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INEPIAHWH

H mapovoa epyacia Slepguva T CUUTEPLPOPA TWV CVYXPOVWY CUOTNUATWY ENpag Séunong oe
ouvOnkeg mupkaylds. Ta cvotipata &npdag Sounong amoteAovvtal cuviBwg amd @Epovta
HeTaAAKA otolxela Puxpng élaong, eEwtepikn emevéuon amd yvooavideg 1| Tolpevtooavides
Kol evSlapeon Bepuikn povwon amd metpofapfaka, varoBauBaka 1} AAAx OEPUOUOVWTIKA VAKA.
Ta TAEOVEKTUATA QUTWV TWV CUOTNHATWY EVaVTL TwV cVpUBatikwy pneBddwv §6unong sivat 1
HEYAAN gveAlEiat TOUG 0TO OXESLAOUO, 1) EVEPYELAKI] ATOSOTIKOTNTA TOUS KABWG KoL 1 LEYAAT
ToXOTNTA KAL TO HKPOTEPO KOGTOG KATAOKELNG. XNV Tapovoa epyacia peAetiOnkav téooepig
TAPUAAQAYEG TETOLWY GUOTNHATWY HE povi 1 StmAn yuPooavida, pe 1 xwpis Bepuikn povwon.
Xpnoipomombnke xdAvBag motdtntag S320GD+Z kat peAn Statopng C pe xeldn xat Vo Stapnketg
VEUPWOELG 0TOV KOpUO. Agpokap@a cuvdéouv TG yuyooavides pe Ta HETAAAKAE OTOLXElR, T
omola eEao@aAifovv TapaAAnAa to Avylopo mepi Tov acBevr déova ¢ Statopr Twv oTvAwyv. H
TUTIOTIONUEVT] KAUTIVAT TIUPKAYLAS TTov TpoBAémeTal oto mpdtumo ISO 834 emPBdAdetal otn pia
oYn Tou TOlYou, TPOKEWWEVOU VA TIPOCOHOLWOOUV KATAAANAQ Ol OUVONKEG TUPKAYLAS,

TPOKAAWVTOG £TOL AVOLOLOLOP@T] KaTavoun Bepluokpaciag Katd HnKog tng SLToun.

To Aoyopikd ANSYS xpnoipomomfnke yiax Tov mpocssloplopd g BEpUOKPACLAKTG KATAVOUNG OE
Sodldotato TepBdAOV  TpocopoLwVOVTAS O0AOKANPO TO ocvotnua Yuvlooavida-povwaon-
HETOAAKA oTolxela. Ot BEpIIKES KAl UNYAVIKES IBLOTNTEG TWV VAIK®V €KQOPATOVTUL GCUVAPTHOEL
™m¢ Beppokpaciag Toug, PACEL TPOCEATWY EPEVVITIKMOV ATOTEAECUATWY, EVM Yl TO XAAuBa
Mebnkav oOppwva pe tig TpofAéPels tov Evpwkwdika 3, pépog 1.2. Ta amoteAéopata NG
AVEAUGTG LETAPOPAS BEPUOTNTAS ELGNXONCAV OTO TPOYPAUUA TIETEPATUEVWY oTOLXEIWV ADINA,
WOTE VA KATACTPWHOUV 0l KAUTUAEG ATOUEIWONG TNG PEPOVOAG LKAVOTNTAG CUVAPTIOEL TG
Bepuokpaciag 1/xat Tou xpovou. To medio Tov xpdvou XpnoLUeVEL YA TOV TPOGSLOPLOUO TOU

Seiktn mupavtiotaons Twv otoleiwv Kot oflomoleital yla mapatnproels ot emimedo



oxedlacpov. AvtifETwe, amd to medio ¢ Beppokpaciag eEdyovtal Ta Bacikd CUUTEPAGUATA TNG
OTATIKNG CUUTIEPLPOPAS TWV PHEAWV, TA 0TIl ATIOPPEOLVVY ATIO T TOKiAx peyeln Beppokpaciog

mov SVvartal va alomonBovy, dTw pueylotn Beppokpaocia, péon Beppokpacia KTA.

T Tov pocdloplopd Twv Kpioluwv @opTiwv Avylopol otoug 0pBooTATES, TTpayuaToTomonke
YPOUULKY] avdAvoT AUyLopoU 6Tto AoyLouko Temepacpévwy otolxeiwv ADINA. Ta amotedéopata
avta emPefatwbnkav amd avtiotoyyn ypapulkry avdivon Avylopoy pe ™ uéBodo Twv
MEMEPATUEVWV AwPISwVv oL VAoTomBnke oto Tpoypappa CUFSM. Ta oxpuata Twv ISLopop@myv
AVYLOHOU XPTOLUOTIOMONKAV WG APYIKEG YEWUETPIKEG ATEAELEG, YL TNV EKTEAEOT] U1 YPUUUIKDOV
avaAvcewv yewpetpiag kat VAkov (GMNIA) vmd v emiSpaon afovikov BATTIKOU opTiov
£@apUOlOUEVO OTO KEVTPO BAPOUG TNG APXLKNG SLaTOUNG, TOCO E EAEYX0 LETATOTILONG OGO KOl U
éleyxo Svvaune. Katd ) Swadikacia emidvong €ywve xpnomn twv aAyopibuwv Newton-Raphson
kat Arc-Length yw emBeBaiwon twv amotedsopdtwy. ‘Emeita, ta aplOunTikd amoteAéopata
ovykpiBnkav pe TG TPOPAEYELS KavoVIoTIKWV PeBOSwY, OTIwG elval N evardaktiky péBodog
“"Direct Strength” mov mpoteivel 0 ApepLkdvikog Kavoviopog kat 1 péBodog "Evepyou mAdTovg, 1)

omola mpoteivetal otov Eupwkwdika 3, uépog 1.3, mepl pedwv Puxpns eEAdoews.

Ot avaAVoELS TV HETOAAAK®VY 0pBOCTATWV VIO GUVONKEG TTUPKAYLAG TIPAY LOTOTIO | BNKAV TOCO
yla opolopop@n Bepuokpaacia, evtog g Statouns, 460 Kat yia TI§ Katavopés Beppokpaciag mou
TpoékuPav amo TI§ avaAVOELS HETAPOPAS BEPUOTNTAG TWV TEGOAPWY CUOTUATWY TOlYoL ENpag
Sdounong. H Bepuokpacia katd pkog Tov péAovg Bewpnbnke otabepn) o€ 0AeG TI§ TTepIMTWOELG. O
TPOoSLopLopdG Tov pLBUOY ATOUEIWONG TNG AVTOXNG EYIVE UE UM YPAUUIKEG avaAvoelg GMNIA
otabepov afovikov @optiov Kat otadlakd aviavopevng Beppokpaciag (transient-state) 6co kol
otabepng Beppokpaociag kal otadiaka aviavopuevou @optiou (steady-state). Emimpoobeta,
Stapopewbnkav Saypaupata aAAnAemtipaong afovikng SVVAUNG-POTNG KAUYPMG UTIO TPLYWVIKO
KOl OOLOUOPPO SLAYPAUUA POTING YIX SLAPOPES TIUEG OLOLOHOP PTG BEPUOKPAGIAG HEAOUG.

Ta amotedéopata TV aplOPnTIKOV avaAVoewy EMBERALOVOVTAL HE OVOAUTIKOUG KoL TL-
aVOAUTIKOUG UTIOAOYLopoUG Baoel g peBddov touv Evpwkwdika 3 kot tng direct strength
avtiotoya. O Eupwkwdikag 3 egetactnke cOppwva pe tn pebodooyia mov mpoteivetal oto EN
1993-1-2, 600 Kat pag Tpomomompuévns uedo68ov mou Tpoteivetatl oty Stebvr) BLAoypapia kat
Baoiletal oto mpdtumo EN 1993-1-3 Xp1oIUOTIOLOVTAG OHWG ATIOUELWUEVEG TIUEG UNXOAVIKWOV
Wl Twv Tou XdAvBa v kabe e€etaldpevn Beppokpacia. Opoiwg gAgyxbnke, wg pla GAAn
Tpocéyylon, N e@apuoyn ¢ pebodov direct strength yix to oxediaopd peAwv oe cuvOnkeg
TIUPKAYLAG LLE XPT)OT] ATTOUELWUEVWV TILWV UNXOVIKOV BLOTTWV Yo kaBe atddun Beppokpaociag.
Télog, yia Tnv e€étaon ™G mapadoxns touv Evpwkwdika, mepl xpnoews TG HEYLOTNG
Bepuokpaciag TG SlATOUNG Of TEPIMTWON AVOUOLOHOPPNG KATAVOUNG, OCUYKPIBNKav Ta
ATOTEALCUATA TWV APOUNTIK®OV avaADoEwV UE OpOLOHOP@N BOgpuokpacia HE OUTAE TOU
TpoékuPiav yix v avopoldpop@n Beppokpacio kat Tpoékuray XprioLa CUUTEPAOUATA YLX TO
OXESLONO PETAAAK®WV HEA®VY EVAVTL TUPKAYLAG UE BAOT TIG AVOAUTIKEG KOl MUL-QVOAUTIKEG

HeBOS0LG TWV KAVOVIOUWDV.
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ABSTRACT

This study investigates the structural behavior of modern load-bearing drywall formations under
fire conditions. Drywall systems comprise load bearing cold-formed steel members sheathed in
gypsum or cement boards and may additionally include thermal insulation placed in the cavities
forming between the wallboards and the steel studs. These systems provide high design
flexibility, energy efficiency, low cost and short installation time. Four different drywall
configurations were considered with single or double plasterboards layers, with or without
mineral wool as cavity insulation. The studs are made of steel S320GD+Z and have lipped channel
sections with two web stiffeners. The plasterboards are attached to the studs using ballistic nails
which additionally prevent minor axis buckling of the steel members. The standard ISO 834 fire
curve is imposed at the inner wall face in order to simulate the fire conditions and non-uniform

temperature distribution which is expected to occur across the member.

ANSYS CFX is used in a 2D finite element environment to derive proper temperature profiles
across the investigated sections by modeling the whole plasterboard-insulation-stud system. For
each material, temperature dependent thermal and mechanical property models are
incorporated. Specifically, Eurocode 3 part 1.2 is utilized for the diminishing properties of steel
and state of the art models proposed by recent researches are considered for the plasterboards
and the mineral wool. The results of the thermal analysis were used to feed the finite element
software ADINA in order to generate diminishing curves corresponding to bearing capacity
deterioration as a function of time and/or temperature. Results in time domains are used to
present a solution regarding the fire resistance rating of the four drywall assemblies considered.
On the other hand, temperature domains are employed to display and compare the structural
performance of the specimens in terms of various temperature aspects, such as maximum cross-

sectional temperature, average temperature etc.



The finite element method is utilized by ADINA to perform linearized buckling analysis in order
to determine the elastic buckling loads of the studs. These results are cross-validated using the
freely available software CUFSM that incorporates the finite strip method in its solution process.
Mesh refinements were examined in both programs in order to extrapolate the most efficient
solutions in terms of both precision and computational effort. The shapes of the elastic buckling
modes were used as initial geometric imperfections during the execution of geometric and
material non-linear analyses with initial geometric imperfections in order to determine the most
unfavorable mode-imperfection combination at ambient temperature conditions. In each case,
the stud was strained by a vertical concentric compressive action, placed at the gravity center of
the gross cross-section, under both load-control and displacement-control situations; Newton-
Raphson and Arc-Length solution processes were performed in order to verify the corresponding
results. The numerical results were compared to the predictions of AISI’s direct strength method

and the effective width method, executed according to the provisions of EN 1993-1-3.

The most unfavorable mode combination, comprising local and distortional buckling modes, was
used to carry out the non-linear analyses at elevated temperatures. Uniform and non-uniform
temperature profiles were considered across the member while the temperature distribution
along the stud was considered constant. The temperature gradient was extracted by the heat
transfer analyses for each of the four cases and non-linear analyses were performed to identify
load-bearing capacity deterioration as a function of time and temperature. Load ratio reduction
curves were determined using both steady state and transient state conditions which are
supposed to produce identical solutions. Additionally, the results of the steady state are
employed to construct equilibrium paths. Apart from merely imposing an axial load, an external
bending moment is introduced to produce uniform and triangular moment distributions in order

to create axial force-bending moment interaction diagrams under uniform temperature profiles.

The numerical investigation was followed by analytical and semi-analytical calculations relying
on the provisions of the direct strength method and Eurocode 3. Regarding Eurocode 3, the
official EN 1993-1-2 method was examined along with a modified EN 1993-1-3 solution process
that was widely used by various literature sources. The modified method employs the equations
of Eurocode 3, part 1.3 using the diminished values of elasticity modulus and yield stress at each
considered temperature. CUFSM’s solution process was executed with reduced elasticity
modulus values to reflect the lesser behavior corresponding to higher temperatures; its results
fed the direct strength method along with diminished yield stress values to represent the
behavior at each temperature. These solutions were compared to the numerical results to
investigate the prediction accuracy of the pertinent regulations. Finally, the results of the uniform
temperature distribution were compared to the non-uniform profiles to provide significantly
important information regarding the claim of Eurocode 3, part 1.2 to use the maximum cross-

sectional temperature if a temperature gradient is applied across the members.
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1 Theoretical Background

1.1 General Remarks

Carbon steel sections comprise two big families of structural members; the more popular and
frequently used members deriving from hot-rolling and the less familiar but of growing
importance cold-formed members. Hot-rolled sections have been excessively utilized for more
than a century; however, cold-formed members’ popularity escalated only after the 1950s. This
lack of confidence in cold-formed members resulted from their inherent tendency to respond
non-linear when exposed to load-bearing conditions. However, the release of the first publication
concerning the design of cold-formed sections by the American Iron and Steel Institute in 1946
signaled the acceleration of the acceptance rate of such structural members by the civil

engineering community.

The advantages of cold-formed members enabled their use in a variety of constructions. Single or
double storey buildings can comprise the sole use of cold-formed members whereas multi storey
or high-rise constructions employ hot-rolled members for the main frames and cold-formed
sections for the secondary or auxiliary elements. Another popular application of cold-formed
sections concerns the formation of light gauge steel assemblies. Light steel formations include
wall and floor systems and are widely supplied to cover industrial and residential building
demands. These assemblies employ cold-formed thin-walled sections, usually C (channel) or Z-
sections, as load-bearing members lined by a variety of different possible materials. Identifying

the thermal performance of steel framed walls is the subject of this study.

The rise of light gauge steel frame wall (LSF) systems has clarified the necessity to be
accompanied by a proper fire safety issuance even though fire safety was not always a dominant
factor in designing steel constructions. Nevertheless, fire hazard has been gaining ground
following the loss of human lives and property damages accumulating during the last decades.
Furthermore, the foundation of fire safety engineering increased the efficiency of fire safety
mechanisms in terms of both performance and cost reduction establishing a decent return on
investment for construction companies after incorporating fire safety aspects in prospective

structures.

The exposure of cold-formed thin-walled members to fire situations is followed by rapid cross-
sectional temperature escalation. Plasterboard linings are usually used to clad the structural
elements in order to mitigate strength and stiffness reduction caused by temperature
amplification through hindering heat transfer from the fire source to the ambient wall side. These
usual load-bearing wall systems, that incorporate cold-formed sections sheathed in plasterboard
layers, often employ composite materials as insulation to fill the air cavities formed by the
plasterboards and the steel elements or utilize a more modern approach [1] suggesting the use of

insulation sandwiched between double plasterboard layers at each wall face.

Structural Behavior of Light Gauge Cold-Formed Steel Frame Walls under Fire Conditions



2 Chapter 1

1.2 Cold-Formed Steel Members

The main considerations regarding cold-formed members derive from their thinness and
manufacturing processes. Compared to hot-rolled members, thin-walled sections may have one
order of magnitude less nominal thickness, ranging from 0.378 to 25.4mm, resulting in local
instabilities [2], [3]. Triggering these instabilities rarely leads to instant failure, reflecting the
strength of the postbuckling regime, but rather reduces stiffness; a fact scarcely influencing the
behavior of hot-rolled members. Furthermore, the manufacturing process alters the homogeneity
of steel properties across the section adding peculiar residual stress distributions that have to be
considered in pertinent studies to avoid bearing capacity overestimation. In addition, cold-
formed members can be very sensitive to imperfections caused during fabrication or handling

resulting in a necessity to include them in the numerical models.

1.2.1 Manufacturing processes

The standardization following the fabrication of hot-rolled members is negligible in the industry
of cold-forming. Hence, while companies associated with hot-rolling create cross-sectional
shapes with identical dimensions according to the provisions of pertinent regulations, cold-
forming companies can manufacture different sections in an attempt to compete against each
other. This fact arises from the convenient production of thin-walled members. Hot-rolled
structural elements involve significant financial investments in heavy machinery, auxiliary
equipment and production lines. On the other hand, all it takes for a thin-walled member to be
created is bending a flat sheet into a specific shape; an operation that could literally be home-
made. As a result, it's extremely easy for manufacturing companies to put a lump here and there

and rearrange the equipment to produce different geometries or add stiffeners in the plane parts.

Two main methods are used to produce cold-formed members: i) roll forming and ii) brake
operation. Roll forming is the most popular manufacturing process while at the same time allows
more automation to take place. Its use is beneficial when high production rates are required,
especially if accompanied by identical cross-sectional shapes, resulting from the high tooling but
low labor cost. On the other hand, brake operation can be efficient in low-volume and
geometrically diversified production while limitations arise from the difficulty to produce lengths

higher than 6-7m [4].

Roll forming equipment is fed by continuous steels strip and consists of a set of opposing rolls
that progressively deform the inserted strip into the desired geometry. Each pair of rolls is called
a station and imposes an ad hoc specified plastic deformation (Figure 1-1). The whole operation
is performed at room temperature and the set up can take several days. Simple sections can be
produced by up to 6 roll sets while most complicated shapes require the use of up to 15 series of
rolls. The rolling speed falls in the range of 6 to 92m/min, with an average range of 23 to
46m/min, and the cutoff lengths are usually 6 to 12m [2]. The resulting thicknesses of carbon
steels can be as high as 19mm while stainless steels have been produced with thicknesses

ranging from 0.2 to 7.6mm [5].
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Figure 1-1: Roll forming process [6]

Brake forming operation involves a movable top beam (punch) and a fixed bottom layer. The
bottom layer consists of a cavity that matches either a lump on the upper beam or the gross
geometry of the movable beam (Figure 1-2). The steel sheet is placed between those two in order
to perform the brake operation and create the desired shape. To form different sections
differentiated dies are placed in the cavity of the bottom bed and produce the required
geometries. Brake forming exhibits limitations regarding cross-sectional dimensions and
production capacity thus requiring [7]: i) simplified section configuration, ii) production rates for

linear members lower than 91.5m/min and iii) wide sections, i.e. usually more than 457mm.

Sheet metal Sheet metal

Punch Punch

V-die /

Air Bending Bottoming

V-die

Figure 1-2: Brake forming operation [8]

1.2.2 Advantages and applications

The nature of cold-forming process allows the creation of variously differentiated cross-sectional
geometries easily and boosts the innovation of new and more efficient element shapes. The
application of cold-formed members ranges from residential to industrial and agricultural
buildings; it also includes temporary constructions like scaffolds, hovels and load-bearing frames.
When it comes to structural elements, cold-formed members are grouped into two categories, i)
structural framing members and ii) panels and decks. Structural framing members can be used to
form space frames, arches, joist, storage rack sections, purlins etc. using various section profiles
likes the ones depicted in Figure 1-3. Pre-fabricated walls incorporate load-bearing cold-formed
elements as studs and tracks whilst corrugated sheets are employed to fabricate plates and
decks. Steel panels and decks additionally provide working surfaces, electrical conduits,
acoustic/heat insulation if filled with proper materials, and section perforations combined with

panel cells are useful as heating and air-conditioning ducts.
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Figure 1-3: Typical cold-formed sections [9]
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Comparing cold-formed steel structural elements to members composed by other materials such

as timber, concrete and hot-rolled structural steel, the following advantages can be realized [7]:

>

Lightness, cold-formed members achieve high strength/stiffness to weight ratios and
their lightness facilitates transportation and handling.

Manufacturing, the manufacturing process allows for mass and relatively flexible
production while providing economical transportation and handling costs.
Prefabrication, the ability to fabricate members at the factory and not at the construction
site enhances detailing quality; annihilates efficiency ambiguities related to poor quality
labor work; reduces erection time while assuaging installation difficulties.

Installation, weather-free erection/installation operations not accompanied by
formwork necessity.

Material, regarding comparisons with timber or concrete, cold-formed steel members
exhibit no creep/shrinking at ambient temperature; they are incombustible, termite and
rot proof; provide substantial uniformity and can be recycled; present lower long-term

and maintenance expenses.

These reasons equip cold-formed constructions with very high financial competitiveness. The

former limitation for constructing multi-storey buildings solely from cold-formed members has

now been waived. Light gauge steel framing-oriented construction companies have achieved to

deliver competitive prices for commercial buildings up to 16 stories [10] in an attempt to

alleviate this market segment from the dominating wood and concrete structures. At the same

time, the significantly low steel prices experienced after the initiation of the great recession in

2007 have stabilized and an incremental growth rate is expected to characterize the world steel

industry, starting in 2015 [11]. Ongoing inquiries of the Thompson Research Group have verified

the increase in production/revenues of cold-formed steel manufacturing-oriented companies in

this year’s first half so far, only to enhance the promising predictions for the years to come [12].
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1.2.3 Light gauge steel frames

Light gauge steel frames (LSF) utilize cold-formed thin-walled sections usually centered at small
distances. Their application includes both floors and walls, with the latter being the subject of
this clause. LSF walls comprise horizontal and vertical members known as tracks and studs,
respectively (Figure 1-4). In most cases, channel sections are used as studs both in curtain wall
systems and load-bearing walls. Knockouts (holes at the web at regular intervals) frequently
appear as they provide a convenient means to accommodate electrical conduits, pipes and
mechanical equipment. U-sections are typically used as tracks in order to secure the vertical
elements or prevent excessive deflections. Both interior and exterior wall formations are
manufactured using steel as the load-bearing material. For this reason, steel members are

delivered with a galvanized coating that provides resistance against corrosion.

Although steel is classified as non-combustible material its exposure to high temperatures can
cause rapid reduction of its bearing capacity. Thus, cladding is required to secure the steel
elements against fire. Gypsum plasterboards are usually employed to provide fire protection due
to the high moisture content of gypsum. In the air cavities formed between the plasterboards and
the studs, an infill material is placed to provide heat or sound insulation. Single or double
plasterboard layers can be used in either face of the wall, while insulation materials can be placed
between these layers and not in the air cavities. This configuration, i.e. externally insulated walls,
was proposed after scientific evidence suggesting that cavity insulation has a negative impact on
the thermal performance of LSF walls came to see the light. Nevertheless, contradictive results
are continuously published regarding the matter of cavity insulation on the structural response

at elevated temperatures with no solidifying conclusion being available to date.

Top Track

Studs |_ I

1. Single layered plasterboard
2. Double layered plasterboard

3. Double layered plasterboard
with insulation

v

Bottom Track

Figure 1-4: Typical light gauge steel frame wall

It shall be noted that, in most cases, LSF walls’ critical limit state is the serviceability,
predominated by the requirement to limit the lateral deflections of the corresponding studs.

Hence, exploiting high strength steel is generally not efficient since studs are centered at narrow

Structural Behavior of Light Gauge Cold-Formed Steel Frame Walls under Fire Conditions
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intervals and their axial loads are small. Transverse displacements are mostly influenced by the
relevant stiffness of the stud which in turn is a function of its dimensions and elasticity modulus;
since elasticity modulus is considered constant among different steels and the cross-sectional
dimensions are decided a priori, the mean distance between the studs is the critical design factor.
Moreover, providing the studs with bridging can substantially increase the available stiffness
thus reducing relevant deflections even more. Bridging is achieved by connecting the studs with
additional horizontal beams passing through the knockouts and includes three main types: i)
space bars, ii) U-channels, iii) block and strap bridging. If successfully implemented, bridging

secures the vertical alignment of the studs and prevents weak axis buckling.

