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Abstract: Based on the test results of 7 specimens in fi@ numerical simulation analysis were
performed on the fire-resistance performance of ¢kaeentrically compressed stainless steel
columns with constraints and the numerical simatatmethods were verified. The parametric
analysis was carried out to investigate the infogeaf key factors (such as load ratio, eccentricity
axial constraint stiffness ratio, slenderness radod so on) on the fire-resistance of the
eccentrically compressed stainless steel columnth wbnstraints. Based on the existing
fire-resistant design methods of unconstrainedstss steel columns, the calculation formula for
the buckling temperature of eccentrically comprdssiinless steel columns with constraints is
proposed, and the relationship between the buckdingerature and failure temperature is obtained.
The results show that the fitting formula can bepeedict the buckling temperature and the
post-buckling stage may better improve the firastaace performance of stainless steel columns.
The load ratio, eccentricity and axial constraiiffreess ratio are the key factors that determhree t
fire-resistance performance of eccentrically corapee stainless steel columns with constraints.
The greater the load ratio, eccentricity and agwadstraint stiffness ratio, the greater the deoreti
between the buckling temperature and failure teatpez become and the better the fire resistance
performance of columns in post-buckling stage. Wihenslenderness ratio is among 80 - 120, the
difference between the buckling temperature andurfai temperature is the smallest, and
correspondingly, the fire resistance performancgtaihless steel column is weakest.

Key words: Stainless steel column; Fire-resistant design atkttEccentrically compressed,;

Buckling temperature; Failure temperature; Axiahgtoaint stiffness ratio

1. Introduction
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Stainless steel has the advantages of good appearaxcellent mechanical properties, strong
corrosion resistance, easy maintenance and loveyigee cost. It is widely applied in the field of
construction and has wide application prospect@intgiss steel structures have their irreplaceable
applicability in marine engineering. Meanwhile, fathe architectural constructions in
acid-rain-prone areas, because of its superiorosimm resistance, stainless steel structure has
excellent performance in saving building maintemaoasts and prolonging construction life-cycle.
Stainless steel materials have been gradually dpedlfrom decorative components to structural
load-bearing main components, which have been widetd in civil engineering [1, 2]. However,
in recent years, building fires have occurred feggly, and unprecedented challenges are being
faced with regard to the safety of building struetuin fire. As a building structural material,
stainless steel structures or components often alouge any fire prevention measures due to
attempts to obtain a good appearance effect. Tdverethe behaviour response and mechanical
behaviour of stainless steel structures in firepaicularly important. Alternately, the structune
fire often has a strong integrity. There are quitemplex interactions and internal force
redistributions between each component. Therefbre,of great theoretical value to study the fire
resistance performance of stainless steel colunithscanstraints.

There are many studies on the behaviour resportsérarresistance of constrained carbon steel
columns in fire. The main contents are the meclsmcoperties and buckling temperature of
constrained steel columns in fire. Neves et al4]8sed the ZWAN program to carry out numerical
simulation analysis of the fire resistance of dyiabnstrained steel columns, and a simple analysis
model of the fire resistance of steel columns @ppsed. Ali et al. [5] conducted a fire test on 37

axially constrained steel columns to investigate dffects of slenderness ratio, axial constraint
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stiffness ratio and load ratio on the fire resistanf steel columns. The results show that with the
increase of axial constraint stiffness, the add#loaxial force increases and the refractory time
decreases; with the increase of the load ratio,atiditional axial force decreases. Simms and
Randall [6, 7] analyzed the results of the firetdesf 37 constrained steel columns, and the
calculation formula of the additional axial forcksteel columns was proposed. Wang [8] analyzed
the effects of axial stiffness ratio, load ratialasienderness ratio on the fire resistance of lgxial
constrained steel columns. Tan et al. [9] conduatedries of fire tests on constrained steel cofumn
to investigate the effects of slenderness ratio atdl constraint stiffness ratio. The results show
that the axial constraint stiffness reduces thiecatitemperature of steel columns. Wang and lal et
[10-14] carried out a fire resistance test and migak simulation analysis of two full-scale
constrained steel columns and the formula for tnekling temperature and failure temperature of
constrained steel columns is proposed. Ge [15]opedd a fire test and numerical simulation
analysis on Q460 high-strength steel columns witmstraints, the results show that the
post-buckling performance of steel columns will &ignificantly improved its fire resistance
performance.

The above researches mainly focus on the fireteagie performance of the carbon steel columns
with constraints. However, stainless steel takes @omplicated stress-stain relation according to
its strong nonlinearity, low proportional limit, apparent yield platform, anisotropy and strain
hardening property. The mechanical properties ahkdss steel differ significantly from those of
carbon steel owing to variations in the chemicahposition of materials. The fire-resistant design
methods for carbon steel cannot be used for stmrgéeel without modification [16]. This has

implications for strength and stiffness retentiom dhermal expansion, influencing the response of
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individual structural members and structural asdagés [17]. In comparison with carbon steel,
stainless steel generally offers superior streragiti stiffness retention at elevated temperatures
owing to the beneficial effects of the alloying ralents but also greater thermal expansion. The
ability of a material to retain strength and s&ffs at elevated temperatures is crucial for the
creation of fire-resistant structures. An invediiga of the effect of stress-strain relationshipstoe

fire performance of a member indicated that theallur of such a member is very sensitive to the
stress condition relative to the temperature-redyeportional limit and yield stress [18]. Hence,
the mechanical properties of stainless steel cotumith constraints in a fire are different from
those of carbon steel columns.

The following related studies concern the fire-stmit design method of stainless steel columns.
A simplified method for calculating the ultimateanmg capacity of stainless steel columns at
elevated temperature is given in the European @BHH993-1-2 / EN1993-1-4) [19, 20] and the
European Design Guidance Manual (2017) [21]. Alati@m and Oksanen [22, 23] studied
compressed stainless steel members in fire, irgastl the influence of multiple parameters on
their performance, and the relevant design methodssuggestions were given. Uppfeldt et al. [24,
25] conducted fire tests on six axially compressieait columns with square sections and both ends
just connected. Numerical simulation of the firsiseance of stainless steel columns was carried out
and a method for the fire resistance of stainlesss solumns is proposed. Gardner and Baddoo [26]
carried out a full-scale fire test on 6 axially quessed stainless steel columns, and numerical
simulation and parametric analysis were perfornegropose relevant design recommendations
and methods. Gardner and Ng [27, 28] investigdieckffects of parameters such as the slenderness

ratio and load level on the fire resistance ofrdésmis steel columns, and the results show that the
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slenderness ratio and load level are the main enfla factors on the critical temperature of
stainless steel columns in fire. To and Young [89§luated the fire resistance of stainless steel
columns with rectangular and circular sections, tamd methods for the fire-resistant design of
stainless steel columns were put forward. Lopesle{30] conducted a numerical simulation
analysis of the mechanical properties of stainkegl bending members with welded H-shaped
sections in fire, and some amendments were propiseithe fire-resistant design method in the
European Code [19,20]. Tondini et al. [8bhducted fire tests on 3 EN 1.4003 ferritic s&ssl
steel long column specimens, and the results shatthe temperature gradient along the length of
column is the key influence factor on the failurede of stainless steel columns in fire. Ding and
Fan et al. [32-34] conducted fire resistance test$ axially compressed and two eccentrically
compressed austenitic stainless steel columns, tledire-resistant design method of axially
compressed stainless steel columns without conttrand fire-resistant design recommendations
for eccentrically compressed stainless steel cotumare proposed. Fan et al. [35] carried out
parametric analysis on the ultimate bearing capaait stainless steel columns with H-shaped
sections in fire, and the results show that thedgeness ratio and section size of the members are
the main influence factors of the fire resistantstainless steel columns with H-shaped sections.
Based on the existing fire test results of 7 egamaily compressed stainless steel columns with
constraints, numerical simulation and parametrialyais of the fire resistance of stainless steel
columns were carried out. The influences of théahimperfections, load ratio, axial constraint
stiffness ratio, slenderness ratio, eccentricity araterial enhanced strength of corner area on the
fire resistance of stainless steel columns werestigated. According to the fire-resistant design

method of unconstrained stainless steel columrikérEuropean Code (EN 1993-{2p9, 20] and
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the European Design Guidance Manual (2017) [218, nbmerical simulation analysis for the
fire-resistant design of eccentrically compresstinkess steel columns with constraints were
performed. The equivalent principle was adoptediclwithe bearing capacity of eccentrically
compressed stainless steel columns with constragtshe same as that of unconstrained
eccentrically compressed stainless steel columderutine condition of component buckling in a
fire.Finally, the formula of the buckling temperatuof eccentrically compressed stainless steel
columns with constraints is proposed, and theigglahip between buckling temperature and failure
temperature is obtained.

