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Abstract:

Temperature, one of the most important parametetsuilding fires, is now mostly measured with high-
temperature thermocouples, which have the typicalidacks of electric sensors, such as their seitgito
electrical and magnetic interference. Fiber optiesers are an alternative to electric sensors fadrmany
advantages, although their use in fire engineasrapmewhat limited at the present time. This pgpesents

a set of new fiber optic sensors for measuring kéghperatures, based on Regenerated Fiber Bragm@ara
(RFBGS). The sensors were placed near the surfaeeaoncrete specimens and then tested undeBEBIO
fire curve conditions for one hour. We considesthn important step forward in the application whh
temperature fiber optic sensors in fire engineeriag the sensors were subjected to direct flames an
temperature increments of the order of 200 °C/simijlar to those in a real fire. The FBG sensorasueed
maximum gas temperatures of circa 970 °C, in gagpdesment with those provided by thermocouples én th
same position. The gas temperature measurementiseoFOSs were also compared with the adiabatic
temperatures measured by plate thermometers armleterspecimens surface temperatures calculatdéd wit
numerical heat transfer models.
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1. Introduction

Reports and publications [1-3] issued after disagtach as the fires in the Tauern tunnel (200&) Windsor
Building in Madrid (2005) or the Beijing Televisid@ultural Center (2008) show the importance ofaltisig
strain and/or temperature sensors in structuretevaible to fires as these sensors can be veryuhédpf
estimate the maximum temperature reached by asteuas well as to evaluate its damage and residual
strength.

Temperature measurement has traditionally beewnmeed by thermocouples, but these are electricosens
and suffer drawbacks such as radiation errorslfdgy also need to be connected individually todia
recording system [5] and are sensitive to eledtaod magnetic interference (EMI), which limits ithe
application in different fields such as structugalety or power plants. Fiber optic sensors oveecorast of
the drawbacks of thermocouples, for example theyramune to EMI and can be multiplexed along alsing
optical fiber, which means cheaper and simpler tooinig systems that are easy to implement.

In recent years several high temperature fibeccag@nsors have been developed using different démdnes
such as chiral fiber gratings that were testecbul000 °C [6], sapphire gratings which measureckimam
temperatures of 1745 °C [7] and multilayer metadted regenerated grating sensors that were calibfat
maximum temperatures of 600 °C [8]. However, allhefse were tested in laboratory electric furnasest
and in conditions very different to those of raed Ecenarios or to those of the standard tests indire
engineering.

Despite their clear advantages, fiber optic sengeDsS) are thus not greatly used in fire enginggrin
Lonnermark et al. [9] presented the first applmatf fiber optic temperature sensors to measwse ga
temperatures up to 250 °C in a fire test on a soaldel of a tunnel. Another pioneering work waselbg
Bueno et al. [10], who measured temperatures 9®°C with Fiber Bragg Grating (FBG) sensors and
regenerated FBG (RFBG) sensors embedded in corspetemens. These applications proved the vialfity
using FBG and RFBG sensors for temperature measuatairing fire scenarios but showed the need for
further research on fiber optic high temperaturesees to extend their temperature range and taatetheir
behavior under harsh sooty environments. In thetneed to improve temperature measurement mviees
one of the key conclusions of a recent literatexéaw on measurement of temperature, displacenment a
strain in structural components submitted to fo&ds by McAllister et al. [5].

Within this general context, this paper presergstaof regenerated fiber optic temperature serdswsloped
by the authors and tested under 1SO-834 fire clir¥pflame conditions. Sensors with different pagika
systems were installed to measure gas temperagarehne surface of two concrete specimens and sigoimi
to 1ISO-834 conditions for one hour. The main gdahe fire test was to compare the temperaturesrded
by the developed fiber optic sensors with thoseftilermocouples. Additionally, the measurementewer
compared to the adiabatic temperatures registergdalbe thermometers form the furnace and concrete
specimens surface temperature predictions obtaitbch numerical thermal model of the experimemtied
out with the software Abaqus [12].

The results show that RFBG sensors were able fquatiely measure temperatures and therefore asbkuit
for use in fire engineering research and applioatid®Ve consider these tests to be important s{ai¢hey
enable the response of the sensor to direct flamles evaluated in conditions similar to thoseeai fires;
(b) they can detect possible problems associatddtié installation of sensing systems similatimse found
in monitoring actual building fires; and (c) thesficurves commonly used in fire engineering haveeenely
fast temperature increments, which were not consttim the tests conducted in electric furnacesrnteg in
[6-8].



