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Inelastic Analysis of Semi-Rigid
Composite Structures under Fire
Conditions

This paper presents the application of a proposaaherical approach, denoted as SAAFE
Program (System for Advanced Analysis for Fire Eagiing), developed to provide an
inelastic analysis of steel and composite (steakoete) 2D semi-rigid framed-structures
under fire conditions. The proposed structural madews an accurate description of the
structural non-linear response, with less compuotadi effort when compared to the
general FEM formulation. The method, although samiih concept to earlier plastic-hinge

approaches, differs with regards to numerical impdatation methodology and precision.
The proposed plastic-hinge model is formulated irsuecinct format based on the
following characteristics: (i) a refined plastic myped formulation with interaction

surfaces, (ii) a tangent modulus model which inekidoth gradual inelastic loss of
stiffness and ultimate strength of column memlgiéisa second-order large-displacement
formulation, based on the Stability Functions cgicév) non-homogeneous temperature
distribution over the cross-section, (v) a connattsemi-rigid model. Obtained results for
connection model calibration examples are compat@deported experimental data,

showing reasonable agreement. In addition, resuifs a proposed case-of-study
demonstrate the efficiency and robustness of thAF§Amodel to perform inelastic

analysis semi-rigid members, outlining the advaeta§considering advanced analysis in

the current fire-design practice of structures.
Keywords: fire safety, semi-rigid connections, plastic-hingecond-order analysis

Introduction

Although concrete and steel are very different miatethey can
complement each other. The ideal combination ahsfths — with
concrete efficient in compression and steel in itens— can
significantly enhance structural members by pravgddoth strength
and reduced size. As steel can improve resistandespeed of
construction, concrete can provide corrosion ptarcnd thermal
insulation to steel at elevated temperatures. Tensive use of
steel-concrete composite members, in order to &serdire survival
of steel frames, can be evidenced by the avaitabdf several
current simplified design methods, such as: pazt df. the EC4
(EC4-1.2, 2003), the Appendix 4 of the Americanoramendation
(AISC/LRFD, 2005) among others (ABNT-NBR8800, 2008)

Although the proposed code approaches are
straightforward to use, they possess many shortagsrin safe and
economical design of structures in fire, e.g. cieghs performed
for isolated members only and a uniform temperaitusssumed for
steel members. For that reason, code equationsareable to
describe the actual behavior of structures in fagpecially when
global deformations are large and nonlinear behlabiecomes
relevant (Papadopoulos et al., 2008). In contrapplications of
sophisticated FEM-based (Finite Element Method)a@ghes have
a significantly growth over the last decade (Huaatgal., 2004,
2009; Franssen et al., 2005; Yu et al., 2008; MowAd Silva,
2007), being able to simulate a complete structsgstem,
including both thermal and mechanical responsedegign-basis
fire. Nevertheless, the amount of numerical datd #me time-
consumption involved in the modeling process malkdgifficult to
interpret the produced results.

Alternative technical solutions are still being demded that
could provide an accurate response, with less ctatipoal effort.
In this regard, the original Advanced Analysis Cepic(e.g., Chen
et al., 1996) has been extended to study the gloddbrmance of
steel framed structures subjected to compartmess fLiew et al.,
1998, 2002). Conversely, while a significant infioe of
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connections on the behavior of framed buildingsehasen observed
in real fires (Al-Jabri et al., 2005), and recengyperimental
programme (Yang et al., 2009, Daryan and Yahya920the
performed numerical simulation of the join region akeady
complex at room temperature — becomes further doatptl under
fire (Simdes et al., 2001; Wang et al., 2008; Mgal ¢ 2010; Chung
etal., 2010).