2. Numerical simulation analysis

2.1 Analytical method

There are two main types of thermo-mechanical éogpanalysis: direct thermo-mechanical
coupling analysis and successive thermo-mechanagbling analysis. Direct thermo-mechanical
coupling analysis is typically used to study thgeob for which the mutual influence between
temperature field and stress field is obvious, 8ndcessive thermo-mechanical coupling analysis
can be used to investigate the object for whichsthess field is greatly affected by the tempegatur
field while the temperature field is little affedtey the stress field.

The eccentrically compressed stainless steel colwitin constraints is mainly subjected to the
combined action of external load and high tempeeaiu fire. It can be seen that the temperature
field has a great influence on the stress field,tha stress field has no effect on the temperature
field, for the eccentrically compressed stainlesselscolumn with constraints. Therefore, the
method of successive thermo-mechanical couplindysisais adopted as the fire resistance of

eccentrically compressed stainless steel columtisaenstraints.
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analysis on the fire resistance of eccentricalljppressed stainless steel columns with constraints.
The existing 7 test specimens were selected aatdgtical object.

The fire tests were conducted using a horizontal flirnace test system. The dimension of the
furnace chamber was 2.4 m x 3.4 m x 4.25 m. 8 rsrated eight thermocouples were set up in the
furnace chamber, which were used to heat and dothieotemperature of the fire furnace. The
furnace chamber was heated according to the 1SOsB&ddard heating curve. The horizontal
loading system mainly includes a horizontal loadeaction frame and a restrained steel beam. The
horizontal loading reaction frame provided the maipport point for the test loading and was
needed to meet the force self-balance. The resttateel beam provided axial restraint stiffness fo
the test specimen. The test load was applied toefteained steel beam using a hydraulic jack. The
plane layout of the horizontal loading system isveh in Fig. 1. The specimens are made of
austenitic stainless steel S30408, and the detditeensions are shown in Table 1. Considering the
uniform load applied to the end section and thdiza&@on of the eccentric load, a 30-mm-thick
steel end plate was welded at both ends of thesfestimen. The material of the end plate was
Q235B. Two ear plates were welded vertically atdtenless steel end plate. Each ear plate was
connected to the horizontal reaction frame andaesd steel beam with a hinge pin, simulating
the hinged support at both ends of the test specime

The axial constraint stiffness ratfbis the ratio of bending stiffness of restrainecekteeamk,
(when the concentrated load is applied to the mpahf the beam) to the axial stiffnégsit room

temperature, as detailed in Egs. (1) ~ (3).
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Where E, and E; are the elastic modulus of the restrained steeibaad the eccentrically
compressed stainless steel column respectiliglgnd|. are the effective length of the restrained
steel beam and the eccentrically compressed stairsieel column respectivell is the section
moment of inertia of the restrained steel bedmis the sectional area of the axially compressed
stainless steel column.

The numerical simulation results were compared Withtest results, to verify the feasibility of
the numerical simulation method. The code, sedina and parameters of specimen in the fire test
are shown in Table 1. The specimens were divideal tiiree groups to investigate the effects of
different parameters on the fire resistance of mirimally compressed stainless steel columns with
constraints. In the first group, specimens Z2, A8 @4 were used to study the effect of the load
ratio. In the second group, specimens Z3, Z5 andvéfe used to study the effect of the load
eccentricity. In the third group, specimens Z1,af® Z7 were used to study the effect of the axial
constraint stiffness ratio. For specimens Z1-Z&,tést process and detail test results were shown i
Reference [37].

2.2 Analytical Model
The numerical simulation analysis of the fire resise of eccentrically compressed stainless

steel columns with constraints in fire is mainliated to three models: the bearing capacity aralysi
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model at room temperature, the heat transfer aisatysdel, and the fire resistance analysis model.
The bearing capacity analysis model is mainly usedolve the ultimate bearing capacity of
columns at room temperature, to determine the loalde of stainless steel column in the
subsequent fire-resistant analysis. The heat gaasfalysis model is used to obtain the temperature
curve of stainless steel columns and to providepteature data for the subsequent fire-resistant
analysis. The fire resistance analysis model isl usedetermine the bearing capacity, buckling
temperature and failure mode of stainless steelhaos in fire.
2.2.1 Analysismodel at room temperature

(1) Geometric model

The bearing capacity analysis model of eccentsiceiimpressed stainless steel columns with
constraints is established directly by the finitengent software ABAQUS [36]. To improve the
accuracy of the finite element model, the modduides the end plates and the connecting ear plate
of the test specimen (as shown in Fig. 2). Thel sement S4R (4-node unit, each node has 6
degrees of freedom) and the solid element C3D8R respectively adopted to simulate the
specimen, and the end plates and the connectinglaarat both ends. The boundary condition of
the specimen is unilateral hinged at both endsadtrately simulate the boundary conditions at
both ends of the specimens, coupling constraigtsated on the contact surfaces between the ear
plates and the pin shafts. The restrained endseo$pecimens only release the rotational degree of
freedom, while the loading ends also need to relé¢he axial translational degree of freedom,
allowing axial deformation of the specimens. To Wt bearing capacity of specimens accurately
and track the descending stage of the load-displent curve, the arc-length method is adopted.

The loading method adopts displacement loading. [Bading eccentricity can be adjusted by
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varying the relative position between the neutxd$ and the center of the end plate. The real load
adopted should be determined by the load ratidhvefspecimen. The geometric model of the test
specimen is shown in Fig. 3.
(2) Material model

Based on the tensile test results of the mechaprcglerties of austenitic S30408 stainless steel
at room temperature [37], by the processing metifdtie test results of the mechanical properties
of stainless steel proposed by Gardner ] the stress-strain formula of stainless steargby
Rasmussen [39], as expressed by Eg. (4), the stheds curves and the mechanical properties of

stainless steel in the flat and the corner aredearspectively obtained, as shown in Fig. 4.

g4 o.ooz(iJ o0 [0g,, ]
_ E Oo2
£= N (4)
T-0,, [ O=0y,
&, +&, 00(0,,0
R (O_U _ Jozj 0.2 0.2 u]

Where € and 0 are the stress and strain of stainless steégl;is the initial elastic modulus;
0,, is the nominal yield strength, the stress corredpw to a residual deformation value of 0.2%;
o, is the ultimate strength of materiah = In(20)/[|n(ao_2 /00_01)] is the hardening index;
m=1+3.50,,/0, is the parameterg,,, is the stress corresponding to a residual deféomat
value of 0.1%; E,, = EO/(1+ 0.00h Eo/Uo.z) is the tangent modulus corresponding to the stress

0oy &02=0,,/E,+0.002 is the strain corresponding to the stregs,; 0, is the ultimate

strain.
In the FE analysis model, the mechanical propedfestainless steel in the flat and the corner

area adopt the corresponding stress-strain cumviesyi 4, respectively.

(3) Initial imperfection

10
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The initial overall imperfection s and local impestions of stainless steel columns should be
considered in the analysis model at the same fithe.initial overall imperfections are adopted by
the measured values, as shown in Table 2, andta imperfections are calculated according to

the recommended formula proposed by Gardner angeitztt [40], as detailed in Eq. (5).
w, =0.023(0,,/0,) (5)

Where w;, is the local imperfections amplitude of stainleg®bkcolumnst is the thickness of

cross section;o,, is the elastic buckling stress of cross sectioniclvban be calculated by the

program CUFSM [41].

2.2.2 Heat transfer analysis model

(1) Geometric model

For the eccentrically compressed stainless stelelmetes with constraints, the establishment,
geometric size and meshing of the heat transfdysinanodel are exactly the same as those of the
bearing capacity analysis model at room temperatimgvever, there are some differences between
the two models, the quadrilateral heat transferl sflement DS4 is adopted to simulate the
specimen in the heat transfer analysis model, \isdniot necessary to consider the end constraints
of the specimen. The transient heat transfer aisaiysadopted as the calculation method and the
standard ISO834 heating curve is applied in théimganode.

(2) Thermal parameter

The thermal parameters of stainless steel at edvi@mperature are the key data in the heat
transfer analysis model. The thermal parameterstaihless steel mainly include the thermal
conductivity, specific heat coefficient and thermreapansion coefficient, which can be determined

by the method in the European Code (EN 1993-I-8).[According to the existing research results

11
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[27], in a standard fire scenario, the other thérpamameters are selected as follows: the thermal
radiation coefficient,, =0.2, convective heat transfer coefficidmE 35W/ (sz’C) , flame
radiation coefficient&; =1.0, and Boltzmann constanB =5.67x 10° VY( ni DK‘),
2.2.3 Fireresistance analysis model

(1) Geometric model

The establishment, geometric size, meshing, comguiement and boundary conditions of the
fire resistance analysis model are all the samih@se of the bearing capacity analysis model at
room temperature. In the fire resistance analysideh the loading method is loaded by force, and
the loading rate is consistent with that in thee fiest. To ensure that the analysis results of
temperature field are accurately introduced in® fire resistance analysis model, the computing
method and calculating parameter in the fire rasst analysis model are completely consistent
with those of heat transfer analysis model.