2. Description of thefiber optic sensors

Optical fibers consist of at least two layers dfedent dielectric materials: core and claddingeTore has a
very small diameter and is surrounded by the clagidiight is only propagated inside the core, & a
higher refraction index. The cladding is often patéd by outer coatings or jackets that provigefither with
mechanical strength and protect it from damagenamidture absorption[13]. There are several FOS
technologies (Fabry-Pérot, Fiber Bragg Gratingsdisttibuted sensing) but Fiber Bragg Grating (FBG
technology is the most widely used in optical sesisoday[14]. A development of FBG technology, kmow
as Regenerated Fiber Bragg Grating (RFBG), was ligdide present authors to develop their sensath B
FBG and RFBG technologies are briefly describetthénfollowing subsections. Further information cen
found at [13-18].

2.1 Basics of the Fiber Bragg Grating (FBG) and Regenerated Fiber Bragg Grating temper ature
Sensors

A Fiber Bragg Grating is a periodic or quasi-peigaalteration of the refraction index of the optifieer core
along a length of the optical fiber callgchting length As a consequence, as explained in Figure 1gpart
the incident light that is injected into the FBGransmitted and part is reflected at a specifizelength,
called the Bragg wavelengtid). The reflected wavelength is defined by the refathip:

Whereng; is the effective refractive index of the gratimgine fiber core and is the grating period

[14]. Changes in the strain and/or temperaturefB& generate a change in its grating period asualtren a
shift of the Bragg wavelength. In order to devedogensor that measures temperature only, it iefthre
necessary to isolate the optical fiber from anyrs@wf mechanical deformation, so that the shithanBragg
wavelength can be expressed as a function of texnpervariations and vice versa. This relationghip
defined by a polynomial equation whose coefficiemts specific to each sensor and must be obtained
experimentally.

Standard FBGs experience problems when submitteidjkotemperatures as they lose stability and atkgr
significantly at temperatures close to 600 °C[1p,t6fact, the Bragg gratings in the sensor amagetely
erased after the fiber reaches temperatures highrr600 °C, which makes the sensor useless. @néon
overcome this temperature limit is to use Regendritber Bragg Gratings (RFBGS) [17, 18], which engd
physical and chemical processes that make thertesthigh temperatures. RFBGs are created in giegs.
First, the fiber is placed in a hydrogenation charrdt room temperature. Then the FBG is inscribaalthe
hydrogen-loaded optical fiber by laser. Finallye ffbers are subjected to an annealing processe r@si
tubular furnace. During this phase, as the temperancreases, the original FBGs are progressiedyaded
until full erasure and a new regenerated FBG (RFB@Gjeated. As a consequence of their production
process, RFBGs are extremely fragile and canneotdtalled unprotected in a structural element bsedoth
the environmental and mechanical external conditiwauld affect their durability and behavior. Therg
therefore protected by packaging, this being aiatetement of the sensor.

2.2 Description of the high temper ature sensors

The sensors developed by the authors and testhsiwork had three different packaging materitis

were metallic (henceforth Materials A and C) and oaramic (Material B). The sensors were placed thea
surface of two concrete specimens and fixed to tfRBG grating length was 0.5 cm and a wide rarige o
Bragg wavelengths\g) was employed to facilitate interpretation of ttega acquired by the sensors during the
test. Information on the six sensors tested (FO3AASO) is given in Table 1 and includes: the spenion



which the sensor was placed, packaging materidlttzs Bragg wavelength reflected by the sensdreat t
beginning of the test.

Note that different packaging materials were usetidke sensors with different properties (maximum
measurable temperatures, time the sensors carpbsezkto the maximum temperatures, mechanical
stiffness, cost and fragility) and therefore witfiatent potential applications. Due to the rigjdénd fragility
of Material B (ceramics), the length of the packagivas limited to 12 cm. Material C packaging wéssm
long, which facilitated its production and manigida. Further details of the sensors and their libgveent
can be found in [19].