This paper is addressed to the development ofeastic hinge-
based numerical tool, denoted as SAAFE Programté8ydor
Advanced Analysis for Fire Engineering), able tofpen material
and geometric non-linearity analysis of 2D semierigteel-concrete
composite framed structures under fire conditiofise proposed
plastic-hinge model, which has been previously enmgnted and
validated for “rigid” composite framed structurdsafdesmann et

VeRl., 2009; Landesmann, 2010) is adapted hereirssoreed semi-

rigid connections configurations under fire. Theganted model is
derived from inelastic moment-curvature-temperathrast
response of composite elements under fire, reptiegea smooth
transition from initial yield to full plastic domai under the
interaction of axial and bending effects (lu et apD07, 2009). In
addition, the Component Method, originally propobgdoart 1.8 of
Eurocode 3 (EC3-1.8, 2003) to simulate the mometation curve
of connections, is modified and used in this papeaccount the
elevated temperatures effects. Moreover, the cdimme8iexibility
is evaluated as a function of the fire elapsed &me included in the
beam-column element formulation.

In summary, section 2 of this paper presents theergé
formulation of SAAFE model, starting by describittte analysis
methodology and the moment-rotation relationshipcofnection
flexibility, to be evaluated as a function of theefelapsed time.
Obtained results of a proposed framed structure eifferent beam-
to-column support conditions are investigated be tBAAFE
approach in section 3, in order to illustrate tlficacy of the
proposed procedure for solving more complex strestwinder fire.
In this section, results for a bolted end-plate nemtion are
proposed and compared to experimental results gBitiJet al.,
2005), showing reasonable agreement. The main wsinoks
derived from the proposed implementations and tesare
presented in Section 4.
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Nomenclature

A = cross-section area, cm?

A, = shear area of the column, cm?

bt = effective width of each component, cm
EA = equivalent axial stiffness at 20°C, °C

EA, =equivalent axial stiffness under fire, kN

El = equivalent flexural stiffness at 20°C, kNcm2
El, = elastic flexural stiffness, kNcm?

El, = equivalent flexural stiffness under fire, kNcm?2
E, = effective tangent modulus, kN/cm?

fo20 = characteristic compression concrete at 20°C/cki
fep = characteristic compression for concrete foefikN/cm?2
Firq = resistance of the i-th bolt row, kN

f.o = ultimate tensile strength of the bolts, kN

fyo = yield stress for fire, kN/cm?

h; = distance of bolt row from the center of comgies, cm
K, = reduction factor for bolts, dimensionless

Ke = reduction factor for young modulus, dimensiasle
K, =initial stiffness, kNm/rad

Ky, = reduction factor for Yield stress, dimensiosles

I,  =bolt elongation length, cm

M =bending moment, kNcm

m = number of bolt rows in tension, dimensionless

m. = distance of bolt axis and the face of the welomn, cm
ms, = distance of bolt axis and face of the weld, cm

Mjrs = moment resistance, kNcm

M, = ultimate flexional strength, kNcm

Myzo = ultimate flexural strength for 20°C, KNcm
My = flexional equivalent plastic strength, kNcm

M, = flexural restoring forces, kNcm
n. = shape factor for moment-rotation curve, dimenggss
P = axial force, kN

Puo = ultimate axial strength for normal temperatukey

Py = axial equivalent plastic strength, kN

P, = axial restoring forces, kN

R« =instant connection stiffness, kN/cm?2

R« = initial connection stiffness, kN/cm?

S;» = stability functions, kN/cm?

t = thickness of the members, cm

Greek Symbols

@ = permanent rotation of the joint, rad

y = partial safety factor, dimensionless

n = inelastic reduction factor, dimensionless
gy = thermal expansion coefficient, dimensionless
0 = temperature, °C

w  =incremental loading factor, dimensionless
Subscripts

20 =ambient temperature (20°C)

ep =end plate

fc  =column flange

wc = column web

% = fire conditions

Proposed Numerical Analysis Approach

Basic assumptionsand element formulation

The proposed two-dimensional plastic-hinge modeisiters
the following characteristics to be discussed mphesented section
(Chen et al., 1996; Liew et al., 2002; Landesma?dl0): (i)
distributed plasticity effects described by a sgffs parametey,
evaluated as a function of the yielding progressaah plastic-hinge
location, (ii) an approximate scheme based on fectéfe tangent-
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modulusE; concept, which reduces the modulus of elasticitihie

element stiffness calculation, considering both tesidual stress
and out-of-straightness effects, and (iii) a seeortr formulation

based on conventional stability functions allowiag accurate
identification of member instability with low comfational efforts.

