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ABSTRACT

Textile reinforced mortar (TRM) systems have emérge the last five years as novel
means of strengthening damaged or deficient masonrgoncrete structural members.
These systems typically consist of open-weave cafiboe fabrics which are applied to the
surfaces of structural elements, walls, domeshelisusing specialized inorganic mortars.
More recently, fibre reinforced cementitious matfiBRCM) systems based on non-woven
polybenzoxozole (PBO) fibre rovings have also be&moduced. TRM and FRCM systems
have a number of advantages over alternative sgtrenmpg systems such as externally-
bonded (EB) fibre reinforced polymers (FRPs), maostably their breathability and
purported superior performance in fire. Howeverjle&eRM and FRCM systems have
seen limited application in Europe, additional exsh is needed before they can be widely
applied with confidence, both with respect to thggrformance under ambient conditions
and regarding their ability to resist the effectexposure to high temperature. This paper
reports the initial results of a pilot experimensalidy into the performance at ambient
temperature of a unigue FRCM system for strengtigeneinforced concrete flexural
elements. Tests on small-scale reinforced condretens (designed to simulate one-way
spanning concrete slabs) are presented. A compaoisthe FRCM system against an EB
carbon/epoxy FRP strengthening system is provided.

INTRODUCTION

In recent years, textile reinforced mortar (TRM}tgyns have emerged as novel means of
strengthening damaged or deficient masonry or eetefl concrete (RC) structures [1].
These systems consist of open-weave fibre fabric€hware applied to the surfaces of
structural elements using specialized inorganictamsr Until recently the open-weave
fabrics for these systems normally consisted ob@arfibres, which led to comparatively
poor utilization of the fibres due to fibre pulloat relatively low load levels. Fibre
reinforced cementitious matrix (FRCM) systems basadnon-woven polybenzoxozole
(PBO) fibre rovings have also been introduced 2je unique chemical structure of the
PBO fibres allows them to bond directly to cemeémtis mortar matrices, thus eliminating
the need for an epoxy resin to bond the fibresntonarganic substrate [2]. These PBO-
based FRCM systems have several advantages ogsradive systems such as externally-
bonded (EB) fibre reinforced polymer (FRP) systemest notably their breathability and
superior performance in fire (in particular theanacombustibility). However, while these
systems have been applied in several projects iogeyresearch on both their ambient and
high temperature performance in flexural strengtigerpplications is needed before they
can be applied widely with confidence.



Strengthening RC or masonry structures with EB FRPRsow widely recognized for its
effectiveness and ease of application [3]. FRPtshaeplates can be bonded to the exterior
faces of RC members or masonry walls using amluerdg- epoxy adhesives. In these
applications (and also in TRM and FRCM strengthgripplications) the goal is to provide
well-anchored supplementary tensile reinforcementitconcrete or masonry substrate.
Either EB FRP, TRM, or FRCM technigues can be usegrovide shear or flexural
strengthening for RC or masonry members [1,2]pocbnfinement of RC columns [4].

A key issue in the design of any structural strbaging system for use in buildings is its
mechanical and thermal performance during fire.eFated, insulated EB FRP
strengthening systems have been tested and aravalable for use [5], although current
design guidelines rightlguggest that the structural effectiveness of FRéngthening
systems should be ignored during fire [6], unléssan be shown that they would remain
effective at the temperatures expected during filence, applications of FRPs for
strengthening concrete buildings, parking garaged,certain industrial structures are often
hindered by a lack of knowledge regarding the ghdf FRP systems to maintain structural
effectiveness under service loads at high tempezatu

It has been suggested [2] that TRM and FRCM systerag outperform FRP systems
during fire due to their inherent non-combustililiand possibly to superior strength
retention at elevated temperatures. Preliminarglistuon the performance of specific
FRCM systems under sustained loads and exposutentperatures up to 12D have
shown that TRM systems outperform FRP strengthesysiems under these conditions
[7]. However, no research has yet been reporteti@aomparative performance of FRCM
and FRP systems under short-term exposure to highgreratures, as might reasonably be
experienced during a fire. This paper presentsdhelts of initial pilot testing conducted at
ambient temperatures to verify the performance specific FRCM system in flexural
strengthening applications for RC. On the basishef positive results presented herein,
additional testing is currently underway to stuldg performance of this system at elevated
temperatures of more than 200

