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With the climate crisis and pursuit of efforts to reduce embodied carbon impacts in the built environment, steel-
timber hybrid structures have emerged as a sustainable form of framed construction which offer numerous
benefits over the widely used and well-established steel-concrete hybrid structures. However, there are major
concerns about the structural fire performance of such systems among various stakeholders in the construction
industry, particularly for the design implications in terms of the lateral-torsional buckling behaviour and the
degree of lateral restraint mobilised in the steel-to-timber connections. The screws that connect cross-laminated
timber slabs to steel beams may provide a certain degree of restraining action in fire. However, further in-
vestigations are required to quantify the slip characteristics of such connections. In this study, it was found from
existing literature that at the fire limit state, the continuous elastic lateral stiffness available to restrain the beam
varies between approximately 500 kN/m/m and 2000 kN/m/m. Relying entirely on the screws and using this
practical range of stiffness, a parametric study using Eurocode 3 design buckling resistance equations on 9 m
simply supported span steel beams and beam-columns with span-to-depth ratios of about 10, 15, 20 and 25 was
performed. The results indicate that designing such members as fully restrained in fire conditions may lead to

unrealistic assumptions and unsafe structures.

1. Introduction

Steel-timber hybrid structures are innovative structural solutions
that are being adopted for commercial office and mixed-use de-
velopments. This type of construction consisting of mass-timber cross-
laminated timber (CLT) panels with non-combustible steel frames offer
benefits such as sustainability with low embodied carbon impacts, dry
construction, off-site fabrication, lightness, biophilic design, and long
beam spans. However, the fire performance of such systems is a concern
and there is uncertainty among industry practitioners regarding the
susceptibility of the steel beams to lateral-torsional buckling instability
in fire conditions [1,2], which is further exacerbated by the develop-
ment of axial compression due to restrained thermal expansion [3].

In this type of structural system, the CLT panels are connected to
steel beams using closely spaced self-tapping screws and from a struc-
tural perspective, these beams can be assumed to be supported laterally
by alinear elastic foundation with uniform continuous stiffness k located
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at a distance a from the centroid of the section, as shown in Fig. 1. Re-
searchers such as Flint [4], McCann et al. [5], and Belaid et al. [6] have
shown improvement of the lateral-torsional buckling behaviour of steel
beams with different types of restraints but studies with continuous
elastic restraints in fire are lacking. This is because in conventional
steel-concrete composite construction, the steel beams are normally
assumed to be fully restrained by the concrete slab and restraints in
other types of steel construction are generally discrete and at large
spacings. Compared to unrestrained beams, which fail at moments close
to the critical elastic moment, beams with continuous or closely spaced
restraints and sufficient lateral stiffness capacity can achieve full plastic
moment resistance [7]. Hence, the aim of this study is to investigate the
influence of uniform continuous elastic restraints on steel beams and
beam-columns in steel-timber hybrid structures at elevated tempera-
tures. The objectives are: (i) to review the current lateral-torsional
buckling resistance equations for partially restrained members, (ii) to
assess the level of lateral stiffness mobilised by self-tapping screws based
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on existing literature, and (iii) to perform a parametric study to deter-
mine the influence of continuous restraints on heated beams and
beam-columns.

2. Theoretical background

This section provides an overview of the theoretical framework for
the verification of lateral-torsional buckling of steel beams and beam-
columns with uniform continuous elastic restraints at high tempera-
ture using current design equations in BS EN 1993-1-2 [8]. Existing
analytical methods to determine the critical elastic moment and critical
elastic load for both cases are also presented. A background knowledge
of steel section classification with respect to slenderness, local buckling
and plastic/elastic capacity is required to understand this section and a
detailed explanation can be found in Ref. [9].

2.1. Lateral torsional buckling resistance of beams in fire

The design lateral torsional buckling resistance moment My, f; ;rq at
time t of a laterally unrestrained steel beam at elevated temperatures
with a Class 1 or 2 cross-section can be determined from:

Ymfi

M it ra (€9)

where y; 74 is the reduction factor for lateral torsional buckling in fire,
Wy, is the plastic modulus of the section, ky g com is the reduction factor
for the yield strength at the maximum steel temperature in the
compression flange, fy is the yield strength of the steel section, and 7, is
the partial safety factor for material properties in fire, which is usually
taken as 1.0.