3. Testing of thesensorsin afiretest

3.1 Experimental setup

Fiber optic sensors were installed close to thiasarof two concrete specimens that measured 0.50x0.1
m and were made of high resistance concrete watil Ebers. Sensors were installed according te#me
pattern: the distance of the sensors to theafigmnvalls was 30 cm, all the sensors were centerethorter
side of the specimens and the distance betwedngtsirface of each specimen and the sensors was
approximately 2 mmrThis vertical distance of 2 mm was chosen to ptheesensors outside of the gas
boundary layer, being this layer, the depth afifin the immediate vicinity of the specimens soefavhere
the effects of viscosity are significant and tenapares gradients take place; due to this gradiast,
temperatures within the boundary layer are sméii@n outside the boundary layer.

A metallic composite adhesive which keeps its beggiroperties up to 1093°C was used to fix themeans
and also served to provide small clearance betteesensing component of the sensor and the swfahe
specimen (see Figure 2).This decision was takewaa errors, as it is difficult to guarantee petfeontact
of sensor and concrete surface throughout theeetietit. Moreover, we consider more interestingeasure
gas temperature than surface temperatures beqaygas temperatures give an idea of the sizeedfird and
concrete surface temperatures can be easily ceddulaing gas temperatures as boundary conditowis(b)
estimating gas temperatures from concrete suréanpdratures would involve a complex iterative lyses.
Finally, it must be noted that two Type-k thermaggles measuring 2 x 0.8mm with isolated ceramicrfibe
cable were used to verify the behavior of the fityglic sensors. These thermocouples, which are thdiGa
and TC2 henceforth, were attached to the specimithghe same adhesive as the high temperatur@isens
and can be seen in Figure 2.

The sensors under study and the two concrete spesimiere subjected to a fire test in which the 83@-
standard fire curve was applied for one hour. Wiebe this to be the first time sensors have bedpested
to such rigorous testing, as previous work witlefibptic sensors for measuring gas temperatures tinel
conditions [9] had tested sensors under more fal@i@nditions: gas temperatures below 300 °C aradler
temperature increments. Figure 3 compares the tatypes of the 1ISO-834 curve with the gas tempegatu
curve used by Lénnermark et al.[9] and it can mngbat the ISO-834 fire curve conditions are mucine
severe.

The furnace used on the test is cubic in shape Witim long sides, with six gas burners distributkhg two
parallel sides of the chamber. Figure 4 shows dmerete specimens in the furnace previous to thddst.
Concrete specimens were placed on aerated cofoetes: (a) to facilitate sensor installation abyito
reduce temperature variations throughout the spa@@nsince the furnace temperature is more uniétnmid
height.

Temperature in the furnace is controlled by foatethermometers located inside the furnace charmber
plate thermometers were enumerated from left tot @gd from back to front. They are named PT1 td PT
henceforth. PTs were installed with their insuldtece facing the specimen. By doing so, the eaghdace



of the PTs received the same radiant heat flukespecimen and the PTs were not be affected by the
radiation of the specimen itself. Plate thermomsetee devices that receive a radiant heat fluXaino the
test specimens [20] and consequently the temperateasured by them, also called adiabatic temperasu
very appropriate for analyzing heat transfer phesarin structural elements submitted to fires.

The fiber optic monitoring system had beside of $hasors three additional components: a reading ani
cable network, and a data management system. Baéngeunit, also called the interrogator, provitight

for the fiber optic sensors, receives the refledigddt from the sensors and decodes and trangiéysmation

to the data acquisition system (a portable PC).dgteal sensing interrogator used (a Micron Opsice.25-

500) has a wavelength range of 1510-1590 nm and dptical channels. As six channels (one for each
sensor) were needed, a multiplexer Micron Optic84tm16 was used to expand the number of channels
from the interrogator. Micron Optics Enlight sergianalysis software [21] was used for data acdoisit
definition and visualization. Reflected spectrursp@nses and Bragg wavelengths were recorded every 4
seconds. The third order polynomial relationshipegi by Eq.(2) was used to transform the Bragg
wavelengths measured by the data management siygtetemperatures.