It is important to note that a key advantage ohbidRM and FRCM systems in fire is their
inherent non-combustibility [8]. Previous reseanthFRP strengthening systems in fire has
shown that loss of the strengthening systems’ mecabperformance during fire may not
be critical provided that reasonable strengthetimgs are imposed during design of the
strengthening system [6]. However, structural pannce in fire is only one of a host of
concerns that must be addressed when considerpligatpn of any structural material in
a building. Fire severity, flame spread, and smgkaeration and toxicity cannot be
ignored since they are critical to preserving témaonditions in the early stages of a fire
and to allow safe evacuation of a building’s ocecupaUnprotected EB FRP strengthening
systems, which incorporate polymer adhesives/netyigvill burn vigorously if directly
exposed to fire, will contribute fuel, increasenila spread, and generate toxic smoke. FRP
strengthening systems therefore require protedtjofire-rated flame spread coatings in all
interior applications in buildings to meet life-saf objectives. TRM and FRCM systems
bonded with inorganic mortars are inherently nombastible and can therefore be used
unprotected; reducing their material and installatosts and improving their aesthetics.



OBJECTIVE

The objective of the current study was to experi@én investigate the relative
performance of EB FRP and FRCM flexural strengthgréystems for RC structures (in
bond-critical applications without supplemental lrorage); and to provide baseline data
for future testing at elevated temperatures tostigate the concept that PBO-based FRCM
systems may provide superior retention of mechamoaperties at high temperature as
compared with EB FRP systems.

EXPERIMENTAL PROGRAM

Research on the high temperature performance df B& and near surface mounted
(NSM) FRP strengthening systems has been presepmésibusly [3]. Prior research has
shown that both EB and NSM FRP strengthening systemmnich typically rely on a
polymer adhesive/matrix (in bond-critical situasdnare sensitive to exposure to
temperatures below 100 in flexural strengthening applications when steeksto between
30% and 60% of their ultimate strength during hegt[3]. Heating to 200@ under
sustained load resulted in rapid failure of both &Rl NSM carbon FRP strengthening
systems (either using epoxy or cementitious adbe}iv

The tests performed for the current study weregthesi to be as similar as possible to those
used in previous testing [3] so that the resultsten FRCM system could be compared
against results for both EB and NSM FRP systems.

Details of the experimental program for the curtnty are given in Table 1. Twelve RC
beam specimens intended to represent thin stripsarfe-way RC slab were cast. Four of
these were strengthened in bending with a singlerlaf a commercially available EB
carbon/epoxy unidirectional FRP fabric strengthgregistem, six beams were strengthened
using a commercially available PBO fibre fabric MRGtrengthening system, and two
beams were left unstrengthened and used as capedimens to define the level of
strengthening that was achieved for each of thpete strengthening systems. This
paper reports results only from the initial testssix beams at ambient temperature. All
ambient temperature tests were performed under tooito load to failure. High
temperature tests, which are currently underwag baing performed under sustained load
with increasing temperature to failure. Tables @ drprovide an overview of the specific
specimens, materials and systems, loading regiavebs parameters that are being varied
during the experimental program.

Beam specimens

The dimensions and reinforcement details of the B#@m specimens are provided in
Figure 1. They were designed to simulate stripsaafied-down one-way RC slabs with
deficient internal steel reinforcement such as miglyuire strengthening in bending. The
beams’ internal reinforcement was chosen such ¢hathing of the concrete and shear
failure of the EB FRP strengthened specimens wpsa&d to be avoided prior to the FRP



strengthening system reaching strain levels closer exceeding those sufficient to cause
bond failure (according to ACI 440.2R-08 [6], bunoring the currently imposed
strengthening limits). The resulting beams werey \ightly reinforced internally, with a
steel reinforcement ratio of only 0.30%. The corspiee strength of the concrete at the
time of testing was 29.8 MPa with a standard daviabf +0.5 MPa at 20°C, as determined
from three uniaxial compression tests on stand&@ hm diameter by 300 mm tall
concrete cylinders. The internal steel reinforcetmerthe beams consisted of two 7 mm
diameter deformed steel bars with a nominal yieidngth of 500 MPa (based on
information provided by the reinforcement suppliél) beams had a small (25.4 mm wide
x 25.4 mm deep) notch at midspan to act as a draiétor within the beams’ constant
moment region during testing (see below).

