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Abstract

Fire resistance is one of the most important factor consider in the design of buildings
constructed from thin-walled cold-formed steel me. The efficiency of fire protection
systems, and the stability of structural cold-fodns¢éeel studs are significantly controlled by the
wall sheathing. Although gypsum wallboards are veoynmon, other sheathing alternatives
exist. This paper studiesthe fire resistance afJoaaring cold-formed steel walls sheathed with
magnesium oxide and ferrocement boards. The pasbiickling strength of cold-formed steel
members is investigated experimentally and numiéyic@heathed lipped channel sections were
initially exposed to fire, reaching temperatureghieir than57%C. Then, after cooling down, the
studs were subjected to compressive loads untiiréai The mechanical properties of cold-
formed steel were determined after the materiairned to ambient temperature, and compared
with nominal values. Several member lengths wersicered to account for local, distortional,
and interacting local and distortional buckling reedA parametric study based on nonlinear
finite element simulations is presented. Computaiiomodels include measured geometric
imperfections and temperature-dependent mechapiogkerties of steel. Results are compared
against current design rules. This research aimdetaonstrate that fire performance-based
design is feasible for cold-formed steel walls withgnesium oxide or ferrocement sheathing.

1. Introduction

Recently, using of cold formed steel (CFS) sectionisuilding constructions have shown rapid
growth due to their lightness, high strength aifthstss, fast and easy erection. In building uses,
the most common section is the simple lipped chiaseetion. Inaddition, load-bearing wall
panel system is the mostly used system in congtigustich buildings. In this system, the vertical
loads are transferred from horizontal joists taesef vertical studs; while lateral loads are
resisted either by shear panels or X-bracing systefine condition, steel loses its strength and
experienced large amount of deformations. Conselyyénis important to protect steel against
fire.
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Generally, fire rating is defined fora wall or floassembly that consists of cold-formed elements
sheathed with insulating boards, and itindicates #mount of timethe assembly canhelp
maintaining the structural integrity of the buildiduring fire.Several researches have studied the
mechanical properties and structural behavior ¢d-éarmed sections at elevated temperature.
Ranawaka et al. (2009) developed equations to atithe yield strength and elasticity modulus
of CFS at elevated temperatures. Kankanamge €Qd1) concluded that the steel grade has a
considerable effect on the yield stress reductioslevated temperatures. Wei and Jihong(2012)
extended the work to evaluate the material progertf 1-mm-thick G550 CFS at elevated
temperatures.

Feng et al. (2003)presentedtheresultsofanumeneakstigationoftheaxialstrengthof cold-formed
thin-walledchannelsections(columns) under non-umfdiigh temperatures in fire. Chen and
Young (2007) showed that the column strengths ptediusing finite element analysis are
generally in good agreement with the test resuttsn@mal room and elevated uniform
temperatures, when the reduced material propesti€S at elevated temperatures were used.
Ranawaka and Mahendran (2009) presented an expeaimevestigation of light gauge CFS
compression members subject to distortional bugklat ambient and uniform elevated
temperatures. Shahbazian et al.(2011, 2012) coedludat the DSM local and distortional
buckling curves were applicable to columns withfarm temperature distributions in the cross-
section. Batista and Schafer (2013) explored thstiel stability of concentrically loaded lipped
channel cold-formed member subjected to non-uniftemperature distributions. They found
that buckling loads decrease with increasing teatpe®, and rate of degradation varies
according to the fire scenario. For the design &SGstuds with non-uniform temperature
distributions and mechanical properties varyinghi@ cross-section, Batista and Schafer (2014)
recommendedthe use of current DSM equations withpéeature-dependent mechanical
properties, and the squash load computed as tldeigirof cross-sectional area and the minimum
Fy in the cross-section, similar to first yield methfor beam design.