The value of y; 7 is determined using the following equation:

1
Airfi= (2)

PLT.0.com T \/ ((pLT.()‘com)z - (ILT-éf-com)2

with
PLT0.com — 0.5 [1 + a}'LT.O.com + (ZLT,().com)zjl (3)

The imperfection factor @, which is a function of the steel yield
strength, and the non-dimensional slenderness 4,74 at high temper-
ature are given by:
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where kg g com is the reduction factor for the modulus of elasticity at the
maximum steel temperature in the compression flange.

The non-dimensional slenderness A, at room temperature is given
by:

- W,
At = %fy (6)

cr

where M, is the critical elastic moment at room temperature which
causes stability failure due to lateral-torsional buckling.

Eurocode 3 does not provide any guidance on how to calculate M.,
and this is left entirely at the designer’s discretion. The calculation of
this value should take into consideration all the parameters such as the
loading type and position, end boundary conditions and effect of lateral
restraints to represent the actual structure being investigated. Section
2.2 addresses this situation for steel-timber hybrid structures with
continuous elastic lateral restraints.

2.2. Critical elastic moment of beams with continuous lateral restraints

According to Timoshenko and Gere [10], the critical elastic buckling
moment M, of a simply supported beam with doubly-symmetric
cross-section under pure bending can be determined using the clas-
sical Equation (7). In this case, it is assumed that the ends of the beam
are prevented from lateral translation and twist, but are free to warp and
rotate laterally. Similarly, the critical elastic buckling moment M., of a
beam with continuous elastic restraints can be determined using Equa-
tion (8) under the same loading and end boundary conditions, the
derivation of which can be found in Trahair [11].

2Bl I, L2GI, n2n2El, n2n2El,

M, = T2 \/E+n2n2EIz or 2 GI, + B )
kal?]® [n272ElL, kL2 n2n*El, kal?

M+ | = [P ] e ] ®

In the above equations, I, is the moment of inertia about the minor z-
z axis, L is the laterally unbraced length, E is the elastic modulus of steel,
G is the shear modulus of steel, I, is the warping constant of the section,
I; is the torsional constant of the section, n is the mode of buckling, k is
the uniform continuous elastic restraint stiffness, and a is the position of
the restraint measured from the centroid of the section (restraints
located above the centroidal axis towards compression flange are
negative and those below are positive [11]). It is important to note that

Typical steel-to-CLT
connection with staggered
self-tapping screws

1

Instability failure due to

lateral-torsional buckling

(lateral displacement and
twist of section)

A4
Stiffness per
screw, K

Continuous =

stiffness, k = K/s J

Fig. 1. Beam supported laterally by a continuous elastic medium.
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the critical buckling mode of a continuously restrained beam is depen-
dent on the degree of lateral restraint stiffness in contrast to an unre-
strained beam for which the first mode gives the most critical situation
for lateral-torsional buckling. Hence, several trials are required to
determine the buckling mode which gives the lowest buckling moment
for continuously restrained beams.

2.3. Lateral-torsional buckling resistance of beam-columns in fire

Steel beams, which are axially restrained at their ends as a result of
the support conditions or the presence of adjacent members in a struc-
ture, develop axial compression due to restriction of the thermal
expansion during the heating phase of a fire [3]. Members with a Class 1
or 2 cross-section that are subjected to combined uniaxial bending about
the major axis Myfpq and axial compression Nfjpg behave as
beam-columns and should satisfy the following interaction equation:

Nrika n kirM, 4 ga
X zr,ﬁAky.efi ALt fi Whiyky.o

M fi

5 =1 )]

M fi

where y, ; is a reduction factor for flexural buckling in fire situation, A is
the area of the cross-section, and k;r is an interaction factor for lateral-
torsional buckling. W, should be used for Class 3 sections (see section
2.1 for other repeated notations).

The value of y, ; is determined using the following equation:

1
Yo == (10)
o+ 1\ P9 — 4
with
0p= 0.5[1 tady+ (15)2] 11

The imperfection factor « is similar to that in Equation (4) and the
non-dimensional slenderness 1, at high temperature is given by:

do=7 I’:y—" 12)
E.0

The non-dimensional slenderness 7 at room temperature is given by:

- Afy
A=\ N, 13

where N, is the critical elastic buckling load at room temperature which
causes stability failure and can be determined as explained later in
Section 2.4.