Table 1. Details of experimental program

Specimen ID| Strengthening  Target test Loading regime Number of
system temperature’C)" specimens
RC 20 -- 20 2kN/min to failure 2
FRP 20 FRP 20 2kN/min to failure 2
FRCM 20 TRM 20 2kN/min to failure 2
FRP 100 FRP 100 20kN sustained lodd 1
FRCM 100 TRM 100 20kN sustained lo&d 2
FRP 200 FRP 200 20kN sustained lodd 1
FRCM 200 TRM 200 20kN sustained lodd 2

Refer to Figure 5

21f no failure is observed after 240 minutes of theg the load will be increased at
2 kKN/min until failure

Note: Tests appearing in shaded cells are currentligrway and not presented herein

Strengthening systems

Two beams were left unstrengthened as control s and the remaining beams were
strengthened with either an EB FRP or FRCM stresmgtig system. Surface preparation
consisted of light grinding by hand followed by higressure water blasting. Table 2
provides details of the two specific strengthensystems used, both of which are
proprietary, commercially available systems.

Externally-Bonded Carbon FRP System

As shown in Table 1 and Figure 1, four beams wesngthened with a single layer of an
EB carbon/epoxy FRP fabric strengthening systemguan epoxy adhesive. The width of
the EB sheet (235 mm) was chosen based on prestodi®s comparing EB and NSM FRP
systems at high temperature [3]. The system waBeappsing a wet lay-up procedure at
ambient conditions (i.e. no post cure) accordinth®supplier's recommended procedures.



1

524

> A
(a) 7 mm [ steel bar / Notch _Bond breaker -
: > <-3x25 :A
| Strengthening system AN X 75 %‘
1372
| I
| 254 | | 254
| | |
(b) 51 (c) 51
7 mm O steel bar <> 7 mm O steel bar <>
J 102 ./
_______ (SO YU o e e
25
| 1layer FRP | A 2 layers FRCM |
| 235 | 240 |

Figure 1. Schematics showing (a) elevation viewethils of flexural test specimens and
Section A-A views for (b) FRP strengthened andHCM strengthened specimens
(all dimensions are in mm)

Table 2. Strengthening systems used

. Failure
Name Method Reinforcement|  Adhesi /eStrengtﬁ Stiffness strain
(N/mm) | (KN/mm) (%)°
Externally| Unidirectional
FRP bonded carbon fabrit Epoxy’ 331 24.9 1.33
Externally| Bi-directional Cement
FRCM bonded | open grid PB® mortaf’ 264 12.3 2.15

Sika Corp., Sikawrap Hex 230C carbon fabwev(v.sikaconstruction.cojn

2 Ruredil, X Mesh Gold fabrioaww.ruredil.if)

% Sikadur 330 epoxynww.sikaconstruction.cojn
* Rurecem X Mesh M750 mortamgw.ruredil.if)

> Manufacturer-specified average properties arergjper unit width of a single layer in the
warp direction

Fibre Reinforced Cementitious Matrix System

As shown in Table 1 and Figures 1 and 2, six beawese strengthened with a
commercially available PBO/inorganic mortar FRCesgthening system. The amount of
FRCM fabric used to strengthen the beams (a wifitt4d0 mm with two layers on each



beam) was chosen to provide the equivalent axiffhests of the FRP strengthening
system, so as to achieve similar flexural stiffnr@stshe FRP strengthened beams. It should
be noted that the equivalent tensile strength@®RRCM strengthening was therefore about
60% higher than the FRP system. The FRCM was ladtaising the following procedure
(refer to Figures 2a and 2b):

1. Once surface preparation was completed as descpiteaously, the beam’s surface
was moistened with water to achieve a saturatefdeendry (SSD) condition.

2. A thin layer of inorganic mortar, approximately 4mthick, was applied to the beam’s
soffit (note that the beams were strengthened apdoavn for ease of application).

3. One layer of open-weave PBO fabric (shown in Figeag was placed on the beam’s

soffit and gently pressed into the inorganic mortar

A second 4 mm layer of mortar was applied to théase of the beam.

A second layer of PBO mesh was gently pressedftonortar.

A final topcoat of mortar, again approximately 4 rtimck, was applied to the surface

of the beam.

7. The strengthened beams were allowed to cure uridstipsheets at approximately
20°C for 48 hours before being stored in the laboyatorder ambient conditions until
testing (approximately 28 to 42 days later).

o gk

s o’
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%

Figure 2. (a) Open-weave PBO fibre fabric and iisjallation of the first layer of the
FRCM system on one of the beams

Test Setup, Instrumentation, and Procedures

All beams were tested upside-down in four-pointdieg as shown in Figure 3. This
approach was taken to facilitate heating of thengithening systems during future testing
(as described on the basis of previous researchRéference [3]). Conventional
instrumentation was used to collect load (load )celertical displacement (linear
potentiometers), and temperature (thermocouplets) alavarious locations during testing
(refer to Figure 3). In addition, a sophisticatégitdl imaging analysis technique (geoPIV),
based on pixel-tracking in high-resolution digitalages, is being used to monitor the



cross-sectional flexural strain distributions atlggian [9]. Details of the geoPIV analysis
technique are provided below.