(2) Material model at elevated temperature

According to the tensile test results of the medwnproperties of the austenitic S30408
stainless steel at elevated temperature [37], &edstress-strain formula of stainless steel at
elevated temperature recommended by Chen and Y@LBlg as expressed by Eg. (6), the
stress-strain curves and the mechanical propestistainless steel in the flat and the corner atea

elevated temperature can be respectively obtaaseshown in Fig. 6.

%m.oo{ %, J 0,0 [00,,, ]

Oo.2p

& = (6)

my
Oy = 0p7p Oy =049
T & t &2 O 0 (UO.ZB’JU,S]
O,0 002

0.20

Where 0, and &, are the stress and strain of stainless steekaethperature ofd °C; 0y

12
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is the nominal yield strength of stainless steelhat temperature ob °C; 0,, is the ultimate
tensile strength of stainless steel at the temperaif & °C; E, and E,,, are the initial elastic
modulus and the tangent modulus correspondingdcstiessd,,, at the temperature of °C;
£y2p IS the plastic strain corresponding to the strégs, at the temperature o8 °C; &,, is the
ultimate strain of stainless steel at the tempesadfi & °C; n, is the hardening index of stainless

steel at the temperature & °C, generallyn, =6+0.29; m, is the modified hardening index of
stainless steel at the temperature &f °C, for EN1.4301 stainless steel (austenitic S304)

m, =2.3- 0.00F, for EN1.4462 stainless steefy, =2.3- 0.00%.

2.3 Numerical simulation results

According to the above three analysis models, thraatical simulation analysis was performed
on the fire resistance of specimens Z1-Z7. Themaltt bearing capacity, temperature curve,
deformation curve, buckling temperature, failumperature and failure mode of specimens were
obtained, to verify the accuracy and feasibilitytteé numerical simulation analysis method.
2.3.1 Ultimate bearing capacity at room temper ature

For the specimens Z1-Z7, the results of ultimaterihg capacity are shown in Table 3. The
analysis results are compared with the resultsirddaby Hua X [42], Technical specification for
stainless steel structures (CECS410-2015) [43] Emabpean Standard (EN 1993-1-4) [20]. The
results show that the numerical simulation resattsin good agreement with the results obtained
by current specifications and existing literatuteis proved that the analysis model at room
temperature can accurately predict the ultimaterilbgacapacity of eccentrically compressed
stainless steel columns with constraints.

2.3.2 Temperatur e-time curves

13
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The temperature-time curves of specimens obtaingdhéat transfer analysis and their
comparison with the test results are shown in Fignly presented by partial specimens Z1, Z4 and
Z7. In the brackets of Fig. 7, FR means the ar@msed to fire in the middle of the specimen, and
PR means the fire area protected by rock wool #t bonds of the specimen.

It can be seen from Fig. 7 that: (1) for the terapge-time curves in PR area, the analysis results
are consistent with the test results; (2) for t#ragerature-time curves in FR area, the test reatdts
higher than the analysis results in the early stdgeeating, and the test results are consistettt wi
the analysis results at the later stage of heakimglly, the analysis results are higher thantédse
results in the cooling stage; and (3) for the terajee-curves of specimens, the trend of curves
between the analysis results and tests resultsrarkar.

2.3.3 Axial displacement-time curves

According to the results of fire test on 7 ecceally compressed stainless steel columns with
constraints [37], the axial displacement-tempegrafor heating time) curve of the specimens shows
two stages: pre-buckling stage and post-buckliagestas shown in Fig. 8. The pre-buckling stage
was the stage where the axial deformation of tleeigpen was transformed from the beginning of
the thermal expansion to the maximum value. When dRial expansive deformation of the
specimen reached its maximum value, the specimekldnly and the specimen surface temperature
was considered as the buckling temperaflise The post-buckling stage was when the axial
deformation of the specimen was being transformieth fthe expanded state to the compressed
state (i.e., the maximum axial displacement valugil the axial displacement returned to its initia
value (at room temperatura/hen the axial displacement of the specimen retutoeits initial

value, the specimen was considered to have failedthe surface temperature of the specimen was

14
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considered as the failure temperature of the spaTim.

The axial displacement-time curves of specimenginbt by fire resistance analysis and their
comparison with the test results are shown in &i@nly presented by partial specimens Z1, Z4 and
Z7. It can be seen from Fig. 9 that: (1) the défeze between the test results and the analysiksresu
is small before the buckling of specimen, and ts tesults are slightly higher than the analysis
results; (2) the test results are different from &émalysis results after the buckling of specin{a@j;
for the axial displacement-time curves of speciménsre are some differences between the test
results and the analysis results, but the two t®sé generally in good agreement.

2.3.4 Mid-span lateral displacement-time curve of specimens

The mid-span lateral displacement-time curves etspens obtained by heat transfer analysis
and their comparison with the test results are shiowFig. 10, only presented by partial specimens
Z1, Z4 and Z7. The following conclusions can bewdrdrom Fig. 10: (1) for the change trend of
lateral displacement-time curves, the analysisli®sume consistent with the test results; the #hter
displacement increases slowly with the heating t@®®re the buckling of specimen, and increases
rapidly after the buckling of specimen; the lated@éplacement increases slowly again untill the
failure of specimens; (2) for the value of lated&édplacement, there are some differences between
the analysis results and the test results; thevedse is larger than the analysis value before the
buckling of specimen, and the test value is less tthe analysis value after the buckling of
specimen; (3) For the heating time occurred th&lmg of specimen, there is a sudden increase of
displacement in the lateral displacement-time csivieeach specimen, and the time obtained by
the analysis result is earlier than that of the tesult; and (4) for the lateral displacement-time

curves of specimens, the analysis results arerdiffefrom the test results at the later stage of

15
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heating, but the two results are generally in gagieeement.
2.3.5 Axial force-time curves

For the eccentrically compressed stainless stdahuts with constraints in fire, the specimens
experience the expansion deformation at initiaestaf heating up, and an internal additional axial
force isgenerated in the specimen. The additional axialefavill reach its maximum close to the
buckling of specimen. After the buckling of specime occurred, the axial force will gradually
decrease with the increase of lateral displaceroéspecimen. The limit state is adopted as the
failure of specimen in fire, which the axial foroé specimen is restored to the initial value,
corresponding with the failure temperattireof specimen, as shown in Fig. 8.

The axial force-time curves of specimens obtaingtidat transfer analysis and their comparison
with the test results are shown in Fig. 11, onlgsented by partial specimens Z1, Z4 and Z7. The
following conclusions can be drawn from Fig. 11) far each specimen, the maximum value of
axial force is approximately twice the value oftiali axial force at room temperature; and (2) for
the axial force-time curves, the analysis resukksimgood agreement with the test results.

2.3.6 Buckling temperature and failuretemperature

For the buckling temperature and failure tempeeatfrspecimens Z1-Z7, the test results and
analysis results are shown in Table 4. The follgndéonclusions can be drawn from Table 4: (1) for
the buckling temperature and the failure tempeeatireach specimen, the test results are slightly
different from the analysis results, and the maximealue of the deviation is within 10%; (2) the
buckling temperature of a specimen decreases hatintrease of the load ratio, axial stiffnessorati
and eccentricity; (3) the failure temperature @pacimen decreases gradually with the increase of

the load ratio and the decrease of the eccentriuitlythe axial stiffness ratio has a small effact
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the failure temperature; and (4) for the bucklimmperature and the failure temperature of
specimens, the test results are basically consistiéimthe analysis results.
2.3.7 Failure mode of specimens

Fig. 12 shows only the analysis results and testli®for the failure modes of specimens Z1 and
Z7. The failure mode of specimens Z2—-Z6 is exattteysame as that of specimen Z1 and will not
be repeated. Fig. 12 indicates that (1) for thieif@aimode of specimen Z1, the analysis resultsnare
good agreement with the test results, which arsgmted as the integrated bending-buckling mode,
and the maximum value of lateral displacement ccatirthe mid-span section. (2) for the failure
mode of specimen Z7, the analysis results are stamgiwith the test results, which is presented as
the coupling mode between integrated bending-baghkdind local buckling, and the local buckling
occur at the mid-span section.

For eccentrically compressed stainless steel cadumith constraints, there are two types of
failure mode in fire. The first type is integratbdnding-buckling mode, as shown in Fig. 12 (a).
The second type is the coupling mode between iatedrbending-buckling and local buckling, as
shown in Fig. 12 (b). The numerical simulation nogetltan successfully simulate the failure mode
of eccentrically compressed stainless steel columitinsconstraints in fire.