The following assumptions are made for the stiféniesmulation of

the present approach: (i) the members are prisraaticslender in
which the Bernoulli-Euler hypothesis is valid, (igteral-torsional
buckling, twisting effect, warping and shear defations are
neglected, (iii) nodal load response is only ineldidn the present
formulation, (iv) capacity of concrete under temsis negligible, (v)

no separation between steel beam and concretvgedl, and (vi)

element is elastic and all material nonlinearities allowed for in a
plastic-hinge spring.

SAAFE program adopts a numerical procedure basedhen
Newmark integration scheme to account for the axial and th
flexural inelastic mechanical responses, for défertemperature
distributions (Landesmann et al., 2009). In thiscedure, a three-
parameter power model originally proposed by KiShien (Chen et
al., 1996) is used to represent the inelagtie (moment-curvature)
curve, as given by Eq. (1). The following paramet@re accounted
for: (i) elastic stiffnessKl,) evaluated from the tangent Bt-x
origin, (ii) ultimate flexional strengthM,), corresponding to the
limit horizontal limit of M-x, and (iii) ann shape parameter.

K [El,

M (k)= T

n
1+ K [El,
Mu
The inelastic reduction factoy concept, which represents the
ratio between inelastic and elastic flexural séffa (Chen et al.,

1996), derived for composite structures under foenditions
(Landesmann, 2010) is given as follows (Eq. (2))ere Elg) is the
n_ 1 dM(x) _ 1

elastic flexural stiffness.
TEl, El, dk Je
1+ K [El,
Mu

El

The inelastic behavior of steel columns and contpoteel-
concrete) at elevated temperature conditions, urplee axial
compression (or for tension), is also simulatedSBWAFE program
(Landesmann et al., 2009). In this, the effecti@egent modulus
concept E) — previously developed to estimate the ultimatength
of compressed members for normal temperature dondi{Chen et
al., 1996) — is adopted. The boundary surface ambréLiew et al.,
2002) is computed by SAAFE to represent a smoaifisition from
the elastic to inelastic domain. In this procedarejnteractiorP-M
surface is evaluated to capture the load combinatfoaxial force
(P) and bending momenkA). The computedP-M interaction curves
can be plotted for each time step of fire elapged.t

The connections are modeled as rotational spripggsically
tied to the ends of the elements, having the moiraation-
temperature (in case of fire) curves described ty Ramberg-
Osgood (1943) relationship, given in the followisegction of this
paper. The tangent stiffness of the connectiRp),(evaluated for
each element end, is given by expression (Eq. (3)).

@)

_El

el el

@)
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I

The presence of th&g factor is used to account for the
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temperature influence ankll is the connection bending moment.

The initial connection stiffnessRy{;) can be easily obtained by
differentiating at the origin of the curve, as simowy Eq. (4).

_dM

_dM | Mg
dg

= Ke
p 4

kti

M =0

The cross-section ultimate resistances for norreaiperature
conditions (20°C), denoted &%,,0 andPy,, are modified taking into
account the effective stress linfig £ f, , for steel and,, for concrete).
The equivalent plastic strength, associated reispdctwith the axial
(Pw) and flexional i) strength are determined by Eq. (5).

Pu, = [ fodA  Mu,=[ f, [y dA ©)

The thermal deformations caused by the temperatgrement
are taken into account by a restoring forces veapproach. For a
non-uniform temperature distribution along the sresction, an
axial (Py) and a flexurall,) restoring force are evaluated (Eq. (6))
whereg, is the temperature-dependent thermal expansidificdeat
(EC4-1.2, 2003).

P =[ & KeEEMA M, =] & K.ELY dA ®)

The element force-displacement relationship of aneolumn
element with semi-rigid connections at its endsplamented in
SAAFE program, is expressed in terms of the stahilinctions,S;
and S,, derived from the beam-column equilibrium considiems
(Chen et al., 1996), as presented by Eq. (7) tqEqg.and Fig. 1.