TA) =aA3+bA2+cA+d (2)

The coefficientsa, b, c andd in Eqg. 2 were calibrated experimentally for eaehser type using a Carbolite
MTF 12/38/40 furnace. This furnace guaranteed &otmi distribution of temperatures along the central
portion of the furnace, where the optic sensoratitermocouple were located. Temperatures wereased

in different steps from 10 °C to 1000 °C for sergpe A and up to 1100 °C for sensor types B andit@ach
temperature step, temperatures measured by theuplesoand Bragg wavelengths measured by the optic
sensor were recorded. These data where plottadyiaphic and then the Least Squares Method waktase
find a mathematical relationship expressing tentpeea as a function of Bragg wavelengths (Eq. 2e T
correlation coefficient was?R0.9998 for sensor Type A and 0.9999 for sensasyp and C. It is important
to highlight that the coefficients a, b, and d depen the initial wavelength, of the sensor. For example, for
a Ao value equal to 1557.255 the values of the coefiits are: a= 5.639xf0b= -265.6 ; c= 417,093.445; d=
-218,335,848. Those values are valid for a wavetenigexpressed in nanometers and a temperakure
expressed in Celsius degrees. Detailed informatimut the calibration process can be found in [19].

3.2 Numerical mode of thetest

A nonlinear heat transfer analysis model to obthm theoretical surface temperatures on both ctecre
specimens was developed with Abaqus software [M2%. model had a prismatic part of 10x10x50 cm (see
Figure 5) that was meshed with type DC3D8 heatstearelements, which are three dimensional eightno
linear heat transfer solid elements with one degfdeeedom per node. The maximum element sizelas
The FE model had 6171 nodes and 5000 solid elem@atgrete thermal properties and density werenddfi

as temperature-dependent according to Eurocodar2 12 [22] and considering that calcareous agges
were used to make the concrete.

Thermal loads were applied in two steps. The fitelp defined an initial temperature condition of th
specimen. A value of 12 °C was defined in agreenwth the temperature measured by the plate
thermometers at the beginning of the test. On #mored step the temperatures measured by the plate
thermometers were applied as thermal loads. To aossarface film condition and surface radiation
interactions were applied to the four exposed sedaf the concrete specimens. The convectivetiaeedfer
coefficient was defined as 25 WAK), the emissivity of the exposed surface was @efias 0.8 and the



emissivity of the fire as 1. Stephan Bolzmann camists 5.67 x10-8 W/fK*. These parameters of the heat
transfer problem were defined according to Eurochdeart 1-2 [23].

A different temperature curve was applied to eamtcrete specimen in the FEM defined by the temperat
measured by the plate thermometer nearest to @acmeen (PT2 for Specimen 1 and PT3 for Specimen 2)
Plate thermometer temperature-time curves are sirowigure 6.

4. Resultsand discussion

Figure 6 shows the adiabatic surface temperataseda the furnace measured by the plate thermosnater
well as the ISO 834 fire curve. The measuremer@at identical as they are influenced by the distaof

the thermometers from the burners, but the temperdime curves were reasonably close to the pireshbf
heating curve, PT4 presenting the largest divergené reduction of the temperature in all the csrise
shown around 2600 seconds after the beginning eftaébt, when the pressure inside the furnace became
stable.

Figure 7 a and 7b show the gas temperatures neghbyrthe sensors on Specimeir®S1, 3 and 5 and
thermocouple TC1) as well as the adiabatic temperatmeasurements of the plate thermometer near the
specimen (PT2). It also plots the theoretical terajpee on the surface of Specimen 1 obtained by¥Ee
model of the experiment (curve FEM1). Figure 8veh&pecimen 1 with its sensors at the end of #te te
The results show that:

 FOS1 and TC1 gave very similar measurements. Théma temperatures measured by FOS1 and
TC1 were 968 °C and 952 °C, respectively, whichesgnts a difference of 1.65% of the maximum
temperature measured by TC1.

» There were some discrepancies in sensor measuieatehe beginning of the test (see Figure 7b),
which can be attributed to small variations in $k@asors’ vertical positions and consequently
variations in their relative position to the gasibdary layer. Figures 7a and 7b also show that FOS
measurements have peaks and valleys, especialhgdbe first 300s of the test, which can be
attributed to the short FOS response time and nardue to any sensor noise. The response time
indicates the time the sensor takes to react tpaesmture variations; the shorter the responsettieme
faster the sensor registers temperature variations.

* 740 seconds after the beginning of the test, theae showed a fast rise in temperature due to the
set defined by the sensor and adhesive becomiagltsd from the concrete by concrete spalling, as
can be seen in Figure 8. This temperature incraetslly shows that the thickness of the gas
boundary layer was bigger than 2 mm and that cemealling brought the sensors to a final
position outside the gas boundary layer.