(a) Space bars (b) U-channels (c) Block and strap
Figure 1-5: Bridging types

LSF walls can also contribute to the reduction of the lateral deflections occurring at heavy steel
frame constructions. Depending on geometry, loading and floor assemblies e.g. joists, corrugated
sheets, floor material etc.,, various exterior deflection systems can be utilized to provide
additional lateral stiffness. Each type is recommended for different stress intensities and
incorporates various aspects that establish its competitiveness with respect to the other available

systems. The most popular systems are [13]:

i.  Slide clip connectors, can accommodate imperfect perimeter angles; cheap equipment but
increased labor costs

ii. Strut connectors, used when perimeter angles are not provided at the top of the slab

iii. Top clip connectors, used in connections applied between floors or at the top of window
jambs

iv. Vertical clip connectors, attached directly to the slab to prevent loading of the bottom
flange of the beam when this is necessary

v. Spacing bar assemblies, effective in assemblies installed between floor decks; may not be
allowed in areas with potential high seismic hazard due to lack of mechanical fasteners

vi. Double track assemblies, doesn’t require bridging; can’t be used in axially loaded studs

vii. Slotted slip tracks, easiest installation and high design loads; provide mechanical

attachment, ideal for seismic regions; does not work in inclined end wall conditions
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1.2.4 Special design considerations

Using thinner elements and cold-formed manufacturing processes causes unusual structural
behavior; a one not encountered when dealing with hot-rolled sections. Different constitutive
material laws apply to cold-formed members compared to hot-rolled elements. Behavior can
prove to be far more bewildering when material non-linearity interacts with geometric non-
linearity, i.e. buckling effects that take place in segments under compression. Failure pattern
unraveling can be significantly affected by residual stresses and yield stress non-uniform
distribution resulting from the manufacturing process. The final response reflects all these
interactions combined with the postbuckling regime that differentiates with respect to the

section’s geometry and the applied load.

1.24.1  Buckling

Buckling is the phenomenon associated with sudden displacement increase for small increase in
the applied load. Lateral deflections become large enough to defuse the principal of superposition
and the constitutive relationships between stresses and strains have to be reformed, considering
the deformed shape of the member. Elastic buckling introduces two alternative equilibrium
states that characterize structural members: straight and buckled. Each buckled shape of thin-
walled sections can reflect three relevant types of elastic buckling modes: local, distortional and
global. Moreover, members susceptible to buckling exhibit two types of response associated with

each buckling type: bifurcation and snap through.

In bifurcation buckling, the system responses linearly to the imposed load and at a certain level
the equilibrium path bifurcates followed by a steady, neutral or unsteady state. The first or
primary path reflects the behavior up to the bifurcation point whereas the secondary path
introduces the postbuckling response. Steady secondary path means that the member has still
some reserves and that ultimate load has yet to be reached; failing to identify such a postbuckling
regime might result in underestimating the bearing capacity. Neutral or unsteady secondary
paths are more dangerous because they might cause excessively high deformations even leading
to sudden collapse. On the other hand, snap through buckling corresponds to structural
behaviors where when a specific point is reached the member suddenly toggles, by substantially
escalating its deflection. Snap through buckling can appear in two forms: postbuckled/bifurcated
snap through or limit point snap through [14]. The equilibrium paths expressing the response for

each buckling type, by performing load or displacement control, are depicted in the next figure.

bifurcation buckling limit point snap bifurcated snap

through buckling ' through buckling

bifurcation point limit point snap through

snap through bifurcation point

secondary path

secondary path

primary path primary path

W

Figure 1-6: Buckling response types
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Local buckling corresponds to a buckling mode that involves major distortion of the section;
however, this distortion comprises only rotation at the fold lines, and not translation [15]. The
distortioned part of the cross-section, usually the web due to its relatively higher depth, can
buckle at half-wavelengths lower than the maximum width of the plates that form the cross-
section. The use of intermediate stiffeners can mitigate local buckling-oriented failure because
local buckling is explicitly affected by width to thickness ratio. Stiffeners can reduce the potential
buckling length of a plate, thus triggering higher local buckling modes that occur at increased

elastic critical loads.

Distortional buckling is evident at intermediate half-wavelengths, in the range between local and
global buckling. Contrary to local buckling, distortional buckling causes both rotation and
translation at web/flange junctures of a cross-section [16]. Normally, an element will exhibit
distortion, usually the web, while the other elements will respond as rigid bodies. Distortional
buckling has proved to be more severe than local buckling as its susceptibility to imperfection
amplitudes is higher while its postbuckling strength is lower. Distortional buckling may not
present a minima corresponding to a specific half-wavelength; it is even possible for some cross-

sections to not exhibit distortional buckling modes at all.

Global (Euler) buckling might present as flexural, torsional or flexural-torsional in steel columns
or as lateral-torsional in beams bending about their strong axis. Global buckling critical elastic
load (minima), corresponding to the first global mode, presents at a half-wavelength equal to the
column’s length, for a concentrically compressed column. Members will usually exhibit weak axis
buckling unless lateral restraints hinder it, thus leading to higher minor axis modes or even
better to strong axis bending. In addition to flexural buckling, cold-formed members are often
thin and single symmetric; their shear center does not coincide with the gravity center and their
torsional rigidity is small (torsional rigidity is proportional to 3); hence, torsional-flexural
buckling is usually the case when global buckling contributes significantly to the structural

response.

1.2.42  Material non-linearity

Two general constitutive stress-strain laws apply to structural steel members [17], the sharp-
yielding type and the gradual-yielding type (Figure 1-7). Steel elements manufactured using hot-
rolling processes usually follow the sharp-yielding stress-strain relationship. Their yield point is
determined by the stress level of the plateau occurring right after the proportional limit f;, is
breached. For cold-worked steel the behavior matches more with gradual-yielding law. After the
proportional limit is reached, the curve displays a “knee” and the tangent modulus E; gradually
decreases to reach the tensile stress level. The shift from sharp to gradual yielding is mainly the
result of strain hardening and cold-reducing; a technique applied to sections in order to reduce
their thickness and can also be accompanied by annealing, namely heating the steel to a high
temperature to reinstate its softness and formability [18]. The derivation of the design yield

stress follows a more dubious process which is approached by two methods [7].
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Figure 1-7: Constitutive stress-strain laws for steel sections
The first, called the offset method, assumes a line parallel to the linear path offset by a specific
strain value, usually 0.2%; the intersection of this line with the original curve defines the yield
point. The second, called the strain-underload method, defines the yield point as the stress that
corresponds to a specific elongation value, usually 0.5% [4]. Furthermore, while the elasticity
modulus can accurately characterize the behavior of hot-rolled members up to the yield point the
tangent modulus is a more precise measurement when it comes to cold-formed members. The
tangent modulus equals the elasticity modulus until the proportional limit but its incremental
decrease causes gradually escalating deformations to occur for augmentative stress variations.
Since the buckling response of sections is affected by both the yield stress and the modulus of
elasticity or the tangent modulus, special attention must be given to the selection of the

appropriate values relevant to those mechanical properties.

The cold-working process influences the mechanical properties of steel by adding
inhomogeneous aspects to the cross-sectional properties. These effects might prove to be
substantially different for the final section compared to the initial sheet, strip or plate before
forming [19]. Usually, cold-formed members experience higher yield and ultimate stress points
while at the same time display reduced ductility. Properties at the corners can be significantly
differentiated than those corresponding to the center part of the plated elements as most cold-
working is performed at the corners. Hence, yielding generally initiates in the middle parts of the

web or flanges and spreads gradually towards the fold lines.

Various researches [19], [20], [21] have examined the non-uniform section properties of steel,
concentrated at the corners and the adjacent flat parts. They concluded that the effects of strain
hardening and strain aging are the main contributors to the unequal properties between the
cold-formed product and the virgin material. Strain hardening refers to the necessity of imposing
additional stress in order to achieve progressively further deformation. Strain aging is achieved
by allowing the steel to remain idle either at ambient temperatures for several weeks or at

elevated temperatures for shorter time periods.

When steel alloys are strained beneath their yield point there is a change in the crystalline atomic

formation of steel. This is the result of plastic deformation caused by crystalline lattice defects,
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known as dislocations. When two adjacent atom planes slide with respect to each other for the
first time, thus causing permanent change in the crystalline formation, they mark the initiation of
yielding at a monocrystalline material. In polycrystalline materials, each crystal consists of
different dislocations whose motion initiates by different shear stress direction compared to the
other crystals. Yielding starts from the weaker crystals and gradually spreads and to the stronger

ones [22].

Strain hardening range marks the area between the horizontal plateau and the ultimate stress. It
is the result of dislocation accumulation near the grain boundaries of the crystalline material that
works either as self-destruction mechanism or as motion obstacle for the dislocations. In any
case, dislocation movement is temporary impeded, hence requiring additional stress to cause
more deformation; thus explaining the strain hardening mechanism. Cold-working increases
dislocation density, i.e. decreases the mean distance between different dislocations, allowing for
dislocations to block one another. This effect increases strength at the cost of ductility

deterioration.

If a steel product is loaded to reach the strain hardening area (Figure 1-8), unloaded, and then
immediately reloaded, an increase in proportional limit will occur while ductility is going to
diminish. The material will continue its path to fracture, following the path of the virgin material
beyond the unload point (Curve C) and the new curve has transformed from sharp yielding to
gradual yielding type in most cases [21]. If some aging intervenes before unloading and
reloading, the proportional limit, yield stress and ultimate stress display higher values and the
constitutive model gradually restores to match the sharp yielding law (Curve D). These
conclusions apply for test specimens of mild steel accompanied by different techniques for
eliminating oxygen from the molten steel; see pertinent reference for more information about the

assumptions of the presented observations.
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Figure 1-8: Effects of strain hardening and strain aging on stress-strain relationships [21]
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Another interesting effect of cold-forming is the addition of anisotropic aspects in stretched steel
sheets caused by the Bauschinger effect. [23]Assume a sharp yielding curve corresponding to the
constitutive material law. If such a material is strained until the end of the plateau (o = +f;) and
then unloaded until reaching o = -f;, the bump existing at the end of the linear path will transform
into a smooth curve that marks the transition from the elastic to the inelastic range by gradually
reducing the effective stiffness (Figure 1-9a). If the same procedure applies but the member is
strained in the strain hardening range, then both the yielding plateau and the former strain
hardening response are replaced by bilinear response paths with a smooth transition curve at
the juncture of the two paths (Figure 1-9b). This phenomenon is called the Bauschinger effect for
sections strained “before” or “in” the strain hardening range and is graphically displayed in the

next figure.

Bauschinger effect

Response in monotonic
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Bauschinger effect
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€
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(@) (b)
Figure 1-9: Bauschinger effect for cyclic load applied (a) before or (b) in the strain hardening range [23]

In the test specimens examined in reference [21], Bauschinger effect manifestations appeared in
both directions of the investigated section. Specimens including hot-rolled sheets or annealed
cold-rolled sheets were exposed to cold-stretching, i.e. tensioned in the longitudinal direction in
room temperature. By the end of the stretching procedure the Bauschinger effect was evident in
the longitudinal direction whereas an inverse Bauschinger effect took place in the transverse
direction. The longitudinal specimens showed higher resistance to tension than compression
while the transverse specimens exhibited higher resistance to compression than tension; both
specimens demonstrated gradual yielding behaviors!. The effect of pre-tension in the
longitudinal direction has increased the tensional strength of the steel sheets while the
compression occurring due to shrinkage in the transverse direction has lead to an escalation in

the corresponding transverse compressive strength compared to the tension resistance.

The information provided hereinbefore concerns the amount of cold-working performed in a
cross-section. One can understand that since most working takes place at the fold lines, in order
to create the required cross-sectional shape, corners present higher yield and tensile stress but

reduced ductility than the virgin material behavior which mostly governs the middle area of the

1 some steel specimens acquired through different manufacturing processes deviated from this effect; for
more information visit the original study website available at:
http://scholarsmine.mst.edu/cgi/viewcontent.cgi?article=1169&context=ccfss-library

Structural Behavior of Light Gauge Cold-Formed Steel Frame Walls under Fire Conditions
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plane elements. Yield strength incremental increase is higher proportionally to tensile stress rise,
thus the gap between them decays as more cold-working is carried out. Yield stress can be almost
doubled near corners whereas tensile stress can present rises near 50% (Figure 1-10). Close-
formed solutions are also available to derive the precise values with respect to the amount of
cold-working. High ultimate to yield stress ratios of the virgin material allow for more cold-work
to take place since there is greater available ductility to diminish. On the other hand, when small
corner radiuses to thicknesses ratios are required, a greater amount of cold-work has to be

applied. Hence, the axial resistance is amplified and the strength differential across the section is

intensified.
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Figure 1-10: Yield and tensile stress variation across the section [21]

1.24.3  Residual stresses

Residual stresses are stresses created by manufacturing or handling processes. For hot-rolled
members, residual stress distribution is usually considered to be uniform across the element
thickness following the assumption that residual stress creation is the result of uneven cooling of
the molten alloy. However, in cold-formed sections, residual stresses can have significant
variation across the thickness resulting from the operation of cold-forming [24]. Furthermore,
residual stresses may arise due to coiling and uncoiling, that is before the application of cold-
working. Residual stresses can cause premature yielding by reducing the proportional limit while
impeding stiffness from reaching its nominal value [25]. Their inclusion in numerical simulations
is cumbersome while their amplitudes remain uncertain. As a result, residual stresses are
generally excluded from the models or more conservative stress-strain laws are incorporated to

account for their impacts implicitly.

Residual stress distribution generally comprises the summation of two idealized sub-types:
flexural and membrane; incorporation of both can lead to feasible models of prediction when it
comes to through-thickness stress variation [26]. Although real tests [27], [28] demonstrated
more complex variations, measuring residual stresses is not easy particularly around corners,

even though residual stresses mostly affect corner behavior. Membrane residual stresses regard
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uniform distributed compressive stresses mainly aggregated around the corners. They are more
prevalent in roll-formed than press-braked sections and cause rapid reduction in compressive
resistance; however, their contribution is relatively small, less than 10% of initial yield stress.
Flexural residual stresses have a linear distribution across the element thickness identical to
elastic bending stress distribution shape while their existence dominates the response, especially
around corners. Flexural residual stresses initiate premature yielding in the section’s faces with
amplitudes exceeding 50% of the nominal yield stress. However, the importance of residual
stresses underlined in reference [26] does not agree with the investigations conducted at the

University of Sydney regarding plain and lipped channel sections [29], [30].

Residual stresses are not easily incorporated in numerical analyses mainly due to the
uncertainties surrounding their amplitudes. Past investigations in this matter suggest the use of
residual stresses as initial conditions with respect to the element type. Types include corners,
lips, stiffened or unstiffened parts. If the lip depth is relatively small, corner values can be
conservatively input at the lips as well. The highest residual stresses are observed around the
fold lines, i.e. at the junctures between different parts, and on edge-stiffened elements like webs.
A typical flexural residual stress distribution is depicted in Figure 1-11. In order to provide more
accurate computational models, residual stresses should not be included without additionally
considering the effects of cold-work on the mechanical properties of steel. The interaction that
takes place between residual stresses and yield stress variation, sometimes counteracting the

effects of one another, is an interesting aspect that becomes increasingly popular.
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Figure 1-11: Average bending residual stress as %fy with respect to manufacturing process [26]

1.2.44  Imperfections

Real members can hardly be classified as “perfect”; imperfections arise from boundary condition
defects, geometry or cross-sectional deviations from the nominal shape, load distribution and
residual stresses and/or yield stress non-uniform distribution across the section [31]. Cold-
formed thin-walled members are particularly susceptible to imperfections according to the
buckling modes of the member under investigation. The use of initial geometric imperfections
corresponding to global or local defects is vital for the proper estimation of the bearing capacity

of a load-bearing member.
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Finite element analysis has proved to provide accurate results of the buckling modes and their
influence on the member’s strength. After performing linearized buckling analysis, one can
obtain the elastic buckling loads corresponding to various modes. Local, distortional and global
modes are usually evident in every thin-walled member, unless lateral constraints are utilized to
prevent some modes to develop. The modes with the lesser elastic buckling loads of each
buckling type are usually the most critical and their contribution to the structural response is
substantial. Modes corresponding to different buckling types may display different susceptibility
to imperfection amplitude variation with local modes generally being the most insusceptible.
Selecting the modes with the most unfavorable effect is not an easy task as there is no close-
formed process that determines them, although many researchers have attempted to present

proper identification methods [31], [32].

In addition, choosing proper amplitudes for each mode is extremely important as it yields highly
differentiated results. Reference [26] presents maybe the most fundamental study regarding the
matter of choosing imperfection amplitudes. Different values correspond to local web or flange
buckling and global buckling. These values are in general consistent with the geometric
tolerances proposed by EN 1090-2 [33]. Eurocode 3 presents values for local and global
imperfections in the relevant parts, parts 1.1 for global bow defects and 1.5 for local plate flaws.
It also presents how different modes can be combined after adjusting their initial imperfection
amplitudes to realistic values. The regulation does not suggest the modes which should be
incorporated in the model; however, special attention should be given at the process of
combining buckling modes. Since buckling modes reflect eigenmodes, which in turn comprise
eigenvectors in ad hoc degrees of freedom, adding buckling modes is practically a sum of

eigenvectors that may yield favorable or unfavorable results as well.

It is important to note that the actual response during an imposed load will not be perfectly
consistent with any of the facts discussed in clause 1.2.3 independently; instead, it shall
incorporate data from all of them. These phenomena will interact with one another intervening
in the smooth ideal responses of the individual paths of each effect only to produce sharper
equilibrium paths. Initially, the response is likely to follow a path caused by a specific failure
mechanism, e.g. local buckling. Then, other failure mechanisms might be triggered in some parts
of the section, e.g. Euler buckling or yielding, causing a deviation from the starting response. The
member will try to find a new state of static equilibrium considering all the failure mechanisms
that affect the response. This process reflects the difficulty in predicting the structural behavior
of sections vulnerable against material and geometric non-linearities. A thorough investigation is
necessary to demonstrate the most unfavorable combination of factors influencing the behavior;
nevertheless, inclusion of unfavorable factors should be performed meticulously to prevent

overconservative outputs.
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1.3 Elevated Temperature Impacts

Elevated temperature adversely affects all construction materials either combustible or
incombustible. When a material is classified as combustible, it means that it contributes to the
intensity and spread of the fire. However, even in non-combustible materials, property
deterioration varies significantly when they are exposed to high temperature conditions.
Fireproof materials are usually incorporated to clad materials more prone to deterioration due to
fire situations. Since light gauge steel frame walls are typically constituted by several materials,
understanding their properties’ variation with respect to temperature is crucial in order to

consider appropriate values to carry out pertinent simulations.

1.3.1 Gypsum plasterboard

When referring to gypsum plasterboards or drywalls we basically describe paper (or fiberglass)
faces filled with gypsum core [34]; usually additives like vermiculite are also involved depending
on the manufacturer. Dry gypsum contains around 3% by weight free water, although this
percentage is affected by ambient temperature and humidity [35], [36], and 21% by weight
chemically combined water [37]. By the time the temperature of the exposed drywall face
exceeds approximately 80°C a dehydration process is initiated following water evaporation that
continues until about 200°C [38]; this process is called “calcination”. During temperature rise
from 80°C to 200°C the unexposed side presents a temperature plateau known as the “time
delay”. At 300°C the paper clad will have completely burn out and will not provide sufficient

tensile strength to the plasterboard in order to prevent minor axis buckling of the studs.

The first dehydration of gypsum takes place at around 80°C, where gypsum is converted to
calcium sulphate hemihydrates, and ends at approximately 120°C. In the second reaction, the
calcium sulphate hemihydrates are converted to calcium sulphate anhydrite at 225°C. These
values are subjected to variations depending on the assumptions of the relevant analyses, e.g.
heating rate, environment, additives, resulting in discrepancies among relevant researches,
especially regarding the second dehydration point. Scientific results converge on the fact that the
starting plasterboard density deteriorates at almost 75% of its nominal value caused by the
evaporating free and combined water; later on it remains constant in most cases except some
specimens that may display shrinkage. Hence, analyses are usually carried out with constant

density values at 75% of the value provided by the manufacturer.

Moreover, when water is driven off from the crystal lattices of gypsum an increase in porosity is
observed. This escalation impedes heat transfer and validates the diminishing of thermal
conductivity coefficient gradually until the point of the second dehydration. As the temperature
continues to rise the pore structure is modified again [39]. The existing pores begin to translate
until merging thus forming larger pores that facilitate convection heat transfer. Meanwhile,
thermal contact between single anhydrite crystals is enhanced allowing for better conduction
heat transfer. The increasingly higher convective and conductive heat transfer regime causes the

resulting increments in thermal conductivity starting at the end of the dehydration process [40].
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Specific heat coefficient is mostly affected by the chemical composition of the plasterboard. When
large amounts of energy are required to increase the plasterboard’s temperature, specific heat to
temperature graphs displays minor or larger spikes, depending on the amount of energy. The
first dehydration process evaporates 75% of the chemically combined water thus requiring high
energy (endothermic reaction) supply followed by a second energy demand to evaporate the rest
of the water. It shall be noted that while most researches neglected the effect of moisture
transferring inside drywalls’ pores Wang [41] suggested the utilization of this movement as the
previous researches provided overconservative models. Thus, present models incorporate this
favorable effect of water movement and the corresponding specific heat coefficient is called
“effective”. More simple models can also combine the dehydration processes into one Gaussian.
The final spikes depicted in specific heat diagrams correspond to decomposition of additives that

are present during the mining operation or are employed to increase the thermal performance.
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Figure 1-12: Typical drywall (a) thermal conductivity and (b) specific heat variation with temperature

Irrespective of impeding heat transfer to the load-bearing cold-formed members, the overall
bearing capacity of the LSF wall system depends on securing the studs against minor axis
buckling. Screws, ballistic nails and other connection types are utilized to provide lateral stability
to the plasterboards as well as weak axis buckling hindering and are usually attached in the
center of the flanges at regular intervals. Sultan [42] reported after his tests that plasterboard fall
off occurred when the temperature at the mid-thickness of the exposed plasterboard reached
600°C whereas Kaitila [43] suggested a value of 550°C. At the tests performed by Gunalan [44],
plasterboards fell off when the temperature of the inner face of the exposed plasterboard
reached 900°C. However, it was reported that the constraints provided by the unexposed
plasterboard layer were enough to secure the stud against both minor axis flexural and torsional
buckling. Hence, valid numerical analyses can be carried out assuming that plasterboards secure
the load-bearing studs against flexural-torsional buckling about the weak axis throughout the
whole process. Nevertheless, most past researches indicated that when the exposed
plasterboards reached 600°C they cannot provide the same heat resistance due to degradation

and the temperature rises more quickly in the cavity and the unexposed plasterboard layer.
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1.3.2 Insulation

Insulation materials are usually incorporated to fill the air cavities created by the structural
members and the plasterboards. Rock fiber, glass fiber, cellulose fiber and mineral wool are the
most common insulation materials; they are characterized by small thermal conductivity values
to impair hit transfer from one side of the LSF wall system to the other. There is limited
information available on literature to describe the thermal performance of insulating materials
whereas the few existing studies display inconsistencies and scattering results. The ever
increasing implementation of numerical models to assess the structural performance of load-
bearing structures, that employ such materials, developed a necessity to create consolidated
constitutive models to reflect the thermal properties of insulating materials. A thorough study on
the thermal properties of various insulating materials was carried out at the National Research
Council of Canada [45] and the corresponding results are depicted in the next figure; the values

for the figures are obtained from Appendix A of the corresponding reference.
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Figure 1-13: Thermal properties of various insulation materials [45]

Mineral fibers usually perform better than glass fibers because the latter present a melting point
in the temperature range of 700-800°C [46] which leads to sudden loss of their utility. Placing
cavity insulation in light gauge steel frame walls hinders heat transfer from the fire side to the
ambient side by acting as a thermal barrier due to its low thermal conductivity. This property can
be crucial at temperatures greater than 600°C in which plasterboard fall off [47] might occur; the
insulated cavity will continue to prevent heat transfer to the unexposed plasterboard. However,
many controversies dominate the benefits of cavity insulated drywall assemblies. Bridge effects
have been displayed due to the low thermal conductivity of insulation compared to steel.
Although temperature rise on the unexposed side is impaired, most heat transfers through the
steel elements hence escalating their temperature and feeding mechanical property
deterioration. Nevertheless, the assumption of earlier failure of cavity insulated formations still
remains ambiguous resulting from inconsistencies between scientific evidence. Finally, thermal
barriers like non-conductive materials lead in an accumulation of heat on the exposed side of the

barrier which in our case yields higher temperatures on the exposed plasterboard.
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1.3.3 Steel

Fire tampers with the thermal, mechanical and deformation properties of steel alloys. Thermal
properties are associated with heat transfer and determine the temperature profile across the
section; mechanical properties reflect the loss of strength and stiffness; deformation properties
define the longitudinal and transverse extensions of steel elements when exposed to fire
conditions. These properties are affected by the phase changes in steel thus differentiating at the
presence of high temperatures. Proper assessment of all three property types is necessary to
comprehend steel behavior at elevated temperatures in order to form relevant constitutive

models that represent the structural response with sufficient accuracy.