*

. A EI ( $ 0 @
Mer =TS § 0 |14 W)
P 0 0 All||e
where the following terms are considered:
SI+E|Eﬁ (S, _ELIEB”Z
= El 5, EIIQKE[?S. ET§B s ®)
1+ i 1+ o =2 ]
[ LRk!A j( LRktB j ( L ][ RkIARKIBJ
Sﬂ+EIE$IZBﬂ _ELIEsf
s = R 1R ©)
R )
LR(?A LR([B L R(tAR(tB
S = S
’ {“ EI (S, J(“ EI TS, HEI)[ S J (10)
LR LRs L A\ ReRe
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Jlj {% Q( ”A)}”B
S =6 S

(El,(EA)= constant

Figure 1. Beam-column element with end connections.

The equivalent axialHA) and flexural El) stiffness are replaced
by the respective terms under fireEA;) and Elg), which are
evaluated as a function of the fire elapsed tincepanting for the
corresponding temperature distribution on the basfs the
temperature-dependent elastic modulus, as foll&gs (12)):

EA =[ K.ECHA El, =jAKEE G2 dA (12)

Connection component modeling

The Component Methois a simplified analytical model used to
represent the moment-rotation curve of several eotion
typologies. This approach is based on a mechanimabel
introduced by EC3 1.8 (2003) and has been extdysieerelated to
experimental data as presented by Faella et 200(2n this model,
the joint is assumed as assembly of extensionalingspr
(components), with predefined characteristics adffngss and
resistance that might contribute to the joint defation. The
identification of the active components of the jasithe first step of
the method. After that, the force-deformation rielaghip for each
individual component can be established. Finallycannection
moment-rotation curve can be proposed, where tsé& ifallowing
parameters are normally used to define the joiftabi®r: initial
stiffness K,), moment resistancé 9 and the permanent rotation
(@). This paper is concerned with steel bolted bearwelumn end-
plate connections under ambient and fire conditiarteere 8 active
components are identified, as presented in Fig. 2(a

_(cws) Column web in shear

@

| (cwt) Column web in tension

! (ctb) Column flange in bending
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End-plate

(b)
‘ bolt row #1
Kewt  Kcfb Kbt Kepb

K1
K2

=

bolt row #3
Kewt Kcfb Kbt Kepb

K3

Kews — Kewe
AMAAMNS

&

Kt
Kews — Kewe
ANV

Figure 2. (a) Active components for bolted beam-to-column end-plate
connections and (b) joint rotational stiffness according to EC3-1.8 (2003).

The components related to “beam flange and web
compression” Iffc) and “beam web in tension”byt are
considered in the flexural strength of the joinheTremaining
components (total of 6) are assumed to have a gibrfplastic
behavior. Some of these components depend on tinberuof bolt
row in tension and of its location on the joint. As instance in
the case of the column web in tension, column féaimgbending,
end plate in bending, bolts in tension and beamggain tension.
The contribution of these components has to be sasse
considering the behavior of each individual boltvrand the group
effect, i.e., considering the possible interactwith other bolt
rows (Faella et al., 2000). The mechanical modejgssted by
EC3 1.8 (2003) is presented in Fig. 2(b). The nsteps of the
procedure, used to evaluate the joint rotationéfihess (EC3-1.8,
2003), are also summarized in Fig. 2(b), where gtiffness of
each component is represented by a spring with gfirest
characteristics.

The joint flexural resistanc®lirq is computed by Eq. (13),
whereF; rq is the resistance of theh bolt row, mis the number of
bolt rows in tension (total of 3) arig is the distance of the bolt row
from the center of compression, which is locatedttie mid-
thickness of the beam compressed flange. The puoeestarts by
evaluating the last bolt row from the center of poession,
repeating the process for each other bolt row.

