete on the strengthening system.

521

Fig. 5 plots the distribution of circumferentiatait
within the outer surface of the FRP for load casB&
and LB2 (a prescribed 1mm radial displacement). The
strain is plotted against the circumferential posit
from the inner end to the outer end of the FRP (as
defined in Fig. 1b). Significant changes in theaist
occur at each of the geometric discontinuities:itimeer
end of the FRP (0°), the outer end of the FRP
(105°/465°), and the transition zone (330° to 360°)
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Figure 5: Circumferential strain along the outer surface
of the FRP under displacement loading.

Displacement loading

— LBl

Circumferential strain

—-LB2

420 480

The circumferential displacement is fixed for LB1
and consequently the circumferential strain in ERP
is the same within the overlap zone as outside the
overlap zone [(0.012). In LB2, however, the
circumferential displacement is unrestrained, ahe t
strain within the overlap zone is half the strain
elsewhere in the FRP. This is a necessary condition
satisfy equilibrium because of the doubling infagks

that results from two layers of FRP within the dapr
zone.

Although the strains outside of the overlap zoree ar
larger under LB2 than those under LB1 under theesam
prescribed radial displacement, the stress coretémntr
near location A under LB1 is more significant than
under LB2.

Fig. 6 shows the circumferential strain in the
adhesive along the interface between the column and
adhesive. Under LB1, the strain is uniform as no
circumferential displacement is permitted. The free
circumferential moment under LB2 results in strains
outside of the overlap zone that are twice as bithase
inside the joint; as required to satisfy equililoniu
Significant variations are experienced at the itams
between these two zones. Away from this interfaeey
significant strain variations also exist in the asile,
especially near the two ends of the FRP.
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Figure 6: Circumferential strain in the adhesive along
the interface between column and adhesive under
displacement loading

360

5.2.2

Figs 7 and 8 plot the circumferential strain in the
FRP and adhesive for the internal pressure loachisgs,
LB3 and LB4. In these cases, the radial displaceérnisen
not prescribed. The strains within the overlap zare
much lower than those outside in both cases.

If the circumferential displacement is restrained
(LB4), the strain distribution is fairly uniform Ho
within and outside the overlap zone, except for ritsa
two ends. The FRP strain within the overlap zoneai$
of that outside, to satisfy equilibrium requireméhig.

7). Within the overlap zone, the circumferentiahst in
the adhesive adjacent to the column is also haf th
value found outside the overlap (Fig. 8).

The circumferential displacement is not restrained
in load case LB3, resulting in very large benditrgias
in the FRP (Fig. 7). Similar bending strain is at&®n
in the adhesive at the interface between the colanth
the adhesive (Fig. 8). Clearly, the resulting defed
shape of the FRP strengthening is not compatibth wi
the confined concrete in this case (Fig. 9).

The four loading cases represent four extremes, but
LB3 (under uniform internal pressure with
circumferential direction unrestrained) is unlikely
occur because its deformed shape is not compatitte
the circular form of the column. Therefore, in igathe

Internal pressure loading



strain distributions are likely to lie somewherdvieen
LB1, LB2 and LB4. Among these three load cases, LB1
(in which the radial and circumferential displacerse
are prescribed) results in the greatest peak straimd
hence is conservative. LB1 is used throughout the
remainder of the paper.
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Figure 7: Circumferential strain along external surface
of FRP under internal pressure loading.
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Figure 8: Circumferential strain in adhesive along the
interface between column and adhesive under interna
pressure loading.

(b) LB2

(c) LB3

(d) LB4
Figure 9: Deformation of FRP.

5.3 Effect of FRP orthotropy

The significance of the FRP’s orthotropic material
properties was assessed by comparing the

circumferential strain distribution in the FRP ugin
isotropic and orthotropic material models, showifiig.

10. Fig. 10a plots the strain at the inside ancsidat
surfaces of the FRP predicted by each material mode
Figs. 10b and 10c give the detailed strain distiiyu
adjacent to each end of the overlap zone (at 108° a
3600).
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Figure 10a: Circumferential strain in the outer and
inner FRP surfaces using different material models
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Figure 10b: Circumferential strain in FRP surfaces
using different material models (near location A)

107

0.013
< 0.0125 ﬁ\“
g 7,
® 0.012 = A2 R
= R e SN g in
 0.0115 = z i\
o S~———=F \
"g 0.011 + — Internal surface of FRP (Iso.)
3 --- External surface of FRP (Iso.)
5 0.0105 + —Internal surface of FRP (Ortho.)
— - External surface of FRP (Ortho.) B
0.01 f f } } } t T
325 330 335 340 345 350 355 360 365

Circumferential coordinate (Deg.)