3. Parametric analysis
3.1 Parameter selection

According to the existing research results [28,8]/,4he key influence parameters of the fire
resistance of stainless steel columns with comdrare as follows: initial imperfectiony,, load
ratio n, axial constraint stiffness ratig3, slenderness ratiol, eccentricity e and material

enhanced strength of corner area. The methodsroérncal simulation analysis in Section 2.2 are
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adopted as the parametric analysis of the firest@sce of eccentrically compressed stainless steel
columns with constraints, and the heating modeesbiny the standard ISO834 heating curve.

The grouping and basic parameters of selectedmpesi are shown in Table 5. The specimens
are divided into 6 groups, with a total of 40 speems, which are respectively used to investigate
the influence of initial imperfection, load ratiaxial constraint stiffness ratio, slenderness ratio
eccentricity, material enhanced strength of coraexa on the fire resistance of eccentrically
compressed stainless steel columns with constralis section size of specimen is selected as
RHS 140 mmx120 mmx5 mm, and the length of specisi8300 mm.

3.2 Initial imperfections

Gardner and Nethercot [40] carried out numerigalugation analysis of the bearing capacity of a
series of stainless steel columns with differentiahimperfections. The amplitudes of initial
imperfections ard.o/1000, Ly/2000 andLy/5000, respectively. The results show that the ysmal
results are in good agreement with the test resuitsn the amplitudes of initial imperfection is
Lo/2000. Ng and Gardner [28] numerically simulate ih#uence of initial imperfection on the
critical temperature of stainless steel columna fire, and the results show that the analysisltiesu
are consistent with the test results when the dotas of initial imperfection iky/2000.

To investigate the influence of initial imperfeatioon the fire resistance of eccentrically
compressed stainless steel columns with constrahesamplitudes of imperfections of specimens
P1-1~P1-5 are 0L/5000, Lo/2000, Lo/1000, andLq/500, respectively. The code and other
parameters of specimens are shown in Table 5.

For specimens P1-1~P1-5 in Table 5, the axial dcgvhent-time curves and axial force-time

curves are respectively shown in Fig. 13 (a) andTbe axial force ratio in Fig. 13(b) refers t@th
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ratio of the actual axial forceN. at elevated temperature to the ultimate bearipgaty N, at
room temperature. The following conclusions can drawn from Fig. 13: (1) the axial
deformation-time curves and axial force ratio-timeves of specimens are basically coincident at
the initial stage of heating up; and (2) after theekling of specimen is occurred, the larger the
initial imperfections is, the lower the peak poinfsaxial displacement-time curves and axial force
ratio-time curves are.

The curves of the buckling temperature and failmperature with the amplitudes of initial
imperfections of specimen are shown in Fig. 14 @)d the curves of the maximum axial
displacement and axial force ratio with the ampliés of initial imperfections are shown in Fig. 14
(b). Fig. 14 indicates that: (1) the amplitudesirofial imperfections w, has little effect on the
buckling temperature and failure temperature ofeptitcally compressed stainless steel columns
with constraints; and (2) the maximum axial displaent and axial force ratio of specimen
decrease linearly with the increase of the initigberfections.

The analysis results show that the initial impeiéet has little effect on the fire resistance of
eccentrically compressed stainless steel colummis @onstraints. Thus, the amplitude of initial
imperfection is selected a®j, = L,/2000 in the subsequent analysis.
3.3Load ratio

Fig. 15 (a) and (b) show the axial displacementtiourves and axial force-time curves of
specimens P2-1~P2-10, respectively. The followiogctusions can be drawn from Fig. 15: (1) the
peak points of the axial displacement-time curwésdown with the increase of the load ratio, the
time of heating up corresponding to the peak pwirghortened, and the descending branch of the

curve becomes steep. (2) Specimens with diffead ratios have different failure modes. For the
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specimens (P2-9 and P2-10) with load ratic=0.8 and n=0.9, after the buckling of the
specimens, the axial displacements descend rapialythe failure occurs immediately. There is no
post-buckling stage in displacement-time curves fHilure for this kind of specimens is called the
Failure Model (brittle failure). For the specimdR2-2~P2-7) with load raticm=0.1~ 0.7, after

the buckling of the specimens, the axial displaggméecrease slowly, and there is post-buckling
stage in displacement-time curves. It took a langetfrom the buckling to the failure of specimen
and the specimens have obvious ductility. The ffaifor this kind of specimens is called the Failure
Mode2 (ductile failure). For the specimen (P2-1)hwa load ration=0, the specimen is always
expanded and deformed at elevated temperatureaxibiedisplacement of the specimen cannot be
restored to the initial value at room temperatiiteerefore, the specimen has no failure temperature.
(3) The peak point of the axial force ratio-timenai goes up with increase of load ratio. The
shorter the time of heating up corresponding topisak point is, the steeper the descending branch
of the axial force ratio-time curve is. (4) Aftdret failure of specimens, the descending rate of the
axial force ratio-time curve gradually slows dowsinally, the value of axial force ratio of all
specimens is stabilized at approximately 0.1.

The curves of the buckling temperature and faiteraperature with the load ratio are shown in
Fig. 16 (a), and the curves of the maximum axiaplicement and axial force ratio with the load
ratio are shown in Fig. 16 (b). Fig. 16 indicathatt (1) with the increase of the load ratio, the
buckling temperature and failure temperature deergmadually, and the deviation between the two
temperatures is reduced; (2) for the specimenslaige load ratio i = 0.8), the deviation between
the two temperatures is almost zero; and (3) withihcrease of the load ratio, the maximum axial

displacement decreases, and the maximum axial fateeincreases gradually.
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The analysis results show that the load ratio & khy external influence factor on the fire
resistance and the failure mode of eccentricalmm@ssed stainless steel columns with constraints
in fire. For the specimens with large load ratie 0.8, the Failure Model (brittle failure) is
occurred; however the Failure Mode2 (ductile fa)us usually present in the specimens with low
load ratio n<0.8.

3.4 Axial constraint stiffnessratio

Fig. 17 (a) and (b) show the axial displacementtiourves and axial force-time curves of
specimens P3-1~P3-11, respectively. The followimgctusions can be drawn from Fig. 17: (1) the
peak points of the axial displacement-time curudgsdown with the increase of the axial constraint
stiffness ratio, the time of heating up correspogdio the peak point is shortened, and the
descending branch of the curve flattens out e liit more gently. (2) Specimens with different
axial constraint stiffness ratio have differentifeé modes. For the specimens with little axial
constraint stiffness ratig8 =0 ~ 0.0Z, there is no post-buckling stage in displacemiené-tcurves,
and the specimens present the Failure Model éfatlure). However, the Failure Mode2 (ductile
failure) is occurred in the specimens with larg@abgonstraint stiffness ratig =0.05~ £, (3) The
peak point of the axial force ratio-time curve go@swith increase of the axial constraint stiffness
ratio. The shorter the time of heating up corresipuyn to the peak point is, the flatter the
descending branch of the axial force ratio-timeveuis. (4) After the failure of specimens, the
descending rate of the axial force ratio-time cugxedually slows down. Finally, for the specimens
with axial constraint stiffness ratigd =0.05~ &, the value of axial force ratio is stabilized at
approximately 0.1.

The curves of the buckling temperature and faitareperature with the axial constraint stiffness
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ratio are shown in Fig. 18 (a), and the curveshef maximum axial displacement and axial force
ratio with the axial constraint stiffness ratio ateown in Fig. 18 (b). Fig. 18 indicates that: idr)
the specimens with little axial constraint stiffaeatio 8 <1.0, the buckling temperature decreases
rapidly with the increase of the axial constraititfreess ratio; for the specimens with large axial
constraint stiffness ratig8 > 2.0, the buckling temperature does not change withrttiease of the
axial constraint stiffness ratio, remaining at apgmately 100 °C; (2) the influence of the axial
constraint stiffness ratio on the failure tempeamis small, remaining at approximately 700 °C for
all specimens; and (3) for the specimens with ag@istraint stiffness ratigf <1.0, with the
increase of the axial constraint stiffness rati@ maximum axial displacement decreases and the
maximum axial force increases; for the specimerih axial constraint stiffness ratig >1.0, the
axial constraint stiffness ratio has little effectthe maximum axial displacement and force ratio.

It can be seen that the axial constraint stiffrasi® has a great influence on the fire resistance
and the failure mode of eccentrically compressathkgtss steel columns with constraints in fire.
For the specimens with large axial constraint retiés ratio 5> 0.05, the Failure Model (brittle
failure) is occurred; however the Failure Mode2ctda failure) is usually present in the specimens
with low load axial constraint stiffness ratif < 0.02. For the specimens with the axial constraint
stiffness ratio 8> 2.0, the fire resistance is almost independent ofakial constraint stiffness
ratio.