(13)

The resistance of each bolt row is obtained by idenisg the
weakest value between the strength of their basioponents. It
should be noted that the resistance of any boltgoannot exceed the
resistance of the components, which are indeperaleht bolt rows.
For the initial stiffness, Eq. (14), the generdffretss of the joint is
obtained by combining the extensional stiffness inélividual
components. So that, the equivalent overall s&ref the tension bolt
rows given by Eg. (16) is obtained. In this progeda rigid rotation of
the beam web around the compression center is agsuresenting
the lever arm in Eq. (15). The strength and ingtdfness for the main
connection components are summarized in Table B{E&, 2003).

_ W
A N R (1)
KCWS KCWC K t
_y KR
=2k (o)
k=30 16)

h
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Moment-rotation behavior

The non-linear Ramberg-Osgood (1943) relationskipised in
this paper to represent the moment-rotation curfvéhe proposed
connections under fire conditions, as presenteBdpy(17), wheregp
is the permanent rotation of the joint, given by Bi@),n; is a shape
factor characterizing the knee of the moment-rotatiurve Kg is the
young’s modulus reduction factor as a function e temperature
(Fig. 3(b)) anaM is the connection loading bending moment.

n -1
1 M
aM)=m P (]1+ (17)
M iRd KE M jRd
M jRd
4
Table 1. Design values for the response of components.
Component Strength Stiffness
Columnweb| —,  _ FycAve kK =CA.
in shear N s
]%:1'32“; T-SUbEQ.6.2.64 |  _p08Bale
_ o — =T 3
bending (EC3-1.8, 2003) m
Column web 0.1 cut we
F =b f —E——FF
in tension cwt. Rd eff. cwI wc y\Mp cht E dwc
End plate in T-sub Eq. 6.2.6.5 K. =E 0.8 oitep
bending (EC3-1.8, 2003) eb m,’
Bolts in Fo = 0.9, A K, = g1.6A
tension ' Vi I,
b ot wef WK
Column web |Fq o = Bt cwct we ywéK cuc K e 0.7, cuctue
compression Mo cowe d,.

The proposed connection parameters are outlinédgin3(a) by
means of the Ramberg-Osgood relationship in cospario the
simplified bi-linear moment-rotation curve, propdsey EC3-1.8
(2003), whereRy; is the instant connection stiffness. The degradati
of structural steel with increasing temperat#dag characterized by a
reduction of yield stress by the coefficigqf according to EC4-1.2
(2003), as shown in Fig. 3(b), whekKg is the stiffness coefficient
reduction for boltsKg is the young's modulus reduction factor).

EC3-1.8 v

Moment (M)

Ramberg-Osgood

o ®

Rotation (@)

—

@
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1.0

0.8

0.6 1

0.4+

Reduction Factor

0.2+

0.0

(b)
0

Figure 3. (a) Connection moment-rotation representation, and (b) reduction
factors for steel components at elevated temperature (EC4-1.2, 2003).

Thermo-mechanical propertiesfor fire conditions

The temperature response of members exposed toidire
performed by SAAFE program by 2D FEM nonlinear siant heat
transfer analysis (Cook et al.,, 2002). The thertemhperature-
dependent properties of materials are consideregcaordance to
EC4-1.2 (2003). Fire exposed members are assuniseluaiformly
heated along the entire length and around theeepérimeter of the
exposed section. A resultant emissivity value dd @nd 0.7,
respectively for steel and concrete surfaces, aseiraed for the
radiative heat flux, where a heat transfer coedfitiof 25 W/°C- m?2
is assumed for convective flux. The effects of mmiform
temperature distribution in the cross-section (@nd Li, 2008) are
accounted for in the present approach. As recomatthg EC4-1.2
(2003), the temperature for the connection is assutm be uniform
and equal to the mean temperature of the bottongéaf the mid
spam of beams elements supporting any type of etmdtoor.
Based on the temperature distribution of the ceesdion, the
structural thermal effects are automatically actednfor by
SAAFE program. The variation of the mechanical ertips of the
cross-section, i.e. the effective strength andngtifs as a function of
the fire elapsed time (also temperature) are perdr taking into

(F = 7.9 kN), corresponding to 20% of the ultimateninal flexural

strength of the downstand beam is considered iratladysis. Three
conditions are assumed for the beam-to-column adioms: (i)

rigid, (ii) pinned and (iii) semi-rigid. Constructial details for the
semi-rigid connection are presented in Fig. 4(b).