Researches have also been extended to exploreghsefformance of CFSassemblies. Feng et
al. (2003) found that the shape of the cross-sectaes not have a critical effect on temperature
distributions in a steel stud panel system. Ferdy\&fang (2005) presented the results of eight
tests on loaded full-scale cold-formed thin-wallgdel structural panels. They found that, at
ambient temperature, failure was due to local bogkhround the top service hole while,under
fire condition, the main failure mode was overalkdil-torsional buckling about the major
axis. Batista et al. (2014) provides a comprehenassessment of the current knowledge on the
fire performance of CFS, and highlights the needstofdlying the post-fire behavior of CFS
systems to enable performance-based fire design.

After fire has finished, structural engineers dveags eager to know the structural efficiency of
the light steel frame buildings. To answer this gjiom the post-fire condition has to be
studied.Recently, Gunalan and Mahendran (2014)ddbat the post-fire mechanical properties
of CFS are reduced below the original ambient teatpee mechanical properties if they had
been exposed to temperatures exceedin§G@BMbreover, they found that CFS columns were
able to regain 90% of their original distortionaldkling capacities if the exposed temperature
was below 50%C.Inaddition, the reduction in the ultimate capaditllowed a similar trend to
that of yield strength.



Current design codes seem to provide reasonablepoad of the residual compression
capacities when the reduced post-fire mechaniagpesties are used. This paper is aiming to
explore the fire rating of wall assembliessheatkath magnesium oxide and ferrocement
boards. The post-fire axial strength of the lippbdnnel CFSstuds has been investigated. The
considered studs have several overall member sleeskeratios to study failure modes.

2. Fire Resistance Tests of Cold-Formed Sections Walls

Two fire resistance tests were carried out on loearing walls assembly. The outer dimensions
of the walls are 3020mm wide by 2720 mm height. I8¢ahsisted of lipped-channel vertical
studs, and were covered on both sides with 10muok thiheets of Magnesium oxide boards
(MOB) or Ferrocement boards(FCB). The cross-seatiotihe members studied has dimensions
shown in Fig. 1. The ambient temperatures at the: of the test were 28 and 38C for MOB
and FCBboards, respectively. The furnace temperatas increased according to the time-
temperature relationship defined in ASTM E-119. t$esere performed in theHousing and
Building National Research Center (HBRC), Fire Liatory. Recorded time-temperature curves
are provided in Fig. 2.

B =85 mm Sheeting layer
i (Magnisium Oxide /Ferro-Cement)
I D= 35 mn
H =150 mm t=1.5mm
I Wall Studs
a) Stud cross section b)Wall assembly

Figure 1: Fire-resistance test samples

Several crackswere observed in the unexposed suofathie MOB wall after 40 minutes of fire
exposure (Fig. 3.). However, no cracks were obskateany location on the unexposed surface
of FCB, butbuckling waves were developed at diffiéngositions during the test. The wall fire
rating is defined as the period after which thera wide crack occurrence thatallows the passage
of hot gases able to ignite a cotton waste placedhe unexposed side of the wall; and the
amount of time until the transmission of heat tlglothe fire test assembly is enough to raise the
temperature on the unexposed surface more thanC18Bdve the initial temperature. These
conditions happened in the MOB, and FCB after S0utais, and 58 minutes, respectively.
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Figure 2: Time-temperature curves of the furnack@RS studs
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Figure 3: Exposed and unexposed surfaces of wiadisfae test

The fire testswere allowed to continue until therage temperature of the steel reached?®38
to determine the response of CFS against fire. @EBbers reached this temperature after 58

minutes, and 78 minutes in the MOB, and FCB, retbsy.



3. Post Fire Strength of Walls Studs

After the fire tests were finished, the walls wegf to cool down atambient temperature. Then,
the vertical CFS studs were tested individually emexial compressive loads to find their
residual axial capacity after being exposed to f{ice. post-fire case).Studs were cut into
different lengths to study different failure mode&sur lengths were considered which are equal
to 800, 1200, 1900, and 2700mm. Consequently, tnealized overall slenderness ratias,=
JF./F,, of the tested studs about minor axis ranged fdo#rto 1.3.Seven tests were conducted
for the post-fire case. Inaddition, two tests wawee for studs that were not subjected to fire (i.e
pre-fire case). These specimens had lengths of 80Gand 1200mm.All the tested specimens
dimensions are listed in table 2.