The value of k. is found using the following equation:

ir =1 — ST a4
X z.ﬁAkyﬂﬁy_ﬁ

with

fiyr =0.151, 0B 17 — 0.15 < 0.9 (15)

The value of g, is equal to 1.1 for beams with pure bending with
equal and opposite end moments, and 1.3 for beams with a uniformly
distributed load.

2.4. Critical elastic load of columns with continuous lateral restraints

For a doubly-symmetric column with shear centre continuous elastic
restraints k, the critical elastic load to cause lateral-torsional buckling
can be determined using Equations (16)-(18), the derivation of which
can be found in Trahair [11]. In this case, there are three possible
buckling modes: flexure about the major y-y axis at N, flexure about
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the minor z-z axis at N,,;, and torsion about the longitudinal x-x axis at
N x. The actual buckling load N, will be the lowest of the three. In the
equations, I, is moment of inertia about the major y-y axis (see previous
sections for other repeated notations).

n2EIL
cry = 12 z (16)
n’El, kL?
Ncr,z = 12 Tl27[2 (17)
Gl + " L +1
Ney=——2— with r* = (18)
r A

For a doubly-symmetric column with continuous elastic restraints k
acting at a distance a from the centroid of the section, a number of trials
must be made to find the lowest buckling load N, using the general but
more complex Equation (19). In many cases, the lowest solution will
correspond to the flexural-torsional buckling mode in which the section
twists and translates about the two axes [11].

n*n2EL (Ar? +B) + \/(Ar2 +B)® —4r2 (AB - ©?)
PR

N, =min o2 19
with
kL?>  n?n’EIl, ka?L? n?n?El, kal?
ey Iz’ B= 272 + Gl + 12 ; €= 202 (20

3. Lateral restraint of steel-to-CLT connections

In current steel-timber hybrid construction, CLT floor panels are
fixed to steel beams using regularly spaced self-tapping screws at spac-
ings not exceeding 600 mm and in a staggered manner to prevent the
potential for wood splitting during installation of the mechanical fas-
teners. The proprietary screws adopted in mass-timber connections are
either partially threaded or fully threaded [1]. These screws offer a
certain degree of lateral stiffness which can potentially prevent beam
lateral-torsional buckling in both ambient and fire conditions. For
conservatism in design, the steel beams can be designed as laterally
unrestrained due to the uncertainty among designers on the current
practice regarding the degree of lateral restraint offered by the screws,
particularly under fire exposure. Merryday et al. [12] conducted a
four-point bending test on a simply supported steel-CLT composite beam
and reported that lateral-torsional buckling is not a concern at ambient
temperature even with a narrow CLT slab width.

Over the years, numerous experimental tests have been carried out
for timber-to-timber connections and several semi-empirical equations
have been developed to predict their mechanical behaviour as given in
design standards such as BS EN 1995-1-1:2004+A2 [13]. Conversely,
experimental programmes for steel-to-timber connections using
self-tapping screws are less established, especially under elevated tem-
peratures in which most of the studies investigated connections made
with bolts and dowels [14,15]. Researchers such as Hassanieh et al.
[16], Loss et al. [17], Hassanieh et al. [18], Yang et al. [19] and Ling
et al. [20] present several ambient temperature tests on various types of
steel-to-timber connections, but these are generally not representative of
the typical connection system adopted in current large-scale steel-timber
hybrid construction. More realistic monotonic push-out tests using
self-tapping screws to connect steel-CLT specimens have been carried
out by MTC Solutions [21] and Merryday et al. [22], but these mainly
focused on the connection strength rather than the lateral stiffness
characteristics. On the other hand, Létourneau-Gagnon et al. [14]
investigated the pull-out resistance of self-tapping screws via high
temperature pull-out tests and also reported that limited information is
available on the fire performance of such modern mass timber fasteners.

