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ABSTRACT

The traditional fire resistant reinforced conceeteembly is changing. Sustainability and durability
objectives are introducing novel structural materia these assemblies. These novel materialsdaclu
non-conventional reinforcement (glass fiber reioéat polymers — GFRP, high strength steel — HSS, etc
and complex concrete mixtures (concrete with rexyelggregates — RA, etc.). Characterizing the high
temperature properties of these novel structuratpmments, including their deformation response,
becomes essential to explain and model the behaf\iontemporary reinforced concrete assembliesund
fire exposure. The deformation of structural maidsrat high temperature can be characterized layiahi
mechanical testing using a loading actuator equippih a controllable heating furnace. Contact
instruments to measure deformation can be expemsideare easily damaged upon material failure.
Practice is to remove this instrumentation priangderial failure, at the expense of valuable da¢gently
a non-contact optical measurement technique, alsevk as digital image correlation, has been prapose
for high temperature deformation material testifige technique herein utilizes a loading actuatdo on
which a furnace with a specimen viewing windowtiaehed. A hi-resolution camera system measures
deformation through the viewing window. Hereinstbptical measurement technique is used and adsesse
in an attempt to characterize the high temperatefermation behavior of three different novel staual
materials: concrete with RA, HSS and GFRP. AlthoRghand HSS could be characterized using this
measurement technique, difficulty was encountergld GFRP. GFRP underwent partial degradation
through pyrolysis and decomposition of its polymmatrix which affected its surface appearance thereb
complicating deformation measurement using optiinology. Critical discussion of the aforemergibn
optical measurement technique is provided throughlduwere both advantages and limitations are
considered.

INTRODUCTION

Structural designers rely on reinforced concreteafo obvious quoted benefit: ‘inherent’ fire
resistance properties. This claim has had longetdtwever, the traditional fire resistant reinfaice
concrete assembly is changing. Sustainability amdhillity objectives are introducing novel matesitd
these assemblies which at high temperature may Vveryeunusual behavior when compared to more
traditional material counterparts. When structamesmodelled for their behavior and performandien
they rely on accurate and conservative deformatiodels. Traditional materials have been well stidie
and characterized for their at high temperatureabieh over the last century. Naturally, some novel
materials have seen limited, if any attentionh&rtbehavior in fire. This reason is not necesskmited
to the fact that these materials are new, but inecause measuring and characterizing in fire ptiepef
materials is challenging and not performed witheeas

Traditional instrumentation for high temperatureenial characterization is difficult to rely én
For example high temperature strain gauges, whachbe prohibiting expensive, may be forced to use
complicated welding techniques. Their accuracydfesbeen questioned above 800 hat temperature is
well below what would be expected in a real firertRer, complicated failure patterns of materizdsyine
localised. For example when uniaxial mechanicdlrtgds performed at high temperature and contact



strain measurement is taken in only one longitudieetion of a specimen, the true failure straimd(any
associated deformations) may not be rationally tifieeh. This could mislead an individual to propose
failure models which are not representative oftlest critical strains and therefore potentiallpaaous.
Another challenge is the limitation of bonded strgauges measurement range. At high temperatures,
material strain can be of high magnitude, much tgrehan ambient temperature. Expensive contact
instrumentation such as ceramic arm extensometetgcally not feasible for high temperatureitegt

of brittle materials. Brittle materials can faildglenly and cause damage to the instrumentatiocti¢trés
therefore to remove most contact based instrumensaprior to material failure. This practice candi

the expense of valuable failure data.

Considerable research attention has been made lastthree years towards studying alternative
measurement techniques using novel non-contactimentations in lieu of traditional contact based
methods$-3. The authors and their collaborators have foctiseidresearch attention on developing novel
optical non-contact measurement techniques thabearsed at high temperature for the measurement of
some emerging and novel construction materials.

This paper, represents an overview of the pastarmént research progress that the authors and
their collaborators have conducted and continwgtudy, towards developing a suitable and economical
non-contact optical measurement technique to meadtain and characterize material behavior at high
temperature of innovative materials. The technole@pplied to understanding the material innovetio
being promoted for reinforced concrete assembiigshigh temperature — the life critical safetyuies
These novel materials include: complicated conamgtees containing Recycled Concrete Aggregates
(RA); High Strength Steel (HSS); and Glass Fibrinfeeced Polymers (GFRP).

MATERIALS

Reinforced concrete, is a traditional construciesembly made of cement, aggregate, water and
reinforcing steel. Recently, there has been inangadebate over reinforced concrete’s environmental
impact, and durability in harsh environments. Indulsas therefore responded with many novel mdteria
innovations. This section briefly introduces sorfithe proposed innovations which are considerdiisn
paper.