Two attributes mainly concern the thermal properties of steel, thermal conductivity and specific
heat. Thermal conductivity-related publishes and regulation provisions are consistent with each
other and display a linear decrease with respect to temperature. Models referring to specific heat
present a linear increase until 700°C with infinitesimal variations. However, the phase change
occurring around 750°C, that modifies steel’s atom structure from a face centered cubic to a body
centered cubic, requires tremendous amounts of heat [48]. This high heat demand yields the
large spike that occurs at these temperatures which also marks the initiation of high
discrepancies between the available models; a fact enhanced partly by the use of iron and non

structural steel alloys in many of the conducted tests.
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Figure 1-14: Steel thermal conductivity and specific heat variation with temperature

While thermal property variation faced low scientific interest mechanical property deterioration
encountered much higher attention [49], [50], [51]. Mechanical properties consider the reduction
in proportional limit, yield point, ultimate stress, elasticity modulus and strain hardening
modulus; depending on the constitutive stress-strain relationship employed in pertinent studies,
some of the above characteristics may be neglected. Two analyses types are utilized to derive
mechanical property variation with respect to temperature rise; transient state and steady state

analyses. In transient state analysis, a load is input first and then a rising temperature is imposed.
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On the contrary, in steady state analysis a temperature profile is applied and then an incremental
load is imposed; either load-controlled or strain-controlled. Both methods should output
identical results according to Anderberg [52]. Note that, usually, tensile test are carried out and
the mechanical properties during compression are generally assumed to be equivalent to
properties during tension. An additional important factor influencing the test results is the
heating rate as it affects the strain rate of steel [53]; relevant values can be found in the literature

ranging from 3°C/min to 50°C/min depending on fire and insulation conditions [54].

As steel is heated and the temperature increases the atoms are moving further apart displaying
reduced bond strength. Hence, both elasticity modulus and yield stress deteriorate with respect
to temperature escalation. Relevant studies demonstrate variations in the corresponding results,
a fact mainly attributed to the differences of the test specimens used in each one. Furthermore,
Eurocode 3 suggests the use of different reduction factors for the yield stress of cold-formed and
welded class 4 hot-rolled sections compared to hot-rolled class 1, 2 and 3 sections. Moreover,
Outinen & Makelainen [55] observed that the higher yield stress of cold-formed sections was
brought back to normal levels if the material was heated and then left to cool down; a process
relevant to annealing process of metallurgy. They also presented constitutive stress-strain curves
for pieces extracted from corners or flat parts of the cross-section in order to examine the
residual effects of cold-forming on material properties at elevated temperatures using different

heating rates, 45 and 20°C/min; thus also accounting for thermal creep effects (Figure 1-15).
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Figure 1-15: Stress-strain curves of different specimens and heating rates for steel S355]J2H at 600°C [55]

Several researchers have worked on identifying proper relationships for mechanical property
decay at elevated temperatures. Some of them are depicted in Figure 1-16 regarding cold-formed
members following Zhao et al. [56], Outinen & Makelainen [55] and Dolamune Kankanamge &
Mahendran [57] studies; the three of them are displayed along with Annex E of EN 1993-1-2
values for cold-formed members. In every of the four cases considered in these figures, reference
to the yield stress stands for the 0.2% proof stress, i.e. the stress that yields 0.2% permanent

elongation after loading and reloading (or see §1.2.4.2).
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Finally, deformation properties concern thermal strains and elevated temperature creep. The
final deformation of steel depends on strain caused by thermal effects, external loading and
creep. Thermal strain reflects the percentage elongation attributed to the thermal expansion of
steel with escalated temperature values. Steel expands in an almost linear fashion until
approximately 700°C when phase difference begins to take place and a small shrinkage occurs,
roughly around 15%, caused by the transformation of pearlite to austenite and accompanied by
modification of the atomic structure of steel [58]. Most studies converge on the linear path while
anomalies begin to surface around the phase difference temperature. Relevant studies [58], [59],

[60] are compared to the Eurocode’s suggested thermal expansion equation in the next figure.
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Figure 1-17: Steel thermal expansion models with respect to temperature
High temperature creep may be also evident in structural steel members when they are exposed
to low heating rates. Creep deformations of steel are generally neglected at room temperature
due to their small amplitude. However, at elevated temperatures, creep strains may emerge and
develop into a decisive strength reduction factor. Overall, creep is considered important for
temperatures higher than 400°C for ordinary steel and 250°C for cold-formed or prestressed
steel [52]. Generally, high temperature creep is not explicitly accounted for in structural models.
Creep cannot be expressed as a function of a distinct mechanical property or a combination of

different properties as it is a function of chemical composition among others. An implicit process
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is usually performed by modifying the virgin material’s stress-strain law to an “effective”
constitutive model that considers the effect of creep deformations. Steady-state experiments can

reveal the effects of thermal creep which are then utilized to feed transient-state models.

Creep strains are distinguished into two paths, a primary phase expressed through a parabolic
curve and a second phase represented by a linear path; the fundamental laws originate from
Dorn’s theory [61] . Harmathy [62] developed a close-formed solution in order to identify the
boundaries of each path on the principal creep curve and the modified Dorn-Harmathy theory
predicted creep strains as a function of time at constant temperature and stress levels with
sufficient accuracy. The problem with this theory lies on the fact that assumes constant stress
levels. Thus, when it comes to restrained members featuring thermal bowing that stresses vary

with time and temperature, this model cannot capture the actual structural behavior.

Disregarding thermal creep is likely to lead to overestimated strength; an illustrative example
advocating this opinion is demonstrated by Kodur et al. [54] by incorporating Harmathy'’s theory
and creep models available on ANSYS [63] and checking their coincidence with test results. Two
cases were considered; the first, assumed different but constant stress levels whereas the second
utilized three stress stages. In the first stage, a stress of 80MPa was imposed varying by
0.22MPa/min increments for 250 minutes. The second stage reduced the induced stress with a
rate of 0.22MPa/min until t=480min. The final stage kept the stress level constant at
approximately 80MPa until the end of the test at t=600min. The temperature was held constant
at 550°C and the corresponding results are depicted in the next figure. According to the authors,
Eurocode’s constitutive materials law incorporates partially high temperature creep effects, thus

demonstrating higher prediction accuracy compared to the ASCE stress-strain relationships.

2.0
/
T=550°C 7 40 | T=550°C 1
do/de=0 do/de#0 o ®
°
35 F
1.5
Test Data 3.0
° (Gr50 steel)
— P —
§ ANSYS § 25 F - -
= model = P
= b= e
51.0 — — — - Harmathy 5 -,
n @« 20 F
o model a,
o @
[ [
S S
&} S s b
05 f 1.0 } ¢ = = = - Harmathy model
________ ANSYS model
- 05
% ° Test Data (Gr50 steel)
0.0 0.0
0 50 100 150 200 250 300 350 0 100 200 300 400 500 600
Time (min) Time (min)
(a) do/de=0 ; T=5500C (b) do/de#0 ; T=5500C

Figure 1-18: Creep strains predicted by ANSYS and Harmathy models compared to test data [54]
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1.4 Structural Fire Safety

Fire safety deals with the potential of fire hazard in residential, industrial and commercial
facilities. The importance of providing fire shielded constructions led into the founding of fire
safety engineering. This engineering aspect handles the mitigation of fire risks through the
utilization of preventive and suppressive measures in order to alleviate life loss and property
damage. Three are the most common ways of assessing the ability of a structure to safely carry
loads while exposed to fire conditions, each one associated with a specific domain, i.e. time,
temperature and strength. Prescriptive methods usually incorporate time domain approaches,
i.e. the failure time should be greater than the fire duration value adopted in the pertinent

regulation [64].

Fire protection engineering interacts with every engineering discipline involved in constructions
by intervening in relevant fields in order to assuage fire risk [65]. From an architectural
perspective, fire engineers evaluate the conceptual design in terms of firefighter access and
civilian evacuation exits. Structural engineers’ standpoint involves tampering with material
mechanical properties and sectional dimensions, sprinkler systems and wall openings. From a
mechanical engineer’s point of view, fire engineers calculate water pressure for sprinkler pipes,
check the applicability of extinguishing agents and control air/gas flows through ventilation
systems to avoid smoke aggregation. Fire engineers collaborate with electrical engineers to
construct fire alarm systems, automated extinguishers and emergency power supply lines.
Finally, fire engineers work on leaking possibilities, material flammability, potential ignition

sources etc.; a field widely related to chemical engineering.

1.4.1 Fire safety engineering design concerns
On the way of identifying and limiting fire-related potential risks, fire safety engineering aspects

can be summarized in five main design concerns [66]:

i.  Ignition control

ii. Appropriate escape means
iii. Detection systems

iv. Control of fire spread

v.  Structural collapse impeding

Ignition control comprises three distinguished steps, i.e. flammability control, fire growth
mitigation and fire safety management. Controlling the flammability is the first step towards
limiting the spread of fire. This is done by meticulous selection of the materials used throughout
the whole building, especially those used as linings and surface coatings. Secondly, using vertical
or horizontal compartments impairs the growth of fire if smoke and flame transferring to
adjacent rooms is impeded. Each compartment needs to be able to sustain certain amounts of
heat to provide enough time to the fire brigade to arrive at the site. Furthermore, combustible

rubbishes should frequently be removed from the building interior and new modifications should
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be executed only if they meet specific design criteria. Finally, a plan regarding fire situation
should be available. In crowded places like multistory residents or shopping centers performing
fire management can be really hard. Therefore, ad hoc instructions are necessary along with
maintenance records of the fire protecting mechanisms and a group of people trained to

implement the corresponding fire safety plan at the hour of need.

Escape means cover a series of fireproof places that provide adequate safety to people.
Regulations usually provide maximum distances from safe places depending on both the building
type/usage and the escape route, e.g. corridor, staircase etc. Safe places include fire-protected
stairwells, fire escape doors leading outside etc. Statutory requirements often involve a minimum
amount of fire escapes accompanied by the necessary dimensions of the corresponding routes.
Escape routes must be lined with non-combustible and anti-toxic materials except fire doors
since they do not contribute to the structural stability of the escape route. It is equally important
to ensure that escape routes are not blocked in order to utilize their maximum human movement

capacity while fire doors are not locked and they do not display any type of malfunction.

Detection systems can be either manual or automatic and are used to detect fire. Manual systems,
such as the traditional fragile glass, require the presence of a human to trigger the alarm.
Although relatively simple in terms of installation and use they may prove inefficient if fire
ignition occurs at isolated parts or during non-working hours. Automatic systems involve heat or
smoke detectors that activate fire alarms and extinguish systems. Their problems lie on their
inability to adjust to unique conditions pertained in specific rooms such as kitchens, garages etc.,
although this problem is dealt with using computer control. By the time fire is detected, it is
essential to keep smoke spread at acceptable levels to allow clear visibility and not
disorientation; normally smoke is not allowed to fall below 2.5-3.0m above floor level. Sensitive
areas can be equipped with fire-fighting systems such as sprinklers that have proved to

significantly reduce ceiling temperature and smoke volume accumulation [67].

Compartmentalization can be very effective in isolating critical areas exposed to high
temperatures. This prevention of fire spread can advocate the evacuation process by allowing
people to move near endangered zones during the start of the ignition process. It can also detain
fire from destroying various building areas thus reducing property damage. Compartment zones
are usually relatively small areas deriving from certain rules, e.g. represent a fraction of the floor
area. Although the process of compartmentalizing is generally unclear [68], its efficiency should

be ensured through maintenance and renovation procedures.

Last but not least, it is crucial that the building will maintain its structural integrity at some level
for a specific duration. Even though evacuation is nominally a fast process, structures should be
able to sustain certain amounts of imposed loading in order to provide enough time to the
firefighters to extinguish the fire. Structural collapse prevention is achieved through active

and/or passive approaches [66]. In the active approach, the fire/temperatures are contained to
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within reasonable limits for a specific duration in order to avoid material property deterioration
and prevent structural collapse. The passive approach suggests designing the structure in a way
that when exposed to elevated temperatures its load-bearing capacity will be enough to sustain
certain imposed loads. Actual structures usually incorporate both approaches; nevertheless, the
difference between the two approaches has been recently clarified, even though a certain amount

of trade off exists between them as they are interdependent.

1.4.2 Fire limit states

Composite members such as light gauge steel frame wall assemblies take advantage of a series of
material properties attributed to the various materials that comprise the wall system in order to
achieve stability during fire conditions. Steel studs utilize their bearing capacity and represent
the structural members responsible for sustaining the walls during induced loading. Although
incombustible, steel members’ susceptibility to fire arises from the fast deterioration of their
strength and stiffness. In order to secure the load-bearing elements against fire, gypsum
plasterboards are usually employed as cladding members due to their high fire resistance.
Furthermore, insulation materials are installed in the air cavities to provide additional thermal
resistance and temperature rise hindering at the unexposed face of the wall. Considering the

formation of such wall configurations, three fire limit states are identified:

i.  Insulation (I), based on this criterion the temperature on the unexposed face of the wall
should be low enough in order to prevent combustion of the stored materials

ii. Integrity (E), under no circumstances smoke or flames are allowed to penetrate the wall
and present at the unexposed face. Excessive deformation and plasterboard cracking
could lead to loss of integrity prior to complete fall off of the plasterboard linings.

iii. Load-bearing capacity (R), this criterion is deemed to have been satisfied when the wall
cannot sustain the imposed loads over the ad hoc time duration. Since the bearing
capacity of the wall is mainly attributed to the studs, when they reach fracture point or

display excessive deformation the wall system is considered to have failed.

While the Integrity criterion needs large-scale physical experiments to evaluate structural
members’ integrity, the other two criterions can be examined using numerical investigations. The
object of this study concerns the validation of the load-bearing capacity criterion of LSF wall
systems which can be assessed according to the provisions of EN 1991-1-2 [69] in either the
time, temperature or strength domain. During standard furnace tests, the Insulation criterion is
violated if the temperature of the unexposed face reaches 140°C or any local temperature value

exceeds 180°C.

1.4.3 Fireloads
Fire curves generally comprise three general types that also constitute the corresponding
assessment models. The simplest model involves exposing individual elements or parts of the

structure to standard temperature-time curves either by furnace tests or numerical studies and

Iason Vardakoulias NTUA 2015



Theoretical Background 25

the duration of the fire is determined by pertinent regulations provisions. A more complicated
method incorporates standard fire curves but the duration of the fire exposure is derived after
taking into account the actual fire characteristics of the compartment. For the estimation of the
time duration required for the member to sustain its bearing capacity initially proposed
equations included parameters such as equivalent fire load (kg), area of openings (m2) and total
area (m?2). Further refinements were made to improve the prediction accuracy by incorporating
the compartment thermal boundaries (including ventilation systems and wall materials) and the
relevant fire load per unit area (M]/m2). Two methods are used, namely the temperature base
[70] and the normalized heat load base [71]. Finally, the third and most complicated but also
sophisticated method considers the actual fire characteristics of the compartment to derive the
temperature-time curve using parametric equations and the first limit state criterion to be

violated marks the fire resistance rating (duration).

The attempts to produce methods for the derivation of a unified fire safety factor for the whole
structure are not developed in a way allowing for mass implementation [66]. Hence, prescriptive
methods unfolded in order to alleviate the computational effort but maintaining a substantial
accuracy. Prescriptive methods include the use of standardized temperature-time equations that
unraveled after the interpretation of standard fire test. During standard fire tests, a member is
loaded at the stress levels that expected to occur at its actual position in the real structure and it
is then heated with a proper standardized curve. It is assumed that most fires are fed by
cellulosic combustible materials resulting in temperature-time curves such as the most widely

used curve provided by ISO 834:
0y = 0, + 3451log(8t + 1) (1.1)

where 6, is the furnace temperature (°C), 6, is the ambient temperature (EN 1991-1-2 uses 20°C

as ambient temperature in the above expression), and t is the elapsed time (min).

This equation is not exemplary for describing analytical solutions of the Fourier equation of heat
transfer when the standard furnace curve is imposed on one or more elements; thus alternative
expressions began to surface some of which are presented hereafter by Williams-Leir and

Fackler.

i.  Williams-Leir [72]
0y = 6, +532(1 — e7%%1t) — 186(1 — 7295 +820(1 — e7*%Y) (1.2)

ii. Fackler[73]
0y = 0, + 774(1 — e 4VE) + 22.2¢ (1.3)

Furthermore, it was observed that fire curves for members placed in facades or members
exposed to fires created by other combustible materials, such as petrochemicals, do not comply

with the hereinabove expressions. Appropriate expressions that consider these features are
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included in EN 1991-1-2. External fire curves are smoother than standard fire curves whereas

hydrocarbon temperature-fire curves are more severe.

i.  External Fire Curve according to EN 1991-1-2
6y = 20 + 660(1 — 0.687e32" — 0.313e738) (1.4)

ii. Hydrocarbon Curve according to EN 1991-1-2
g = 20 + 1080(1 — 0.325e™%1¢7* — 0.675e~>") (1.5)

Natural fires (also called real or parametric) are characterized by different temperature-time
curves compared to the standardized curves. They can be relatively simple by including only
openings and combustible material type placed in the building interior or extremely complicated
by incorporating specific heat release rates by material, ignition temperatures for each material,
density distribution, energy flux through combustion and radiation etc [74]. Overall, natural fires
consolidate fluid dynamics’ extension on fire spread fed by the parameters dominating each
facility under investigation. Natural fires can be broken down into three distinct phases: i) the
pre-flashover or growth phase, ii) the post-flashover or fully developed phase, and iii) the decay
or cooling phase. The term flashover refers to the transition from localized fires to entire
conflagration of every combustible material available in the compartment area, initiating a rapid
temperature increase over a short duration. In the next figure, the fire growing phases are
graphically displayed [75] and a comparison between EN 1991-1-2 prescriptive curves and
different fuel /ignition test types is performed [76].
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Figure 1-19: (a) Natural fire phases [75] (b) Prescriptive approaches and experimental tests [76]
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1.5 Research Scope and Thesis Contents

This study investigates the structural behavior of load-bearing cold-formed steel members at
elevated temperatures by utilizing numerical models. These lipped channel steel members
represent the studs of four different drywall configurations. Typical drywall formations are
considered with single or double plasterboard layers and with or without thermal insulation.
Both the temperature profiles and the results of the structural analyses are obtained by
commercial finite elements software, i.e. ANSYS and ADINA. The whole process incorporates
state of the art models, proposed by various researchers, in order to simulate the temperature-
related thermal, mechanical and deformation properties of the composite drywall-steel
assemblies. The main object of this Thesis is to underline the variation of the numerical
simulations with the provisions of the pertinent parts of Eurocode 3, with the hope of identifying
the reasons behind the over-conservative regulation provisions. In particular, the outline of the
chapters employed in order to introduce the theoretical background, state the research problem

and carry out the computational process are explained hereinafter:

Chapter 1: Introduces the research problem while stating the theoretical background behind
the behavior of cold-formed steel sections at ambient temperatures. Provides
relevant information on load-bearing drywall configurations, including the
temperature variation of the physical properties of every material involved.
Finally, it summarizes the uncertainties surrounding proper identification of
property deterioration, reflecting the ambiguous behavior at fire situations. It aims
at providing a thorough view of all the aspects involved, vital for comprehending
the following chapters, so long as the reader has basic relevant knowledge.

Chapter 2: Presents literature review findings based on the results of previous researches. It
also describes previous experimental or numerical analyses performed at fire
situations and the methodologies proposed/followed by others. Furthermore, it
comprises the suggestions of Eurocode 3 regarding cold-formed members exposed
to fire situations along with the solution process of the direct strength method.

Chapter 3: States the ambient temperature investigation. It includes linearized buckling
analyses using finite element and finite strip solution processes; provides
geometric and material non-linear analyses with geometric imperfections along
with analytical and semi-analytical estimations of the corresponding axial strength
to validate the numerical results.

Chapter 4: Contains the analysis at fire conditions. Describes the methodology followed and
the corresponding results concerning both the thermal and, mainly, the structural
performance of the steel studs under a concentric vertical compressive load with
or without simultaneous external flexural loading.

Chapter 5: Provides the summarizing of the prominent findings of this study and suggestions

for future research.
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2 Literature Review

2.1 Introduction

The differences in structural behavior of cold-formed and hot-formed members have led to the
founding of specific design requirements regarding the application of cold-formed structural
elements. The standard EN 1993-1-3 reflects the approach of the European perspective in
dealing with the peculiarities of thin-walled members. The American Iron and Steel Institute
(AISI) has provided a standalone specification, named S100 and lastly amended in 2007, for the
design of cold-formed steel structural members which also includes the alternative direct
strength method to the standard effective width approach. The Australian and New Zealand
commissions have collaborated to produce guidance for the design of cold-formed sections,
following the provisions of the AISI specification. The result was a new specification named

AS/NZS 4600 lastly amended in 2005.

The above standards usually pertain to the structural behavior at ambient temperatures and do
not contain information about structural fire design. This issue is dealt with separately by
introducing new standards like EN 1993-1-2. However, there is not regulative guidance for load-
bearing drywall assemblies in detail. Temperature profiles can be obtained using heat transfer
equations offered by various specifications, which however lack detailed descriptions about non-
uniform temperature profiles across the members. As a result, over-conservative solutions are
usually employed to derive satisfying fire resistance ratings for the whole structure or for

separate members, respectively.

Systematic research has been undertaken to determine the thermal, mechanical and deformation
properties of structural steel. However, not much effort has been put on identifying the
corresponding properties of gypsum plasterboard and thermal insulation. As a result, even
though recent researchers conducted relevant studies and have concluded to meaningful results,
there has not been any regulative constitution about load-bearing drywall assemblies. This fact
can be attributed to the dispersion in the results of relevant studies as well as the overall low
amount of numerical and experimental systematic work in the whole plasterboard-insulation-

steel members system.