3.1 Mechanical Properties

The mechanical properties of the CFSused in thigcaéstuds were determined before and after
exposed to fire. The dimensions of the coupons taedtest procedures were based on the
ASTM-A370 specification. Specimens werecut in tlwnditudinal directions of the CFS
sheets.Three specimens were taken from studs iM@# wall, while two specimens werecut
from FCB wall. Inaddition, two specimens were aunfi studs that were not subjected to fire
(i.e. pre-fire case). Fig. 4illustrates the locatiand nomenclatureforthe specimens. Thickness
and widths of the specimens were measured by Higékper with accuracy of 0.01 mm.
Measurements were done three times at differerdtitots for each sample. Specimens were
aligned in the test machine, and tensioned at stantrate of 1.0mm/min.

Fig. 5 shows the stress-strain curves of the testmgbons. Young's modulus “E” was
determined from the slope of the initial linear tpaf the curve, while yield stresses was
determined using 0.2% proof stress method. Thdtsestithe coupons tests are summarized in
Table 1. The average yield stresses and Young'sulasdf specimens at ambient temperature
are 344 MPa, and 200 GPa, respectively. Resulteeopost-fire tests showed that there is no
much loss in the Young's modulus “E” after heatihgwever, the yield stresses are reduced by
about 25%. Gunalan and Mahendran (2014) develomst af equations that predict the post-
fire mechanical properties of low and high-gradeSCFhese equations are a function of the
temperature. The reduction factors of Young's mosgnd the yield stresses according to these
equations are also listed in table 1. It is cléet the measured values lay in the range that is
defined by these equations.

MFC FFC
MW
MOB ey (FCB) FFH

Heat Direction Heat Direction

a) Tensile coupons locations b)rensile coupons after test
4: Tensile coupon specimens.
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Table 1: Tensile Coupons Test Results

Young’s modulus, E Yield Stresses, F
(ET/E)e n.
Specimen (o-g) Measured i Measured EE (F/Fy)ean.
values (GPa) " Low High values (MPa) ety Low High
Grade Grade Grade Grade
Pre-Fire1 30 210 1.00 - e 350 1.00 —- e
Pre-Fire2 30 205 1.00 - - 338 1.00 - e
MFH 640 178 0.86 1 0.91 248 0.72 0.851 0.406
FFH 600 186 0.89 1 0.92 246 0.71 0.861 0.42
MW 580 190 0.91 1 0.93 255 0.74 0.865 0.45
MFC 580 200 0.96 1 0.93 258 0.75 0.865 0.45
FFC 560 210 1.01 1 0.94 262 0.76 0.87 0.5

Note: (E/E)egnand (RFy)eqn values are based onGunalan and Mahendran (2014atéans

3.2 Geometric Imperfections

Geometric imperfections of the component platemiiog the sections were measured by survey
leveling of the specimens to an accuracy of 0.0lp@mreading. All component plates of the
specimens were divided into grids consisting oé¢hequally spaced lines on each flange and
three on the web. These led to 10 lines to meath@emperfections across the section, as
depicted in Fig.6. Seven equally spaced crossesectvere taken along the specimen. The
specimens were placed on a nearly horizontal tétdénation of the table between the start and
the end of the specimens was determined and eliedrfeom the readings.Local imperfections,
0., demonstrate the out of flatness in the plate elemforming the section, and it is calculated
by subtracting the readings taken at the middlatsdrom the average of the readings at the two
end points of each plate elements. However, distalt imperfectionsdy, reflect the translation

of one plate end with respect to the other end.
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Figure 6: Geometric imperfections

Due to exposure to high temperature, the speciragpsrienced thermal deformations.This led
to large values of geometric imperfections.Resultécated that the average local imperfections,
o, are0.8t and 1.8t for the flanges and web, resdygt However, the average distortional

imperfections are 2.8t in the flanges, and 1.6the web. In addition, the average overall
geometric imperfectiongy, about major and minor axis are L/1400 and L/886pectively.