3.5 Slendernessratio

Fig. 19 (a) and (b) show the axial displacementtiourves and axial force-time curves of

specimens P4-1~P4-6, respectively. The followingctasions can be drawn from Fig. 19: (1) the

peak point of the axial displacement-time curvessgap with the increase of the slenderness ratio,
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and the time of heating up corresponding to thé peént is shortened. For the specimens with the
slenderness ratib< 80, the descending branch of the cungefairly flat; for the specimens with
the slenderness ratio>80, the descending branch of the curves is very st€pThe Failure
Mode2 (ductile failure) is occurred in the specim@d4-1~P4-6, indicating that the slenderness ratio
has little influence on the failure modes of ecdeally compressed stainless steel columns with
constraints in fire. (3) There are the similar sulnd trends between the axial force ratio-time
curves and the axial deformation-time curves fospécimens.

The curves of the buckling temperature and faik@r@perature with the slenderness ratio are
shown in Fig. 20 (a), and the curves of the maxinaxml displacement and axial force ratio with
the slenderness ratio are shown in Fig. 20 (b). ZFgindicates that: (1) the buckling temperatures
of specimens decrease approximately linearly withibhcrease of the slenderness ratio; (2) for the
specimens with little slenderness ratio< 80, the failure temperature decreases with the iserea
of the slenderness ratio; for the specimens witigelaslenderness ratiol >80, the failure
temperature basically remains at approximately ®tQ3) for the specimens with slenderness ratio
A <100, the maximum axial displacement increases withirlbeease of the slenderness ratio; for
the specimens with slenderness ratio>100, the maximum axial displacement is almost
independent of the slenderness ratio; and (4) t#wemum axial force ratio increases linearly with
the increase of the slenderness ratio.

It can be seen that the slenderness ratio is theénkernal influence factor on the fire resistance
of eccentrically compressed stainless steel columitinsconstraints.

3.6 Eccentricity

Fig. 21 (a) and (b) show the axial displacementtiourves and axial force-time curves of

23



10

11

12

13

14

15

16

17

18

19

20

21

22

specimens P5-1~P5-6, respectively. The followingctwsions can be drawn from Fig. 21: (1) the
peak points of the axial displacement-time curved @ne axial force ratio-time curves cut down
with the increase of the eccentricity, and the twhéeating up corresponding to the peak point is
shortened. The descending branch of the curvesiily fflat. (2) For the specimen with the
eccentricity e=0 (axially compressed columns), the specimen predenEailure Model (brittle
failure); the Failure Mode2 (ductile failure) isaagred in the specimen with the eccentriciy O
(eccentrically compressed columns). (3) When thatihg time is the same, the larger the
eccentricity of the specimen is, the larger thalkidrce ratio is.

The curves of the buckling temperature and faitereperature with the eccentricity are shown in
Fig. 22 (a), and the curves of the maximum axigpldicement and maximum axial force ratio with
the eccentricity are shown in Fig. 22 (b). Fig.i@@icates that: with the increase of the eccenyrici
the buckling temperature decreases gradually aadailure temperature increases gradually; the
maximum axial displacement decreases gradually thedmaximum axial force ratio increases
gradually.

It can be seen that the eccentricity is a key ialemfluence factor on the fire resistance of
eccentrically compressed stainless steel columtis aainstraints. The larger the eccentricity is, the
lower the buckling temperature is, and the higher failure temperature is. Additionally, for
eccentrically compressed stainless steel columtisaeinstraints, the greater the deviation between
the buckling temperature and failure temperature,longer the post-buckling stage and the better
the fire resistance performance of specimen. Thezefor the fire-resistant design of constrained
eccentrically compressed stainless steel columiis aviarge eccentricity, it is suggested that the

post-buckling performance be considered to imptbeeire-resistant time.
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3.7 Material enhanced strength of corner area

Fig. 23 (a) and (b) show the axial displacementtiourves and axial force-time curves of
specimens P6-1 and P6-2, respectively. The follgwionclusions can be drawn from Fig. 23: (1)
the axial deformation-time curves of specimens Rfd P6-2 are the same before the buckling of
the specimens, and the axial deformation-time cw¥epecimen P6-1 is higher than that of
specimen P6-2 after the buckling of the specimdns.addition, the time of heating up
corresponding to the peak point of the axial defdram-time curve of specimen P6-1 is shorter
than that of specimen P6-2. (2) The axial forcerate curve of specimen P6-2 is slightly higher
than that of specimen P6-1 before the bucklingheftpecimens, and the maximum values of the
axial force ratio-time between specimen P6-1 anel Rfte the same after the buckling of the
specimens.

The buckling temperature of specimen P6-1 is highan that of specimen P6-2, and the failure
temperature of P6-1 is higher than that of P6-Zoiding to the above analysis, it can be found that
the material enhanced strength of corner areaneflogal to the fire resistance of eccentrically
compressed stainless steel columns with constraints
4. Fire-resistant design method

The behaviour response of eccentrically compressa@dless steel columns with constraints in
fire mainly experiences two stages: the pre-bugk$itage and the post-buckling stage, as shown in
Fig. 8. Thus, the buckling temperature and faik@raperature are two key influence factors on the
fire-resistant design of eccentrically compressathkess steel columns with constraints.

4.1 Calculation method for the buckling temperature

4.1.1 Relationship between the axial force and buckling temperature
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According to the results of parametric analysi® #hfluence factors on the fire resistance of
eccentrically compressed stainless steel columnk wonstraints included mainly the internal
parameters (slenderness ratio and eccentricitye) and the external parameters (load ratio
and axial constraint stiffness ratif). For eccentrically compressed stainless steeinzos with
constraints, to investigate the buckling tempemtand axial force at the time of buckling of
column in fire, two groups of specimens were selg¢etccording to the different internal parameters,
with a total of 9 specimens, which was respectivslgd to study effects of the slenderness ratio
and eccentricityeon the fire resistance of specimens. The codedasid parameters of specimens
are shown in Table 6. The finite element modelsevestablished, and the critical temperature and
axial force at the time of buckling of specimengeavebtained. The finite element models were also
divided into two types: Group a and Group b, whigdre mainly used to investigate the effect of
the load ration and axial constraint stiffness raffo on the fire resistance of specimens. The
codes and basic parameters of finite element maatelsshown in Table 7, with a total of 153
models.

According the analysis results of the 153 finiteneént models, for eccentrically compressed

stainless steel columns with constraints, the bngklemperatureT, ., and axial force N, ¢,

under different conditions can be obtained. Meateylior all specimens in Table 6, if both ends of
the specimens are unconstrained, the ultimate iie@apacityN,; of the specimens at elevated
temperatures can be calculated according to therdesethods of eccentrically compressed

stainless steel columns without constraints inEbeopean Code [19, 20]. In the same coordinate

system, the axial forceN, ., -buckling temperatureTl, ., curves (eccentrically compressed

columns with constraints) and the ultimate bearicapacity N, . -temperature T curves
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(eccentrically compressed columns without constisaican be drawn, as shown in Fig. 24 (a) and
(b), respectively.

It can be seen from Fig. 24 that: (1) for SP1-1~8Rihd SP2-1~SP2-5, the axial ford, .,
is slightly higher than the ultimate bearing capali,; at the same temperature, but the derivation
between N, ., and N ; is very small. (2) With the increase of the slendss ratio4 (from
specimen SP1-1 to specimen SP1-4) or the increfaiee ceccentricity (from specimen SP2-1 to
specimen SP2-5), the derivation betweBl..,, and N ; decreases gradually. Therefore, it is
assumed thatN,, ..,, is approximately equal td\,,; at the same temperature.
4.1.2 Formula of buckling temperature

It was assumed that the surface temperature ohtamly compressed stainless steel columns
with constraints in fire isT,,. The analysis results in Section 4.1.1 indicatg the axial force
N, (eccentrically compressed columns with constraistequal to the ultimate bearing capacity
N, (eccentrically compressed columns without constsaiunder the same temperature condition,
which is expressed by Eq. (7). Therefore, in cagealxial force corresponding to the buckling of
specimen was known, the buckling temperature oémcically compressed stainless steel columns
with constraints can be obtained by Eq. (7), adogrdo the design methods of eccentrically

compressed stainless steel columns without constrai the European Code [19, 20].
NbI,T = Nu,T (7)

The axial force N, ; is the composition of the initial axial forcél, at room temperature and

the additional axial forceN,,, ; generated by the axial constraint at elevated ¢eatpre, as

expressed by Eg. (8).
NT = I\Io + Ncon,T (8)
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Fig. 25 (a)-(d) show the four mechanics states:itliteal state, room temperature state, free
expansion state and constraint state, for eccafiyricompressed stainless steel columns with
constraints in fire.