High Strength Steel

For well over 60 years, HSS has seen significantamacement towards less polluting
manufacturing processes using improved furnaceboging technologies. Today, HSS can be alloyed to
have characteristic performance properig®ugh at increased cost). A typical example of HSS
considered herein, is prestressing steel. Prestgesteel can be tensioned to high levels to pregress
concrete and reduce tensile stresses. In thestagetrs various consultancy agencies, aided anadd
optimized design techniques, have studied theisa$tdity features of concrete structures with tened
prestressing steél Thinner slabs in taller buildings have been aadeusing this type of steel. These
designs have thereby justified decreased concraterial usage enabling green objectives to be met.

Concretewith RA

To address the concerns of concrete’s environmiempaict, a recent material innovation involves
the replacing of conventional aggregates with RA, R the context of this paper, means aggregaiedh
sourced from crushed demolition concrete waste.sdhaggregates are graded and substituted for
conventional coarse aggregates in a volumetric aeisign at varying ratios (0-100%) by mass. RA
substitution has shown promising green solutiohdha meet structural design requirements. Thiduymo
has decreased reliance on new quarrying, and nzesninfrastructure demolition waste. To date
international demonstration projects have effetfiwdilised this material for construction.

Glass Fibre Reinforced Polymers

In some environments, concrete durability issuedead to severe corrosion of reinforcing steel.



This can shorten a structure’s service life. Polga® not corrode and therefore such a substitadarbe
desirable and potentially can extend the serviefithis structure by years. This extension mise life

eliminates the need of costly and demanding méatepairs and the need for entirely new infrastiteeso
soon into the life of a structure. While not ertirecent innovation, FRP has been developed aiolibst
for years now, the advantage to using GFRP agemaiive to reinforce concrete in critical infrastures
like transportation structures is quite apparent.

METHODOLOGY

In uniaxial mechanical testing of materials, measwent of deformation (strain, cracking
deflection etc.) can be made using a non-contabhique known as optical measurement. The optical
measurement technique used herein is based onh@dnedmmonly utilised by: Queen’s University,
Canada; University of Edinburgh, UK; and Cambritigeversity*. This technique is an image correlation
method. That technique has been used for ambimpetature strain of various civil engineering matsr
and more recently, through efforts by the authas@llaborators, has been extended for use iigat-h
temperature conditions. The method relies on takimgges through a furnace viewing window. This
section details the methodology of the techniquiee Experimental programme for each material
considered herein follows this section.

Camera

The measurement technigue used herein reliesamvartional but semi-professional and off-the-
shelf Single Lens Reflex (SLR) camera system. Emera is fixed and levelled on a rigid support. The
camera then relies on an unobstructed field of \oéan object or specimen being considered. For the
majority of testing herein a singtanon 5D camera with ai&F 24-105mm|Slens was used. The camera’s
resolution produces an image of approximately 578840 pixels.

The measurement procedure normally begins witlmgg&ireference image of a specimen before
any induced external influence is applied (heatingghanical etc.). In the case of heating, a frmaih a
suitable window (one which gives an unobstructegwof a specimen and made of sufficient material to
withstand heat), is necessary. After (or during)li@ation of any or a combination of external fastto
the specimen, successive images are taken atispdaifie intervals (usually between 1 and 7 secphnds
Images are then sequenced in preferred order.tApposessing software, described below, is usaati
deformation of a material from one image to thetmexhe user defined order.

Post-processing algorithm

An in house developed computational code for postgssing calledceoPIV8 is used for
deformation tracking in this researtiThe code is primarily maintained and developedgsgarchers at
Queen’s University, Canada. TeoPIV8 software relies on interpolation functions thatlgpraimage
pixel sets. Two successive images are taken af@mapn (one before and one after external influesioe
the software processes the movement of a pixddetateen the images. Hence the software is a pixel
tracking algorithm (Figure 1). At ambient temperatwarious researchers have been developing best
practice guidance for DIC measurement which uttlise software. Researchers have been studying its
accuracy with the aim of development for robust sneament accuracy in high temperature materials
testing to large-scale structural tefst§®

Tracking paint texture

An adhered randomized and textured paint pattematerials help the post-processing software
to suitably track deformation from one image torle&t. The pattern gives a high-contrast imageutext
which the software can recognize movement eastiyambient temperature conventional off the shelf
paints, while strained, do not decompose or degeadity, however at high temperature any conveation
off the shelf paint can degrade and potentialljn#aTherefore it is essential that paints useditiatdy
temperature resistant to the environment at whiwy tare expected to track deformation. Using



conventional room temperature paints at high teatpeg will result in poor measurement results and
possibly a misrepresentation of the combustiblaneadf a novel material at high temperature. Tlileas
have studied various paints and consulted litezdtudetermine the optimal mixture for applicaghigh
temperature. The following paint mix showed suigatgbust behavior up to 58%. The paints being a
Thurmal ox 250 selective black base coat witammerite matte whiteradiator paint speckle pattern. Other
paints show discrepancies in measuring deformalioing their curing temperatures.