3.3 Test Setup

Specimens weretested vertically in a 500t capaeg&iing machine as shown in Fig. 7. Two thick
plates with thickness of 15 mm were connected atethds of each specimen. Cold-formed
sections with dimensions smaller than that of thgimmal stud were welded to the head plate, and
then bolted to the CFS stud. The thickness of tleestionswas 5mm(see Fig.7). The load
wasapplied to the specimens through hinges platedgroove made to thick end plates. These
end conditions allow rotation about strong and wesdis, while preventing horizontal
displacement of the specimen. Moreover, the preseoic head plates prevents warping
deformations of the specimen end-sections.

Specimens were aligned in the machine so thabtwslwere applied through the centroid of the
section. The shift of the point of applied loadnfrthe section centroid was measured before test.
Lateral displacements of the specimens were mehdhwreugh linear variable displacement
transducers (LVDT) with accuracy of 0.01 mm. Theam&ed points were the flange-lip
juncture points as well as the web central poifitese points were located at the mid-height
section of the studs. The LVDT readings were ctdiéausing a data acquisition system. An
arbitrary increment of load equal to 5kN was appliend then the load was held constant until
stable readings were recorded. This procedure e@sated for each additional load increment
until excessive deflection was observed without &rgrease in the applied load. Thus, the
ultimate load was achieved.

The applied load, P, was normalized with respe¢héosquash load of the cross section at the
original ambient temperature (i.e,  A*Fy, with F, = 340 MPa). The normalized ratios (p)/P
have been plotted against the lateral displacenwritse three points at the mid-height section
of specimens L120, and FL120-2 in Fig. 8. In additithe horizontal displacements of the web
central point were plotted as a function of thenmalized ratios of PARNn Fig. 9 for all the tested
samples. The measured dimensions of the testedrspeand test results are listed in Table 2.
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For the pre-fire samples, the failure mode obsemved distortional buckling of the flanges.
However, for short specimen (i.e. L=800mm) thereeasdight local buckling waves in the web
in conjunction with the distortional movement oktHanges. In the early stages of loading,
there were slight displacementsof the flanges aeb. when, as soon as the sectional buckling
occurred, there was a significant increase of tireztintal displacements of the flanges and web
(Fig. 9). Moreover, the flanges rotated toward Web quite symmetrically about the vertical
axis of the specimens. Similarly, the failure modéthe post-fire short length specimens (i.e. L
= 800, 1200 mm) were characterized by distortidnatkling of the flanges. However, there
were unsymmetrical movements of the flanges abwaitvertical axisdue to the change of the
mechanical properties across the cross sectios.i$ltiearly shown in Fig. 8. The failure modes
of specimens L120, and FL120-2 are depicted in Fig.and Fig. 12, respectively. Moreover,
the post-fire ultimate loads of short specimens2&8 lower than the ambient ultimate loads.

The long specimens showed overall bending defoomatiabout the section minor axis;
therefore, the load-displacement relationshipseased continually up to failure. The failure

mode of specimen ML270 was overall flexural-torsibnuckling associated with local buckling
waves in the web and flanges, see Fig. 13.
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Figure 9: Load-horizontal displacement of the t@sjgecimens web central point.
Table 2: Test specimen dimensions and results
Specimen Board L Measured Dimensions (mm) Experimental FEM
Name Name (mm) ; 5 5 . P, P, Per Per Py P,
(KN) p (KN) p  (KN) p
L80 - 800 1495 84.7 266 165 152 0.73 89 304155 0.74
L120 - 1200 150.3 85.6 275 172 150 0.72 93 .450 151 0.73