@ o@ Connection
2 (typ)
lF

iF
4

UB 254x102x22 !

(typ.) 1

|

!

iF

(typ.)

(typ.)

UB 152x152x23

@
130,

i
(mm) M16 Grade
254x102x22 8.8 bolts

Figure 4. (a) Definition for the proposed 2-storey portal-framed, and (b) joint
details (Al-Jabri et al., 2005).

(b)

Thermo-mechanical response

The inelastic mechanical response of composite etésnunder
fire conditions, previously presented in this paperpplied in this
section for the analysis of the composite UB 252xP2 beam
element. The evaluated temperature response ofptbposed
element is presented in Fig. 5(a), in which threm{s are selected
to represent the temperature across the sectiagghtheh 40 mm
thick insulation layer is considered for the steehm. The following
insulation properties are taken into account: dgnsi 800 kg/m3,
specific heat 1700 J/kg°C and thermal conductigity.17 W/m°C.
The maximum temperature is observed to occur atother flange

account the stress-strain \(s. ¢) relationship for concrete and steel (g, followed by the webd,) and the top flanged(), since this last

at elevated temperatures, as proposed by EC4-003)2
Application Example

General description

A 2-storey 3-bay portal-framed structure is propose this
paper (Fig. 4(a)) to verify the connection influeran the structural
behavior under fire conditions. The column elememts composed
of four 2 x 3 m UC 152x152x23 section and three 8pans of a
UB 254x102x22. The composite behavior is considef@d the
proposed beam elements, assuming full interactatwéen the steel
profle and a 10 cm thick concrete slab, poureglace
(fe20= 20 MPa, characteristic compression for 20°C).
reinforcement bars in the slab are not considaréde beam design.
The following S275 steel mechanical properties @esidered in
the analysisf, ., = 322 MPa ancE = 197 kN/mm2 for 20°C, as
experimentally measured by Al-Jabri et al. (200%5)standard fire-
design curve (EC1-1.2, 2001) is postulated to oettine first floor,
between columns 2 and 3, as also indicated in4&).

Only the lower parts of the beams are partiallyosqal to fire,
while the columns are assumed to be fully protecgdinst fire
action (Fig. 4(a)). A steady-state external midrsp@ading force

J. of the Braz. Soc. of Mech. Sci. & Eng.
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point is partially protected by the concrete slbe standard fire-
design curve is also plotted in order to compare tdmperature
evolution on steel and at the contour medium. Tienging of the
ultimate composite section strengf;M interaction curves, as a
function of the fire elapsed time, can be verifiedrig. 5(b) — where
the compression-positive bending moment combinatamves
(lower flange in tension) can be seen.

egeeq )
(C)
1000

ASTM E119

800 -

@

1800 3600

5400
Fire Elapsed Time (s)

7200
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0.50

0.25

(b)

0.00 ; ‘ |
000 025 050 75 1.c Mu,
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Figure 5. Thermo-mechanical response for UB 254 composite beam as a
function of fire elapsed time: (a) temperature and, (b) boundary surface.
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0 1800 3600 5400
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Figure 5 (continuation). Thermo-mechanical response for UB 254
composite beam as a function of fire elapsed time: (c) strength and, (d)
stiffness reductions.

7200

Due to the interaction between steel-concrete caitgpbehavior
as well as the presence of the insulation laystreagth reduction less
than 10% is observed for the first hour of fire, damparison to
ambient temperature section capacity. In additorFig. 5(b), the
variation of the equivalent plastic strength, assed respectively
with the axial Py) and flexional i) strength, given by Eq. (5), is
presented in Fig. 5(c), normalized by the corredpan capacity for
normal temperature conditions. As shown, the seciioelastic
capacity is continuously reduced as a functioreffire elapsed time.
It should be noted that there is a considerableghan the flexural
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behavior after 1h-fire. The equivalent cross-sectiestoring forces
for axial Py) and flexural ) effects, previously given by Eq. (6),
are also presented in Fig. 5(c). The modificatibthe element axial
and flexural stiffness as function of the fire aleg time, respectively
EA andEl, is given in a normalized form by Fig. 5(d). Whewae can
observe the influence of the compression and tertsthavior on the
element stiffness, as a function of the fire eldfgae.