This chapter introduces a detailed description on the approach of Eurocode 3 to the structural
fire design of cold-formed steel members as well as the approach of the direct strength method.
Information about numerical and experimental studies pertinent to the design of load-bearing
drywall assemblies at elevated temperatures is also presented along with the design
methodologies proposed by other researchers. Moreover, an attempt to illustrate every aspect
involved in the simulation of load-bearing drywalls is performed by emphasizing the evolution of
the relevant models. Finally, the efficiencies and deficiencies of each study are demonstrated

based on new evidence that unfolded from the findings of the most recent investigations.
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2.2 Eurocode 3

Designing according to Eurocode 3 comprises the use of four different parts. EN 1993-1-1
includes the approach in dealing with global buckling effects and the interaction between axial
compression and bending moment; EN 1993-1-3 states the methodology to derive the effective
cross-section which is aligned with clauses from EN 1993-1-5; EN 1993-1-2 provides the
reduction factors and the design equations at fire situations as well as reductions laws for the

thermal, mechanical and deformation properties of steel.

2.2.1 Cold-formed thin gauge steel members

The structural analysis of thin-walled cold-formed members begins with estimating the effective
cross-section. At first, a check on whether the effects of rounded corners can be omitted is
performed. In order to assume that the cross-section is constituted by plane elements with sharp

corners, the two following conditions shall be met:

r<5t (2.1)
r<0.10b, (2.2)

where r the internal or external corner radius and b, the notional flat width.

The incorporation of flange or web stiffeners shall be within specific geometric limits in order for
the stiffener to provide sufficient stiffness to the adjacent part while avoiding primary buckling.

Hence, in case of a flange stiffener with length c or a lip stiffener with length d, the following

limits apply:
0.2<c/b<0.6 (2.3)
0.1<d/b<03 (2.4)

where b is the flange width.

Subsequently, a net width l_)p is selected for each plane element measured from the unbuckled
junctures of the adjacent parts in order to calculate the plate slenderness )_Lp of each element from

the following equation:

P b,/t
P 284¢e/k,

where t the element’s thickness, € the coefficient depending on the yield stress f;, and ks the

(2.5)

buckling factor depending on the stress distribution ¢ = 0;/01 for internal compression elements

or has a value depending on the ratio of the lip’s net width to the flange’s net width.

The range of the relative slenderness of each subpanel addresses its susceptibility to local
buckling. Therefore, a reduction coefficient p < 1.0 multiplies the net width of each subpanel to
produce an effective width. Each subpanel is characterized as internally or outstandingly
compressed while the unbuckled parts that form its limits are, i) web/flange juncture, ii)

intermediate web stiffeners, iii) intermediate or edge flange stiffeners and iv) intermediate or
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edge lip stiffener. The parts forming between the above locations determine the net width of the i

subpanel with effective width bes resulting from:

befr = po (2.6)

where the reduction coefficient p is determined by:

Internal compression elements

p=10 for 1, < 0.673 (2.7)
Ap —0.055(3 + ) _

p= = <1.0 for 4, > 0.673 ; where 3+1) =0 (2.8)

P

Outstand compression elements

p=1.0 for A, < 0.748 (2.9)
A, —0.188 ,

p= . <1.0 for 2, > 0.748 (2.10)

Next, the gross cross-sectional area As and the second moment of area I for each stiffener and the
adjacent parts is calculated in order to determine the additional stiffness provided by each
stiffener. These variables depend on the stiffness’s type, i.e. intermediate or edge. The stiffness of
an intermediate stiffener (the stiffener divides a plane element into two subpanels) after
conservatively excluding the rotational stiffness is obtained from equation:

3(b, + by)Et3?

K = 2.11
b7 bZ 12(1 — v7) (2.11)

where:

b1 the distance between the stiffener and the left edge of the left subpanel

b, the distance between the stiffener and the right edge of the right subpanel
E the elasticity modulus

t the nominal thickness

1% Poisson ratio

The stiffness of an edge stiffener is determined by:

ke EY 1 (2.12)
4(1 —v2%) " bZh, + b3 + 0.5b;b,h k¢

where:

b1 the distance between web/top flange juncture and the gravity center of the stiffener

b, the distance between web/bottom flange juncture and the gravity center of the stiffener

hyw the web depth

ke has zero value if the other flange is under tension or has a value of Aefr2/Aerr1 if the other
flange is compressed; where the index “2” corresponds to the other flange and the index
“1” corresponds to the flange under investigation

1% Poisson ratio
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The elastic critical buckling stress for each element is determined by:

2./KEI,

Ocrs = N (2.13)

where:

K the stiffness of the stiffener

E the elasticity modulus

Is the second moment of area of the stiffened area

As the effective cross-section of the stiffened area

The relative slenderness of each part is calculated by:

Tg= Jvo. (2.14)
Gcr,s

Hence, the reduction factor yq reflecting the distortional buckling effects on the cross-section is:

Xa =10 if A4 < 0.65 (2.15)
Xa =147 —-072313 if 0.65< 14 <1.38 (2.16)
Xq = 0.66/214 if 1.38 < 44 (2.17)

An iteration process can take place by introducing an initial relative slenderness ip,red in order to
calculate the reduction factor p for the effective width of each subpanel and the effective area of

the stiffener and the adjacent parts. The new relative slenderness is determined by:

Apred = Apy/Xa (2.18)
The hereinbefore procedure is repeated until the refined value of the reduction factor yq
approaches the value of the previously executed iteration. The final value of yq is employed to
reduce the thickness of each element according to the corresponding reduction factor. Hence, the
effective area of each element deteriorates to account for the effects of local/distortional buckling

and the axial compressive strength N.rq of the cross-section is calculated by:

Nera = Aestfyn/YMmo (2.19)
The axial strength of a member under pure compression is determined using the strength of the
cross-section reduced by a factor y to account for the effects of global buckling. The bearing

capacity of class 4 steel members under compression is determined by:

Nora = XAestfyn/ VMo (2.20)
where y is the minimum of yy and y, corresponding to strong and minor axis flexural (Euler)
buckling. The process of calculating the reduction factor y is typically described in Eurocode 3,

part 1.1 but the appropriate buckling curve derives from table 6.3 of EN 1993-1-3.
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When axial compression coexists with bending moment or when the effects of neutral axis shift
are considered, EN 1993-1-1 proposes the satisfaction of the following equations to ensure the

stability of a member:

N; M + AM, M. + 4AM.
Ed vy y,Ed y,Ed - z,Ed z,Ed <1.0 (2'21)
XyNRk/VM1 XLTMy,Rk/Ym Mz,Rk/VM1
N, M + AM, M + AM.
Ed y,Ed y,Ed z,Ed z,Ed <1.0 (2.22)

XzNri/Ym1 R XLTMy,Rk/Vm “ M, ri/VYm1

where:

Neg, Mygaand M,eq  is the design compressive force and the maximum moments about the
strong and minor axis, respectively

Nrx, Myrcand M g~ are the resistance values based on the properties of the effective cross-

section
AMy g4 and AM,kq the additional moments duo to centroidal axis shift
kyy, kyz, Kzy, kzz are the interaction factors
Xy Xz the reduction factors due to flexural buckling
XLT the reduction factor due to flexural-torsional buckling, takes a value of 1.0

for members not susceptible to torsional buckling

An alternative interaction relationship is suggested by EN 1993-1-3 according to which:

0.8 0.8
N M,
(Ed) +<—Ed) <10 (2.23)
Np,rd My, rq

where Nprqa and Mprq are the design values of axial and flexural buckling resistance and Mgq

contains the additional moment resulting from the shift of the centroidal axis.

2.2.2  Structural fire design

Eurocode 3, part 1.2 provides the temperature-related variation of the thermal properties of
steel. According to EN 1993-1-2, thermal properties comprise thermal conductivity, thermal
elongation and specific heat. Furthermore, the reduction laws applying to elasticity modulus and
yield stress are also determined. The previous chapter has presented the corresponding figures
that depict these reduction laws while EN 1993-1-2 states the equations that determine them

assuming ambient temperature 20°C.

The relationships expressing the ability of a member to withstand external loading are now
modified to reflect the behavior at elevated temperatures. Hence, for compression class 4
members, the design axial buckling resistance Ny sira shall be determined by:

_ Xii Aest Ky o fyb

Ny fitra = B (2.24)
Mfi

where ys is the reduction factor for flexural buckling in the fire design situation and kye the
reduction factor applying to the yield stress at temperature 6. Note that in cases of non-uniform

temperature distributions, the maximum cross-sectional temperature shall be used.
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The reduction factor for flexural buckling ys should be taken as the lesser of the values yys and

Xzfi and is now obtained by:

1
Xi=— ——
_ 2.25
P t ’(pé -2 ( )
with
1 7 72
and
235\ 05
a=065%x|— (2.27)
fy

The non-dimensional slenderness Ay derives from the corresponding value at ambient
temperatures multiplied by the fraction of the proportional reduction of the yield stress to the

elasticity modulus and is given by:

k 0.5
To=1 (Le) (2.28)

kee
where ky and kg the reduction factors applying to the yield stress and modulus of elasticity and

A the non-dimensional slenderness at ambient temperature.

When compression interacts with bending, the design buckling resistance of class 4 steel

members at temperature 6 shall be verified by satisfying the following expressions:

N k,M, g k, M, s
fi,Ed + yMy fiEd 27z fiEd <1.0 (2.29)
Xminfilet Kyo fyb/Yms  Wettykyofyb/Yms ~ Wesrzkyofyn/Vmji
N kirM, g kM, s
fi,Ed LTy fi,Ed z"zfi,Ed < 1.0 (230)

Xogilett kyo fyn/Yma X iWestykyofyn/Yms  WetezKyofyn/Yms
where yirs is determined with the same process as the one described in equations 2.25-2.28 but

for the case of flexural-torsional buckling by using 4,1 instead of A and the values ky, k,, ki1 are

given by:
M N Ed
ke =1— ' <1.0 2.31
L Xz giletctky,ofy/ VM (2:31)
with: g r = 0.152,6fm T — 0.15 < 0.9 (2.32)
Uy Nii Ea
k,=1- <1.0 2.33
y Xy iilettkyofy/Yms (2:33)
with: gy, = (1.2Buy — 3)Ay0 + 0.44Byy — 0.29 < 0.8 (2.34)
Uy Nfi g
k,=1- <1.0 2.35
‘ Xzilettky,ofy/Vm i (2:35)
with: g, = (2Bu, — 5)2,0 + 044y, — 0.29 < 0.8and 1,5 < 1.1 (2.36)

The equivalent uniform moment factors fu are obtained from the next figure.
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Moment diagram Equivalent uniform moment factor fu

End moments

-1<¢y<1

Moments due to in-plane

lateral loads

v
X
L
W Puq =14
Mo
Moments due to in-plane
lateral loads plus end moments
¥ —t MQ
M AM Bm = Buy + 3, (,BM,Q - :BM,lIJ)
AM
Mo T
where
% AM M, = |max M| due to lateral load only
Mg T and
¥
S
Mg |max M|, for moment diagram
S without change of sign
AM
% AM =
Mo +
|max M| + |min M|, for moment diagram
with change of sign

Figure 2-1: Equivalent uniform moment factors

The applied loads according to Eurocode 3 should be acquired by EN 1991-1-2 which contains
appropriate fire actions. The equivalent fire load is prescribed either according to parametric fire
curves, leading to more cumbersome - although more representative - solution processes, or
reflects the effects of the standard ISO 834 fire curve with initial/ambient temperature 6 = 20°C
which provides a more easily implemented approach. The fundamental load-bearing expression
of Eurocode 3 demonstrates that the design effects of actions for the fire design situation Efgq
should be lower than the corresponding design resistance of a steel member for the fire design
situation at time ¢t Ry 4. Clause 4.2.3.6 of EN 1993-1-2 states that this expressions is deemed to be
automatically satisfied for members with class 4 cross-sections other than tension members, if at

time ¢ the steel temperature 6, at all cross-sections is less than 6. = 350°C.
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2.3 Direct Strength Method

The Direct Strength Method (DSM) was developed as an alternative approach to the standard
effective width method contained in the AISI specification for the design of cold-formed steel
structural members. This semi-analytical method utilizes the elastic critical buckling loads
corresponding to local, distortional and global buckling modes to produce an estimation of the
bearing capacity of the investigated member. It does not contain either iterations/refinements
nor effective cross-sectional properties. However, a numerical linear buckling analysis has to be
performed in order to feed the DSM solution process with the elastic buckling loads. In addition,
the applicability of this method includes limitations regarding the geometric and mechanical
properties of the cross-section which are explicitly stated in the pertinent AISI specification. This
clause will describe the load-bearing estimation process for columns subjected to axial
compression by estimating the nominal strength for each buckling type and then integrate the

solutions to derive the final estimation of the method.

Global buckling
Given the yield load Py and the elastic critical buckling load P corresponding to global buckling,

i.e. flexural, torsional, flexural-torsional, the nominal axial strength P, is calculated by:

Poe = (0.658%) B, forAc< 1.5 (2.37)
0.877
Pe ==z R for Ac> 1.5 (2.38)
C
where
he= |2 (2.39)
¢ Pcre .

Local Buckling

Given the elastic critical buckling load P.s corresponding to local buckling and the previously

calculated nominal axial strength Py, the nominal axial strength Pn, for local buckling is obtained

from:
P, = P, forA,<0.776 (2.40)
Pcr{’ 0.4 Pcr{’ 0.4
P, =|1- 0.15( ) ( ) P.. for A¢ > 0.776 (2.41)
Pne Pne
where
Pne
1, = (2.42)
¢ Pcr{’

Distortional Buckling
Given the elastic critical buckling load Pgq and the yield load Py, the nominal strength for

distortional buckling Pyq is determined by:
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Py =P, for Aq < 0.561 (2.43)
0.6 0.6

P P

Py =|1- o.zs( ”d> < ”d> B, for A4 > 0.561 (2.44)
Py Py

where

P
A= |- (2.45)
d Pcrd

The design strength of the cold-formed steel column corresponds to the minimum nominal axial

strength Py, Pne and Png multiplied by the resistance factor ¢ < 1.
Py = @cmin(Bye; Pog; Poa) (2.46)

2.4 Previous Studies

This clause aims at presenting independent inquiries conducted by other researchers; thermal
and structural modeling, failure locations, test specimens etc. are presented along with
significant findings extrapolated by each pertinent study.

Alfawakhiri and Sultan

This study [77] presents an analytical approach to fire tests conducted by the National Research
Council of Canada in collaboration with the North American steel industry. The analytical
methodology focuses on reflecting the temperature and deformation results of the corresponding
experimental investigation. Furnace tests are performed using six light-weight steel frame wall
assemblies by imposing the standard ISO 834 fire curve. The examined formations were 3048mm
high by 3658mm long comprising channel sections with flange stiffening lips and web
perforations as load-bearing studs. Block and strap bridging type, optional resilient channels and
ambient side cross-bracing are also used to provide additional stability (Figure 2-2). The steel
members are sheathed in double-layered type X plasterboards from both sides while the air

cavities are filled with thermal insulation in four out of six configurations.

386 8 Studs @ 406 o.c. 386 Wood Header
‘ ‘ ‘ /(39 mm thick)

3 —— Channel Track
\ / Bridging (both sides)
\ / Solid Blocking

1016

NA
Za\

1016

i1

—
_— Cross-Bracing
T (ambient side only)
/ X g N Gusset Plate
A 41— Channel Track

3658

1016

Figure 2-2: Typical steel frame fabrication layout for wall specimens [77]
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Table 2-1: Summary of fire resistance tests on load bearing LSF walls

Specimen Stud Insulation | Resilient Load Fall-off time of Structural | Temperature rise on
number spacing type channels | including | gypsum on exposed failure unexposed side,
(mm) (fiber) on self- side time under pads, at failure
exposed weight (min) (mm) time
side (kN/m) (°Q)
Face Base Maximum | Average
layer layer
wi 406 Glass Yes 21.5 50 in place 55 52 36
w2 610 Rock Yes 14.3 57 67 73 50 42
w3 406 Cellulose Yes 215 57 in place 70 42 37
W4 406 - Yes 215 58 in place 76 64 60
W5 406 Rock Yes 215 53 in place 59 37 26
W6 406 - No 21.5 in place | inplace 83 76 69

All specimens failed due to structural inadequacy and neither heat penetration nor high ambient
side temperatures took place. This study concludes that the use of thermal insulation has a
negative effect on bearing capacity. Cavity insulation hinders heat transfer thus temperature
differential across the member is increased while non-insulated layouts demonstrated much
more uniform-type temperature gradients. The uninsulated formations failed at mid-height cold
flange as a result of bending towards the furnace and the development of high compressive force
on the ambient side. The insulated formations were characterized by near the support hot-flange
failure, i.e. at the location of the first web perforation at 0.2H, while they exhibited bending away
from the furnace. Furthermore, it is concluded that wider stud spacing increases the fire
resistance rating of load-bearing drywall assemblies while resilient channels impair the

structural performance because they do not allow the gypsum boards to stay in place.

Chen and Young
This study [78] investigates the behavior of cold-formed steel lipped channel columns at elevated

temperatures. A numerical investigation is carried out using the finite element software ABAQUS
[79] and is compared to the test results of Young and Rasmussen [80] at ambient conditions and
to Feng et al. [81] at elevated temperatures. For each case, tensile coupon tests were performed
by the corresponding experimental investigations to derive the 0.2% proof stress, the ultimate
stress and the elasticity modulus. The simulation considered fix-end boundary conditions except
for allowing axial translation of the end at which the load was applied and assumed
imperfections after the 1st buckling mode, i.e. local buckling, with amplitudes equal to the cross-

sectional thickness.

B,

B

w

Figure 2-3: Section overview and symbol definition [78]
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Table 2-2: Nominal cross-sectional dimensions for columns series

Series  Be(mm)  Bf(mm) By (mm) t(mm)
L36 12 36 96 1.5
L48 12 48 96 1.5
L50 15 50 130 1.5

Lip12 15 54 100 1.2
Lip2 15 56 100 2.0

Specimens with various lengths and flange widths were examined and compared to the relevant
experiments. At ambient conditions, an average error of 3% was observed between numerical
and experimental results for lower flange widths, whereas an average error of 7% occurred for
higher flange widths. At elevated temperatures the average error was around 2% for every case,

respectively.

After evaluating the test results, a parametric numerical study is demonstrated with column
lengths starting from 280mm to 3000mm and flange widths of 36, 48 and 50mm, at different
temperatures. Local imperfections amplitudes equal to the nominal thickness were considered
and global buckling imperfection values equal to 1/1000 of the member’s length. The parametric
study is accompanied by analytical and semi-analytical methodologies based on the effective
width (EWM) and the direct strength method (DSM) of the AISI specification. Both methods were
modified to include the diminished material properties at elevated temperatures in order to be
compared to the numerical model output. For the 36mm flange width series, both methods
presented an average error of 7% with the direct strength method having slightly more
dispersion. For the 48mm flange width series, the effective width approach deviated on average
27% whereas the DSM 22%. For the 50mm flange width case, the EWM had an average error of
14% whereas the DSM had 20%, respectively. In the next two figures, a graphical display of the
coincidence between the finite element results and the effective width and direct strength

method for the 48mm flange width series is presented.

140 140
[ ] T=22 u T=22
120 | = = T=250 120 b = = T=250
[ ] T=400 L] T=400
100
3 3
360 3
40
20

[=]

2000 0 500

0 500 1000 1500 1000 1500

Effective Length (mm) Effective Length (mm)

(@) (b)
Figure 2-4: Numerical results compared to (a) EWM and (b) DSM predictions, for 48mm flange width [78]

Structural Behavior of Light Gauge Cold-Formed Steel Frame Walls under Fire Conditions



40 Chapter 2

Ranawaka and Mahendran
This investigation [82], [83] focuses on the distortional buckling behavior of short cold-formed

steel columns at uniform elevated temperatures. More than 150 compression tests were carried
out at channel sections with lip stiffeners (Type B) or without (Type A) and then compared to
pertinent regulations. Three nominal thicknesses were considered for the examined cross-
sections, namely 0.60, 0.80 and 0.95mm while flexural residual stresses following Schafer &
Pekoz’s findings [26] were adopted. Both low (G250) and high (G550) strength steels are
examined with fixed-end boundaries and lengths in the range of 180 to 280mm. The column
length was decided in order for global buckling not to take place whereas the cross-sectional
dimensions are chosen to impede local buckling. These assumptions were validated via
numerical calculations using both finite strip and finite element methods before the actual tests
were undertaken. The reductions laws regarding mechanical property deterioration used in the
numerical simulations were determined by a previous work of the authors [84]. The cross-
sectional dimensions and the corresponding nomenclature are presented in Figure 2-5 and Table
2-3. Note that the third and fourth table columns denote the mean base metal thicknesses while

the last column represents the specimen’s net length, i.e. the length between the end plates.

L a 0.174, b 0.174,

0.08f, 0.17€,

0.08£,
0.17f,

—

0.176, 0.17f,

Type A Type B
(a) Cross-sectional dimensions (b) Flexural residual stress distribution
Figure 2-5: (a) Dimensions of the cross-sections and (b) residual stress distribution

Table 2-3: Nomenclature of dimensions

Section Thickness (mm) Section sizes (mm) Length (mm)
Nominal BMT-G250 BMT-G550 h b d s
0.60 0.54 0.60 30 30 5 200
Type A 0.80 0.75 0.80 30 30 5 180
0.95 0.94 0.95 30 35 5 - 180
0.60 0.54 0.60 40 30 5 10 280
Type B 0.80 0.75 0.80 40 30 5 10 240
0.95 0.94 0.95 40 30 5 10 220

To properly implement fixed-end conditions throughout the whole process, the end plates have a
5mm cavity filled with Pyrocrete 165 coil grout to provide enough lateral and rotational
resistance. The furnace was heated at a rate of 10 to 20°C/min and its temperature was
maintained constant for 20min so that each specimen could reach the same temperature. The
specimens were allowed to expand freely during the heating process since no external loading
was applied. Subsequently, a concentric compressive load was imposed using displacement
control at a rate of 0.3mm/min. The total loading time was about an hour and thermal creep

effects are assumed to be negligible for that duration.

Two main distortional buckling failure types were observed at ambient temperature, namely

both flanges moving outwards or both flanges moving inwards. An additional failure type
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unfolded at high temperatures where one flange would move outwards and the other inwards.
Even though the failure modes of identical members at the same temperature occurred at the
same ultimate loads, their failure type differentiated as a result of different initial imperfections.
The use of members with relatively low non-dimensional slenderness, i.e. the square root of yield
stress divided by the distortional buckling strength, provided infinitesimal post-buckling
capacity, i.e. the ratio of the ultimate load to the elastic distortional buckling load. Specifically, for
non-dimensional slenderness values between 1.0 and 1.5 the test results displayed a post-

buckling capacity of 1.09 and 1.04 at ambient and elevated temperature conditions, respectively.

(a) Ambient temperature (b) Elevated temperatures
Figure 2-6: Failure modes at different temperature conditions

Another interesting trend was found regarding yield stress and elasticity modulus deterioration.
Nominally identical specimens exhibited different reduction patterns regarding their mechanical
properties. Furthermore, while it is assumed that low strength steels display higher ductility than
high strength steels, this study revealed the exact opposite. The ductility was measured as the
ratio of the displacement &, corresponding to 85% of the ultimate load in the descending path, to
the yield displacement 6y, corresponding to the shifting point between the initial linear response
path and the following non-linear path. The observed ductility fall in the range of 1.23-1.48 and
1.64-6.80 for G250 and G550 steel specimens, respectively. Load bearing capacity reduction with
respect to temperature for both steels, thicknesses and lips stiffeners (Type B) or without

(Type A) are plotted in the next figure.
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Figure 2-7: Ultimate loads versus temperature curves
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Gunalan, Kolarkar and Mahendran
This research is based on the work performed at the Ph.D theses of Dr. Gunalan S. [44] and Dr.