According to the four mechanics states in Fig.tB8,following formula can be obtained.

uf :‘gthL+ NO/kc (9)
kc,Tuc = NO + Ncon,T (10)
kb (uf _uc) = Ncon,T (11)

Where u, is the deviation of length of column under freepaxsion state and normal
temperature stateg,, is the linear expansion coefficient correspondmthe temperaturel,,; L
is the geometric length of column at room tempeegtk, = EA/L is the axial stiffness at room
temperature; k. ; =k .EA/L is the axial stiffness at room temperature cowedmg to the

temperatureT,,; u, is the deviation of length of column under free @axgion state and constraint

C

state; k, is the axial constraint stiffnes<= is the initial elastic modulus of stainless staeloom
temperature; A is the sectional area of columi. is the initial elastic modulus reduction factor
of stainless steel at elevated temperature.

For eccentrically compressed stainless steel caduwith constraints, the formula of the axial
force N, ; corresponding to the temperatufg can be obtained by Egs. (8) ~ (11), as shown in
Eq. (12).

k. k
T ) gL 4 0 =) 12)
kC,T + kb k kC,T

C

A calculation formula of ultimate bearing capaca§ unrestrained eccentrically compressed

NbI,T = NO+(

stainless steel columns in fire at timewith the section temperature beifigwas proposed in the

Eurocode (EN1993-1-2) [19]. For eccentrically coagsed stainless steel columns with Class 1 and
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Class 2 cross-sections, Eq. (13) can be used foulatdon. For eccentrically compressed stainless
steel columns with Class 3 cross-sections, Eq. ¢a#) be used for calculation. For eccentrically

compressed stainless steel columns with Classsé-@ections, Eq. (15) can be used.

Nﬁ + ky M y/fi + kzM zfi < 1
Xmin,fi AK/,G fy val,yky,e fy val.zky,e fy
Nfi + I(LT M y/fi kz M zfi

<1
Xz,ﬁ Aky,e fy XLT,fiV\{JI,y K/,e fy val,zky,e fy

I\Iﬁ + ky'\/ly,ﬁ + I(z'\/lz,fi Sl
/Ymin,ﬁ AK/,G fy V\{el,yky,e fy VVeI.zkyB fy
14
Nﬁ + kLTMy,ﬁ + kZ'\/IZ,ﬁ Sl ( )
Az AIQ,@ fy XoriWy K/,e fy V\él,zkyﬁ fy

(13)

Nfi + ky M y fi + kz M zfi <
Xmin,fi A%ff ky,e fy Weff,yky,e fy Weff,zky,e fy

Nfi + kLT M y,fi kz M z fi < 1
/Yz,fi A%ff ky,e fy /YLT,fiV\éff,y K/,e fy Vveff,zky,e fy

(15)

Where N; is the axial force of eccentrically compressedntas columns in fire;M,; and
M, are the bending moments caused by eccentric lbadtay-axis and z-aixs, respectively;
Xminsi 1S the smaller value of in-plane and out-of-platability coefficient of component in fire;
X.5 is the out-of-plane stability coefficient of commmmt in fire; ky,e is the yield strength

reduction factor of stainless steel at high temipeea f, is the yield strength of stainless steel at

room temperature A and A¢¢ are cross-section area and effective cross-seaties, respectively;
W,y W,, and W4, are plastic modulus, elastic modulus and effectietion modulus of cross

section, respectively. The coefficiedt;, K, and k, can be calculated by Egs. (16) ~ (18).

_1_ H Ni 3]
kLT =1 mS1’ Hix :0'15/12'9@/1,LT - 0.1x 0. (16)
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k,=1-————<3 = -3 _
’ Xy AR, A (1'2'BM’V Nyo + 0'4%&’ 0.2 0. (17)

N. _
k,=1 _ KN <3, U, = (2B, ~ 5. +0.445,,,— 0.2% 0. (18)

Xz AK/,e fy

Where ﬁy,e and A,, are the regularization slenderness ratio aboukig-and z-aixs of
component in fire; By, and B,, are equivalent bending moment coefficient abouatxig- and
z-aixs of component, for eccentrically compressethgonents without end momentg,, and
By, should be 1.

According to Egs. (12) ~ (15), the formula of @i temperatureT,, and axial forceN,; of

eccentrically compressed stainless steel columtisa@nstrains in fire can be obtained.

4.1.3 Verification of formula accuracy

For the 9 specimens in Table 6 and the 153 finikenent models in Table 7, the buckling

temperatureT, ¢, of specimen under different conditions was cal@daccording to Eqg. (12) and
Egs. (16) ~ (18), and the results were compared thieé buckling temperaturé,, ..,, calculated
by the finite element models, as shown in Tablen8 &able 9. Comparisons between bucking
temperaturesT, ¢, and T, ., at different load ratio and different constrairiffisess ratio
were respectively shown in Fig. 26 and Fig. 27.

Fig. 26 indicates that: (1) for the specimens (2PISP1-4) with the different slenderness ratios
A, there are smaller deviations between the bucklemgperatureT, o ,and T, ., under the
conditions of different load ratio$; when the load ration<0.5, the buckling temperature
Ty, gqiS slightly higher thanT, .,; when the load ration>0.5, T, ¢, is slightly lower than

Ty rems @nd (2) for the specimens (SP2-1 ~ SP2-5) withdifferent eccentricitiese, there are
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some deviations between the buckling temperaflyye, and T, ., under the conditions of
different load ratiosn; when the eccentricitye=0 and load ration<0.4, the buckling
temperaturg, ., is slightly higher thanT, ..,; the T, ., is greater thanTl, ., under the other
conditions.

Fig. 27 indicates that: (1) for the specimens (2P4SP1-4) with different slenderness ratig
the buckling temperaturd,, ., is very close 3, -, under the conditions of different axial
constraint slenderness rati@ ; when the axial constraint slenderness rafi< 0.05, the
deviations between the buckling temperatdie., and T, ., increases with the increase of
axial constraint slenderness rat®; when the axial constraint slenderness rgfie 0.05, the
deviations betweer,, ., and T, ., decreases with the increase of axial constraendgrness
ratio S ; and (2) for the specimens (SP2-1 ~ SP2-5) wifferdint eccentricitye, the buckling
temperature T, ., is also very close tol, ., ; when the eccentricitye=0, the buckling
temperatureT,, ¢, is slightly higher thanT, ..,; when the eccentricite>0, T, ¢, is higher
than T, r; the deviations between buckling temperatig., and T, ., increases gradually
with the increase of the eccentricig.

4.2 Relationship between buckling temperature and failuretemperature

For eccentrically compressed stainless steel caduwith constraints, when the load ratio is
relatively small and the axial constraint stiffneaBo g is large, it will take a long time from the
buckling to failure of columns, and the Failure M@d(ductile failure) is occurred in the columns,
as shown in Fig. 8. The deviations between the Imgkemperature and the failure temperature
can represent the post-buckling performance ofronhkiin fire, which is beneficial to the fire

resistance of eccentrically compressed stainlesd sblumns with constraints.
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According to the analysis results of 9 specimenERainle 6 and 153 calculation models in Table 7,
the deviation AT between the buckling temperature and failure teatpez of column can be
obtained, as expressed by Eq. (19). The influentése load ratio and the axial constraint stiffnes

ratio on the temperature deviatiohT were respectively shown in Fig. 28 and Fig. 29.
AT =T, =Ty (19)
Where T, is the failure temperature of stainless steel colum fire; T, is the bucking

temperature of stainless steel column in fire.

The following conclusions can be drawn from Fig. @ for the stainless steel columns with the
same slenderness ratio or the same eccentricéyatiyer the load ratio, the smaller the deviation
AT between the buckling temperature and failure teatpee; (2) for the column with the same
load ratio, with the increase of the slendernetis,rthe temperature deviation&T decrease first
and then increase; when the slenderness ratio80 ~ 12C, the temperature deviationAT is the
smallest, and the post-buckling performance ofstaenless steel column in fire is the worst at this
time; and (3) for the stainless steel columns Withsame load ratio, the greater the eccentritigy,
larger the temperature deviatiodsT  and the better the post-buckling performance afirools in
fire; when the eccentricitye/h > 0.5, the increasing rate of the temperature deviatidis
gradually decreases with the increase of the edciynt

According to Fig. 29, it can be obtained that: fdr) the stainless steel columns with the same
slenderness ratio, the larger the axial constsdifitess ratio, the larger the temperature deesti
AT between the buckling temperature and failure teatpeg, and the better the post-buckling
performance of columns; when the axial constratifftness ratio 8 <0.01, the temperature
deviations AT is close to 0, and the Failure Model (brittle fagluis occurred in columns; when

the axial constraint stiffness rati@ > 0.5, the temperature deviationAT is almost constant with
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increase of the axial stiffness ratio; (2) for dwumns with the same axial constraint stiffnesmra
with the increase of the slenderness ratio, thep&eature deviationsAT decrease first and then
increase; when the slenderness ralie 80 ~ 12C, the temperature deviationAT is the smallest,
and the post-buckling performance of the staingssl column in fire is the worst at this time; (3)
for the stainless steel columns with the same edciy the greater the eccentricity, the largee t
temperature deviation&T and the better the post-buckling performance afimois in fire; when
the axial constraint stiffness ratigg <0.01 and the eccentricity/h <0.5, the temperature
deviations AT is close to 0, and the Failure Model (brittle fagluis occurred in columns; when
the axial constraint stiffness rati®@ >0.5 and the eccentricitg/h>0.5, the temperature
deviations AT is almost constant with increase of the axial rstiffls ratio; and (4) for the columns
with the same axial stiffness ratio, the greaterdhcentricity, the larger the temperature dewvistio
AT , and the better the post-buckling performanceoirans.