A total of six beams were tested at ambient temperato determine the level of

strengthening achieved, the strengthening systeamsit failure, the failure mode (s), and
to verify the ability of the members to withstariee tsustained load to be used for high

temperature testing.
Applied load

Load spreader beam

Strengthening system

Concrete beam PIV region —™:
| Linear 0 O
potentiometer
= | | 1<
a8 508 216 216 508 38

Figure 3. Test setup and instrumentation (all disi@rs are in mm)

EXPERIMENTAL RESULTS
L oad ver sus Deflection

Figure 4 shows the total applied load versus midsatical deflection behaviour of all six
beams tested at ambient temperature; Table 3 m®\wdlected data from these tests. The
unstrengthened control beams (RC 20-1 and RC 2lisp)ayed typical under-reinforced
flexural behaviour. Both unstrengthened beams kehaimilarly, and the unstrengthened
behaviour thus appears to be repeatable. The avgreak load for the unstrengthened
beams was 13.4 kN.

The FRP strengthened beams (FRP 20-1 and FRP @0eR}RCM strengthened beams
(FRCM 20-1 and FRCM 20-2) achieved almost identiddimate strengths, with average
values of 36.6 kN and 36.9 kN, respectively. Atesggthened beams had similar cracking
moments, although these were difficult to pinpoaxactly due to the load-controlled
testing procedure that was used. The FRP strengihesams showed a considerably stiffer
post-cracking response, this despite the fact thatFRCM strengthening system was
designed on the basis of equivalent axial stiffreesd had a slightly larger flexural lever
arm (because of its additional installed thicknesscompared to the FRP system). While



the reasons for the less stiff response of the FR@&hgthened beams are not known with
certainty, it seems likely that micro-cracking betFRCM’s cementitious mortar resulted
in partial redistribution of tensile strains in tRCM as the load increased, with a
subsequent reduction in the system’s effectivdnstifs. Additional testing on beams of
various depths/sizes with different levels of FRGivengthening is required to verify this

hypothesis.

Table 3. Summary of experimental results for amtliemperature tests

Cracking | Ultimate Strength | Midspan defl. Failure
Specimen ID|  load" load increasé at failure Mode
(kN) (kN) (%0) (mm)

RC 20-1 5.9 12.8 -- 27.8 CC

RC 20-2 6.4 14.0 -- 28.8 CC
FRP 20-1 ~11 35.9 168 24.0 SCD/CS
FRP 20-2 ~10 37.3 178 24.1 SCD/CS
FRCM 20-1 ~11 35.1 162 33.6 SCD/MC
FRCM 20-2 ~10 38.6 188 39.8 SCD/MC

Based on visual examination of load-deflectiontpl&igure 4)

% Determined based on the average strength of RC& RC 20-2

3 CC = concrete crushing, SCD = shear crack-indutstbnding, CS = in the concrete
substrate, MC = at the mortar/concrete interface

40
35 -
30
25
< -
T r —RC 20-2
— [
15 ¢ —FRP 20-1
10 | —FRP 20-2
- FRCM 20-1
> FRCM 20-2
0 | | | | | | | |
0 5 10 15 20 25 30 35 40

Deflection (mm)

Figure 4. Load versus vertical deflection at midgsfza specimens tested at ambient
temperature



The strengthened beams exhibited strength incredisesre than 160% as compared with
the unstrengthened control beams. Clearly, thisuamof strengthening falls well outside
levels that are currently permitted for design d®PF strengthening systems in real
applications [6]. Maximum allowable strength inges are normally in the range of 40 to
60%, depending on the ratio of live loads to dematl$. While it is highly unlikely that
such a high level of strengthening would be atteahj practice, the high level used in the
current study was intentional since it allows siaodythe use of FRP and FRCM
strengthening systems as primary reinforcement {fi.eepresents an unusually severe
loading condition for the strengthening systems).

Failure M odes

Figure 5 provides photos of one unstrengthened peam FRP strengthened beam, and
one FRCM strengthened beam, all tested at ambiemipdrature. In all cases the
companion beams in each pairing displayed virtuaitientical behaviour. The
unstrengthened beams failed by concrete crushirigercompression zone near midspan,
followed by the development of very large curvasuaad eventually tensile rupture of the
internal reinforcing steel at one of the loadingnp® (Figure 5a).