The load-slip relationship of steel-to-CLT connections using self-
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tapping screws is highly complex and is generally characterised by a
non-linear behaviour at ambient temperature as shown in Fig. 2. For
design purposes, the lateral stiffness offered by screws is defined in
terms of the slip modulus for different limit states: K, for the service-
ability limit state, K, for the ultimate limit state and K for the fire limit
state. In accordance with BS EN 26891 [23], the slip modulus K, can be
determined experimentally using Equation A as given in Table 1. Other
semi-empirical expressions for stiffness can also be used to predict K,
using Equations B, C, D1 and D2 in Table 1, and more detailed infor-
mation on these equations can be found in Jockwer and Jorissen [24]
and Jockwer et al. [25]. The determination of the slip modulus K, is not
specified in BS EN 26891 [23] and is taken as two-thirds of K as per BS
EN 1995-1-1:2004+A2 [13]. The slip modulus K under fire condition
should be taken as 20 % of K, in line with BS EN 1995-1-2 [26]. This
indicates that in fire, a single value of Kj is applicable and no consid-
eration is given to the connector degradation at different temperatures,
as illustrated in Fig. 3. The degradation curve shown is only for the
purpose of illustration (based on the general shape of shear connector
strength reduction in steel-concrete composite structures) as there is a
lack of experimental studies on the behaviour of such type of connection
system in fire. High-temperature push-out tests are required to charac-
terise the curve-shape, which will be influenced by the material degra-
dation/failure criterion of the individual components of the connection.
However, this connection design assumption can be problematic if it is a
non-conservative simplification in terms of structural behaviour and
should therefore be explicitly verified by fire testing, as the joint
behaviour influences the force distribution and deformation of a
structure.

For this study, the load-slip curves from the two aforementioned
papers [21,22] were used to determine the slip modulus K, as shown in
Fig. 4. The results show that K. varies approximately between 1.50
kN/mm and 3.50 kN/mm per screw for the 12 mm nominal diameter
self-tapping screws. From Fig. 5, it can also be observed that the
experimental results obtained using Equation A generally deviate
significantly from the predictions of Equations B, C, D1 and D2, with the
exception of Equation C, which is reliable in some circumstances.
Jockwer and Jorissen [24] also concluded that the background of the
equations for stiffness in Eurocode 5 is vague and based on simplified
assumptions. Hence, further research is required to develop clear
guidelines on the mechanical performance of steel-to-timber connec-
tions using self-tapping screws, particularly in fire conditions. The fire
testing should consider parameters such as the type of screw (partially or
fully threaded), screw diameter, screw embedment length, screw
spacing, outer grain orientation, panel layup and lamella thickness. This
would enable designers to predict the lateral stiffness Kp at various
temperatures, which could subsequently be used to check the
lateral-torsional buckling resistance of heated beams. At this stage of the
present study, it is proposed to use Equation (21) to estimate the

Load

Frax | o oo

0.6Fmax [~~~

0.4Fmax - - -

0.1Fmax

1
1
1
1
1
1
1
1
1
g i
¥ i
1
h

I

Slip

1
Do DBos  Dos

Fig. 2. Typical load-slip curve for steel-timber connection with self-
tapping screws.
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Table 1
Equations to calculate Ky, Ky, and Kg in N/mm.
Equations Reference
A 0.4Fpax BS EN 26891 [23]
Kser = 47
5(004 —vo1)
B 154 BS EN 1995-1-1:2004+A2 [13
Koer = /l"‘23 (may be multiplied by 2.0) (13
C ptod Ehlbeck and Larsen [27]
Kser = 30

D1 Keero = 6p 0517
D2 Koo = 3p%°d7
E 2

Ku = §Kser
F K = 02K,

SIA 265 [28]

BS EN 1995-1-1:2004+4-A2 [13]

BS EN 1995-1-2 [26]

Where Fyax is the maximum load.

vo4 and vo; are the slip at 40 % and 10 % of the maximum load, respectively.
P is the mean density in kg/m®.

py. is the characteristic density in kg/m?>.

d is the nominal diameter of the screw in mm.

K | ======a -
u Sso
~ T »
\\ Fictitious degradation curve
< )
E \\\ / (No experimental data)
E] ~
°
] \\\
€ N
o AN
= N,
[7,] N
Y
N
\\
Eurocode 5: Kﬁ =0.2K, S
0.2K N
.
T T T T T T T T T

0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Fig. 3. Fictitious degradation curve of screws in fire and Eurocode 5 guidance.

serviceability slip modulus in the absence of more rigorous tests from
screw manufacturers, from which K could then be estimated. Equation
(21) is based on Equation C in Table 1 but with the application of a
correction factor of 0.5 to ensure conservatism in the absence of more
definitive experimental or numerical data.