According to the comprehensive analysis, for egamily compressed stainless steel columns
with constraints, the smaller the load ratio, thegér the eccentricity and the larger the axial
constraint stiffness ratio, the greater the desretiAT between the buckling temperature and
failure temperature, and the better the post-baogktierformance of columns. With the increase of
the slenderness ratio, the temperature deviatidiis decrease first and then increase. When the
slenderness ratiod =80 ~12C, the temperature deviation&T is the smallest, and the
post-buckling performance of the stainless stekion in fire is the worst at this time
5. Conclusions

Based on S30408 austenitic stainless steel, theemceth simulation analysis and parametric

analysis on the fire resistance of eccentricalljnpressed stainless steel columns with constraints
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were carried out, and the buckling temperature faildre temperature of columns in fire were
studied. The main conclusions are as follows:

(1) The parametric analysis results show that tlael Iratioand the axial constraint slenderness
ratio are the external influence factors, and thederness ratio and the eccentricity are thenater
influence factors on the fire resistance of stasisteel columns with constraints.

(2) The mechanics behaviour of eccentrically corsged stainless steel columns with constraints
mainly experiences two stages in fire: the pre-bogkstage and the post-buckling stage. There are
two main failure modes: Failure mode 1 (brittlddee) and Failure mode 2 (ductile failure), which
are occurred in the stainless steel columns wittsicaints in fire.

(3) An implicit formula for the buckling temperatupf eccentrically compressed stainless steel
columns with constraints is proposed, and the aoyuof the formula is verified by the results of
numerical simulation analysis based on the 153fieiement models.

(4) The influences of various parameters on theatiem between the buckling temperature and
failure temperature were investigated. The relatigm between buckling temperature and failure
temperature is established to facilitate the fesistant design of eccentrically compressed stsnle
steel columns with constraints.

Based on the research results in this paper, furédsearches on the fire resistant design methods
of eccentrically compressed stainless steel columtisconstraints and fine constitutive models of
stainless steel will be carried out.
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Figure captions

Fig. 1 Horizontal loading system

Fig. 2 Detailed dimensions of specimen
Fig. 3 Geometrical model of test specimen

Fig. 4 Stress-strain curves of stainless steelmahta flat and corner area at room temperature

Fig. 5 Initial overall imperfection of test specime
(a) strong axis x direction (b) weak axis yediron

Fig. 6 Stress-strain curves of stainless stedeatged temperature
(a) flat area (b) cornezaa

Fig. 7 Temperature-time curves of partial specimens
(a) Specimen Z1 (b) Specimen zZ4 (c) Specimen Z7

Fig. 8 Axial displacement-temperature curve ofna@sed specimen.

Fig. 9 Axial displacement-time curves of partiaésimens
(a) Specimen Z1 (b) Specimen z4 (c) Specimen Z7

Fig. 10 Lateral displacement-time curves of padf@cimens
(a) Specimen Z1 (b) Specimen z4 (c) Specimen Z7
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Fig. 11 Axial force-time curves of partial specirsen
(a) Specimen Z1 (b) Specimen z4 (c) Specimen Z7

Fig. 12 Failure modes of specimens Z1 and Z7
(a) specimen Z1 (b) specimens Z7

Fig. 13 Axial displacement (or force ratio)-timereess with different initial imperfections
(a) axial displacement-time curves (b) afoate ratio-time curves

Fig. 14 Effect of initial imperfections on fire iss&ance of specimens
(a) bucking temperature and failure temperaturgainimperfections curves
(b) axial displacement and axial force ratio-initraperfections curves

Fig. 15 Axial displacement (force ratio)-time cuswaf specimens with different load ratio
(a) axial displacement-time curves (b) Bbaece ratio-time curves

Fig. 16 Effect of load ratio on fire resistancespecimens
(a) bucking temperature and failure temperature-taéio curves
(b) axial displacement and axial force ratio-loatiar curves

Fig. 17 Axial displacement (force ratio)-time cusvef specimens with different axial constraint
stiffness ratio
(a) axial displacement-time curves (opbforce ratio-time curves

Fig. 18 Effect of axial constraint stiffness ratio fire resistance of specimens
(a) bucking temperature and failure temperatureladanstraint stiffness ratio curves
(b) axial displacement and axial force ratio-axiahstraint stiffness ratio curves

Fig. 19 Axial displacement (force ratio)-time cusw& specimens with different slenderness ratio
(a) axial displacement-time curves topbforce ratio-time curves

Fig. 20 Effect of slenderness ratio on fire resiseof specimens
(a) bucking temperature and failure temperaturegseess ratio curves
(b) axial displacement and axial force ratio-slendss ratio curves

Fig. 21 Axial displacement (force ratio)-time cuswa specimens with different eccentricity
(a) axial displacement-time curves ¢pbforce ratio-time curves

Fig. 22 Effect of eccentricity on fire resistandespecimens
(a) bucking temperature and failure temperaturexgcicity curves
(b) axial displacement and axial force ratio-ecdeny curves
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Fig. 23 Effect of material enhanced strength oheomarea on fire resistance of specimen
(a) axial displacement-time curves tpbforce ratio-time curves

Fig. 24 Ny eem - Torem curves and Ny 1 -T curves under different conditions
(a) Specimens SP1-1~SP1-4 (erBpens SP2-1~SP2-5

Fig. 25 Different mechanics states of eccentricalbmpressed stainless steel columns with
constrains in fire

Fig. 26 Comparison between bucking temperatures, and Ty ren at different load ratio
(a) specimens SP1-1 ~SP1-4 (b) spaETs SP2-1 ~SP2-5
Fig. 27 Comparison between bucking temperatutgs. and Ty ren & different constraint

stiffness ratio
(a) specimens SP1-1 ~SP1-4 (b) spaETs SP2-1 ~SP2-5

Fig. 28 Influence of slenderness ratio and ecaatytron temperature deviation between buckling
temperature and failure temperature at differead latios
(a) slenderness ratio (meatricity

Fig. 29 Influence of slenderness ratio and ecaatytron temperature deviation between buckling

temperature and failure temperature at differerdlaonstraint stiffness ratios
(a) slenderness ratio (meatricity
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Tables