In order to verify the applicability of the propaseomponent
model, previously presented in this paper, a cougif bolted end-
plate steel joint configuration, experimentallytéss by Al-Jabri et
al. (2005) is selected. The joint details, previgggven in Fig. 4(b),
consist of two UB 254x102x22 beams connected to @ U
152x152x23 column by an 8 mm thick flush end phaid six M16
grade 8.8 bolts. The connection moment-rotatidng) curves for
different uniform temperature distribution acrodse tjoint are
presented in Fig. 6(a), where one can observe gagdement
between the experimental results (Al-Jabri et 2005) and the
presented component model approach, previoushndiyeEq. (17).

4C
—— Present approach o
* Al-Jabri et al., 2005 20. C
304 — — —200°C
g 200°C
B
Z 204 -~ — _500°C {
< .
= <
=
10 - =~ _ 600°C |
700°C (a)
0 T T T
0 20 0 @ (rad 107
T
& 7;77 End-plate
Rui 20 20°¢ } i
0.8 L
0.6 1
0.4+ —
0.21 s00°C
M (b)
0.0 T T 7
0.0 0.3 05 0.8 M/M,0

Figure 6. Connection behavior under fire conditions: (a) moment-rotation
(M-@) and, (b) variation of the connection tangent stiffness (Rit/Ruiz20)-

The variation of the normalized connection tanggiffiness (in a
normalized form: R«/Raiz0), previously presented by Eq. (3), for
different bending moments, is given by Fig. 6(bheve, Ry is the
initial connection stiffness for ambient temperatoonditions and!l,, is
the connection ultimate flexural capacity. The atiwh of the Ry,
which represents the initial branch of Rg as a function of the steel
temperature is previously presented in Fig. 3(hjs Turve is plotted in
comparison to the steel reduction factors provioedEC4-1.2 (2003),
also given in Fig. 3(b). The variables, presenteldp (17), to represent
Ramberg-Osgood (1943) moment-rotation relationfinithe proposed
end-plate connection under fire conditions, arersarized in Table 2.
The proposed values for the connection shape pseame were
obtained by curve-fitting the proposed Ramberg-Odggpproach with
experimental results from Al-Jabri et al. (2005).
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Table 2. Proposed values for the Ramberg-Osgood (1943) moment-
rotation relationship of end-plates connections at elevated temperatures.

Connection Ko Mird @

temperature | (kNm/rad) | (kNm) | (10°rad) | "
20°C 4380 19.60 4.47 5.
200°C 3942 19.60 4.97 55
400°C 3066 19.60 5.39 6.5
500°C 2628 15.29 5.82 55
600°C 1358 9.21 6.78 5.
700°C 570 451 791 5.%

Structural behavior

Since the inelastic properties of the elements cmhection are
evaluated, the structural behavior of the propddestorey framed
(Fig. 4) can be assessed for ambient and fire tongi Results for
the vertical displacement, evaluated at the midrsjpé the central

beam (axes 2-3), are given by Fig. 7 for the pregdmam-to-column
connections cases: pinned, semi-rigid and rigicgrelthe influence of

the joint flexibility can be compared, for fire aitions as well as for
ambient temperature, respectively given by Fig) @¢a Fig.7(b). In

this last case, an incremental loading factgri¢ considered, where

w=1is assumed to be the ultimate capacity of theqa connection.
The performed analysis considered thermal effestsvell as the
external loading.
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Figure 7. Vertical mid-spam displacement of the proposed 2-storey portal-
framed for different beam-column connections cases: (a) for high
temperature conditions, as a function of the fire elapsed time and (b) for
normal conditions, as a function of the mechanical loading factor ().