Figure 10c: Circumferential strain in FRP surfaces
using different material models (near location B)

It can be seen that the difference between results
from the isotropic and orthotropic models is smtie
maximum circumferential strain is reduced by around
3% by using orthotropic material properties. The
magnitude of the radial strain in the FRP (Fig. Kl)
also slightly lower when an orthotropic materialiged.
Whilst it would be conservative to use an isotropic
material for analysis, an orthotropic representati®



obviously more rigorous for FRP composites, and all
the results presented in this paper have beenagbeedi
using an orthotropic material representing the FRP
composites (unless stated otherwise).
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Figure 11: Radial strain on FRP surfaces using
different material models
6 Numerical results
6.1 Strains within the FRP

The circumferential strains predicted by the
analysis are shown in Fig. 12. The strains aretqroat
the extreme fibres of the FRP. Any difference betwe
the strain at the inside and outside edges resérited
curvature (and hence bending) of the FRP.

Fig. 12a shows the strain variation along the FRP
strengthening sheet, from its inner (0°) to itseownd
(465°). The strain is very small at the inner e ib
increases rapidly as the angle increases and r®ache
plateau at about 30°. It is fairly uniform afterath
except around the two locations adjacent to thedmas
of the FRP. The strain reduces rapidly within abbaft
from the outer end.

There are significant fluctuations in strain in the
region of locations A and B in the strengtheningPFR
adjacent to the two ends of the FRP. These aré¢odiine
local geometric discontinuities (Fig. 1b). Figsbland
12c focus on the strain distributions around lareti A
and B. The circumferential strain distribution &g dhe
FRP can also be seen in the contour plots in Fg. 1

The outer end of the FRP tends to peel away from
the cylinder and thus pulls the inner layer of FRP
outwards, resulting in significant outward bending
strains at location ABE105°). The bending strains are
reversed a short distance to either side of lonadiobut
they are much less significant than at A. The peak
tensile strain in the outer surface of the FRPyaation
Ais 0.017, which is about 40% higher than theistra
away from the local discontinuities (or calculateased
upon a simple hoop model as used in design), 0.012.
Alternatively, the average strain (0.012) is onhoat
70% of the peak tensile strain (0.017). About 2086 o
this peak stress is due to bending.

FRP composites are almost linear-elastic up to
failure with uni-directional fibres; hence fractuvell
occur when the peak tensile strain reaches thmaiié
tensile strain of the material. Where high locaisite

strains exist, the strain elsewhere in the FRP is
consequently lower than the failure strain. In this
particular example, the finite element predictismbout
70% of the FRP ultimate tensile strain, which isllwe
within the range of experimental observations [4].

It should be noted that the predicted local stress
concentration is within a very small zone. 0.1%frthe
outer end of the FRP (location A), the tensile igtia
much lower than the peak strain. (1° representsitabo
1.4mm length in the present example). The rapid
variation of strain within such a small zone metrat
detecting the peak strain using normal measurement
techniques such as electrical resistance straigegais
not possible, which may explain why the stress
concentration within this zone has not been observe
experimentally. It shall also be emphasised tha th
actual strain concentration is likely to be sewsitio the
geometry of the adhesive at the end of the FRPedls w
as the plastic properties of the adhesive. Theeptes
prediction, using a linear elastic material modwl the
adhesive which is flush with the end of the FRP,
probably represents the worst scenario.

The inner end of the strengthening FRP tends to
pull the outer layer of FRP inwards, resultingriwards
bending at location BOE360°). As this end is confined
by the outer layer of FRP, the bending strains lasee
relatively small compared to those at location Ahe
peak strain is also smaller, about 5% over the evalu
remote from the end of the FRP. Fig. 13b showsttiet
strain gradient is much smaller here than thabedtion

A (Fig. 13a).
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Figure 12a: Circumferential strain on FRP surfaces

420 480

0.018 ; ‘
0.017 + — Internal surface of FRP
0.016 +
0.015
0.014
0.013 —>
0.012 | =17 \/
0.011 L—=="
0.01 ‘
102 103 104 105 106
Circumferential coordinate (Deg.)
Figure 12b: Circumferential strain on FRP surfaces
near locatiorA

— - External surface of FRP

Circumferential strain

107



0.013
< 0.0125 - s
[ a \
® 0.012 Y
< = - \ A \ IB
= =4 SAN
€ 00115 ==~ L
g 0.011 \ ‘”“f"ﬂ
s 0
3 — Internal surface of FRP \"’
'5 0.0105 +
— - External surface of FRP
0.01 | R

350 352 354 356 358 360 362 364 366
Circumferential coordinate (Deg.)