Typically a white base coat with black speckledpadin be applied. Though the opposite layering
of paint can also be performed. The authors hawed@pplying a black base coat with white speckled
paint texture more effective for high temperat@sting (Figure 2). The black paint being an avédiab
effective, and more durable primer at high tempeeat The white paint used shows faint discolorasib
500C. There is temptation at times not to paint a nteshich appears to have a randomized texture in
its natural state. This has advantage as matdréegchanges can also be considered qualitativeity.
implication is considered within this paper.

M easurement error

Optical measurement can have many errors if theissmaware of the complexity that can be
associated to the technique (resolution, camehdlistalens distortions, self-heating of the caméor
duration of the test, vibration of the camera dupdssible shutter speeds, levelling of camerajfad
image, lighting variations, out of plane movemettt)e There are however simple procedures and
appropriate compensations which a user can dodieasi the aforementioned issues. For example: rigid
body analysis can be used to assess the distoftibe camera; a test where images are takenfioec
duration with no load or any induced effects calp kensider vibration, self-heating and lightinéeets
on measurement; a quick calibration study of imagesonventional measurement can determine the
associated vibration at various imaging speedsteaedling technologies can be used assess thaadigt
of the material and camera to reduce some ouboigaineasurement error. In many cases the appepriat
camera can help minimize error.

Loading frame

All material testing was performed usinglastron 600LX servo-hydraulic materials testing frame.
The frame was equipped with a furnace and a quisizs specimen viewing window to allow an
unobstructed view of the specimen. Temperature uneagnts were made using K type thermocouples.
Deformation was approximated using the optical mesment technique (Figure 3). Mechanical loading
was induced by tension (HSS, and GFRP) or commme$¢soncrete with RA). Test specifics are detailed
elsewhere in this paper. The materials testingdrams modified to help extract smoke from the cheamb
so that the clarity of the images could be pregskr¥est procedures are described in the experimenta
program section for each material considered. Spues# sections discuss the variations in test proee
for each material. The validation and accuracyeftechnique is described elsewhere

Figure 1: Pixel movements between two images takenspecimen with applied lodd
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Figure 2: Typical textured paint as applied on cete

Figure 3: Loading frame (shown in tension configiorg and camera set up.

Heating
chamber

Camera

HIGH STRENGTH STEEL

Over 70 uniaxial mechanical tests of HSS (predirgsteel) were conducted at high temperature
and briefly considered herein. The tests were coteduover 2011 and ended in early 2013 while thé le
author was at the University of Edinburgh, Uniteddgdom. The final results of this test programne ar
partially published-*° with final conclusions currently under evaluatibhese tests are considered herein.
HSS specimens came from three stocks fabricatBibith America, Europe, and Australia-Asia. Each
stock was confirmed to be of equivalent grade @f®BIPa and is denoted herein as BS 5896, AS/NZS
4672 and ASTM A416 respectively. All specimens wegpproximately 4 mm is diameter.

The initial motivation of this test programme was \Malidate the aforementioned optical
measurement technology for use in high temperafline. validation and verification of the optical
measurement technology was satisfactorily conducied compared to conventional contact
instrumentation (high temperature ceramic arm esaereters, and strain gauges) up to‘600 In
addition, this research test programme aimed wageapdated deformation measurement patterns 8f HS
specimens at high temperature and to increaseralarstanding of the mechanisms which can cause
failure at high temperature. The experimental paogne for HSS primarily consisted of: (1) steadtesta
strength tests conducted using a stroke basedtoh# mm/min, after heating to a target tempeesat
2'C/min; and (2) Creep deformation tests. The crests ttonsidered herein were conducted by heating a
specimen to a required target temperature, thed lagding to a target set point. A selection ahsient
heating tests (strength and creep) were also coedidmt these are beyond the scope of this paper’'s
discussion.