 FOS3 and 5 broke down after circa 1000s. It shbaldoted that they both stopped working at the
same time, which indicates a global failure andanlatcal sensor breakdown. After an inspection at
the end of the test, it seems that concrete spdtlioke the connections between FOS3 and FOS5
and the optical fibers connecting the sensorsdaltta acquisition system.

» The variation of the furnace temperature around2&@onds after the beginning of the test was
properly registered by the different FOS, as showfigure 7a.

Figure 7c and 7d plot the gas temperatures mehdyrthe sensors on Specime(F®©S2, 4 and 6 and
thermocouple TC2), the adiabatic temperatures meamnts of the plate thermometer near the specimen
(PT3) and the temperatures on the surface of Specthobtained with the FE model (curve FEM2). Feg@ir
shows Specimen 2 with its sensors at the end de#ieThe results show that:



« FOS2 and FOS6 behavior was excellent during thdeatiest. The maximum temperatures measured
were 990 °C by FOS2 and 957 °C by FOS6 at 3608enwhe sensors differed by only 3.3% of the
temperature as measured by FOS2. FOS4 stoppethgaifker 3156 seconds, when it was
recording temperatures of 940 °C. Failure was duxplosive spalling breaking the packaging
(Figure 9b) and leaving the RFBG exposed to thethaest environment. FOS2 recorded a
temperature of 948 °C at 3156 s, which differednfféOS2 by only 0.84% .

e Again, some discrepancies in the measurementsfoxene at the beginning of the test due to slight
variations in the vertical position of the sensamd also to a burner at 50cm over the specimen and
not symmetrically aligned with it. Peaks and vadleyso appear which can be attributed to the short
response of the FOS, with FOS2 and TC2 showinghlbetest response time.

* A fast temperature rise was registered by all #mesars after 600s, which can also be attributed to
detachment of the sensor-adhesive set from thacldy spalling and the placement of the sensors
in a final position which was outside the gas latamg layer.

« After 1070s, the temperatures measured by the E§i¢€ially FOS2) closely matched the
temperatures measured by PT3 and the FOS behattedthan thermocouple TC2. At 1070s, TC2
registered a temperature increase of 100 °C andurezhhigher temperatures than FOS until 2630s,
when the furnace temperature dropped due to idtpraasure stabilization. The reason for the
difference in the temperatures measured by TC2easeen in Fig. 9b, which shows Specimen 2 and
the sensors after the test, with the adhesive lkdethand split in two. This left the thermocouple
completely free to move and explains the variatioits measurements.

Finally, despite the conceptual difference betwgas temperatures measured by FOSs/TCs and adiabatic
temperatures measured by PTs, the values regidtgrad those sensors while FOSs and TCs were dmutsi
the gas boundary layer were similar. There arerg@sons that explain the similarity of those meamants.
First, the heat transfer process is dominated biatian and the measurement of the sensors withhmly
affected by this part of the heat transfer procassa consequence the difference of the measuremalhnhot

be affected significantly by the variation of theas of the sensors which mainly affect the comvedieat
transfer. On the other hand, the radiation emitiethe concrete specimens is of minor importaneepzsed

with the radiation of the flames and the furnacdlsyahus the measurements of FOSs and TCs that are
affected by the radiation of the concrete speciarenin the same order of magnitude as the measuoterog

the PTs that are insulated of the radiation ofcibrecrete specimen. On the other hand, temperategestered

by FOSs are higher than the specimen surface tampes calculated by the FEM, corroborating theaid
that the FOSs measure gas temperatures and natesugmperatures. As an example of the FEM results
Figure 10 shows the temperature distribution orctBpen 1 at the end of the test.