Kolarkar P. [85] at Queensland university of Technology in Australia under the supervision of
Professor Mahendran M. The findings of these inquiries resulted in several publications [1], [86],
[87], [88], [89]. The authors examined in general seven load-bearing wall assemblies comprising
cold-formed lipped channel sections and plasterboard layers as cladding. The investigation
includes experiments on all test specimens accompanied by numerical evaluation using the
commercial finite element software ABAQUS. The results of the linearized buckling analysis were
also cross-checked by CUFSM. The provisions of Eurocode 3, AISI’s direct strength method and
AS/NZS 4600 are also used in most cases to validate the numerical and experimental solutions.
The specimens contain the standard cladding with one gypsum plasterboard layer and in some
cases cavity insulation, whereas a new approach, based on double plasterboard layers and

thermal insulation sandwiched between them, is proposed.

Table 2-4: LSF wall specimens

Test Configuration Insulation Load Ratio Test failure time (min)

Glass fiber 0.2 118
Glass fiber 0.4 108
Rock fiber 0.4 134
None 0.2 53
None 0.2 111
Glass fiber 0.2 101
Rock fiber 0.2 107
Cellulose fiber 0.2 110
Rock fiber 0.2 136
Cellulose fiber 0.2 124

The authors considered initial geometric imperfections after various sources along with residual
stress distribution; the latter proved to have negligible effects on the final behavior. The

bifurcation buckling analysis was carried out using different flange restraints to check the
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prevention of minor axis flexural buckling and flexural-torsional buckling of the load-bearing
studs. The corresponding tests concluded that the plasterboards were able to provide sufficient
resistance against those two buckling types even at very high temperatures, while the bifurcation
buckling analysis provided identical elastic critical buckling loads for the cases of: i) continuous
restraining against the lateral movement of the middle node of each flange, ii) repeated lateral
restraints at regular intervals. Each stud was modeled as pin-supported at the remote end while
axial displacement was allowed at the end were the axial load was imposed. The furnace

operated in order to generate the standard ISO 834 fire curve.

Aiming at comparing the numerical and experimental findings to analytical estimations, an
idealized non-uniform temperature profile is considered. Constant temperature value is assumed
at each flange and lip while a linear temperature variation is assumed at the section’s web. The
dimensions of the cold-formed studs comprise 90mm depth, 40mm width and 15mm lip length.
Three modes are adopted to input initial geometric imperfections during the non linear analyses.
The first one is the critical mode resulting from the bifurcation buckling analysis which in this
case reflects local web buckling. The second mode corresponds to analyzing the stud with the
deteriorated material properties based on the temperature of the hot flange. Finally, the third
mode was determined by considering the temperature-related mechanical properties across the
section following the idealized temperature profile. Nevertheless, at elevated temperatures each
imperfection input resulted in the same maximum load as a result of the predominant effect of

thermal bowing, neutral axis shift and their magnification effects.

In the temperature domain, axial strength reduction curves displayed almost identical paths
when plotted as a function of the maximum cross-sectional temperature. This fact advocates the
use of the maximum member temperature as the most proper temperature aspect to evaluate the
structural performance at elevated temperatures. Furthermore, the use of cavity insulation
seems to have a negative impact on the structural performance as it does not provide protection
to the hot flange whose failure dominates the response at temperatures higher than
approximately 500°C; externally insulated wall panels presented the best performance. It is also
observed that lining formations does not affect the structural response but mostly delay the
temperature rise. Failure is likely to occur either at the ambient side of the section at mid-height

or at the fire side near the support.

The application of a vertical compressive load causes a shift of the centroidal axis of the cross-
section as the steel panels begin to exhibit local buckling phenomena. The major axis shifts
towards the ambient side and a bending moment is created generating additional compression at
the hot flange and tension at the cold flange. At the same time, the temperature gradient deforms
the member causing it to globally buckle towards the fire; hence, creates compression at the cold-
flange and tension at the hot-flange. Considering the reduced mechanical properties at the fire
side as a result of higher temperature escalation, the authors conclude that the hereinbefore

mentioned failure locations are likely to occur.
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In another investigation performed by Gunalan et al. [90], the use of AS/NZS 4600 and Eurocode
3, part 1.3 is validated when predicting the behavior of lipped channel sections undergoing
flexural-torsional buckling. The examination considered both ambient and uniform elevated
temperature conditions as well as simple and rigid boundary conditions. Finite element analyses
and test results are utilized to evaluate the consistency of the pertinent regulations. The details of

the investigated members are displayed in Table 2-5.

Table 2-5: Test specimen details

Steel fy E Nominal Measured Section dimensions Specimen length
Grade (MPa) (GPa)  thickness BMT (mm) (mm)

(mm) (mm) Web Flange Lip Series 1  Series 2
G550 615 205 0.95 0.95 55 35 9 1800 2800
G250 271 188 1.95 1.95 75 50 15 1800 2800
G450 515 206 1.90 1.88 75 50 15 1800 2800

The authors discovered that the warping fixity, conservatively neglected during calculations,
enhanced significantly the ultimate bearing capacity. However, it is not considered in the
corresponding specifications. Hence, Gunalan & Mahendran [91] proposed a new set of equations
to fix the experimental results to a matching formula. These proposed equations are also
compared to the finite element results along with the EN 1993-1-2, the modified EN 1993-1-3
and the AS/NZS 4600 predictions regarding fix-ended columns.

At ambient temperature (20°C), the proposed equations demonstrated the best coincidence
compared to the specification provisions; Eurocode methods provided the highest deviation from
the FEA. It appeared that the use of buckling curve “b” regarding lipped channel section is too
conservative and the test results matched with curve “a,”. The mean offset and the coefficient of

variation at each temperature for every approach are summarized in the next table.

Table 2-6: FEA results compared to various approaches

Temperature FEA/AS 4600 FEA/proposed eq. FEA/EN 1993-1-3 FEA/EN 1993-1-2
Mean Ccov Mean Ccov Mean (6{0)% Mean (6{0)%

20 °C 1.225 0.152 1.009 0.046 1.338 0.105 1.388 0.171
100°C 1.237 0.153 1.007 0.046 1.344 0.107 1.503 0.068
2000C 1.258 0.156 1.008 0.045 1.360 0.111 1.514 0.069
300°C 1.268 0.169 1.014 0.046 1.363 0.121 1.531 0.067
400°C 1.148 0.245 0.926 0.094 1.238 0.203 1.388 0.118
500°C 1.113 0.194 0.940 0.064 1.213 0.156 1.390 0.084
600°C 1.033 0.027 0.974 0.040 1.139 0.041 1.397 0.044
700°C 1.032 0.037 0.965 0.024 1.146 0.054 1.386 0.051

The same authors proceeded in an investigation [92] on failure due to local buckling of lipped
and un-lipped channel sections (see Table 2-5 regarding steel grade and thickness) at ambient
and uniform elevated temperatures. Test results were accompanied by finite element analysis
and analytical and semi-analytical calculations according to relevant regulations. Specifically, the
following methods are utilized to evaluate the experimental and numerical results: i) Direct
strength method, ii) official Eurocode 3 part 1.2 method, iii) modified Eurocode 3 part 1.3
method, iii) AS/NZS 4600 methodology (identical to AISI S100), and iv) BS 5950 part 5. The

results are summarized in the next figures.
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Ariyanayagam and Mahendran
The use of thermoplastic materials in modern structures led into the necessity to develop

realistic fire curves. The phases of such fires differ substantially from the standard ISO 834 fire
curve that is widely employed during furnace tests (see also §1.4.3). This publication [93] aims at
revealing the strength reduction patterns unraveling after exposing load bearing drywall systems
to realistic design fire curves. Both full scale fire tests and numerical studies using ABAQUS are
carried out under transient and steady state conditions. Temperature to time curves are
determined by Eurocode 1 part 1.2 [69] and Barnett C. R. (BFD) [94] and are graphically
displayed in Figure 2-11; the dimensions of the lipped channel sections used as load bearing

members are 90x40x15x1.15mm fabricated by G500 steel.
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Figure 2-11: Employed fire curves [93]
Test specimens consisted of cold-formed studs sheathed in single gypsum plasterboard layers or
double plasterboard layers. The new design regarding externally insulated drywalls is also
considered using Rock fibers as thermal insulation material; no simulation of cavity insulated
formation took place. In the numerical model, uniform temperature is assumed at each steel
panel of the section except for the web where a linear variation is considered. Each drywall
specimen consists of four steel studs which are fixed to the top and bottom tracks though screws
placed on the flange mid-width. This connection type is conservatively assumed as pin. Screws
are centered at 300mm restraining the out-of-plane deflection of each stud. The mechanical
properties of the steel members derived from tensile coupon tests while their deterioration at
elevated temperatures is estimated by the equations of Dolamune Kankanamge & Mahendran
[57] while the thermal elongation is determined by the equations of Eurocode 3 part 1.2. The
constitutive stress-strain laws follow the Ramberg-Osgood model with modified parameters
suggested by Ranawaka & Mahendran [95]. The shape of the first eigenmode was employed to
input the initial geometric imperfections. Depending on the buckling type of the first mode,

imperfection amplitude of 0.006b was used for critical mode corresponding to local buckling,
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with b being the panel width and a value L/1000 was used for critical global buckling mode, with

L being the stud length; residual stresses are not considered.

Overall, the finite element results agreed well with the fire test results regarding axial and lateral
displacements. A discrepancy was observed in the mid-height deflections near failure, attributed
to potential loading eccentricity resulting from thermal bowing that caused different wall failure
directions. Furthermore, some cases displayed different failure locations. Due to thermal bowing
in the fire tests, the central part of the stud approaches the furnace wall thus increasing its
temperature disproportionally compared to the other areas of the member. As a result, the hot-
flange mid-height becomes more susceptible to failure and can display earlier failure than the
hot-flange near the support which reflects the expected failure location at high elevated
temperatures. On the other hand, this fact is not modeled in the finite element analysis whose

results predicted a failure of the hot-flange near the end supports.

In addition, some single walled panels experienced an unexpected fall-off of a plasterboard strip
and became vulnerable to flexural-torsional buckling which inevitably was their failure pattern.
During transient finite element analysis, plasterboards provided continuous lateral restraints
against flexural-torsional and minor-axis buckling resulting in a lack of coincidence between the
two methods. However, when the same stud was modeled in steady-state FEA excluding the
lateral restraints the output matched the test results. To check whether plasterboard fall-off
occurred before stud failure, steady-state simulations were performed for all the above test cases
concluding that local crushing of some studs caused the plasterboard failure. Therefore it is
reasonable to assume that plasterboards provide adequate lateral restraints during the whole

duration of the fire.

The maximum temperature of the cross-section, i.e. the temperature of the exposed flange, can be
accurately used to predict the axial strength reduction. Hot-flange temperatures at failure agreed
reasonably well for different load ratios and also coincided with standard furnace tests that were
performed at [88]. The use of realistic fire design curves and different wall formations only
affects the fire resistance rating of each assembly. Time domain reflects the resulting FRR for
each case, but it is the temperature domain that provides the substantial information regarding

the thermal performance of each configuration.

Landesmann and Camotim
This study [96] presents a thorough numerical investigation in order to assess the prediction

accuracy of the current direct strength method distortional buckling curve. The authors
performed compression tests on fix-ended cold-formed lipped channel (L) and rack sections [R]
at ambient and uniform elevated temperatures. Aiming at identifying the importance of
temperature-dependence in mechanical property deterioration, six different steel constitutive
laws are employed to feed the finite element software ANSYS [63] which was used to perform
linear and non-linear buckling analyses with initial geometric imperfections. Imperfections are

inserted using the critical distortional mode using 10% of the nominal thickness as amplitude.
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Initial bifurcation buckling analyses were performed to ensure distortional buckling
susceptibility against local/global buckling of the selected columns using GBTUL [97]; residual
stress distribution is not considered. The six constitutive material laws and mechanical
properties erosion patterns included are: i) Eurocode 3 Part 1.2 regarding hot-rolled sections
(HR), ii) Eurocode 3 Part 1.2 regarding cold-formed sections (CF), iii) Lee et al. (LMM) [98], iv)
Chen and Young (CY) [99], v) Ranawaka and Mahendran (RM) [95] and vi) Wei and Jihong (W])
[100]. The deterioration of yield stress and elasticity modulus along with the corresponding
constitutive stress-strain relationships are addressed in detail in the original publication of each
author; a graphical display of the reduction patterns for the mechanical properties is depicted in

the next figure.
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Figure 2-12: Employed temperature-variation models for (a) yield stress and (b) elasticity modulus [96]

The constitutive stress-strain laws demonstrate gradual yielding type except for the classical EN
1993-1-2 curve regarding hot-rolled sections. Most of the other experimental studies incorporate
Ramberg-Osgood type models with modified parameters f and nr. Additionally, each model
utilizes the reduction laws of yield stress and Young’s modulus proposed by each researcher.
Each inquiry considers different strain level corresponding to the nominal yield point. Thus, no
explicit comparison is available in terms of discrete stress-strain points and the graphical
representation of each curve is needed. For example, Eurocode 3 uses the 2% absolute strain to
mark the yielding point of hot-rolled sections whereas considers the 0.2% residual strain for
cold-formed sections. Hence, most experimental studies conservatively consider the 0.2% proof

stress as the yielding point to which the reduction factors at elevated temperature apply.

For each case considered, various non-linear analyses were carried out for different distortional
slenderness values. The results are plotted along with the predictions of the official direct
strength method curve and a modified DSM curve (Figure 2-13) that increases the prediction
accuracy regarding the current numerical solutions. The authors proposed the use of a modified
official distortional buckling curve of the DSM differentiating for temperatures above or below
300°C. The DSM distortional buckling curve is represented by equations (2.43) and (2.44) while

the modified relationship is presented in the next equations.
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Pypr = Py,T

Popr = Py,T [a - 0-15(Pcr,D,T/Py,T)b] (Pcr,D,T/P ,T)b

where Pnpr is the prediction value of the method regarding the distortional axial strength at

forApr < ¢

for Ap > ¢

(2.47)

(2.48)

temperature T, Py is the yield load at temperature T, P.p is the elastic critical distortional

buckling load and a, b and c are parameters whose values are displayed in the next table.

Table 2-7: Values for the parameters g, b, ¢ of the modified DSM distortional prediction curve

Temperature
Variable
<300°C >300°C
a 0.810 0.790
b 0.660 0.660
c 0.594 0.567
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Figure 2-13: Comparison between current/proposed DSM predictions and numerical results [96]
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It is clear that the vertical dispersion of the plotted points in the previous graphs is quite
consistent, considering the use of different material constitutive laws and reduction models while
all points display a similar reduction trend. Two exceptions are sorted out from the previous
statement: i) the stocky columns analyzed with the Chen & Young model at T=500-600 °C and ii)
the stocky columns analyzed with the Wei & Jihong method at T=600 °C. As a result, the main
objective of the current study, to identify the importance of selecting different constitutive stress-
strain models, was deemed satisfied after observing that no matter what method was chosen the

results displayed relatively low dispersion and similar trends.

In general, the current DSM distortional buckling curve displayed similar reduction pattern with
the numerical data for increasing slenderness values. The accuracy of the method demonstrated
incremental decrease for higher slenderness values and higher elevated temperatures. To be
more specific, the DSM predictions were slightly unsafe for Ap 1 < 1.5 and T < 400°C and became
progressively more unsafe for higher slenderness and temperature values while they were too
unsafe for the exceptions mentioned in the previous paragraph. The modified DSM curve
incorporates a more steep initial reduction path to better fit the numerical output at low
slenderness and its parameters differentiate for temperatures above 300°C to match the previous
dispersion at higher temperatures. The predicted to numerical ultimate loads for the current
DSM curve had a 1.04-1.13 mean and 0.08-0.10 standard deviation whereas the corresponding
results of the modified DSM curve demonstrated 0.86-0.93 and 0.05-0.11 values, respectively.

Feng and Wang
Feng and Wang [101] utilized the energy theorem to determine an analytical solution for the

prediction of the lateral deflection and failure times of cold-formed thin-walled steel channel
columns at non-uniform elevated temperatures. The close-formed solutions are then compared
to the results of six full-scale furnace tests of cold-formed thin-walled structural steel panels
under a concentric axial load and fire conditions from one side. The publication emphasizes the
importance of properly capturing thermal bowing-related deflections and investigates the
necessity to additionally consider neutral axes shift and corresponding magnifications. Overall, a
comparison between EN 1993-1-2 method and a modified EN 1993-1-3 method is performed in

order to evaluate the consistency of each method.

When a steel member is exposed to non-uniform temperature distributions across its length,
transverse extensions force the member to bend towards the fire side; this temperature-related
bending is call thermal bowing. This lateral deflection combined with the axial compressive load
will generate a bending moment mainly about the major axis. The reduced stiffness at elevated
temperatures resulting from the deteriorated elasticity modulus along with the axial load will
amplify the lateral deflections even more causing the so-called magnified thermal bowing. On top
of that, the initiation of buckling at the middle parts of some panels of the cross-section will
reduce the available stiffness even more causing a shift of the neutral axes. This shift is highly

affiliated with the non-uniform temperature distribution as the temperature gradient tampers
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with the Young’s modulus. The authors examined both major and minor axis shifting to account
for bi-axial bending conditions. Identification of these phenomena prompted the authors to
examine whether pure thermal bowing deflections should be considered, risking unsafe
solutions, or the time-consuming calculations of the magnified thermal bowing deflections should

be included as well.

Two lipped channel sections with nominal length 2000mm are considered and cross-sectional
dimensions 100x54x15x1.2 or 100x56x15x2mm. During the fire tests, each panel comprised
three studs centered at 750mm with two web perforations, one near the top end and one near
the bottom support; the studs are simply supported at both ends, sheathed in gypsum
plasterboards. The plasterboards and the stud are fixed using screws centered at 300mm. The
mechanical properties of the two sections were determined by tensile coupon tests performed at

ambient temperatures and the results are presented in the next table.

Table 2-8: Mechanical properties obtained from tensile coupon rests

Stud Section Mean yield strength fy Mean tensile strength fu ~ Mean elastic modulus E
(N/mm?2) (N/mm?2) (N/mm?2)
Lipped 100x54x15x1.2 3934 507.9 184.4
Lipped 100x56x15x2.0 353.4 497.4 203.1

The infinitesimal temperature variation taking place at the flanges combined with the repeated
screws every 300mm establishes a weak regime regarding thermal bowing deflections in the
plane of the flanges; hence, thermal bowing deflections are considered only in the plane of the

web (major bending axis).

The maximum (mid-height) lateral deflection of a simply supported column exposed at non-

uniform temperature distributions is:

_al TL?

max = gp,
w

(2.49)

where a is the coefficient of thermal expansion; AT is the temperature difference across the

section; L is the member length; by, is the depth of the cross-section.

The corresponding deflection curve is given by:

_ aAT 2+aATL 250
Yo = "o, Y "oy, ? (2:50)

where z stands for the longitudinal axis of the stud.

Assuming that the additional lateral deflection due to the magnified thermal bowing v; follows a
parabolic trend in the form of vi=az?+bz+c and that the total lateral deflection, considering the
shift of the major axis ey, is determined as: y=v,+vi-ey, after taking into account the boundary

conditions and the axial load P the total lateral deflection curve becomes:
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ZaATPL )
3b,, z z adAT ) aATL
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Y EEI_iP<L L) by 2 Yoy, AT (2:51)
L3 3L

The maximum deflection at mid-height z=L/2 equals:

2aAT
3b, Pk aaTI?
Ymax = ~ 64 16 + 8b,, —éy
L—3E1 _ﬁp

where E is the average reduced elasticity modulus across the section and I is the weighted

(2.52)

average second moment of area given by:

q

1= mll+ 4] (2.53)

i=1
where the cross-section is divided into g segments and each one has an area of 4, a distance x
from the centroidal axis under the non-uniform temperature distribution considered and a value

n; determined from:

The reduced elastic modulus at temperature T;

P = 2.54
" Weighted average elastic modulus of the section ( )

While Eurocode 3, part 1.2 suggests the use of the effective cross-section calculated at ambient
temperatures, the authors proposed a “modified” Eurocode 3, part 1.3 methodology where an
effective cross-section is calculated for each temperature profile. Even though, this process is
cumbersome and requires heavy computational effort, the finally proposed equations take the

form:

P kM +aMy ky(M, + AM,) -

<1.0 (2.55)
XminNeff Mx,eff My,eff
P kir(M, + AM ky(M, + AM
" Lr(My x)+ y( y y)S (2.56)
XatNe XurMy efs My of¢

where Negr is the axial bearing capacity at elevated temperatures; Myerr and My,efr are the bending
moment capacities at non-uniform elevated temperatures about the major and minor axis,

respectively.

After comparing the proposed equations with the test results it was concluded that the
consideration of thermal bowing deflection is substantial for the accurate prediction of the
corresponding fire effects; however, the magnification effects need not be considered.
Furthermore, EN 1993-1-2 method gives slightly less accurate results than EN 1993-1-3 modified
method, but its solution process is much easier to implement. The minor axis shift can be
completely ignored. Including the major axis shift can change the failure location from mid-height
cold flange to support hot-flange, but incorporating this shift seemed to cause further deviation
from the test results. Finally, the authors state the need to develop alternative elevated

temperature approaches because the current methods are extremely complex.
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3 Evaluation of Structural Response at Ambient Temperature

3.1 Introduction

The methodology of estimating the fire-resistance of any steel member starts by understanding
the behavior during pre-fire conditions. An axially compressed steel member can barely reach its
maximum axial resistance (Axf,) since global buckling is likely to occur. However, in thin-walled
members, axial compressive strength diminishes even more rapidly due to development of
local/distortional buckling. Evaluating the buckling performance of such a member by exploring
its inherent buckling tendencies and identifying the post-buckling regime is the scope of this

chapter.

A finite element model is developed in ADINA software [102] to simulate the member under
investigation. Various mesh densities are tested in order to conclude to the most efficient in
terms of both precision and computational effort. In each case, the member is subjected to a
concentric vertical compressive load, imposed at the gravity center of the gross cross-section. On
the way of obtaining the elastic critical buckling loads of different modes, a linearized buckling
analysis is performed. A selection is made among those modes in order to target the ones that
seem to have the most unfavorable effect on the member’s response. Since these critical modes
cannot be identified directly and there is no specific rule to aid in this selection, assumptions and
tests have to be made to determine them. To validate the results obtained from the finite element

model, a finite strip analysis is carried out using the freely available software CUFSM [103].

Next, a series of analyses is performed using various geometric imperfection values. Residual
stresses are not considered since recent researchers [43], [104], [56], [44] found their
contribution to be rather insignificant. Imperfections are used as input in the finite element
model to reflect the initial deformed shape. The magnitude of these imperfections may
significantly influence the strength of the stud under consideration. Moreover, different strength
reduction patterns may unravel by increasing imperfection values in different modes. Choosing
imperfection values for local, distortional and global buckling is usually consistent with scientific
experiments and proposed formulas from credible sources. Nevertheless, mode susceptibility to
imperfection increments varies, depending on buckling type. Past inquiries have revealed that
distortional buckling modes are more prone to higher strength reduction patterns with

increasing imperfection values as opposed to local buckling modes.

Finally, analytical calculations are executed to validate the consistency of the output of the
numerical model. These hand-made calculations are based on the Direct Strength Method and the
effective width method. The elastic buckling loads corresponding to local, distortional and global
modes used in the DSM are obtained from CUFSM. The effective width methodology is carried out
based on the provisions of EN 1993-1-3 concerning cold-formed sections and EN 1993-1-5

regarding plated structural elements.
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3.2 Model Features

Our model consists of a light-gauge cold formed stud with a length of 2,316mm and a lipped C
cross-section with two web stiffeners. The cross-section, code-named COCOON Transformer C-
Profile 147/50/1.5, has 147mm web height, 50mm flange width, 10mm lip length and a uniform
thickness of 1.5mm. The center part of the web has circular holes of 30mm diameter centered
every 300mm. The next figure presents the cross-sectional dimensions; the material used to
carry out the analyses is a plastic bilinear, simulative of steel S320GD+Z, and its properties are

illustrated in the next table.

f@ I:)"

t=1.5 mm

50 mm

N7 — 7
f 147 mm !