Prior to discussing the deformation characterigti¢ggh temperature of the HSS it is important to
describe the analysis procedure. Tertiary or mastiains that lead to failure will be localised the
material specimen. For example when consideringeepctest for steel which exhibits a three phased
failure pattern, the tertiary stage will be a masition of localised neckirfglf strain is measured away
from this location, the tertiary strains will appeauch smaller (they increase towards the locaion
failure) and therefore the measurement can be aongervative representation of the strain whidh wi



actually be observed at the localised failure liocafThe failure phase of creep is important fauaately
determining and predicting when HSS may fail ie fifrue stress is a parameter which has relevancy f
future numerical modelling exercises as well assitdes implications for creep modelling and ultimate
specimen rupture at failufeConsiderable care therefore must be taken whalgzang the images in the
post-processing algorithm to approximate the marinstrain and true stress at and near the locafion o
failure. The following procedure was utilised toafyze the test images post-test to approximateethes
measurements:

1) begin with the last test image;

2) identify the necking location in the last image;

3) the post-processing analysis is run with the tastges in reverse chronological order and the
dilation of the cross section measured up to thd sf the test with the ‘future’ location of
necking then identified — this calculates the stress; and

4) the post-processing analysis is re-run starting witongitudinal strain measurement is placed
around the ‘future’ location of necking — this edltes the maximum strain.

Herein this paper remarks on the characteristisemied in high temperature steady state strength
and creep tests using the optical measurementdkadyfor HSS. Strength tests were conductedgeta
temperatures of 100 intervals. All strength tests beyond ZD@or each HSS specimen indicated a rapid
decrease in engineering stress with strain incrafsepeak engineering stress was observed a#ulthie
test. Just prior to failure a characteristic stréad’ occurs where strain no longer increases and
engineering stress rapidly drops off. When arethatlocation of necking is measured using optical
methods the true stress curve measured is almest lihough does exhibit small increases in saedse
specimen is strained. Once a localised neck cleamnrges the true stress rapidly climbs and iseatily
different than the measured engineering stresgskrepetitions the same observations were obderve
This are schematically illustrated in Figure 4 &nd

The elastic modulus at high temperature for eaekispen tested was also considered. Figure 6
illustrates that in all cases measured parametens ngher than those proposed for the originab&éade
giving confidence in the existing parameters fordolas reduction. However these Elastic modulus
reductions taken from the steady state strengts ir@serently include an amount of plastic defoiorat
damage. Similar observations were observed fongtine Part of the research program considering HSS
was to evaluate plastic damage at high temperahde selection of creep tests were performedfioade
an accurate creep model. For HSS that is highlkideed in service, creep is important to calcullage
corresponding stress relaxation and possible &aitfithe steel.

Figure 7 illustrates a selection of three repeatprtests performed on BS 5896. There is
consistent debate that creep tests have a levenofomization, in that their results are not always
consistent between one test to the next. The ¢mimpaipment has a unique advantage that a strain
measurement can be taken almost anywhere on aeagpoeby having the capability to measure the
maximum and failure strain of a piece of steelukég/ was constructed by considering three crestp te
conducted at the same temperature (abouC4diid loaded to a target stress of 647 MPa) whelgsoring
strain across the location of necking using the-poscessing analysis procedure as specified alidwee.
creep strain results (after careful removal oftedastrain) are plotted against the well utilisednped
temperature and time coefficient. For simplicitistboefficient is determined through use of thehanius
equation. Further details of this calculation camdferred to in Harmathy’s reseatétFigure 7 illustrates
that if proper care is considered in test anasdascontrol, that a creep test could be satisfiyctepeated
at steady state conditions.

The most significant outcome of the study usingptical measurement technique for uniaxial
mechanical testing of HSS, was that there wasfgigni variability seen between one manufacturer’s
stock of HSS and those of another despite equit/alemavior at ambient temperature. Figure 4 clearly
illustrates the differences in strength at highgerature for two different stocks of steel. Steetpction
is highly complicated and between manufacturers tan involve the use of completely different
fabrication techniques entirely. For example AS/NIEF2 HSS in equivalent creep tests lasted almost
three times longer than its counterparts BS 5836 A8TM A416, despite showing similar strength
behavior at ambient temperatures. The exact reaga@me currently beyond the scope of this paper but
worthy of future and continued study as the authoibtheir collaborators are currently performing.



Figure 4. Steady state strength tests of HSS shypariigineering and measured true stress comparison
between two different manufacturers at €00
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Figure 5: Repeat steady state strength tests ofdii SG0C.
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Figure 6: Normalised Modulus of Elasticity for twidferent HSS in comparison to the accepted
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Figure 7: Repeat steady state high temperaturg ¢esés of a HSS.
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RECYCLED AGGREGATESIN CONCRETE

Fourteen tests of concrete cubes were conductédighttemperatures. This test series was
conducted in late 2013 and has recently finaliZéee final report of the test series is currentigemn
evaluation.