The FRP strengthened beams failed suddenly anauwtitiarning by shear crack induced
debonding (SCD) with the critical shear crack atitig at one of the loading points (Figure
5b). As is typically observed for FRP plated beaths,debonding failure occurred within
the substrate concrete rather than the adhesiveed&honding was coincident with global
shear failure of the cross-section near one ofdading points. It remains unclear whether
the shear failure induced the bond failure or vieesa in these tests, but it was noted that a
large flexural-shear crack had formed prior touial (at very large curvatures), and this
likely initiated member failure. Shear capacity ccdditions performed for the test
specimens on the basis of simplified empirical $tE0] predicted shear capacities in the
range of 55 kN total applied load for these spensnéiowever, given the relatively small
amount of primary flexural steel reinforcement prasin the beams, the lower axial
stiffness of the external reinforcement (either FRPFRCM) as compared with steel
reinforcement appears to have resulted in lowen thgected shear capacity. Because of
the unusually high levels of flexural strengthenapplied to the beams, very large shear
cracks and unusually large curvatures were encoathtduring testing. These cracks and
curvatures limit the applicability of typical siniféd empirical shear design equations.
This problem has been recognized in available cddeslesign of concrete elements
internally reinforced with lower modulus FRP reirdimg bars [11], but it appears not to
have received any significant research attentiorRP or FRCM strengthened beams. The
phenomena of premature shear failures in exterrstlgngthened RC elements merits
further research.

FRCM strengthened beams also failed in a sheak éralticed debonding (SCD) mode,
although in this case the failure was more gradndl occurred over a period of about 10
seconds. The FRCM debonding occurred within the TRtem itself, and was
characterized by a mixed failure of mortar debogdat the mortar/concrete interface,
cohesive failure within the mortar, and PBO fibmdlgut. It is likely that this beneficial



mixed failure mode, in particular the fibre pullpabntributed to the more gradual nature of
failure for the FRCM strengthened beams.

Figure 5. Typical failure modes for (a) unstrengiet beams, (b) FRP strengthened beams,
and (c) FRCM strengthened beams tested at amleieptetrature

Strainsin the Strengthening Systems

It is difficult to accurately measure strains og #urface of cementitious materials (such as
the FRCM system studied in the current paper) usmyventional foil strain gauges, a
novel optical technique [9] is therefore being rfi¢ed to indirectly measure the strains in
the strengthening systems under increasing loadgtaDimages of the beams (with the
field of view shown in Figures 3 and 6) were takesery five seconds during testing using
a 10.1 Megapixel digital camera as each beam waetb until failure. Normalised cross-
correlation as coded in the geoPIV software [9] camsequently be used to define
particular regions of interest in the first imagelahen track each of these regions in each
subsequent image (with the applied load known at itistant that each image was
captured). As shown schematically in Figure 6, rdgions of interest are being chosen as
square patches of 64 x 64 pixels in two verticaédi In order for these patches to be
accurately tracked they are required to contaidicsemt variation in the intensity and
distribution of pixel colours to be unmistakable snbsequent images; a white paint
texturizing effect was therefore applied to thefaee of each of the beams to impart a
random, high-contrast, image texture. The precigirthis measurement technique is
typically better than one tenth of one pixel [9) Backing patches horizontally, as shown
in Figure 5a, it should be possible to calculagedtal strains over any desired gauge length
within the field of view [9]. For the current testss gauge length is being taken as 75 mm
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(equivalent to the unbonded length of the strengtigesystem over the notch at midspan).
Once a vertical strain profile is obtained over depth of the beam, this strain profile will
be linearly projected to the tensile face of tharheand taken to indicate the strain in the
EB strengthening system (assuming perfect bondadimetar strain profile in the concrete).
The results will be presented at the conference.

Figure 5. Schematics showing optical technique tsedeasure strains in the
strengthening systems during testing

CONCLUSIONS

The following conclusions can be drawn on the badighe pilot testing at ambient
temperature presented in this paper:

» The FRCM strengthening system studied herein careffectively used, without
supplemental anchorage, to strengthen RC beaneniirig.

» Unlike currently available TRM systems based orbearFRP textiles, the PBO-based
FRCM system tested herein was able to provide ainstrength enhancement as
compared with an EB carbon/epoxy FRP strengthesystem, although with a slightly
lower flexural stiffness.

» The FRCM system tested herein appears to be agstoamdidate for use in
strengthening applications where fire exposure tisadistic concern. Its inherent non-
combustibility and superior performance at tempeest up to 12@ make it an
attractive system for structural strengtheninguidings, and future research is aimed
at specifically investigating its mechanical penfiance under fire exposure.
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