B pkl.Sd

Koor = 60 2D

Table 2 shows the variation of the continuous lateral stiffness ky for
the fire limit state with spacing of staggered self-tapping screws varying
from 200 mm to 500 mm. These values have been determined for the
range of slip modulus K, (1.50 kN/mm to 3.50 kN/mm) observed in the
push-out tests. From the tabulated data, it can be inferred that ks has
lower- and upper-bounds of approximately 500 kN/m/m and 2000 kN/
m/m, respectively. These values represent the practical range of
continuous lateral stiffness likely to be mobilised in steel-timber hybrid
structures based on current design guidance and test datasets, which
must evidently be validated with further fire experimentation.

4. Parametric study for downstand steel-timber hybrid systems

This section presents a parametric study performed on four steel
beams and beam-columns in a downstand arrangement to investigate
analytically the potential for lateral-torsional buckling under high
temperatures. In line with current practice, it is assumed that the steel
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Fig. 5. Experimental and predicted K, for different test specimens in Merryday et al. [22].

Table 2
Continuous lateral stiffness ky in fire for different screw spacings.
Kier (k\N/mm) 1.50 2.00 2.50 3.00 3.50
K, (kN/mm) 1.00 1.33 1.67 2.00 2.33
K5 (kN/mm) 0.200 0.267 0.333 0.400 0.467
Spacing (mm) Continuous lateral stiffness, ks (kN/m/m)
200 1000 1333 1667 2000 2333
250 800 1067 1333 1600 1867
300 667 889 1111 1333 1556
350 571 762 952 1143 1333
400 500 667 833 1000 1167
450 444 593 741 889 1037
500 400 533 667 800 933

Note: The continuous lateral stiffness k, at ambient temperature can be obtained
by multiplying the tabulated values of kg by 5.

members carry all the applied loading and any form of composite action
offered by the CLT slab is neglected because the degree of composite
action mobilised in fire is not yet clearly understood. Hot-rolled struc-
tural steel members with a simply supported span of 9 m, steel grade
$355, and span-to-depth ratios (L/H) of approximately 10, 15, 20 and 25
were selected for the present study. The 9 m span was chosen to reflect

typical steel framing schematics with 9 m x 9 m column grids. Some of
the key sectional and material properties of the steel cross-sections
adopted are summarised in Table 3. Section classification was carried
out for pure bending and for combined bending with axial compression
for the fire limit state.

LTBeamN [29], which is a free finite element software and developed
by CTICM, was used for the determination of the critical moment M.,
and critical load N, for various loading and continuous lateral restraint
conditions. The software facilitates the calculation of the critical
moment and load in complex situations not covered by standard ex-
pressions and the equations presented in Section 2.2 and 2.4 were
verified by the output results under specific conditions. In all cases, it is
assumed that the end boundary conditions of the steel members are
prevented from lateral translation and twist, but are free to warp and

Table 3

Sectional and material properties of S355 steel members with 9 m span.
Steel member L/H Wiy (em®) Wely (em®) f, (MPa)
UB 914 x 305 x 253 9.80 10944 9503 355
UB 610 x 229 x 125 14.71 3673 3219 355
UB 457 x 152 x 74 19.51 1624 1408 355
UB 356 x 171 x 57 25.10 1009 896 355
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rotate laterally. These

values were then used as input to determine the

lateral-torsional buckling resistance of the steel beams and
beam-columns in the fire situation. The parametric study was performed
using a range of constant continuous lateral stiffness k (Fig. 1) from 100

kN/m/m to 50000 kN,

/m/m, representing the continuous lateral stiff-

ness kg at the fire limit state as shown in Fig. 3. In reality, K (and
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therefore kz) will vary with the screw temperature and more represen-
tative non-linear load-slip response of the screws must be considered for
different temperatures to capture the mechanical response. However, it
is presumed that the lateral torsional buckling resistance of beams and
beam-columns obtained using this constant value (K; = 0.2K,) from
Eurocode 5 guidance is conservative, until more high temperature

WPy K 2l il iyl v

Typical beam with UDL at top flange

UB 914x305x253, L/H = 9.80, UDL at top flange

4000
Fully restrained beam with full
g 3500 £, _ .- === plastic moment resistance
=% Practical
£ 3000 $FTIIzizoerooo e
‘B — - % -k=100
[ 2500 £, . - -k=500
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research data are available to characterise such connection behaviour.