Three different mixes of concrete were cast withpprtions of 0, 30 and 100% coarse RA by
mass. Each concrete mix used a volumetric mix desith a target cube strength of 40 MPa. The mixes
used coarse aggregate graded with a maximum siZ&raf (both coarse RA and conventional). The RA
was sourced from a 20 month old de-commissioneddale post tensioned concrete slab of measured 50
MPa cube strength (measured during the time ofemge sourcing). These tests were originally
conducted with the motivation of considering thieetf of recycled concrete aggregate substitution fo
coarse aggregate. The tests were also conduciesdstigate limitations of the optical measurement
technology; such as the necessity of tracking @ihigh temperature and possible test errors.

Because optical measurement techniques necessitatsurface to minimize out of plane error,
this test series demanded that all samples beasastbes rather than cylinders. The size of theafier
window permitted the use of only one camera. It w@ssidered critical that both the transverse and
longitudinal strains be adequately measured tostiyate possible Poisson effects of concrete dt hig
temperature. The implication of testing cubes nathan cylinders is that the assumption of uniform
loading of the specimen is not strictly valid age@ffects from restraint conditions will influentte
observed strength behavior and possibly even thes®o measurement. The difference in strength
performance is generally accepted to be about @84@r a conventional concrete cylinder to a ctfbe

Prior to loading, all specimens were heated atvdhkeating rate of'Z/min to a target temperature
of 500C. The heating rate was intended to be fast ensaghat the tests could still be completed within
the safe work schedule of the lab and still ensuwstly uniform heating of the specimen. A sample of
concrete in the furnace embedded with a thermoeoaphn appropriate depth indicated that such a
heating rate would be sufficient to ensure appatptieating. After heating, all tests were condligting
uniaxial mechanical stroke based control at a emistompression rate of 0.5 mm/min. This type of
control was utilised so as to stop testing safftr peak stress of the specimen was observedingaas
not continued beyond peak stress as there wals af e bris impact from concrete fracture whichldou
have caused damage to the furnace window. Any darmathe window would have complicated the
accuracy of future testing as scratches and pittindd be mistaken by the post-processing softwAte.
tests were loaded on their smooth surfaces angewad preconditioning to the loading surface warsed

There has been considerable discussion in liter@sito the Poisson effect in concrete at elevated
temperature. Optical measurement technologies erahinique advantage to assess this. Figure 8
represents a test of 100% RCA at ®B0At test start there appears no linear propoatipnbetween
transverse and longitudinal strain. This is suggeshat concrete is experience transient therinailhs



(plastic strains) the moment load is applied a timperature. However it may also raise intelasitthe
influence from uniformity in loading along the balaries and its effect on transverse strain measmem
The longitudinal strains near these boundaries kemeas similar in magnitude to those observelet t
centre of the cube. All high temperature concreststconsidered in this study showed this Poisson
behavior at high temperature.

Optical measurement was conducted to approximetiénmal expansion of concrete with RCA.
Figure 9 illustrates this result and it can be g¢haha good linear behavior can be observed dbeatjng
of the concrete as could be expected.

Strength and modulus relations indicated thattindidinear trend in reduction could be observed
at elevated temperature. Figure 10 provides tweatigsts for both ambient and at high temperégats.
Even with a complete substitution of conventionggragates with RA, the sustainable concretes still
performed within Eurocode strength reduction guggathough concrete with RA exhibited less strength
retention than its conventional counterpart. Ofests considered, the optical measurement teobmigs
capable of assessing strain reliably in each Before load was applied thermal expansion strais wa
tracked along the surface of the specimen. Faiteatrete typically illustrated higher ductility dog
elevated temperature tests, while lower ductilitgrabient temperature. In all tests, strain at [stigdss
ranged below 1.5% which was in conformance witheexgd results as can be seen in the Eurocode.

For one specimen no tracking paint was applied. ilftention with this test was two-fold: to
assess measurement without tracking paint, arahder the colour change of concrete during hgé&tin
Figure 10 illustrates that without tracking paint@ncrete, increased scatter should be expectest M
often concrete is removed post-fire at various temafpres and as an academic exercise there was a
capability to consider the at high temperature gealVhile the pigment in red certainly increasedniy
the test as can be extracted from imaging datee tlias no distinct qualitative difference in theages
between 20C and 50€C. After testing and removing of the sample from filrnace the concrete was a
hue of pink.