Figure 3-1: Cross-sectional dimensions

Table 3-1: Properties of steel S320GD+Z

S320GD+Z
Elasticity Modulus Ee 210 GPa
Poisson’s ratio v 0.3
Yield Stress fy 320 MPa
Yield Strain gy 0.0015
Strain Hardening Modulus Ep 415 MPa
Ultimate Stress fu 390 MPa
Ultimate Strain &u 0.17

3.3 Numerical Analysis

3.3.1 Finite element modeling

The stud is modeled in ADINA using shell elements. The effect of rounded corners is neglected
and thus the cross-section is considered to be constituted by 1.5mm thick plane elements. The
end boundary conditions include a roller at the top and a pin at the bottom. In addition, minor
axis bending is hindered by restraining the lateral movement at the flange’s middle node every
60mm in height, to account for the constraints induced by the ballistic nails that connect the
flanges with the plasterboards. The boundary conditions at the edges are modeled by utilizing
rigid links in order to connect the top and bottom nodes of the cross-section with new nodes

which are placed at the gravity center of the cross-section, in the way shown in Figure 3-3.
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Uy restrained

o )

Figure 3-2: Computational cross-section and rigid links at ADINA

Creating the appropriate finite element mesh is the next step towards developing our model.
Analyses are performed with various mesh densities in order to approach an efficient solution.
Efficiency does not only represent mere precision but computational time, too. The goal is to
create a mesh that provides accurate results and in the meantime reduces the computational cost
and the necessary memory required for storing the output files at a reasonable level. The density
is not uniformly applied to every part of the member. Generally, square elements with edge
length around 10mm are used in the flanges and the subpanels of the web, whereas slightly
smaller elements are used in the lips and the stiffeners and even denser mesh is used around the

hollow parts of the web.

This “loose” mesh assembly represents the one used to carry out our analyses, while another
mesh with increased density is exploited to verify the validity of the results at ad-hoc stages of
the analysis. This “dense” mesh has twice the elements of the loose one. The dense mesh results
are compared to the ones obtained from the loose mesh in two stages: a) to check the elastic
critical buckling loads of each mode after acquiring the results of the linearized buckling analysis,
b) to check the coincidence of the bearing capacity of the stud after imposing imperfections
according to the most unfavorable mode combination. The density of the two for-mentioned

meshes is depicted in the next figure for the bottom segment of the section.

(@) (b)
Figure 3-3: Mesh density of (a) loose mesh (b) dense mesh

A vertical compressive load is imposed at the gravity center at the top edge of the stud in an
attempt to alleviate the member from tensile stresses. This operation is performed by imposing
either load-controlled or displacement-controlled compression. In any case, both loading types
are examined in several cases to check the coincidence of the resultant equilibrium paths along

with either arc-length or newton-raphson solution processes.
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3.3.2 Linearized buckling analysis using finite elements

The Linearized buckling analysis (LBA) is performed in order to obtain the elastic critical
buckling loads of each buckling mode. Our goal is to identify the modes with the critical load
related to local, distortional and global buckling. The deformed cross-sectional shape was
observed along with the half-wave lengths and the relationship of the eigenvectors
corresponding to web versus flange buckling. The LBA is performed in ADINA using the finite

element method and in CUFSM using the finite strip method to verify the results.

A
D
I
N
A

(a) (b)

Figure 3-4: 1st buckling mode - local buckling (a) general view (b) cross-sectional view

()
Figure 3-5: 22nd buckling mode - distortional buckling (a) general view (b) cross-sectional view

o
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(a) (b)

Figure 3-6: 310th buckling mode - global buckling (a) general view (b) cross-sectional view
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Mode 1 exhibits the first local buckling and has a critical load P=53.82kN. Its half-wavelength is
estimated close to 140mm, slightly less than the height of the web. In addition, the maximum
eigenvector corresponding to local web buckling is one order of magnitude greater than the
maximum eigenvector corresponding to flange buckling. Mode 22 represents the first
distortional buckling and has a critical load P,=72.23KkN. Its half-wavelength is estimated close to
330mm and the maximum eigenvectors are similar in the xy plane. Mode 310 introduces the
global buckling mode about the member’s strong axis at a critical load P.,=454.0kN and has a

half-wavelength equal to the stud’s total length.

3.3.3 Linearized buckling analysis using finite strips

The results stated in the previous paragraph are evaluated by performing a finite strip analysis at
CUFSM. It should be noted, however, that finite strip analysis is valid only for continuous solid
members. As a result, minor inconsistencies might be observed through directly comparing the
finite strip results with those obtained from the finite element model. The three critical modes
presented in the next figure match perfectly the results obtained from the LBA at ADINA to
sufficiently complete our investigation regarding the elastic buckling loads. The respective loads

of each mode are reported in Table 3-2 and Figure 3-8.

_— , i
() (b) (c)
Figure 3-7: CUFSM results on critical modal buckled shape (a) local (b) distortional (c) global

CUFSM can also produce the signature curve, i.e. plotting the load factor against the half-
wavelength. In the solution algorithm incorporated in CUFSM to solve the buckling eigenproblem,
it is assumed that a specific half-wavelength has infinite modes that satisfy the inputs related to
that half-wavelength. Nevertheless, the mode with the lesser critical load is likely to occur for
that specific half-wavelength. Therefore, at each half-wavelength only the first mode of the
eigenproblem is presented in order to plot the signature curve. The load factor which is
presented in the y axis is the ratio of the elastic critical buckling load of the first mode of each
half-wavelength to the yield load. The yield load is defined as the product of the gross cross-

sectional area and the yield stress.
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Figure 3-8: Signature curve

An illustrative presentation of the comparison between the results of ADINA and CUFSM related
to the linearized buckling analysis is shown in the next table. It shall be noted that the half-
wavelengths taken from ADINA are graphically estimated whereas the half-wavelengths taken
from CUFSM are numerically calculated. CUFSM validated the results obtained from ADINA as the
variation between the outputs of the two programs is minimal. To determine the critical buckling
loads of CUFSM, each load factor stated in Figure 3-8 is multiplied by the gross cross-sectional

area A=391.04mm? and the yield stress f,=0.320kN/mm?.

Table 3-2: Linearized buckling analysis results of ADINA and CUFSM

ADINA : CUFSM
Half-wavelength Per ' Half-wavelength Per
(mm) (kN) i (mm) (kN)
Local Mode 140 53.8 i 130 52.6
Distortional Mode 330 72.2 : 320 72.6
Global Mode 2,316 454.0 : 2,320 456.7

Apart from the three buckling modes mentioned earlier, other modes will be considered in pre-
fire conditions to explore their effect on the behavior of the stud. Although the critical modes
corresponding to local, distortional and global buckling are expected to have higher contribution
than the rest, one cannot completely ignore the possibility that the remaining modes contribute

significantly in the overall behavior.

3.3.4 Initial geometric imperfections

Various researches have tried to explore the effect of geometric imperfections on the behavior of
thin cold-formed members. Light-gauge cold-formed steel members are presumed to have
significant geometric imperfections due to induced deformations during fabrication and
handling. These imperfections are numerically imposed according to the shape of buckling
modes as it has been observed [105] that cold-formed members are very sensitive to this type of

input imperfections.
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Geometric imperfections amplitude depends on the type of buckling mode, e.g. different values
are used as input for local compared to global buckling modes. An independent inquiry has been
executed to identify a realistic range of proper amplitudes for geometric imperfections as
suggested by other researchers and Eurocode provisions. The amplitude value is usually
expressed as a function of the plate width or the element thickness for local imperfections. For
global modes, the amplitude represents the lateral mid-height deflection according to a deformed

bow shape and is usually expressed as a fraction of the member’s length.

In order to determine the proper range of imperfection amplitudes we took under consideration
the formulas used/proposed by others and modified them according to the dimensions of the
member under investigation. The next table summarizes the results we have found after looking

into previous researches and regulations.

Table 3-3: Literature review findings on imperfection values

Author Local imperfection Global imperfection
(mm) (mm)

Eé\Ile;;s'_lfl[Efggf‘ min(a/200 ; b/200)=0.74 L/200=11.6
___________ EN 1090-2:2008[33] ___ | . _b/100=15 W L/750=31
. 43 b/100=15 | L/1000+L/400=2.3+58
e (104] t=15 . ].] L/1000+L/200=2.3+11.6
____________________ [105] .. ....._.]]..0.006b=09;6te2=05 |\ - ...

[56] 1.0 L/1000=2.3

*a and b are the panel’s dimensions, t is the nominal thickness of the panel and L is the stud length

To meet this range of imperfection values listed in the previous table we considered values for
local/distortional buckling imperfection from 0.5mm to 1.5mm and for global buckling from 1.0
to 20.0mm. Furthermore, various interaction attempts were made between different modes with
different imperfection amplitudes to estimate the most unfavorable combination within
reasonable limits. The results of these attempts are demonstrated in a later part of this thesis

after performing geometric and material non-linear analyses with initial imperfections (GMNIA).

3.3.5 Geometric and material non-linear analyses with initial geometric imperfections

Determining the bearing capacity of the stud in terms of a vertically compressive action was the
last step before proceeding with the fire situation. The outputs of different attempts using
various imperfection amplitudes according to different buckling modes are presented in the next
figures on the way of identifying the ultimate strength of the stud. Modes 1 and 22,
corresponding to critical local and distortional buckling, seem to contribute utmost in the final
behavior of the stud while mode 310 (flexural major axis buckling) is not observed in the shape

of structural failure when a non-linear analysis without imperfections is carried out (GMNA).

Besides checking the structural behavior with imperfections according to individual modes, we
examined the equilibrium paths for several combinations between different modes and
imperfection amplitudes. The combination of initial geometric imperfection amplitudes of

different modes was carried out according to §C.5 of EN 1993-1-5. This solution methodology
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suggests that a leading imperfection has to be taken into account with its nominal amplitude and
accompanying imperfections shall be combined with a reduced value to 70% of their nominal
one. Any type of imperfection can be taken as the leading and the others as the accompanying in

order to determine the most unfavorable combination.

Initially, in order to be consistent with the provisions of Eurocode 3 and EN 1090-2:2008, we
performed combinations using modes 1, 22 and 310 with the nominal imperfections that are
stated in Table 3-3. Those three modes were combined both pairwise and all together. The
combination methodology was introduced in the previous paragraph according to §C.5 of EN
1993-1-5 with the leading imperfection varying at each analysis. Furthermore, a combination of
every mode that has an elastic buckling load less than 100kN was performed by imposing 0.6 to
1.0mm imperfection amplitudes on every one of them, sequentially. Finally, an attempt to
identify modal shapes similar to the collapse shape was made, and GMNI analyses incorporating

these modes were executed.
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Figure 3-9: Equilibrium paths for various imperfections according to critical global Mode 310
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Figure 3-10: Equilibrium paths for various imperfections according to critical local Mode 1
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Figure 3-11: Equilibrium paths for various imperfections according to critical distortional Mode 22
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Figure 3-12: Equilibrium paths for various modes-imperfections
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Figure 3-13: Equilibrium paths using Arc-Length method for various modes-imperfections

Figure 3-9 to Figure 3-12 present the results of the non-linear buckling analysis using the

Newton-Raphson iteration method. This process allows the estimation of the primary path until

the reach of the bifurcation point. In order to evaluate the consistency of this method we

additionally performed non-linear analyses utilizing the Arc-Length method that allows the

calculation of the secondary path. Figure 3-13 shows some of the results of the GMNIA depicting

an unsteady secondary path. Such paths were obtained for every examined mode-imperfection
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combination while the primary paths derived from Newton-Raphson and Arc-Length processes

were totally identical.

The ultimate bearing capacity of the stud in terms of a vertical compressive load was found to
receive values in the range of 78kN to 67kN, depending on the initial imperfection amplitudes.
The most unfavorable combinations were those that included large global imperfections (e, >
5.0mm) and the ones comprising large values of both local and distortional imperfections (e, >
1.0mm). The most severe combination was conducted according to EN 1993-1-5 & EN 1993-1-1
lead by global imperfection and accompanied by local and distortional imperfections. The
maximum load was estimated at Pnax=67.6kN. However, the global imperfection has a very high
value, thus probably producing over conservative results. A more reasonable/accurate solution
might be according to EN 1090-2:2008 lead by distortional and accompanied by local and global

buckling for a maximum load of Pnax=71.3kN.

Figure 3-14: Failure mode corresponding to 1.0mm imperfection of the 1st buckling mode and 1.0mm
imperfection of the 22nd buckling mode (Arc - Length last step)

The mode combination adopted as initial input during the fire situation comprises 1.0mm
imperfection of the 1st mode and 1.0mm imperfection of the 227 mode yielding an axial strength
of 71.7kN (Figure 3-13 red curve). In any case, the effect of initial imperfections on the structural
response during fire conditions is expected to be negligible because the behavior is governed by
thermal bowing; a fact also verified by our parametric analyses with different initial imperfection

shapes and amplitudes.

3.4 Direct Strength Method

The Direct Strength Method estimates a member’s buckling resistance in terms of a vertical
compressive force, after taking into consideration the critical buckling load of each type of

buckling, i.e. local, distortional and global.
First, the yield load Py is calculated by:

P, = Af, = 391 x 0.320 = 125kN
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where:
A is the gross cross-sectional area
fy is the yield stress

Global buckling
The nominal axial strength, Py, corresponding to global buckling is based on the slenderness

factor Ac which is determined by equation 1.2.1-3 of Appendix 1 of AISI, 2004:
= | 2= |2 o525 <15
€7 JPre 454 '

Pere is the elastic critical buckling load of the global buckling mode, obtained from the results of

CUFSM

where:

For A¢ < 1.5, the nominal axial strength is given by eq. 1.2.1-1:
Poe = (0.658%) B, = (0.658°5%5") x 125 = 111.5kN

Local buckling
The slenderness factor A, is calculated first using equation:

A, = Fre _ 111—1434>0776
‘- Pcr{’_ 54_ . '

Pr¢ is the elastic critical buckling load of the local buckling mode, obtained from the results of

CUFSM

where:

The nominal axial resistance Pne is obtained by:

P y 0.4 P y 0.4
Py = [1 - 0.15( = ) ]( = ) P, = 74.0kN
Pne Pne

Distortional buckling
The slenderness factor Aq is determined by:

Ay = ho_ 1% =1.316 > 0.561
47 |Pba 7223 '

where:
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P4 is the elastic critical buckling load of the distortional buckling mode, obtained from the

results of CUFSM

The nominal axial resistance Pyq is obtained from:

0.6
Pcrd
Pq=11-0.25
=0z ()

p 0.6
( “d) P, = 73.8kN

K

Hence, the minimum nominal axial resistance corresponds to the distortional mode and the axial

strength P, of the member after applying the resistance factor ¢=0.85 equals to:
Pll =@ min(Pne; Pn{i Pnd) = (and = 62.7kN

3.5 Effective Width Method

The calculations are executed based on the provisions of EN 1993-1-3 and EN 1993-1-5. Our
scope is to determine the axial compressive strength and compare this value with the one

obtained from the DSM and the finite element model.

3.5.1 Influence of rounded corners
According to §5.1 of EN 1993-1-3, the influence of rounded corners in the properties of the cross-
section may be neglected, and the cross-section is assumed to be constituted by plane elements

with sharp corners, if the two following conditions are met:

i. r<s5t
ii. r<0.10b,
where:

ris the internal radius of the corners, equal to 2 or 2.5 mm
b, is the net width of each flange, equal to 48 mm
t is the plate thickness, equal to 1.5 mm

Hence, for the unfavorable r/t and r/b, combinations the results are:

r—2'5—167<5 v
t 15

25 005<010 v
48 0 '

Therefore we neglect the influence of rounded corners and the cross section under investigation

is depicted in the next figure.
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Figure 3-15: Computational cross-section

3.5.2 Effective web area

We consider the web to be supported at its intersection with the flanges and therefore it is
doubly supported under uniform compression stress. Tables 4.1 and 4.2 of EN 1993-1-5 present
the values of the buckling factor k, after taking into consideration the stress ratio ¥ and the
boundary conditions. Table 4.1 corresponding to internal compression elements is presented in

the next figure.

Table 3-4: Internal compression elements [106]

Stress distribution (compression positive) Effective width beg
ou [N [ITATEY Y=
be , . De beff =p b
= b = be1 = 0,5 betr bez = 0,5 bes
b b 2 ber=p b
ey y’ o2 | bey = ﬁbeff bez = beft - bet
p be ¥ bt i
o W\Wﬂﬁw\ <0
ber=pbc=p b/ (1-9)
‘El‘ JE)%Z"WLGZ be1 = 0,4 befr bez = 0,6 befr
b
VY =o02/01 1 1>¢>0 0 0>¢y>-1 -1 -1>¢>-3

Buckling factork, | 4.0 | 8.2/(1.05+)) 781 | 7.81-6.290+9.78y2 | 23.9 | 598x(1-)?

Inourcase,o1=0,—>9p=1—k,=4

The coefficient € depending on the yield stress f, is determined by:
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_[zs_ fms_
T Hy 3207

For the determination of the reduction factor p we divide the web into three subpanels where the

intermediate longitudinal stiffeners define the boundaries of each subpanel according to the next

figure.

by 1 | b2 | \ b3 |

Figure 3-16: Notations on subpanel widths

b1=b3=37.75 mm — bp1 = bpz =30.25 mm
b, =70.00 mm — by, = 55.00 mm
Is=7.65 mm

To determine the starting effective widths we use the maximum cross-sectional resistance during
a compressive induced load Ocomea. During the beginning of the calculations, this value is
considered to be equal to the yield stress f;, and it is refined as the iteration procedure unfolds
(usually it diminishes as the compressive resistance of a light-gauge cold formed steel cross-
section depends mostly on the local buckling resistance of the member rather than its material’s

yield strength).

The plate slenderness )_Lp of the i subpanel (i=1, 2, 3) is calculated according to §4.4 of EN 1993-1-

5 using the equation:

i b/t

P 2846k,

where:

b, is the net width of the i subpanel
tis the element thickness

Hence,

Ap1=Ap3=0414<0.673 —>p; ;=1
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Zp2 = 0.753 > 0.673 - p,

Zpz — 0.055(3 + )

= 0.940

The effective widths of each subpanel are illustrated in the following figure.

To calculate the critical buckling load of a web with two longitudinal stiffeners we consider two
possible buckling situations according to §A.2 of EN 1993-1-5. First, we assume that only one
stiffener buckles while the other one acts as a rigid support. Second, we assume that both

stiffeners buckle by substituting them with a new single lumped stiffener. The new stiffener

should have:

i
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Figure 3-17: Subpanel effective width

Same cross sectional area Ag and second moment of area Ig as the sum of the two
individual stiffeners

Proper position, i.e. at the resultant of the respective forces of the individual stiffeners

Ill b *l

Stiffener Il Lumped stiffener
As[.l As(.l it ASLZ
Is(AZ Isl.l +IS(A2

Figure 3-18: Notations for plate with two stiffeners in the compression zone [106]

3.5.2.1  Buckling of a single stiffener

In our cross section, the stiffeners are symmetrically placed and have similar geometric

properties. As a result the buckling of each individual stiffener has the same effects on the

behavior of the web.
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The gross cross sectional area of the stiffener and the adjacent parts of the plate As; is calculated

by:
Ag1 = 2Age +t X (b1,e2 + bZ,el) =15x%x2x7.65+15x (15.125 + 24.31) -
Ag; = 82.103 mm?
where:
As eff is the effective area of the stiffener

The y coordinate of the gravity center of the stiffened area is determined by:

 2hggi X Vot + Awett X Yuerr 2% 1.5 X 7.65 X 0.75 + 59.153 X 0
Yem = Ay - 82.103

-

The second moments of area Iyand I, for the part of the stiffener about the two perpendicular

axes passing through its center of gravity are calculated by:

It 7.65% 153

I = = 2.15 mm*

x =12 12 mm
B _15x7650 o,

yTI T T 1 2oemm

By rotating the two axes by 6 = tan'l(;—'z) = 11.3 degrees counter-clockwise we get the area

moment of inertia about the axis which is parallel to the out-of-plane buckling axis of the

stiffened area a-a’ passing through the previously calculated ycu.

y f"""""”'\ B
cs‘s‘ G 11‘30
(’;’ /5 = 7 65mm
, F = Leomn

Figure 3-19: Notations on calculating stiffener’s second moment of area
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L+1, I.—I
gy == > A > Y cos(20) = 29.055 — 24.825 = 4.23 mm*

Finally, the out-of-plane second moment of area Is; of the stiffened area about the a-a’ axis after

utilizing both plane members of the stiffener and the adjacent subpanels effective width is:

(bl,ez + bZ,el)t3

12 + Aw,effyéM i

Is,I = [Is,xl + As,eff()’s,eff - yCM)Z] X2+

39.435 x 1.53
+ _—

2
12 +59.153 x 0.210

Iy, = [4.23 + 11.475 x (0.75 — 0.210)?] x 2

Iy = 7.58 x 2+ 11.091 + 2.61 = 28.86 mm*
According to figure A.3 of EN1993-1-5 the appropriate values for b; and b, are:
b, =b; =37.75mm & b, =b; =70.00mm

The corresponding spring stiffness K is calculated using equation 5.11 of
EN 1993-1-3, after conservatively neglecting the rotational spring stiffness.
3(b; + by)Et3 3 x 107.75 x 210,000 x 1.53

- = =3.005 N
b2 b212(1 —v?) 37.752 x 70.002 x 12 x (1 — 0.32) /i

The critical buckling stress o..s of an intermediate stiffener derives from equation 5.19 of EN

1993-1-3:

_ 2KEl;; 22X \/3.005 X 210,000 x 28.86

= =103.96 N
Oers =74 82.103 [mm?

We will compare this critical buckling stress to the one we will obtain from the buckling of both

stiffeners and we will proceed with the solution process using the lesser of them.

3.5.2.2  Buckling of both stiffeners
The gross cross sectional area of the stiffener and the adjacent parts of the plate Ay is calculated

using:
Agyp = 245; = 164.206 mm?
The y coordinate of the gravity center of the stiffened area is determined by:

A X +A X
Yeur = s,eff ys,effA w,eff X Yw,eff — 0.210 mm
s,I

The new second moment of area I, is twice the previously calculated I :

IS,II =2X IS,I = 5772 mm4
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Assuming the new lumped stiffener is positioned at web mid-height, we derive the values b1 = b,

=72.75 mm

The corresponding spring stiffness after neglecting the rotational spring stiffness is obtained
from:
3(b; + by)Et3 3 X 145.5 x 210,000 x 1.53

- = =1.011 N
b2 b2 12(1 —v2) 72752 x 72.752 x 12 x (1 — 0.32) /mm?

To evaluate this result, a linear elastic analysis was performed at ADINA with a distributed line
load of 1 N/mm in the middle of the web. The respective maximum displacement was 0.9986mm;

hence, K=1/0.9986=1.001 N/mm?.

Hence, the critical buckling stress o is:

2KEL; 2 x 1011 x 210,000 x 57.72
Oers = w2y 4264 N/,
! A, 164.206 mm

Observing that the critical buckling stress value corresponding to buckling of both stiffeners is
less than the one obtained for the buckling of one stiffener, we now use this value to derive the

relative slenderness of the web from equation:

1 Jyo _ 320 _o0h 5138 066 _ 124
47 |o0s 4264 X4 =574

We will now start the first iteration to refine the value of ya.