FL80 FCB 800 149.3 85.1 274 165 119 0.57 77 0.3120 0.57

ML120 MOB 1200 148.8 84.8 28.1 1.73 110 0.52 86 10.4122 0.58

FL120-1 FCB 1200 1509 83.3 26.6 1.66 103 0.49 86 .410 122 0.58
FL120-2 FCB 1200 150.6 834 266 1.75 113 0.54 86 .410 122 0.58
ML190 MOB 1900 149.4  84.7 275 1.73 103 0.49 81 90.3116 0.55
FL190 FCB 1900 150.6 84.6 271 173 103 0.49 81 90.3116 0.55
ML270 MOB 2700 150.1 84.9 275 1.75 93 0.44 44 0.21103 0.49

Note, Ris the pre fire squash loads of the cross section



3.4 Numerical Finite Element Model

A nonlinear finite element model was developed I@SMOS/M to simulate the tested
specimens. The full length of the specimens waseateddso that the axis of the specimen
coincides with the vertical Y-axis while the latedéssplacements lie in the X-Z plane as shown
in Fig. 10. Four-nodeisoparametric shell elemeh&d(s4T) that allow for both geometric and
material nonlinearitieswere used. The mesh demsitychosen such that the element aspect ratio
on average equaled one. The four corner pointbeatwo end sections were prevented from
horizontal translation along X and Z directions.atle were applied at one end through the
centroid of the specimens. The loading point wa® gdrevented from horizontal translation
along X and Z directions; however, the correspogdgiaint on the other end was prevented from
translation along X,Y, and Z directions. End platgth thickness 20 mm were added at both
ends of the model.

For the pre-fire case, the yield stresses and Yomgidulus “E” are taken equal to 340 MPa, and
200 GPa; respectively. However, for the post-fisses, the mechanical properties were varied
across the cross-section with the pattern showirign 10. This was based on the values
calculated in sec 2.2. It was assumed that thgélamd the lip as well as portion of the web with
width equal to the lip width have the same propsrtHowever, the middle part of the web will
have slightly different properties. The materiah&@orwas assumed to be elastic-perfectly
plastic obeying von Mises yield criterion. Overgdlometric imperfections were included in the
model by assuming the member bent about the miisrim a half sine wave. Two imperfection
values equal to L/1000 and L/500 are assumed. Meredlange distortional imperfectionswere
also considered in addition to the overall impdréets. Valuesof distortional imperfections were
taken equal to 3t. The load was increased accotdirggpre-defined time curve using the load
control technique.

The experimental load versus lateral displacemeintise web central point at mid height section
curves are plotted together with those obtaineunh fitwe finite element model. These relations are
shown in Fig. 11, Fig. 12, and Fig. 13 for specimét20, FL120-2, and ML270, respectively.
The overall imperfections value “L/500” was appliadwo directions. The first direction causes
compression on the lip, while the second directianses compression on the web.

Figures show that the increase of the overall géecnienperfections leads to excessive overall
deformations and slight decrease in the ultimasgldo When the overall imperfection increases
from L/1000 to L/500 the ratio /P, for specimen L120 decreases from 0.74 to 0.67il&iym

this ratio for specimen FL120-2 changes from 0%9.66. Moreover, for specimens L120, and
FL120-2, when the overall imperfection is appliadhe direction that causes compression in the
lip, the failure mode is distortional buckling, atie flanges move toward the web. On the other
hand, the failure mode changes to local bucklinthefweb, and the flanges move out of the web
when the mode of imperfection causes compressidimeinveb. In addition, the ultimate loads in
the second case are slightly higher than the cédmms Wps are in compression. The numerical
and experimental failure modes of specimens L12@, BL120-2 are depicted in Fig. 11 and
Fig.12, respectively. Failure mode of long specimdh270 is overall flexural-torsional
buckling, see Fig.13. Numerical ultimate loads atabtic buckling loads of the specimens are
listed in Table 2. In general, there is good ages@nbetween numerical and experimental
results.