Although optical measurement was done in conjonctiith the test, an additional study was
performed to assess the temperature of the surimgiacea of where the camera was being used and the
amount of heat around the loading frame. The corftad been that although cameras are expectdit to se
heat which can also cause error, the proximityazraera to the furnace may influence the camerasnd
lens to expand thereby corrupting the measurenietitain. The authors assessed this by using mtier
imaging camera (a FLIR A302A camera) to considéhn bive heat the camera had shown during the test as
well as the surroundings of the loading frame. Ttiael cell on the frame uses strain gauges to akeul
strain and has a maximum operational temperatli@@t Therefore it was important to verify that during
the test the load cell was indeed within its operat temperature, otherwise the load data coutdao
trusted. Figure 11 represents a thermal imageeo$¢t up with the camera. It was confirmed thatehe
concerns were not an issue for the test configamaimployed, however the authors recommend otéter te
set ups be checked for this issue where high teatyrertests are conducted.

Figure 8: Transverse and axial strain at high teatpee.
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Figure 9: Thermal expansion strain of RA concrete.
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Spot 28.9 | °C

While most tests were conducted below ‘&B)@he authors performed one test near®&(the
extremity of both the paint and the furnace) t@asshe function of the frame and integrity offihit on
the surface of the specimen. Unfortunately sigaifieffects within the frame from the heating coflthe
environmental chamber clearly illustrated that iesgould show light interference, Figure 12. After
heating the concrete coated with the tracking gaiBO0C and another sample at 600two respective
samples were cut away and assessed using a scabt@itrgn microscope. While the paint showed no
observable micro-cracking at 500 at 60AC there was discrete micro-cracking damage, Figj@re



Figure 12: Light interference at 6@0in the heating furnace.

GLASSFIBRE REINFORCED POLYMERS

Four high temperature and loaded tests of a prapyi&FRP are considered herein. These tests
were conducted in 2014 and are ongoing at Queemigelsity Canada. The tests are part of a largelyst
Preliminary results of that full study will be pigiied soort“.

The GFRP used in this test series is characteaig&dving a polymer matrix and an approximate
80% glass fibre content by mass. The specimen sec$i®nal area was approximately 198%mrhe glass
transition temperature of GFRP can be definedragimg between 90 and 2@0'°.

The study herein extends the hypothesis that dptieasurement could be used without applied
tracking paint. The study also considers the usieeobptical measurement technology to a polymszdba
material at high temperature. The rationalizatibnai applying tracking paint was based solelyon t
distinct and texturized features of the sand cgdiind on some GFRPs. There was also concern that
unique phase changes could develop with applietingeand these were also of qualitative interest. F
these reasons no GFRP considered herein receiyadhaking paint. Tests were conducted under steady
state (heat then load) and transient (load thet).hee tests were performed in duplicate. Obsermat
and measurements were seen to be repeatable. BeB&IRPs are composite polymers the four tests
herein were intentionally conducted at differenagds of polymer degradation in order to study more
precisely the behavior and interplay of the madirixl the glass fibres with temperature.

This complexity of the GFRP behavior at high terapgre and some associated optical
measurement observations can be helped undersgaiddying one of the steady state tests. In #sis t
the GFRP specimen was heated to aboutCl@0 a rate of &/min under no load. Using the optical
technology, this allowed the authors (in the absaspecimen load) to consider the thermal expansi
strain, and colour change of the GFRP materialifi€id 4 illustrates the thermal expansion behayithreo
GFRP as measured by the optical measurement tagjyndlhe measured expansion behavior of the bar
trends linearly. Un-expectantly, the optical strainasurement does not appear to show any change in
performance despite the colour change of the harl{ar eventually turns from a light to black cojou
After reaching 40, the specimen was soaked at this temperatureofippately 2.5% measured dilation
was measured optically. This dilation plateaueti@gasurement near the end of the soak period. Laad w
then applied (using a stroke control) at a constetto specimen failure. It is conceivable that prior to
application of load, the polymer matrix had comgligtdlecomposed leaving the bar to rely on the glass
fibres themselves to carry any lo&dImaging indicated a cumulative amount of glabsefibreakage
which ‘discretely’ began shortly after applicatioiload. These fractures progressively increasédolas
increased, eventually altering the surface textfitbe bar. Because the fibres seem to be shiblgéue
sand coating on the outer portion of the bar, giterto measure strain and approximate the moddilus o



elasticity with optical measurement were complidatEigure 15 illustrates the measured stressteaid s
response of a GFRP sample at @0 he outer sand coating constantly exhibited eandracks and
peeling as the load was applied. The measuredaitiastas much less than what would be expected for
the degradation of FRP with glass alone at@0Bailure of the GFRP appeared abruptly in theginga