Figure 12c: Circumferential strain on FRP surfaces
near locatiorA

368 370

ANSYS

.01
.0105
.011
L0115
.012
L0125
.013
.0135
.014
L0145
.015
.0155
.01e
.01e5
=.017

Figure 13a: Circumferential strain distribution in FRP
near location A
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Figure 13b: Circumferential strain distribution in FRP
near location B

6.2 Strains within the bonding adhesive

The adhesive bonds the strengthening FRP to the
concrete column, and also bonds the two layersR# F
together within the overlap zone. The circumfernti
strains in the adhesive have been examined usig th
finite element model; however, radial strains adsist
within the adhesive. In particular, the peelingaists
near the outer end of the FRP could cause the BRP t
separate from the concrete. The von Mises stram ha
been used to assess because it reflects the caibine
effect of all the strain components.

Fig. 14 plots both the circumferential and von
Mises strains within the adhesive immediately agljic
to the concrete column. Although the circumferdntia
strain is uniform around the whole column under the

given loading case, the von Mises strains are lsual
larger due to the existence of radial strains ie th
adhesive. There are very significant variationsvam
Mises strain adjacent to each end of the FRP, due t
tensile radial stresses, with a peak strain of ®.ai
g>0°.
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Figure 14: Circumferential and von Mises strains in the
adhesive along the interface between column and
adhesive

Fig. 15 shows the adhesive strains immediately
adjacent to the FRP. The strain along the intesndhce
of the FRP is plotted from the inner end (0°) te duter
end (465°) of the strengthening FRP. Adhesive ritrai
along the outside surface of the FRP are only ptese
along the overlapping zone (0° to 105°) because the
outer surface is free fa@#>105°.

Fig. 15a shows that there are peaks in the
circumferential adhesive strain t0°, 105° and 360°,
with the largest peak af#=0° and smallest peak at
6=360°. However, large strains around the inner end of
the FRP (atd=0° and 360°) are not really a problem
because of the confinement provided by the outgrla
of the FRP, so it does not matter even if micracksa
occur there. In contrast, large stresses neawtier
end of the FRP (a#=105°) can lead to separation of the
FRP. The detailed strain distribution ne#=105° is
shown in Fig. 15b, where a large peak tensile rstodi
0.02 is seen at the interface between the adhesise
the outer surface of the FRP.

Figs. 15c and 15d plot the von Mises strains. The
effect of the radial strain adjacent to the inrerel of
FRP is significant: the peak a#=105° is substantially
increased with a value of 0.035 in the adhesivacadjt
to the outer layer of FRP, which is similar to ttzt
6=0°. Another visible effect from the radial stramis
another peak at 465° (the outer end of the FRPYavhe
the circumferential strain is zero (Fig. 15a). Téhes
strains results from peeling of the outer end ef BRP
away from the column, and will govern the perforg®n
of the bonding system. Further details can be seen
contour plots of circumferential and von Mises istra
adjacent to the two ends of the FRP (Fig. 16).
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Figure 15a: Circumferential strain in adhesive along
the interfaces between the FRP and adhesive

0.022 T
002+ — Interface between external

c ' surface of FRP and adhesive
‘B 0.018 T .
5 ---Interface between internal I
= 0.016 + surface of FRP and adhesive }
5 0014 N e —
L 0.012 — i
S Iy A,
@ 0.01 (
O 0.008

0.006 T T

100 101 102 103 104 105 106 107 108
Circumferential coordinate (Deg.)

Figure 15b: Circumferential strain in adhesive along
the interfaces between FRP and adhesive (near A)
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Figure 15c:von Mises strain in adhesive along the
interfaces between FRP and adhesive
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Figure 15d: von Mises strain in adhesive along the
interfaces between FRP and adhesive (near locadion
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Figure 16a: Circumferential strain in the adhesive near
the inner end of the FRP (B)
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Figure 16b: von Mises strain in the adhesive near the
inner end of the FRP (B)
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Figure 16c: Circumferential strain in the adhesive near
the outer end of the FRP (location A)
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Figure 16d: von Mises strain in the adhesive near the
outer end of the FRP (location A)

(6]
7 Conclusions

This paper has presented a finite element analysis
which gives a useful explanation for the failureFétP [7]
strengthening for concrete or concrete filled steel
tubular columns at a significantly lower failureash
than the ultimate tensile strain of FRP determifiech
flat coupon test. Current design and analysis auth
assume that the FRP strengthening can be modeallad a
simple ring that reacts a uniform internal presdtwen
the confined concrete. This analysis has shownthiga
geometric discontinuities due to the ends of the
strengthening result in substantially increasedalloc
strains in both the FRP and the bonding adhesive.

The strains are particularly high in the vicinity o
the outer end of the FRP, and the model predi@s th
these can lead to failure in two ways:

e Tensile rupture of the inner layer of FRP, in which
the peak strain is about 40% higher than the
“design” strain for the example problem in this
paper.

« Peeling strains in the bonding adhesive within the
overlapping zone. The von Mises adhesive strain is
190% higher than the uniform circumferential
strain for the geometry considered.
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