5. Conclusions

This paper describes a set of proposed new filtgr sensors based on RFBG technology for recordighy
temperatures for use in fire engineering as wetither fields such as power plants. The sensors placed
close to the surface of two concrete specimengestdd under the ISO 834 fire curve conditionsofue
hour. During the test the sensors measured tenoypesadf circa 970 °C and were directly subjectefthines
and high temperature increments (in the order 6f°%0min), similar to those in actual fire situaiso The
results obtained by the sensors were in good agneiewith those provided by thermocouples Moreotres,
comparison of the FOS temperatures with the sutiEro@eratures calculated by the numerical heasfiean
models confirms that the sensors were not in comtdl the specimens and that they did not meathaie
surface temperatures. The following additional ¢asions can be drawn:



(a) The gas temperatures provided by the sensors Wenteal by the distance between the sensors and

the surface of the host element. To measure ggsetatures it is necessary to guarantee that the
sensors are installed outside the gas boundary. [alge thickness of the boundary layer depends on
several factors such as the gas velocity and wdsrastimated during the installation of the sensors
At the beginning of the test the sensors were aqpiately 2 mm apart from the surface of the
specimens. After the detachment of the adhesieesehsors increased their distance from the surface
and consequently an increment on the temperatusasumed was registered which clearly shows that
the sensors were outside the boundary layer. T$tiante is therefore an important parameter to be
considered in future practical applications.

(b) Special care should be taken when the temperadurédse surface of the host element and not gas

(©)

temperatures are to be measured. In such cassertber should be completely in contact with the
surface of the host element and action shouldkentto prevent the detachment of the sensor from
the host element. Applications on concrete surface®specially challenging due to spalling and are
currently limited to cases where it can be reduwreslvoided. In this regard, the connection between
the sensors and the cable containing the optisat ionnecting the sensor to the data acquisition
system is the critical component of the monitosggtem. Additional research is required to define
how this connection can be made resistant to spalli

Fiber optic sensors with packaging A showed th¢ belsavior, as they were able to resist the harsh
conditions of the fire test and also showed thetssbresponse time. Due to their fragility, seasor
with packaging B should not be placed on the sertdaconcrete elements.

(d) Fiber optic high temperature sensors are competitith thermocouples, especially in cases in which

thermocouples would not be reliable due to thegires of electrical and/or magnetic interference, as
in the case of the tunnels and bridges over ete@iiways.

Finally, we consider that this work is an importatgp forward over previous research in which sensere
tested in electric furnaces under very controlleaditions or fiber optic sensors were subjecteshtch
lower temperatures. However, additional work i sggquired to implement a monitoring system inl@img
structures under real fire scenarios, as individpglications need a detailed implementation sardy

testing.
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Specimen| Packaging Aq (nm)
FOS1 1 A 1543.520
FOS2 2 A 1557.255
FOS3 1 B 1459.610
FOS4 2 B 1529.825
FOS5 1 C 1530.095
FOS6 2 C 1553.340

Table 1 Location and main features of the fiber optic sensorstested.
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Figure 1: Response to an incident light (green arrow) of a uniform Fiber Bragg Grating with period A.
Reflected light (blue arrow) and transmitted light (purple arrow).



Figure 2. Sensor layout: a) Sensors on Specimen 1: Thermocouple TC1 and fiber optic temperature sensors
FOS1, FOS3 and FOS5; b) Sensors on Specimen 2: Thermocouple TC2 and fiber optic temperature sensors
FOS2, FOS4 and FOS6.
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Figure 3. Comparison of the ISO 834 fire curve applied in the present study and fire curve applied by

Lonnermark et al. [9].
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Figure 4. Furnace front view. Position of the burners on the right wall of the furnace, plate thermometers
(PT1 to PT4), aerated concrete blocks and concrete specimen (Specimens 1 and 2).



- Surfaces exposed to fire load

- Surfaces non exposed to fire load

ions of the model and the mesh. b) Surfaces

a) Dimens

General view of the heat transfer model:

Figure 5

exposed and non-exposed to fire load.
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Figure 6: Temperature inside the furnace measured by the plate thermometers and theoretical ISO 834 fire

curve
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Figure 7: Time-Temperature curves. Temperature measurements given by fiber optic sensors (FOS),
thermocouples (TC) and plate thermometers (PT). Theoretical surface temperatures from FEMs are also
plotted. a) Specimen 1, b) Specimenl zoom, c¢) Specimen 2, d) Specimen 2 zoom.



Figure 8: Specimen 1 after the test. a) Final position of the sensors, general view. b) Spalling near the joint
between the sensors and the fiber optic cable, lateral view.



Figure 9: Specimen 2 after the test. a) Final position of the sensors, upper view, b) Spalling and concrete
detachment near FOS4
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Figure 10: Temperatures in Specimen 1 at the end of the fire test (after 3600 seconds) given by the heat
transfer FEM. The results in Specimen 2 are very similar.