A much different interplay mechanism was obserwestbdying a transient test which had direct
consequence on the ability to measure opticalnstBefore heating, load was applied. Using thecapti
measurement technology the ambient temperatuticatasdulus was satisfactorily measured at 41.5.GPa
The data used to produce this value exhibited d §of 0.99 (see Figure 16). Heating then began after
reaching a target load level. The load level wamtamed for the test duration. Almost instantarsipu
near the glass transition point, the glass fibgadéd to rupture along the outer coating. The saating
then delaminated and began to ‘peel’. This visugthyted, as confirmed in the images of the tdstnathe
specimen surface temperature was@%hd continued, at least visually on the surfactl, the specimen
surface was 23G. This may be explained as the glass transiti@s@lndicates that the polymer matrix
becomes a rubbery state and load may therefortaretgaon the remaining glass fibres. Some fibrgs ma
have been loaded more than others possibly cofitripto fracturing. The cracking of the sand cogitin
seemed to stabilize after 2B0 This corresponds to a spike in longitudinalistes measured by optics just
prior to when the technology stopped being capablproviding reliable measurement (Figure 17).
Beyond 40@C increased cracking was once again seen leadintirt@te failure as had been observed in
the case of the steady state tests. Between30d the specimen failure at 42610 reliable optical
measurement of strain was possible. Tracking deftiom using optical measurement was pointless
beyond the glass transition temperature regiohértriansient test as the sand coating showed ri#glig
strain increase. Imaging of the test gave simitdowr changes as were observed in the steadytetdse
(Figure 18).

For obvious reason, the authors currently do netrgdt to quantify traditional numerical values of
true stress or even elastic modulus at high tenyrerfor the GFRP at this stage. Traditional meiasan
suggest that the area of the bar would need tedmuated for true stress. To consider true stresh@®
GFRP, more knowledge of the matrix decompositiomldidoe required to quantify this measurement
accurately. Optics like those used for true stoésteel are incapable of deducing the polymeratiagion
inside the bar. It should be recognized that stBERPs are typically proprietary in both fabricatand
composition, observations seen with these partitales may not be representative of other manutatsu
stocks. However the results observed herein céytaiing to question added complications with ogkic
measurement on polymers or any other organic nahtehich will experience visual decomposition and
significant material surface changes during testing

Some caution should be emphasised that whileglgdiinited number of tests a larger test series
should naturally be conducted to deduce more mgardimsight to characterize the GFRP material more
appropriately. Those efforts are underway by vari@msearcherf$ > Additionally the decomposition of
the polymer matrix and load shedding to the filisesurrently not well understood and deserves more
investigation as observations herein indicate. Thishelp instil confidence in conducting perforean
based evaluations of this type of material anccsiiral assembly and also help better direct whatees
to measure with optical technology.

Figure 14: Measured thermal strain of GFRP wittapglied load and tracking paint coating.
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Figure 15: Stress strain of a GFRP without trackiamt coating at 40Q
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Figure 16: Ambient stress strain of a GFRP withicatking paint coating.
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Figure 17: Measured thermal strain and actuatardedtion of GFRP with applied load and no
tracking paint coating on specimen.
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Figure 18: Qualitative visual degradation of GFRMdth a steady and transient uniaxial tensile test
with optical measurement failure points presented.
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DISCUSSION AND CONCLUSIONS

This paper, represented an overview of the reseprofggress that the authors and their
collaborators have conducted and continue to stoghards developing a suitable and economical non-
contact optical measurement technique to meastai sind characterize material behavior at high
temperature of innovative materials. Herein, amcapmeasurement technique was used in an attempt t
characterize the high temperature deformation hehand trends of three different novel structural
materials: HSS, concrete with RA, and GFRP. Alttioconcrete with RA and HSS could be characterized
using this measurement technique satisfactorilyjceptually GFRP could not satisfactorily be
characterized. GFRP underwent partial degradatimugh a decomposition process which affected its
surface properties and complicated reliable deftomaneasurements. As we engineer more alternative
materials which can be used in structural assemlikie in reinforced concrete, we will have to does
greater complexities and difficulties with charaidi@g these material's behavior for fire condition
especially if we plan to use these materials iefigomance based design