In order to infer about the flexural inelastic belba of distinct
cross-section configurations, two additional sifigdi numerical
cases have been proposed. Each case consistssofaded 8 m span
beam member, where the beam cross-section cortfi@urgroposed
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for the 2-storey portal-framed is used. This ismlatmember is
analogous to an individual bay of the 2-storey gddramed. The
vertical load is continuously incremented by srt@dd-steps until no
numerical convergence is obtained, which is inttgat as the
member failure. Two boundary conditions are valifien this
proposed analysis: (i) simply-supported and (illyfeestrained. The
adopted modelling discretization is similar to tme proposed for the
2-storey portal-framed beams. A comparison betvthenmid-span
vertical displacementsdy), obtained by both SAAFE and FEM
(Franssen et al., 2005) approaches are presentég.in8(a) for
simply-supported and fully-restrained boundary dtoms.

The nonlinear behavior of each configuration carfidiewed up
to the member failure, in which, the corresponagmlied load level
can be verified. The inelastic effects associatél the presence of
plastic-hinge zones along the member, represenyednéans of
approximated plastic-hinge indice% (Eq. (2)) are illustrated in Fig.
8(b). Both simply-support and fully-restrained cartggl conditions
are contrasted - each plastic failure mechanismbearecognized as
well as the correspondent ultimate load capacis/oBserved in Fig.
8(a), the proposed SAAFE approach is able to maadpture
nonlinear load-displacement trajectories estimdigd=EM model
(Franssen et al., 2005), showing very good agreewitrer for the
elastic range and the ultimate capacity of the efém As indicated
in Fig. 8(a,b), for the simply-supported case, hegressive erosion
in the element stiffness caused by the plastic gg®aesults in a
nonlinear behavior. As expected, the fully-resedirtase is able to
account for a higher ultimate load level.
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Figure 8. (a) Comparison of load-displacement results for isolated beams
and, (b) correspondent inelastic index for different load levels.
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The nonlinear structural behavior of the 3-storeymie under
fire condition is presented in Fig. 9. One can olsedhe frame
deformed configuration for the proposed beam-taxowl
connection cases. It is possible to compare thedected fire
instants: 600 s, 1000 s and 1500 s — respectiviebngoy Fig. 8.
The presented structural displacements are medpby 30. As
expected, the pinned case presents the higher befonmations
when compared to those of the semi-rigid and fisases.

@)

4
%% Rigid
Semi-rigi

:

AN

(b) o 5
¥
482 Rigid ;

Semi-rigi

Pinnec

Figure 9. Nonlinear structural behavior of the 3-storey frame under fire
conditions at 3 time steps: (a) 600 s, (b) 1000 s, (c) 1500 s.

Conclusions

A second-order refined plastic hinge analysis mithesed to
assess the performance of steel and compositel-¢stezrete)
structures under fire conditions, previously vatdafor continuous
frames (Landesmann, 2010), is presented in thisrpg@p semi-rigid
connections. The computational approach, SAAFE rarog
(Landesmann et al., 2009), has been developed basedhe
Advanced Analysis concept (Chen et al., 1996)ntkinto account
the non-linear behavior of material at elevated peratures, as
recommended by part 1.2 of Eurocode 4 (EC4-1.2,3R0The
analytical model was used in this paper to studybishavior of semi-
rigid connections under fire. In this regard, aecsiidy for end-plate
connections at elevated temperature based on tmp&@w®nt Method
(EC3-1.8, 2003) was presented. Results for the joamavior were
compared with experimental data reported by AliJabmal. (2005)
with acceptable agreement. A function for the cectioe tangent
stiffness for different temperatures levels, defiieom the basic
moment-rotation relationship (Ramberg-Osgood, 194385 obtained
and included in the beam-column element formulati®esults for a
proposed 2-storey portal-framed structure indi¢hs the proposed
approach is able of predicting the inelastic penfamce of steel and
composite structures under fire, avoiding a complerdeling
representation for the beam-column elements ancdexbions.
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