It must also be pointed out that the calculation methods presented in
Section 2 can be applied under both uniform and non-uniform temper-
ature distribution in the steel cross-section; BS EN 1993-1-2 [8] notes
that it can conservatively be assumed that the compression flange
temperature is equal to the uniform temperature. Hence, it is assumed
that the reference temperature in this study is the temperature of the
steel web as numerical simulations by Godoy Dellepiani et al. [30] have
shown initial non-uniform temperature profile with a cooler compres-
sion flange in steel-timber hybrid structures until a relatively uniform
temperature profile is achieved with increasing fire exposure time. This
assumption is expected to lead to safe results at this stage of the study
and future numerical investigations are required to assess the effect of
non-uniform heating over the member cross-section on the response of
such systems.

4.1. Beams

Two different loading conditions were considered for the four
selected simply supported steel beams with free axial expansion under
high temperatures: one with uniform end moment located at the shear
centre and the other with a uniformly distributed load on the top flange.
In both circumstances, it is assumed that the continuous elastic restraints
representing the screws act at the top flange of the section. All the sec-
tions were found to be of Class 1 under pure bending in fire.

Fig. 6 illustrates the variation of the buckling moment resistance of
the steel beams with increasing temperatures for different span-to-depth
ratios. The upper- and lower-bound curves respectively represent a fully
restrained beam with full plastic moment resistance and a laterally un-
restrained beam with zero restraint. The shaded area between the two
bounds with continuous lateral stiffness k of approximately 500 kN/m/
m and 2000 kN/m/m represents the practical range of buckling moment
resistance likely to be mobilised in steel-timber hybrid structures. Fig. 7
provides a more accurate distinction in terms of the ratio of the buckling
moment resistance of a uniformly loaded beam with continuous lateral
restraints to that of an unrestrained beam (Fig. 7a) or a fully restrained
beam (Fig. 7b) with different span-to-depth ratios and temperatures. It
can be observed that the ratio varies between 1.80 and 5.99 for unre-
strained beams and between 0.36 and 0.75 for restrained beams.
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Fig. 7. Ratio of buckling moment resistance of beam with continuous lateral
restraints to that of (a) unrestrained beam and (b) fully restrained beam under
uniformly distributed load with temperature.
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From the above findings and assuming fire is the governing limit
state, it can be deduced that if steel beams are designed as unrestrained
in fire conditions, they would have additional reserve strength at the fire
limit state due to the presence of the continuous lateral restraints. As
such, this may lead to material savings in steel and fire protection,
subject to further investigations. However, if the beams are designed as
fully restrained, they may fail by lateral-torsional buckling at a load
much lower than the full plastic moment resistance assumed in the
design. This means that relying entirely on the screws for full restraint
conditions appears unrealistic and may result in unsafe structures in the
event of a fire. Consequently, further experimental and/or numerical
investigations are required to determine the applicability of the current
design buckling resistance equations for steel members with continuous
elastic restraints in fire. Such investigations are essential to establish the
framework required for the design of steel-hybrid structures at elevated
temperatures.

4.2. Beam-columns (beams with axial compression)

This section deals with axially restrained steel beams subject to
uniaxial bending about the major axis M, ;4 which develop axial
compression Nf gq during heating. In this case, Equation (9) can be re-
written as follows with axial and bending terms:

Nfiza +kLTMyﬂ.Ed

<1 (22)

Npfitra  Mpficrd

In Equation (22), Np £ ;rd is the buckling resistance of a compression
member, which is affected by the presence of continuous elastic re-
straints. This interaction formula reduces down to a beam problem when
the axial compression is zero (as demonstrated previously in Section 4.1)
and to a column with pure axial compression when there is no bending
moment present. Hence, the influence of continuous elastic restraints on
compression members must also be understood in order to account for
combined bending and axial loading using Equation (22).

Fig. 8 illustrates the variation of the compression buckling resistance
of four simply supported steel columns with increasing temperatures
under the effect of axial compression acting at the shear centre and
continuous elastic restraints located at the top flange of the section. It
can be observed that such columns are particularly sensitive to the re-
straints, with continuous lateral stiffness k of approximately 500 kN/m/
m approaching a fully restrained section at the top flange. An extreme
value of k equal to 1 x 108 kN/m,/m was used as input in LTBeamN [29]
to represent the situation with infinite lateral stiffness. As a result, such
structural systems offer enhanced performance compared to unre-
strained ones in terms of compression buckling resistance in fire con-
ditions. It must be noted that the selected sections are Class 4 under pure
compression and the equations described in Section 2.3 to determine Nj,
fitrd are not strictly applicable. On the contrary, these equations can still
be used to verify buckling resistance for Class 1, 2 and 3 sections under
combined bending and axial compression for a certain level of
compression force.