The new relative slenderness for each subpanel of the web /Tp_red is obtained from the relative

slenderness of the previous step using the formula:

Ap,red = Zp Xd
Therefore, for each subpanel the respective plate slenderness becomes:
Aoy = Apz = 0414 x0.24 = 0203 < 0.673 —»>p =1
/Tp‘z = 0.832 xV0.24 = 0.408 < 0.673 —»p=1

Hence, the whole web length is effective.

The new effective cross sectional area, excluding the effective lengths near the flange supports is:

4
A, = (bl,ez by + byey + Z ls‘i> t = (85.25 + 30.6) X 1.5 = 173.8 mm?

i=1

The new gravity center of the stiffened web area is:
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85.25x 0+ 30.6 X 0.75

Yem = 85.25 + 30.6 = 0.198 mm

The second moment of area I; is obtained from:

2] + (byes + by, + b3e1)t?

;=4 [IS,XI + As,eff(ys,eff - yCM) 12 + Aw,effy(%M -
85.25 x 1.5°
I, = 4 X [4.23 4+ 11.475 x (0.75 — 0.198)2] + T +127.875 % 0.1982

I, = 30.91 + 23.98 + 5.01 = 59.9 mm?
The spring stiffness is unchanged and has a value of K= 1.011 N/mm?

The elastic critical buckling stress now changes to:

_ 2JKEL, _2x /1011 x 210,000 x 59.9
Oers =74 = 173.8

=4104 N/,

The new relative slenderness is:

1 o _ 1320 )09 5138 066 _ 123 ~ 024
47 oes 4104 X4 =279

The new value of the reduction factor yq4 is almost similar to the value of the previous step and

therefore the iteration procedure stops. The effective area of the web is:
Ayett = XaAs + 2Acqgeerr = 0.23 X 173.8 + 30.25 x 1.5 = 85.35 mm?
The stiffened area A; is assumed to have uniformly less thickness according to equation:
tred = Xqt = 0.23 X 1.5 = 0.345mm

3.5.3 Effective flange area

In order to provide sufficient buckling stiffness to the flanges, the size of the stiffeners (lips)

should be within the following ranges:

02<c/b<06
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Figure 3-20: Notations on edge stiffeners [108]

In the cross section under investigation ¢ = 10.0 mm and b = 49.5 mm. Therefore, c/b = 0.202 >

0.20 and we consider the flange as a doubly supported compression element.

Furthermore, the angle between the flange and the lip should be within the range of 45° and

135¢. In our case, this criterion is also satisfied as the angle is 90°.

As the cross section is uniformly compressed, from table 4.1 of EN 1993-1-5 we get

Y=1->k=4
The plate slenderness /Tp of the flange is determined by:

. b/t 48/1.5
T, = _
P 284cfk, 284x0857x2

=0.657 <0673 »p=1

The whole flange is considered to be effective — be1 = bez = 0.5bp = 24 mm

For a single edge fold stiffener we obtain the value b, /b, from:

Dpc _ 93 0.194 < 0.35 > k, = 0.5
b, 48 o

The plate slenderness /Tp for the stiffener (lip) is determined by:

. b,/t 9.3/1.5
A, = =
P 2846k, 284x0857x0.707

=0.360 <0673 »p=1—>cyp=c

The effective area of the stiffener is calculated by:
Ag = t(bey + Cogr) = 49.95 mm?
The x coordinate of the gravity center of the stiffener is obtained from:

24><0+9.3><2

_ 7
XM= T 94193

=1.30mm
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The second moment of area I; corresponding to the out-of-plane buckling axis of the flange is

given by the equation:

beat? , | e 2
I, = 2 + Agp X 1.30° + 12 +Alip(xCM,lip —xem)” —
24 x 1.53 1.5 x 9.33
Iy = +36x 1.302% + 5 +13.95x (4.65 - 1.30)% -

Iy = 6.75 + 60.84 + 100.55 + 156.55 = 324.69 mm*
The spring stiffness is determined by equation 5.10b of EN 1993-1-3:

Et3 1

K= X
4(1—v?)  b?h,, + b3 + 0.5b,b,hy k¢

where:

by is the distance between the junction of the web with the flange and the gravity center of the

_ 24x36+9.3x48

stiffener— b; = you = aros = 39.35mm

bz =b; =39.35 mm

hy is the web height = 145.5 mm

k¢ = 1.0 for symmetrical cross section under uniform compression load
Hence,

K = 210,000 x 1.53 9 1
"~ 4x(1-0.32) " 39.352 x 145.5 4+ 39.353 + 0.5 X 39.35 x 39.35 X 145.5 x 1.0

-K=0488 N/ ,

The elastic critical buckling stress is derived from equation:

_ 2/KEI; 2 x+/0.488 x 210,000 X 32469 _ N
Ours == 4 — = 1945 =2333N/

Comparing the elastic critical buckling stress of the flanges with the respective stress of the web,
we must note that the flanges seem to have almost one order of magnitude higher buckling
stress; a fact consistent with the eigenvectors obtained during the linearized buckling analysis

which was performed at ADINA.

The relative slenderness is determined by:
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e 320 _
Ta= |22 = | =2 =117 > 065 = 1.47 — 0.723]4 = 0.62
47 oms 2333 ~ Xa d

We will now start the iteration procedure to refine the value of the effective area of the flange

and the stiffener.

The new relative slenderness /Tp‘red is determined by:

Apred = Apy/xa = 0.32v/0.62 = 0.252 < 0.673 »p=1

Hence, the whole area of the flange and the lip is considered to be effective and the previous

calculations would yield the same result for the reduction factor ¥ if they were to be performed.

The effective thickness of the stiffener which is constituted by half of the flange and the lip is

considered to be:
tred = Xat = 0.62 X 1.5 = 0.93 mm
The effective area of the flanges and the lips is:
Agyerr = 2t[xa(bez + bpc) + ber| = 2 X 1.5 X [0.62 X (24 + 9.3) + 24] -
Ag1ere = 133.94 mm?

3.5.4 Buckling resistance of the cross-section

The overall effective area of the cross section Ae is:
Aetr = Agefr + Awerr = 133.94 + 85.35 = 219.29 mm?
The maximum cross-sectional uniform compressive resistance is:
Ngg = Aetifyp = 70.17 kN

3.5.5 Buckling resistance of the stud
Apart from considering the local buckling effects we must also consider the global buckling
effects and further reduce the above stated buckling load. The gross and the effective cross

section are depicted in the next figures.
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Figure 3-21: Gross cross-section
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Figure 3-22: Effective cross-section

The gross cross sectional area is: A = 391.05 mm?
The effective cross sectional area is: Aesr = 219.29 mm?
The coordinates of the gravity center of the gross cross section are:

yem = 12.350 mm and xem = 72.750 mm

The second moment of area of the gross cross section about its strong axis Iis:

Iy = 1,276,780 mm*
The elastic critical buckling load based on the properties of the gross cross section is determined
by:

v m2El,_y % 210,000 x 1,276,780 _ 193 kN
cr 12, 2,3162

The non dimensional slenderness based on the properties of the effective cross section derives

from:

Structural Behavior of Light Gauge Cold-Formed Steel Frame Walls under Fire Conditions



76 Chapter 3

— |Aetefyy  [219.29 x 320
1= = =0.377
J N, 493,000

From table 6.3 of EN 1993-1-3, the buckling curve b is obtained to represent the buckling

behavior of our member based on its respective imperfections.
The imperfection factor a receives a value of: a = 0.34

The coefficient @ is given by:

1 - -
®=- [1+a(1-0.2)+2%] =0.601

Finally, the reduction factor y is obtained from the equation:

1
y=————=10935

D+ P2 — 22
Therefore, the critical buckling load of the stud after taking into account both the effects of local

and global buckling is:

Nb,rd = XAefffyb = 0935 X 21929 X 320 = 656 kN

3.6 Conclusions

This chapter has presented the methodology towards estimating the bearing capacity of a cold-
formed thin-walled member. Finite element and finite strip models were considered in order to
determine the elastic buckling modes and their corresponding loads using ADINA and CUFSM,
respectively. Geometric and material non-linear analyses with initial geometric imperfections
were executed for various imperfections’ combinations to estimate the bearing capacity of the
stud, in terms of concentric vertical compressive loading. Furthermore, analytical estimations of

the axial strength were carried out according to the Direct Strength Method and Eurocode 3.

The finite element and finite strip models demonstrated sufficient coincidence regarding the
elastic buckling loads and modes, even though CUFSM does not account for the hollow web parts
and each program utilizes different theory to produce the results. This fact clarifies the efficiency
of using small repeated perforations in the webs of channel sections as a means for electrical
conduits etc. since their contribution to the hindering of overall strength is minimal. However,
the analytical calculation of the elastic global buckling load overestimated the final result leading
to a value of 493kN for the critical global buckling mode, instead of 454kN which was
numerically estimated. Moreover, it is evident that bearing capacity reduction is dominated
mainly by local buckling, accounting for 44% reduction based on the ratio of the effective area to

the gross cross-sectional area, instead of global buckling which contributes nearly up to 7%.
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Irrespective of the imperfection amplitude and the mode according to which this amplitude is
introduced in the model, a linear path seems to govern responses up to the vicinity of the elastic
buckling load of the 15t mode. Moreover, the axial strength based on the critical local buckling
mode seems uncorrelated with respect to different imperfection amplitudes. On the other hand,
distortional buckling proves to be more susceptible to imperfection values and global buckling
displays even more significant strength reduction with increased imperfections. Imperfection
combinations based on the critical modes corresponding to local, distortional and global buckling
seem to produce the most unfavorable results on the structural response, since no other mode

explicitly presents an eigenshape similar to the failure deformation pattern.

The analytical calculations provide a decent way of estimating the axial compressive strength of
the member under investigation. The DSM provided a solution with 12.5% divergence from the
numerical model, whereas the EN 1993-1-3 effective width method diverged 8.5%. Even though
the effective width method proved to be more accurate, its solution process still remains
cumbersome. On the other hand, obtaining the elastic buckling loads from a finite strip analysis
and utilize them as input to feed the DSM yields an instant estimation of the axial strength with

sufficient prediction precision.
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4 Evaluation of Structural Adequacy at Elevated Temperatures

4.1 Introduction

Fire safety design ensures the ability of a member to withstand specific fire safety requirements.
These requirements may be reflected in the domains of time, temperature or strength. Most often
the fire safety factor expresses the duration required for a total loss of strength, which shall
exceed a critical duration specified at relevant regulations. The failure criteria for a composite
wall are expressed in terms of insulation, integrity and structural adequacy; identifying the latter

is the object of this chapter.

Fire exposure tampers with the thermal, mechanical and deformation properties of a steel
member. The fire behavior is mostly governed by increased deformations and reduced strength
and stiffness. These factors vary with time as the temperature increases, while they also vary
across the member since non-uniform temperature is applied. Additional insulation layers may
affect the thermal performance of the drywall though not only in a positive way. In this study, the
time-temperature profile of the cross-section is determined using ANSYS CFX, after applying the
standard ISO 834 time-temperature curve [109], whereas the structural integrity is investigated

at ADINA.

Both steady state and transient state conditions are considered in order to determine the load
ratio to temperature relationship. In steady state modeling, temperature gradually increases to
reach a target value and then an incremental load is applied until failure. Transient state
modeling represents the actual conditions where the load is input first and then the temperature
profile is applied until failure. Both methods are supposed to produce similar results for specific
load ratios to temperature profiles, but steady state analysis can additionally provide equilibrium

paths in order to explicitly illustrate the structural response.

The results obtained from the finite element model are compared to analytical calculations; not
only to verify the prediction accuracy of the numerical analysis, but additionally to examine the
compatibility of the specification provisions with our estimations. The EN 1993-1-2 method is
examined using the effective area results presented in the previous chapter according to EN
1993-1-3 for cold-formed members. Furthermore, a modified EN 1993-1-3 method is presented
incorporating reduced material properties and compared to the EN 1993-1-2. Moreover, a
modified DSM method is utilized after performing finite strip analysis at CUFSM using the

reduced material properties at elevated temperatures, to obtain another interesting angle.

Finally, an investigation of the thermal performance under a uniform temperature profile is
demonstrated. EN 1993-1-2 conservatively suggests that if non-uniform temperature is applied,
then the maximum cross-sectional temperature shall be used in the analytical calculations. For
this reason, we examine the response under uniform temperature by comparing it with the non-

uniform FEM case and both the DSM and Eurocode 3-based analytical methodologies.
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4.2 Light Gauge Steel Frame Model

4.2.1 Formations

The light gauge steel frame (LSF) under investigation is considered sheathed in four different
plasterboard-insulation formations. Single or double layered, type A, 12.5mm thick plasterboards
are employed to clad the load bearing members C 147/50/1.5 from both sides. The air cavities
created by the structural elements and the plasterboards can be either empty or filled with
mineral wool as insulation material. In order to attach the plasterboards to the structural
elements ballistic nails are used; however, their existence is neglected in the heat transfer model
since their contribution is expected to be infinitesimal. The four alternative drywall
configurations are depicted in the following figure with a width of 625mm corresponding to the

mean distance between the steel studs.

Figure 4-1: LSF wall configurations

4.2.2 Heat transfer model

The four possible formations are input in ANSYS CFX in order to determine the temperature
profiles across the member. Temperature-related values for the thermal conductivity A and
specific heat C are employed to increase the prediction accuracy of the model; an inquiry through
the various relationships proposed by other researches was performed and the literature sources
used to derive these values are shown in Table 4-1. Material density is considered constant for all
materials during temperature escalation. The corresponding values for the thermal properties

are depicted in Figure 4-2.

Table 4-1: Literature sources for the acquisition of thermal properties

Material p (kg/m3) A (W/mK) C (J/kgK)
Gypsum Plasterboard 742 [110] [110]
Steel 7850 [111] [111]
Mineral Wool 18 [46] [46]
Air cavity 1.2 [112] [112]
2,0 —————— 60 16000 . - - - -
—— Gypsum 14000 — Gypsum plasterboard | [
—— Mineral wool 50 —— Mineral wool
1,54 — Steel 12000 — Steel i
= 1405 210000 -
< g <
£ 2 2
s 1,0 30 g S 8000 F
< [0 3 O 6000+ 8
0,54 4000 F
10 2000 -
0,0 T T T T : 0 0 T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
T(C) T(°C)
(a) (b)

Figure 4-2: Thermal properties’ variation with temperature, (a) Thermal conductivity and (b) Specific heat
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ISO 834 provides a proper time-temperature curve to be imposed on the fire side. This
temperature increasing rate is input in ANSYS along with each sheathing formation of the drywall
and an ambient temperature of 20°C at the unexposed side in order to obtain the temperature
distribution along the cross-section as a function of the elapsed time for each case. In the finite
element model created at ADINA, each lip is considered to have constant temperature while
linear distribution is assumed on each flange and web. The temperature is exported by ANSYS in

five points of the cross-section (Figure 4-3a), namely:

i.  Exposed flange tip, i.e. flange-lip juncture on fire side

ii. Exposed flange web, i.e. flange-web juncture on fire side

iii. Middle web, i.e. web mid-height

iv. Unexposed flange web, i.e. flange-web juncture on ambient side

v. Unexposed flange tip, i.e. flange-lip juncture on ambient side

Unexposed

Exposed side

f—

Exposed

P
e

Unexposed side

() (b) @]
Figure 4-3: (a) Temperature variation exported by ANSYS (b) temperature distribution input at ADINA
deriving from (c) cross-sectional idealized temperature profile

4.2.3 Structural model

A thermo-plastic material is chosen to represent the actual material’s behavior during fire
conditions at ADINA. The initial material S320GD+Z is modified to simulate the real behavior of
steel at elevated temperatures by having reduced characteristic mechanical properties. The
reduction laws applied to the yield stress, elasticity modulus, thermal expansion and strain
hardening modulus derive from EN 1993-1-2, for Class 4 members, while the ultimate strain
remains constant at 17%. Specifically for the strain hardening modulus, the same reduction law
with the elasticity modulus is applied; thermal creep is not included in the model. The mesh
density is the same one used at ambient temperature conditions. Stress-strain curves at various

temperatures in degrees Celsius are depicted in the next figure for the material of our model.
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Figure 4-4: Constitutive stress-strain laws at various temperatures

To evaluate the consistency of the results obtained from ADINA, both steady state and transient
state analysis are performed. In steady state conditions, a temperature profile is applied across
the member to reach a specific value and then an incremental compressive load is imposed until
failure. In transient state analysis, a load is input with constant value and then temperature
gradually increases until failure. In either case, our goal is to export the values of maximum load,
temperature distribution and elapsed time at failure. An advantage of steady state analysis is the

fact that we can additionally output equilibrium paths.

4.3 Analytical Calculation Process

Checking the results of the finite element model along with the estimations resulting from
different regulations’ methodologies is attempted in this section. Since the preciseness of steel
behavior at elevated temperatures remains clouded by uncertainties and lack of systematic
research, regulations usually provide conservative methods to counterbalance clarity deficiency.
We hope that by defining the magnitude of this error we can enhance future research with useful
information regarding the amendment of the current practices involved in estimating the fire

resistance of thin-walled steel members.

4.3.1 EN1993-1-2 method

EN 1993-1-2 suggests that when non-uniform temperature is applied at the cross-section, the
highest temperature should be used in the calculations. Furthermore, while ambient temperature
calculations incorporate relative slenderness values higher than 0.2, the reduction factor ys in
fire conditions is determined by a different formula. This method is based on the effective cross-
sectional area calculated using EN 1993-1-3 provisions at ambient conditions (for class 4
members), which was presented in the previous chapter in order to consider local buckling
effects. In addition, flexural buckling impacts are incorporated with the use of the reduction
factor y5, standing for global buckling effects at elevated temperatures. Finally, yield stress and
elastic modulus deterioration is taken into account by applying the reduction factors kyp and kg

to the initial yield stress and elastic modulus values as the temperature increases.
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4.3.1.1  Performing the official EN solution process according to EN 1993-1-2

After imposing an initial load of 56kN%0.8Pnax in the numerical model, the final step of the
analysis provided us with a maximum temperature of Tmax=388.3°C at the exposed flange and a
Tmin=131.6°C at the ambient side of the stud. We will use this temperature values to estimate the
bearing capacity of the stud in terms of a vertical compressive load using the EN 1993-1-2

process.

The class of the cross section is derived from Table 5.2 of EN 1993-1-1 for sections with

outstanding flanges:

¢ 495-15 235
—=————=32>14e =14 %x 085X |— =10.2 - class 4
t 1.5 fyb

where:
c is the net flange width
t is the flange thickness

€ is calculated using an additional reduction factor of 0.85 as described in equation 4.2 of

EN 1993-1-2 due to fire conditions.

The result classifies our cross-section in class 4 where local buckling is expected to occur long

before the member reaches its yield strength in one or more parts of the cross-section.
The ultimate compressive load of a steel member under fire conditions is determined by:

Xii Aett Ky o fy
Ym ti

Ny fitrd =
where:
Age is the effective area of the cross-section

Xsi is the reduction factor for flexural buckling in the fire design situation

kye is the reduction factor for the yield strength of steel at the maximum cross sectional

temperature (388.3 °C in our case) given at table E.1 for cold formed class 4 sections
Ywmi is the partial factor for material properties during fire conditions and has a value of 1.00

The value of ys describes the unfavorable buckling axis, which is the strong axis in our case. The
standard value of ys is calculated using the provisions of clause 6.3.1.3 of EN 1993-1-1 and clause

4.2.3.2 of EN 1993-1-2.

The effective cross-sectional area, estimated in the previous chapter, is:
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Aggr = 219.29 mm?

The non-dimensional slenderness A for class 4 sections has already been calculated and has a

value of:

A=0.377

The reduction factor for the yield strength ky at a temperature of 388.3 °C derives from table E.1
of EN 1993-1-2 and the reduction factor of the Young’s Modulus kg derives from table 3.1. Their

values are:
kye = 0.66521 ; kgg = 0.7117

The non-dimensional slenderness A, for the temperature Tma,=388.3 °C is given by:

k 0.5
To=1 (ﬂ) =0.9671 = 0.365
E,0

Next, the factors a and g are determined in order to formulate equation 4.6 of EN 1993-1-2 and

specify the reduction factor yp.

235\%°
a=065x(—") =0557
fy

1 -1
9o =3 [1+ ale + 23] = 7% [1+40.203 + 0.133] = 0.668
Therefore:

= 0.815

1
Xyfi = ———
Qg + /<P5 — A5

Finally, the maximum bearing capacity of the stud expressed in terms of an axial compressive

load at a maximum temperature of 388.3 °C is given by:

Xysi Aett kyo £, 0.815 X 219.29 X 0.66521 X 320
Npfitra = =

= 38.17 KN
)/M,fi 1.00

Alternatively, we will estimate the bearing capacity of the cold flange at the temperature of 131.6

°C using the same procedure as the one described in the case of the hot flange.
The reduction factors for the yield strength and the Young’s modulus are:

kyo = 0.965 ; kg = 0.968

The non-dimensional slenderness 1, for the temperature Tmin=131.6 °C is given by:
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k 0.5
To = i(ﬂ) = 0.998]1 = 0.376

The factor ¢ is obtained from:

N|

9o ==[1+ alg + 23| = 0.675

Therefore:

1

Xyfi = ——
P t /(P(% -1

Finally, the maximum bearing capacity of the stud expressed in terms of vertical compressive

= 0.809

load at a temperature of 131.6 °C is given by:

Xy.ii Aett Ky0 fy _ 0.809 x 219.29 x 0.965 x 320
YMm fi 1.00

Ny fitrd = = 5478 KN

4.3.2 EN 1993-1-3 modified method

EN 1993-based method for officially estimating the bearing capacity of any steel member was
presented in §4.3.1. However, by modifying the methodology of EN 1993-1-3 for local buckling
and EN 1993-1-1 for global buckling, a new set of results can be obtained. Using reduced values
for Young’s Modulus and yield stress according to EN 1993-1-2 as input in order to feed the
effective width method, refined values of the cross-sectional bearing capacity are extrapolated
for each temperature. Note that the maximum temperature of the cross-section was considered
to reduce the mechanical properties uniformly across the stud. By determining the reduction
factor y corresponding to flexural buckling according to EN 1993-1-1, but with the diminished
material properties as input, we finally exported the new feature set, which proved to be
compatible with the rest of the methods. In this method, the provisions of EN 1993-1-2 are used
only to define the material properties at each temperature. To that end, reduction laws for
mechanical properties proposed by other scientists can be easily utilized to provide another

solution set.

4.3.3 Direct Strength Method

The Direct Strength Method has proved to be a very useful tool for quick estimation of the
bearing capacity of cold-formed sections. Importing the elastic critical buckling loads for each
buckling type and calculating the yield load is all it takes for this method to compute the axial
strength. Using CUFSM as the provider of the elastic buckling loads, with gradually reduced
elasticity modulus, after computing the corresponding strength with reduced yield loads, we can
determine another modified relationship between the load factor and the respective
temperature. The reduced elastic modulus values were considered uniform across the section

corresponding to the maximum temperature of the member.
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4.4 Results

4.4.1 Numerical model output

As it was mentioned earlier, fire resistance estimation usually aims at providing proper curves
that express bearing capacity deterioration as a function of time. However, negligible information
on structural response emanates from graphs of such type. Time conceals collateral non-
structural aspects that affect the structural behavior such as insulation specifications and
plasterboard material/thickness, drywall assembly, imposed time-temperature curve etc.
Nevertheless, time provides a useful domain to observe the effects of thermal creep. However,
thermal creep is not taken into account in our model; hence, load ratios are mainly plotted
against temperature. Load ratios express the imposed load as a fraction of the axial strength
(Pmax=71.7kN) while temperature usually refers to the exposed flange tip on the fire side of the

cross-section.