While this paper provides additional insight arebsions learned into using this optical
measurement technology, it would seem a naturallasion to attempt to extend the functionalitylut
measurement technique beyond ‘&0 usability. However, the measurement methodlevoaed to be
evolved (but not limited) to handle smoke (whictsweasily extracted in these small scale testss bubre
challenging at large-scale), turbulences by hedinaaterial degradations which change the appeadaince
the material. In reinforced concrete, most constitunaterials like those studied herein lose mdachhn
properties significantly before 5@is reached. Developing new paint mixtures whidbred applicability
could have little practicality, unless more extreheating and analysis is required of the materia o
different application of the technology is usedirf&ce changes will cause the measurement of fmzhli
strain and deformation to become highly complexai@fes in colour, shape, texture, will all effea th
accuracy of the post-processing algorithm. Basetthembservations herein it can be debatable whethe
the method is to be suitable for materials whictolygze like composite polymers or maybe timber. For
these materials, the optical measurement techneldblave to be used with a level of caution.



ACKNOWLEDGEMENTS

The authors would like to thank and acknowledgecibrgtributions of Dr Andy Take, Hamze
Hajiloo and Martin Noel of Queen’s University Caaa@®r Luke Bisby and Dr Tim Stratford, both of the
University of Edinburgh, are also acknowledgedtfmir contributions towards their roles in desaripi
HSS in high temperature. The Natural Science amginerring Research Council of Canada is also
acknowledged through its Create, Fellowship andt@atprograms.

REFERENCES

! MacAllister, T., William, L., ladicola, M., and Buly M. (2012) Measurement of Temperature,
Displacement, and Strain in Structural Componentbjest to Fire Effects: Concepts and
Candidate Approaches. NIST Technical Note 1768p83p

2 Gales, J., Bisby, L., and Stratford, T. (2012) Nearameters to Describe High Temperature
Deformation of Prestressing Steel determined ud$digjtal Image Correlation. Structural
Engineering International. 22 (4): 476-486.

3Gales, J., Parker, T., Green, M., Cree, D., astBiL. (2014) High temperature Performance of
Sustainable Concrete with Recycled Concrete Aggesg®roceedings of the 8th International
Conference on Structures in Fire. Shanghai, CHia@3-1210.

4 Kaethner, S., and Burridge J. (2012) Embodied CO3tructural Frames. The Structural
Engineer. 90 (5): 33-40.

5White, D., Take, W., and Bolton, M. (2003) Soil behation Measurement Using Particle
Image Velocimetry (PI1V) and Photogrammetry. Geotéghe. 53 (7): 619- 631.

6 Roberston, L., Dudorova, Z., Gales, J., StratférdBlackford, J., et al. (2013) Micro-structural
and Mechanical Characterization of Post-tensiofliagdons following Elevated Temperature
Exposure. Applications of Structural Engineeringh€@oence. Prague, CZ. 474-479.

7 Lee, C., Take, W., and Hoult, N. (2012) Optimumciacy of Two-Dimensional Strain
Measurements using Digital Image Correlation. JallwhComputing in Civil Engineering. 26(6).

8 Bisby, L., and Take, A. (2009) Strain Localisasan FRP-confined Concrete: New Insights.
Proceedings of the Institution of Civil EngineetsuStures and Buildings, 162: 301-209.

9Bishy, L., Gales, J., and Maluk, C. (2013) A Comperary Review of Large-scale Non Standard
Structural Fire Testing. Fire Science Reviews.)2ZT pp.

0 Gales, J. (2013) Unbonded Post-Tensioned ConStaietures in Fire. PhD Thesis, University
of Edinburgh, UK.

Y Harmathy, TZ. (1967) Comprehensive Creep Modeln3aations of ASME Journal of Basic
Engineering. 89(3) : 496-502.

2Bamonte, P., and GamBarova, G. (2014) Properti€sncrete Subjected to Extreme Thermal
Conditions. Journal of Structural Fire Engineerib¢.): 47-62.

3 Hager, I. (2014) Colour Changes in Heated ConcFete Technology. 50 : 945-958.

4 Hajiloo, H., Gales, J., Noel, M., and Green, M0X3). Material Characteristics of Glass Fibre
Reinforced Polymer (GFRP) Bars at High Temperattiéh International Workshop on
Performance, Protection and Strengthening of Strastunder Extreme Loading, East Lansing,
United States.

15 MclIntyre, E., Bilotta, A., Bisby, L., and Nigro,. E2014) Mechanical Properties of Fibre
Reinforced Polymer Reinforcement for Concrete afhHTemperature. Proceedings of the 8th
International Conference on Structures in Fire.nghai, China. 1227-1234.