10
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4. Comparison with Design Codes

The experimental ultimate loads of the studswere compared against predictions from design
rules of the Direct Strength MethoDSM’ by Schafer (2002),as well as #i&l-2012quations.
DSM requires the calculation of the elastic criticgal and distortional buckling stresses. These
values were determined using CUFSM computer progilanfISI-2012 the capacity of the
columns is calculated as the product of the crestian effective area, Aand the maximum
stress, k The later will be the minimum of the yield stresor flexural buckling stresses, which
is determined using the full section properties.

12



The signature elastic buckling curve of the studisxbs section is shown in Fig. 14 for the pre-
fire and post-fire cases. The vertical axis represéhe normalized ratios ot /Py, where R is

the squash loads of the pre-fire case. Notice tbed umaterial properties werebased on
experimental results. Further, for the post-fireeggahe variation of the mechanical properties
across the cross-section shown in Fig.10wasdefimékle finite strip model. Resultsreveal that
there is slight drop in the critical local and disional buckling loads since the local and
distortional loads are decreased by 8%, and 9%eaotisely. This can also be conclude from
results in table 2, since the variation in elabtickling loads between the pre-fire and post fire
cases is only 10%. Moreover, there is no differandbe buckling mode shapes.
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Figure 14: Elastic buckling loads of the CFS studs
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The design loads calculated according to DSM Aitf8l-2012 are plotted as function of the
normalized slenderness ratid, =,/F,/F, in Fig.15. Note that, &is overall elastic buckling
stresses, and, ks yield stresses that corresponds to the predfifgost fire cases. Inaddition, the
distortional buckling strength, & has been included lISI-2012as limiting strength of lipped
channel cross-section columns (provision C4.2). paeial safety factorgj: and @, werenot
included when calculating the design loads. Thiefialement model wasused to determine the
ultimate loads of columns with larger overall slentkss ratios. These results are also added to
the figure. It is clear that both DSM and AlSI-20d&onservatively predict the ultimate loads.
However, the AISI-2012 gives results a slightlyltegthan DSM. It is interesting that short and
intermediate slender columns lose 25% of theirnaljcapacity when they cool down after fire.
However, slender column3£ 1.5) where failure is mainly overall buckling theduction in
strength become 15%. This illustratesthatthe faikfrlong columns mainly depends on Young's
modulus “E”, which is not greatly changed aftee ftompared with the yield stresses.

5. Conclusions

The post-fire axial strengths of lipped channelddormed sections have been studied
experimentally. First, tensile coupons results a#that there is no much loss in the Young's
modulus “E” from the original ambient temperaturaglues. However, the yield stresses are
reduced by about 25%. Before tests are carriedh@uspecimens geometric imperfections were
measured. Due to the thermal expansions during thee specimens developedhigh levels of
imperfections.The post-fire specimens failure madegecharacterized by distortional buckling
of the flanges for short columns, and overall fi@uorsional buckling associated with local
buckling waves in the web and flanges for long nuigs.Moreover, the specimens have been
modeled numerically using nonlinear finite elemamddel.Numerical results reveal that when
the overall imperfection is applied in the direatithat causes compression in the lip, the failure
modes are distortional bucklingof the flanges. @& other hand, the failure mode changes to
local buckling of the web when the imperfection mochuses compression in the web. In
addition, the ultimate loads in the second caseslaghtly higher than the case when lips are in
compression.Both, the experimental and numericalltg indicate that short and intermediate
slendercolumns lose about 25% of theiroriginal foadying capacity when they cool down
after fire. However, for slender columngX 1.5), the reduction in strength becomesonly 15%.
Finally, results are compared with the predictecersgth of AISI-2012 and the DSM
Comparison showed that the design specificationsewatively predict the ultimate loads.
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