Table 1 Code, section size and other parametesgeaimens

Axial
) Section size . Load | constraint | Ultimate bearing Section
Length . .
Sp:(;:(ljr:en hxbxt Ecg?rr]rt]”n?ty L/ rgm ratio stiffness capacity AC:\T?LEad classifi
/ mmxmmxmm 0 n ratio Nu/ kN cation
B
Z1 RHS 120x120x%5 20 3300 0.3 5.39% 305.5 94 1
z2 RHS 140x120x%5 20 3300 0.22 4.95% 375.7 83 2
Z3 RHS 140x120x5 20 3300 0.3 4.95% 375.7 116 2
zZ4 RHS 140%x120x%5 20 3300 0.34 4.95% 375.7 133 2
Z5 RHS 140x120x%5 30 3300 0.30 4.95% 337.2 104 2
Z6 RHS 140x120x5 40 3300 0.3¢ 4.95% 307.0 94 2
z7 RHS 160x120x%5 20 3300 0.3¢ 4.58% 447.9 138 4
Table 2 Test results of overall imperfection amyulé of specimen
] ] Overall imperfection amplitude Rati
. Section sizeh xbxt Length |, | mik atio
Specimen code | mxmmexmm /
mm € € Lo/, Lo/ €,
Z1 RHS 120%x120x5 3300 0.87 2.27 3793 1454
Z2 RHS 140%120x5 3300 1.77 1.96 1865 1684
Z3 RHS 140%120x5 3300 1.03 2.04 3205 1618
74 RHS 140%x120x5 3300 1.81 2.05 1821 1610
Z5 RHS 140%x120x5 3300 1.28 0.99 2574 3333
Z6 RHS 140x120x5 3300 211 0.52 1561 6346
Y44 RHS 160%120x5 3300 0.48 0.42 6919 7857
Average value 1.34 1.46 3105 3415
Note: g, is the imperfection amplitude of the strong axiglirection. &, is the imperfection amplitude of the weak axig y
direction, as shown iRig. 4 (a) and (b), respectively.
Table 3 Analysis results of ultimate bearing cafyaai specimens Z1-Z7 at room temperature
_ Hua X Chinese Code European Code
Specimen Neem N N N
code Hx Neew / N cH Neew/N EN Negy /N
/ kN /KN Fem ! Nhx /KN rem/ New /KN rem/ Nen
Z1 305.5 274.4 1.11 283.2 1.08 295.1 1.04
z2 375.7 348.2 1.08 362.4 1.04 372.8 1.01
Z3 375.7 348.2 1.08 362.4 1.04 372.8 1.01
Z4 375.7 348.2 1.08 362.4 1.04 372.8 1.01
Z5 337.2 299.2 1.13 314.4 1.07 328.9 1.03
Z6 307.0 263.9 1.16 278.5 1.10 2954 1.04
Z7 447.9 422.6 1.06 434.1 1.03 425.6 1.05
Table 4 Test results and analysis results of bgctemperature and failure temperature
i : Bucking temperature Ultimate temperature
Specimen Section size Eccentricity | -°ad Tests | Analysis . Tests | Analysis .
hxbxt/ ratio | | ratio I | ratio
code e/ mm value value value value
mmxmm>xmm n TbI.T / OC TbI.F/ OC TbI,T/TbI,F TfI,T / OC TfI,F/ OC TfI,T /Tﬂ,F
Z1 RHS 120x120x5 20 0.30 502 478 1.050 - 641 -
Z2 RHS 140x120x5 20 0.22 570 551 1.034 - 68( -
Z3 RHS 140x120x5 20 0.30 536 520 1.031 - 642 -
Z4 RHS 140x120x%5 20 0.35 522 508 1.028 670 612 1.095
Z5 RHS 140x120x%5 30 0.30 495 483 1.025 - 669 -
Z6 RHS 140x120x%5 40 0.30 486 451 1.078 700 680 1.029
Z7 RHS 160x120x5 20 0.30 557 543 1.026 675 644 1.040




Table 5 Grouping and basic parameters of specimens

Axial
) Initial Load constraint | Slenderness - Enhanced fl
Group Specclimen imperfection ratio stiffness ratio Eccegtrlmty strength of In uencie
coce Yo n ratio A comner area ~ Parameter
P1-1, P1-2 0, L/5000, Initial
1 P1-3 P1-4 L /2000, 0.3 0.05 60 0.14 Considered imperfection
P1-5 L,/1000, Lo/500 P
P2-1, P2-2, 0,0.1,
P2-3, P2-4, 0.2,0.3,
2 P2-5, P2-6, Ly/2000 0.4, 0.5, 0.05 60 0.14 Considered Load ratio
P2-7, P2-8, 0.6, 0.7,
P2-9, P2-10 0.8,0.9
P3-1, P3-2, 0, 0.005,
P3-3, P3-4, -
P3.5 P3-6 0.01, 0.02, Axial
3 P37 P3-8. Lo/2000 0.3 002050 gll 60 0.1h Considered st?f?nnesstrsa;gzio
P3-9, P3-10, ’ ‘2 '5’ !
P3-11 !
P4-1, P4-2, 40, 60, 80,
4 P4-3, P4-4, Ly/2000 0.3 0.05 100, 120, 0.1 Considered Sle?:tieorness
P4-5, P4-6 140
P5-1, P5-2, 0, 0.14h, 0.32h,
5 P5-3, P5-4, Ly/2000 0.3 0.05 60 0.50h, 0.75h, Considered Eccentricity
P5-5, P5-6 1.0h
P6-1 Considered| Enhanced
6 P6-2 L,/2000 0.3 0.05 60 0.14 Un-conside| strength of
red corner area
Note: L, isthe length,h is the section height.
Table 6 Codes and basic parameters of specimens
Secti iz xb Length Initial Slenderness ratic E tricit
. XpX .
Group Specimen code ection siz t L, Imperfection ccentricity
/[ mmxmmxmm W A e
/ mm b
1 | SPELSPLZSPIS ] RHS 140x120x5 | 3300 | Ly2000 | 40,80, 120, 160 ha
SP2-1, SP2-2, SP2-3,
2 SP2-4, SP2-5 RHS 140%x120x%5 3300 Ly/2000 60 0, h/4, h/2, 3h/4, h
Table 7 Codes and basic parameters of finite elemedels
Load ratio Axial constraint Load Axial constraint
Group Model code n stiffness ratio S Group Model code ratio n stiffness ratio 8
SPX-Y-al 0.1 SPX-Y-bl 0.005
SPX-Y-a2 0.2 SPX-Y-b2 0.01
SPX-Y-a3 0.3 SPX-Y-h3 0.02
SPX-Y-a4 04 5 SPX-Y-b4 0.3 0.05
1 SPX-Y-ab 0.5 0.05 SPX-Y-b5 ' 0.1
SPX-Y-a6 0.6 SPX-Y-h6 0.2
SPX-Y-a7 0.7 SPX-Y-b7 0.5
SPX-Y-a8 0.8 SPX-Y-b8 1.0
SPX-Y-a9 0.9

Note: in model code, SPX-Y is specimen code, Xlmad or 2, Y can be 1,2,3,4 or 5, specimen codeas inTable § al~a9
represent different load ratio; b1~b8 represent different axial constraint séffa ratiqs .

Table 8 Comparisons between bucking temperatdies, and Ty, -, of specimens SP1-1 ~SP1-4 at different
load ratio and different constraint stiffness ratio

Load ratio

or

SP1-14=40)

SP1-2{=80)

SP1-3{=120)

SP1-4(=160)




C;Ert:i:e?? }-bi'(E:q Tk}'a FCEM Deyi;otion -/rbi,éq T% IE:EM Deyi;otion -/rbi,éq T% E:EM Deyi;otion 7b<|;CE:q Tk}';, FCEM Deyi;otion
n=0.1 657 655 0.30 569 556 2.28 471 459 2.55 385 365 5.19
n=0.2 606 501 2.48 519 508 2.12 428 421 1.64 347 335 3.46
n=0.3 536 546 -1.87 463 434 6.26 382 356 6.81 308 283 8.12
n=0.4 462 460 0.43 404 388 3.96 328 318 3.05 273 269 1.47
n=0.5 375 393 -4.80 322 311 3.42 277 267 3.61 238 237 0.42
n=0.6 262 277 -5.73 250 252 -0.80 229 239 -4.37 203 221 -8.87
n=0.7 177 201 -13.56 183 185 -1.09 178 169 5.06 158 157 0.63
n=0.8 116 129 -11.21 120 123 -2.50 123 130 -5.69 112 123 -9.82
n=0.9 72 73 -1.39 73 73 0.00 78 73 6.41 76 83 -9.21

$=0.005 820 802 2.20 828 823 0.60 830 823 0.84 808 806 0.25
$=0.01 778 756 2.83 767 756 1.43 738 728 1.36 688 674 2.03
$=0.02 704 696 1.14 664 657 1.05 612 598 2.29 541 516 4.62
$=0.05 536 546 -1.87 463 434 6.26 382 356 6.81 308 283 8.12
£=0.1 383 413 -7.83 304 297 2.30 247 221 10.53 205 182 11.22
$=0.2 255 277 -8.63 207 195 5.80 164 149 9.15 129 130 -0.78
$=0.5 166 175 -5.42 129 123 4.65 100 98 2.00 80 98 -22.50
p=1 128 149 -16.41 99 98 1.01 7 82 -6.49 62 81 -30.65

Table 9 Comparisons between bucking temperatdies, and Ty, -, of specimens SP2-1 ~SP2-5 at different
load ratio and different constraint stiffness ratio

r;tﬁ)g((j) r SP2-16=0) SP2-2¢=h/4) SP2-3¢=h12) SP2-4¢=3n/4) SP2-5¢=h)
S| T | oo | Ton | Taeo | Tarv | Zon® | Taeo | e | PG| Tuse | T | T | T | Ty | Pl
ratio 1% 1% 1% 1% 1%
n=0.1 687 668 2.8 552 542 1.8 472 467 1.1 419 435 -3.8 7 37 408 -8.2
n=0.2 630 603 4.3 491 491 0.0 418 423 -1.2 366 384 -49 26 3 355 -8.9
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Research Highlights
® L oad ratio and axial constraint slenderness are external influence factors on the fire resistance.
® Slenderness ratio and eccentricity are internal influence factors on the fire resistance.
® The columns with constraints in fire experiences the pre-buckling stage and post-buckling stage.
® There are brittle failure mode and ductile failure mode occurred in columnsin fire.
® Animplicit formulafor the buckling temperature is proposed.
® The relationship between buckling temperature and failure temperature is established.