4.4.1.1  Single walled
The single walled formation refers to cladding the stud with one layer of plasterboard at each

side. This assembly has been examined using cavity insulation or no insulation. After applying the
ISO 834 time dependent temperature curve a cross-sectional temperature increase is observed.
The increase of cross-sectional temperature with respect to elapsed time is depicted in the next
figures for both configuration types. These temperature profiles are used to feed the finite

element model in order to evaluate the structural adequacy of the stud at elevated temperatures.
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Figure 4-5: Temperature escalation for (a) uninsulated and (b) insulated formation

Steady state and transient state analyses were performed for both cases providing identical
results. These outputs express the axial load-bearing capacity of the stud as a function of time or
temperature. The ultimate load obtained at each temperature profile is normalized using the
ultimate load at ambient conditions. Hence, axial strength attenuation is presented in the next

figures as a function of different extents.
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The double wall configuration refers to cladding the stud with two plasterboard layers at each

side. Similar to the single walled formation, cavity insulation or no insulation was considered.

The temperature profiles across the stud for each ad hoc specified feature point as a function of

time is presented in the next figures for the two cases.
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Figure 4-7: Temperature escalation for (a) uninsulated and (b) insulated formation

As in the case of the single walled configuration, steady state and transient state analyses are

performed to evaluate the thermal performance of the stud. By utilizing the temperature profiles

presented in the previous figures we are able to acquire the load ratio to temperature or time

curve in the way depicted in the next two figures. Note that the notation “hot flange temperature”

in the figures refers to the maximum cross-sectional temperature, i.e. the temperature of the

exposed flange tip.
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Figure 4-8: Load ratio reduction with respect to (a) time and (b) maximum cross-sectional temperature

4.4.2 Validation of numerical solutions

The thermal analyses performed provided us with load ratio to time and temperature curves.
Studs sheathed in two plasterboard layers show similar reduction curve shapes to the ones
obtained from one plasterboard layer cladding. Two layer formations delay their strength
deterioration due to the incorporation of an additional plasterboard layer; however, resembling
mathematical equations can predict the reduction curve shapes obtained from the two
differentiated configurations with a time delay factor. This fact is depicted in the next figure

where load ratio is plotted against time for every case.
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Figure 4-9: Load ratio variation with time for every examined specimen
In order to properly understand the structural behavior we should examine the response in the
temperature domain. With temperature building up differential thermal extensions, thermal
bowing and mechanical properties reduction is introduced. Irrespective of the insulation types
and sheathing formation, eventually, temperature is going to increase in the member under
investigation. Cavity insulation does not seem to affect the cross-sectional temperature increase;
instead, it affects the cross-sectional temperature variation along with the sheathing formation
type (single or double plasterboard layer). Insulated formations present lower cold flange

temperatures throughout the whole analysis steps compared to uninsulated configurations. On

Iason Vardakoulias NTUA 2015



Evaluation of Structural Adequacy at Elevated Temperatures 89

the other hand, the exposed flange temperature of insulated assemblies seems to overlap the
respective temperature of uninsulated formations after 600°C. These observations can be noticed

in the next two figures.
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Figure 4-10: Temperature increase with time concerning (a) hot flange and (b) cold flange

EN 1993-1-2 suggests that when non-uniform temperature distribution is applied, the maximum
cross-sectional temperature shall be used to carry out the analytical calculations. To that end, we
examined the relationship of the axial bearing capacity deterioration and the different cross-
sectional temperature values. Those values include, exposed flange temperature, unexposed
flange temperature, temperature variation across the member and average cross-sectional
temperature. Our goal is to exploit the temperature aspect that seems to contribute the most to
the axial strength reduction irrespective of sheathing and cavity preference. Thereby, the
maximum cross-sectional temperature truly seems to be the most precise temperature
component that affects the loss of strength while average temperature seems to also to be
consistent between each sheathing formation. Cold flange temperature demonstrates a
significant, almost constant, variation between each assembly and temperature variation cannot

be taken into account, especially for temperatures higher than 200°C.
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Figure 4-11: Load ratio decrease with respect to (a) hot and (b) cold flange temperature
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Figure 4-12: Load ratio decrease with respect to (a) temperature variation and (b) average temperature

As it was previously stated, the results of the computational model can be directly compared to
the analytical calculations executed according to Eurocode 3 and the Direct Strength Method. The
EN 1993 method can be divided into two different methodologies. The one is the original
EN 1993-1-2 solution process based on the effective area computed according to EN 1993-1-3 for
cold formed sections that was demonstrated in the previous chapter. The other method derives
using the equations provided by EN 1993-1-3 after incorporating the reduced mechanical
properties of steel at elevated temperatures. Note that the proper methodology according to the
EN standards is the one executed according to EN 1993-1-2. The DSM is performed after running
sequential linearized buckling analyses using CUFSM with gradually diminishing values of
Elasticity Modulus. Then, by utilizing the elastic critical buckling loads corresponding to local,
distortional and global buckling modes we can estimate the axial strength using the process

suggested by the DSM.

The analytical solutions based on EN provisions and the semi-analytical solution based on DSM
provided us with similar load ratio to temperature curves. These three methods are plotted
together with the FEM solution using the temperature of the hot flange and equation 4.22 of EN
1993-1-2 which provides a typical relationship between load ratio and increased temperature.
The DSM still provides impressively accurate results considering its easier applicability
compared to the EN methods while the formal EN 1993-1-2 results prove to be significantly over-
conservative with respect to the FEM output. The modified EN 1993-1-3 method presents better
results compared to the EN 1993-1-2 methodology. Furthermore, the informative equation 4.22

seems to be very precise for loads below 70% of the axial strength at ambient conditions.
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Figure 4-13: Comparison of EN1993 and DSM results with the numerical solution

Eurocode-based methods do not consider the effects of the shift of the major and minor axis nor
do they explicitly calculate the effects of thermal bowing. In both cases, the magnification effects
due to the additional deflections caused by the axial load are not directly addressed as well.
Nonetheless, EN recommends the use of the maximum cross-sectional temperature to carry out
the calculations. Trying to identify the coincidence of uniform temperature distribution with our
analytical solutions we imposed a uniform temperature profile in the stud, too. The results
presented in (Figure 4-14) illustrate the congruency between EN methods and DSM with models

based on finite elements subjected to uniform temperature variation across the section.

When uniform temperature is applied we expect an earlier failure due to reduced mechanical
properties and increased deformations across the section. However, differential elongations
created by a temperature gradient when non-uniform temperature profiles are imposed, cause
additional internal forces and lead to sudden failure for high load ratios. When the initial induced
load lies near the maximum axial compressive load that the stud can safely bear, even slight
differential deformations across the member create stresses that quickly deduce the remaining
strength, thus leading to failure. This fact is shown in the next figure where the uniform
temperature curve seems to surpass the non-uniform curve at low temperatures that correspond
to high load ratios. At moderate and high temperatures, uniform temperature profiles have a

10% to 20% reduced axial strength compared to the non-uniform cases.
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Figure 4-14: Comparison of EN and DSM results with FE uniform and non-uniform temperature analysis
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Load ratio reduction with respect to uniformly applied temperature verifies the accuracy of the
proposed and modified analytical and semi-analytical solutions according to EN and the DSM.
The uniform temperature curve provides higher load ratios at each temperature compared to the
regulations’ provisions; thus verifying an acceptable conservative ratio for each case. This ratio is
expressed in terms of load ratio difference at specific temperature values between the “FEM -
Uniform” curve and the other curves. This variation falls within a range of 2% to 20% of the load
ratio; the upper bound of this range is designated by the official EN 1993-1-2 method while the
lower bound results from the EN 1993-1-3 modified methodology. The fore-mentioned range is
arguably acceptable considering the uncertainties of the proposed solution processes; thus
establishing a very good relationship between the closed-form proposed expressions and the

numerical results.

On the other hand, the analytical solutions and the hot flange-related non-uniform temperature
cases can be hardly seen as similar. Load ratio as a function of hot flange temperature provides in
general 20% higher load ratios at specific temperature values compared to the close-formed
expressions. This variation reaches even a 30% load ratio differential in many cases. This load
ratio deficit clarifies the over-conservativeness incorporated in the proposed models yielding
inefficient solutions in cases of non-uniform temperature profiles. In the attempt to outflank this
fact we also plot the load ratio to cold flange and average cross-sectional temperature, the results
are depicted in the next figure. Since different failure types and mechanisms are likely to occur as
the temperature gradually increases, choosing other temperature values -and not the maximum

temperature- might provide us with higher coincidence at some temperatures.

| ==@==FEM - Hot Flange
e=@==FN1993-1-2

03 T e EN1993-1-3 modified
0.2 4 ==@==DSM-CUFSM

| ==@==FEM - Average
e=@==FEM - Cold Flange

+ + + + + A
y y y y y >

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 4-15: Load ratio variation with different temperature values

The average temperature curve converges significantly well with the analytical estimations;
much better than cold or hot flange-related temperature values. However, for temperatures
higher than 400 °C the analytical estimations provide non-conservative results, approximately
10% higher load ratio than the FEM. On the contrary, cold flange temperature does not seem to
demonstrate any significance with the results. The curve presents a linear decadence that falls

within an area with reduced load ratios compared to the other solutions.
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4.4.3 Failure modes and equilibrium paths
When we examined the structural performance at ambient temperature, a series of non-linear

analyses were carried out using different imperfection values. Back then, our goal was to
understand the different strength reduction patterns that unraveled after using different
combinations of buckling modes and imperfection amplitudes. We observed the susceptibility of
the stud to distortional buckling and we concluded that the bearing capacity in terms of a
concentric compressive load can be accurately put around 70kN. The shape of deformation at
failure varied at each case but distortional buckling was predominant in almost every case such
as the ones depicted below (Figure 4-16a-f). These figures represent the shape of deformation at
failure using imperfections according to the local, distortional and global modes individually;
they also include combinations of those modes with different imperfection amplitudes. The
dominant distortional buckling shape is evident in the examination of the thermal performance
despite of the effect of thermal bowing; resulting from the inherent tendency of the stud to

buckle in such a way.

34,
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(d) (e) 0

Figure 4-16: Failure shapes for various mode-imperfection combinations

The rising non-uniform temperature across the section induces additional effects that interfere in
the structural behavior during ambient conditions. First, neutral axis shift, caused by the reduced
stiffness of the exposed side, generates a bending moment that induces additional compressive
forces at the exposed side and tensile forces on the ambient side of the cross-section.
Furthermore, the differential thermal expansion due to non-uniform temperature will cause

thermal bowing, i.e. bowing of the stud towards the furnace. Thermal bowing imposes tensile
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forces on the fire side and compressive forces on the ambient side. As a result, hot and cold

flanges are prone to failure at specific points along the stud’s height.

Near the support, compressive forces due to both the external load and the neutral axis shift are
applied at the hot flange. On the other hand, the cold flange is strained by the compressive
external load and a tensile force caused by the shift of the neutral axis. At mid-height, thermal
bowing will also develop interacting with the other phenomena. A net bending moment will be
generated due to neutral axis shift and thermal bowing causing compressive forces on the
ambient side and tensile forces on the fire side. Hence, the cold side is compressively strained by
the external load and the net effect of bending moment, whereas the hot flange bears a
compressive external load and a tensile force due to bending. Finally, we should not that the hot
flange has reduced strength compared to the cold flange due to increased temperature. Thus, the
stud is likely to fail either close to the support at hot flange or near mid-height at cold flange. The
interaction of the elevated temperature effects with the post buckling regime of the stud will

determine the exact failure modes.

When high load ratios exist, the failure mode approximates the one occurred during ambient
temperature. Distortional buckling governs buckling behavior and the effects of high
temperatures have not yet aggravate to match the buckling effects. Differential thermal
expansions significantly contribute to the maximum bearing load by causing enough additional
stresses to lead into collapse. The member has yet to be exposed to high temperatures thus the
temperature difference across the member is small and thermal bowing effects are minimal. The
failure mode (Figure 4-17, T=200°C) is very close to the mode during ambient temperatures as it

can be observed from the following figure.

As the temperature increases the thermal effects begin to unravel playing a vital role in the
structural behavior of the member under investigation. The bending moment created mainly by
thermal bowing generates enough additional compressive forces on the cold flange to initiate
failure. It seems that at low temperatures the higher deterioration of the hot flange’s mechanical
properties compared to the cold flange is not enough to counter-balance the much higher
compression imposed at the cold flange. Hence, for temperatures up to 500 degrees Celsius,

failure occurs at mid-height on the ambient side of the cross-section.

For temperatures higher than 500°C the reduced mechanical properties of the hot side prove to
be more susceptible than the cold side. Failure location and mode transfer from the mid-height to
near the support at the exposed side of the cross-section while the progressive temperature
escalation assuages the effects of distortional buckling. For temperatures around 1000 degrees
Celsius, the stud cannot bear any compressive load and the maximum bearing capacity is
determined only by the temperature profile across the member. Despite of the thermal effects,
however, the failure locations are significantly affected by the distortional buckling half-wave

lengths. Mechanical property decadence is not enough to completely mitigate the buckling effects
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as it is evident that failure locations are explicitly consistent with the distortional buckling

modes.

T=2000°C T=500°C

T=600°C T=7000°C T=1000°C
Figure 4-17: Failure modes at various temperatures

The equilibrium paths at various temperatures are presented in Figure 4-18 for the elements
exhibiting the earliest failure time. The location of the elements chosen to be presented is
assessed using Figure 4-17. As a result, the equilibrium paths do not represent the same element;
instead, same failure modes are represented by the same node, i.e. cold or hot flange failure.
Thermal bowing drives the stud in bending towards the fire; thus, moving towards the hot flange.
When the imposed temperature profile reaches the ad-hoc maximum value for each case, an
incremental load is imposed. For temperatures below approximately 500°C, failure occurs at the
ambient side; thus, the axial load causes the cold flange to buckle in the opposite direction of the
initial displacement caused by thermal bowing. Hence, the equilibrium paths for the
corresponding temperatures display a turnaround after the application of the compressive load.
On the other hand, when hot side failure takes place, the induced load causes the hot flange to
buckle further towards the fire and the equilibrium paths for these temperatures display an

additional displacement towards the fire side.

Structural Behavior of Light Gauge Cold-Formed Steel Frame Walls under Fire Conditions



96 Chapter 4

T=200

60 T T=400
T=500

ul
(=}
}

B
f=}
}

T=600

Axial Force (kN)
w
[=)

N
o
}

T=700

=
(=}
}

0 " —>
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0
Lateral displacement (mm)

Figure 4-18: Equilibrium paths for failure nodes at various maximum temperatures

4.4.4 Axial force - bending moment interaction

For the purpose of aiding the design of the investigated cross-section, interaction diagrams were
employed. These diagrams display the reduction of the axial bearing resistance of the stud at the
presence of bending moment at various temperatures (Figure 4-20). In each case, a uniform
temperature was applied and various axial force-bending moment pairs were examined in order
to lay out the corresponding paths. The external bending moment was input in such a way as to
produce uniform or triangular strong axis moment distribution along the member accounting for
two different design situations (Figure 4-19). In any case, geometric and material non-linear
analysis was performed and compared to solely material nonlinearity to elaborate the strength

reduction patterns, unfolding by high temperature exposure and geometric non-linearity.
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Figure 4-19: External loading causing (a) triangular and (b) uniform bending moment distribution
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Figure 4-20: Axial force-bending moment interaction diagrams for two bending moment distributions
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4.5 Conclusions

This section featured a thorough investigation of the thermal and structural performance of the
light-gauge steel wall under consideration. The finite element model utilized to estimate the
structural response at ambient conditions is now modified to reflect the behavior at elevated
temperatures. A thermo-plastic material is employed to stand for the non-linear behavior of steel
exposed to fire situations. Four different drywall assemblies are examined using single or double
gypsum plasterboard layers; the air cavities formed between the plasterboard layers and the
steel studs are either empty or filled with mineral wool as insulation material. The structural
adequacy during elevated temperatures is examined using numerical, semi-analytical and
analytical methods for all configurations. Moreover, the consistency of various temperature
aspects was examined to check the coincidence of strength reduction laws with different

variables across non-identical models.

In order to identify a proper aspect that displays high correlation with bearing capacity
deterioration for every test specimen, we examined various temperature extensions. The time
domain did not provide a useful tool; although the main provider of fire safety regulations, it
gives negligible information regarding the structural behavior since it is affected by non-
structural options such as insulation selection. An attempt to evaluate the most representative
temperature aspect, that should be considered when dealing with non-uniform elevated
temperature exposure, was made. As a result, the temperature of the exposed side proved to be
the most suitable value to relate to strength deterioration at fire conditions; a fact consistent with
the provisions of EN 1993-1-2. It shall be noted, however, that the average temperature curve
has a better fit within the range of the analytical and numerical results, but for temperatures

higher than 450°C, the average temperature curve provides unsafe predictions.

The numerical model consolidates the ANSYS CFX and the ADINA algorithms in order to derive
the temperature profiles and investigate the structural behavior, respectively. The two orders of
magnitude higher thermal conductivity of steel compared to the mineral wool, which is used as
cavity insulation, creates a thermal bridge effect around the web of the cross-section, thus
reducing the temperature differential across the member. This repercussion of cavity insulated
drywalls has been highlighted by previous researches [85], [113], [114] suggesting that external
insulation, e.g. sandwiched between plasterboard layers, counterbalances this unfavorable
consequence of cavity insulation; nevertheless, the impact of cavity insulation on strength

deterioration was found to be negligible based on our test specimens.

The results provided by the finite element analysis present the strength deterioration as a
function of time and temperature. All drywall configurations feature similar load ratio to time
curve shapes while double-layered assemblies’ strength reduction exhibits a time lag resulting
from the additional plasterboard layer that hinders heat transfer. Nevertheless, in the
temperature domain the four configurations present almost identical strength reduction

patterns; a linear reduction regime takes places for temperatures up to 500°C followed by a
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steeper linear part that smoothes gradually after 800°C. The area around 500°C marks the shift of
failure location from mid-height cold flange to near-support hot flange. Around 750°C the specific
heat of steel displays a large spike resulting from the change of the crystalline structure of steel
atoms while at 800°C steel’s thermal conductivity reaches a minimum. These alterations of the
specific heat and thermal conductivity of steel seem to significantly affect the strength reduction
pattern as the material requires more energy to increase its temperature while heat transfer is
incrementally impaired across the section. Moreover, these shifting points coincide with the
shifting points in the temperature-related reduction law of steel’s yield stress according to EN

1993-1-2.

The semi-analytical methodology (DSM) introduced the utilization of CUFSM to acquire the
elastic critical buckling loads of the three main buckling modes using diminished material
properties. This swift method presented an average error of 20% of the maximum axial strength
compared to the finite element model for non-uniform temperature profile and an average error
of 8% for uniform cross-sectional temperature. Furthermore, the shape of the curve expressing
the load ratio reduction as a function of hot flange temperature, constituted by three linear parts,

is parallel to the FEA curve offset by 20% of the load ratio.

The analytical methodologies are consistent with the provisions of Eurocode 3 and incorporate
suggestions of parts 1.1, 1.2 and 1.3. First, the official EN 1993-1-2 solution process was executed
using the effective area calculated after EN 1993-1-3 provisions. This method proved to be the
most cumbersome while its output reflected its over-conservative nature. Its deviation from the
numerical solution for non-uniform temperature profiles reached as high as 30% of the initial
axial resistance while its average divergence maintained a value higher than 20%. An alternative
to this method, though not official, was to modify the EN 1993-1-3 provisions of estimating the
bearing capacity in terms of axial compression by accounting for the degenerated elasticity
modulus and yield strength values. This method comprised the higher prediction accuracy
varying less than 5% from the uniform temperature curve and less than 20% from the non-

uniform case results obtained using finite element modeling.
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5 Conclusions and Recommendations

This study has presented a thorough investigation of the structural performance of LSF walls at
elevated temperatures formed by lipped channel sections with web stiffeners and perforations. A
literature review was performed initially, to acquire pertinent knowledge to this research field
and identify the latest amendments on previous thermal and structural models proposed by
other researchers. For the purpose of this thesis, a bilinear elasto-plastic constitutive material
law was selected in order to represent the behavior of structural steel S320GD+Z. The
commercial software ANSYS was used to determine the temperature profiles and ADINA
software was utilized to carry out the structural analysis; both programs operate based on the
finite element method. CUFSM was also used to verify some stages of the solution process while
analytical and semi-analytical relations based on Eurocode 3 and the Direct Strength Method

were also employed.

During pre-fire conditions, distortional buckling dominated the structural response while the
equilibrium paths of the stud displayed an unstable secondary path. Irrespective of the mode
combination examined at each stage, distortional buckling was evident at the last stage of the
GMNIA. The most unfavorable mode combination was the result of the critical elastic local and
distortional buckling modes, respectively. The use of CUFSM for determining the elastic buckling
loads verified the results obtained from ADINA proving the efficiency of the finite strip method,
even in the case of perforated members. After extracting the results of the geometric and
material non-linear analysis and the derivation of the bearing capacity in terms of a vertical
concentric load, the effective width method and the direct strength method were compared to
the numerical results. The effective width method, based on the provision of EN 1993-1-3, had a
8.5% offset compared to the numerical solution, whereas the DSM presented a 12.5%

differential.

The heat transfer analysis demonstrated the thermal bridge effect taking place around the stud’s
cross-section due to the two orders of magnitude higher thermal conductivity of steel compared
to the thermal insulation material. However, this fact had negligible effects on the reduction of

the bearing capacity of the insulated formations.

In the temperature domain, the strength reduction pattern that unfolded was similar to the
reduction law of the yield stress according to EN 1993-1-2 that was incorporated in the model.
Furthermore, the first shifting point of the reduction curve also marks the transition from mid-
height cold-flange failure to near the support hot-flange failure; a fact consistent with relevant

findings from previously conducted experiments.

In the case of uniform temperature profiles, DSM predictions differentiated only 8% on average
from the numerical results while the official method of Eurocode 3 deviated approximately 15%.

The modified method based on EN 1993-1-3 presented an average error of 5%. When non-
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uniform temperature profiles were applied, the DSM diverged approximately 20% whereas the
official EN 1993-1-2 and the modified EN 1993-1-2 methodologies displayed an average

difference slightly higher and lower than 20%, compared to the numerical solution, respectively.

While our model did not account for the inhomogeneous yield stress occurring at cold-formed
sections due to manufacturing, incorporation of this fact along with a proper residual stress
distribution model might lead to more representative findings concerning the actual behavior.
Another interesting statement would result from models that incorporate thermal creep effects.
A parametric study that utilizes thermal creep models after imposing various strain rates, in
order to properly address the corresponding impacts on the analysis would certainly be aligned
with this perspective. Furthermore, modeling the whole plasterboard-stud system, in order to
include plasterboard’s stiffness and introduction of temperature-related mechanical properties
for the ballistic nails would provide an additional increase in prediction accuracy. Certainly,

experiment-accompanied studies would be more holistic.

Finally, the use of linear buckling analysis to determine the critical elastic buckling loads/modes
at ambient temperatures could be modified in the case of non-uniform elevated temperatures.
The predominant effect of thermal bowing at high elevated temperatures, especially for slender
members, led many studies in concluding that initial geometric imperfection input is of little
importance. Nevertheless, an attempt to incorporate the actual temperature profiles during the
linear buckling analysis, by imposing differently reduced elasticity modulus values across the
section to reflect the deterioration at each temperature, could result in reduced ultimate load
values. This process, although more time-consuming and certainly not representative of a
realistic behavior of a specific member, would capture the actual unfavorable response at each
investigated temperature by implementing the most unfavorable imperfection shape specifically

for each temperature profile.
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