To evaluate both bending moment and axial compression in combi-
nation, the effect of continuous elastic restraints acting at the top flange
of the section on four simply supported beam-columns was investigated
at temperatures of 500 °C, 600 °C and 700 °C. The sections were found to
be of Class 1, 2 and 3 in fire, with the section classification depending on
the level of applied axial compression as shown in Table 4.

Fig. 9 shows the interaction diagrams in terms of buckling moment
resistance of the beam-columns with a uniformly distributed load on the
top flange and axial compression acting at the shear centre of the sec-
tion. The plotted curves define the failure envelope for all the possible
combinations due to axial compression and bending for continuous
lateral stiffness k of 0 kN/m/m, 500 kN/m/m and 2000 kN/m/m. The
kink observed in Fig. 9a and b, with sudden drop in buckling moment
resistance, indicates a change in section class from Class 2 to Class 3. As
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Table 4
Section classification based on maximum axial compression force.

Steel member L/H Maximum axial compression (kN)

Class 1 Class 2 Class 3 Applied
UB 914 x 305 x 253 9.80 192 871 4683 2234
UB 610 x 229 x 125 14.71 161 482 2490 862
UB 457 x 152 x 74 19.51 203 412 1749 420
UB 356 x 171 x 57 25.10 223 372 1621 360

mentioned previously, the sections become Class 4 under pure
compression and the compression resistance on the interaction diagrams
should be recalculated accordingly, which is outside the scope of this
study. However, the purpose of this investigation is to illustrate the shift
and improvement of moment-axial interaction diagrams for the practical
range of 500 °C to 700 °C of steel beam-columns under the effect of
continuous elastic restraints in comparison to an unrestrained case, with
the value of k equal to zero. It can be observed that the beam-columns
with continuous restraints offer enhanced structural fire performance.

5. Conclusions

The influence of uniform continuous elastic restraints on steel beams
and beam-columns in steel-timber hybrid structures at high temperature
has been investigated. Based on the results of this investigation, the
following conclusions can be drawn:

- Eurocode 3 provides design equations to check the lateral-torsional
buckling resistance of steel beams and beam-columns at high

temperatures. However, further experimental and/or numerical in-
vestigations are required to determine the applicability of these
equations for steel members with continuous elastic restraints in fire
and to identify whether they are overly conservative or unsafe.
Prediction equations for the slip modulus of self-tapping screws at
ambient temperature generally deviate significantly from experi-
mental results and the assumption of 80 % reduction of the slip
modulus given in Eurocode 5 under fire conditions must be verified
with further testing for steel-to-CLT connections using self-tapping
screws, as also recommended in Ref. [2].

If fire is the governing limit state, designing simply supported steel
beams with free axial expansion as laterally restrained in fire con-
ditions appears to be unrealistic and may lead to unsafe structures.
On the other hand, designing beams as unrestrained indicates some
reserve capacity, offering the possibility of material reduction in
steel and fire protection.

The presence of continuous lateral restraints in simply supported
steel beam-columns shows an improvement of the moment-axial
interaction diagrams at 500 °C, 600 °C and 700 °C compared to
the unrestrained case.

This research has demonstrated that there is a significant lack of
knowledge concerning steel-timber hybrid structures in fire. There is an
urgent need for an experimental campaign of elevated temperature
push-out tests to evaluate the longitudinal shear performance of modern
screw connections in cross-laminated timber subjected to fire. With this
data, a better understanding of steel-timber composite beams in fire can
be developed using the tools outlined in this paper. To date, only nu-
merical studies of steel-timber hybrid structures have been conducted in



A. Jeebodh et al. Fire Safety Journal 146 (2024) 104172

ubL k ubL

vv”irv vrvlrvvivrvvv

N N

o

Typical beam-column with UDL at top flange and
axial compression at shear centre

UB 914x305x253, L/H = 9.80, Restraint and UDL at top flange UB 610x229x125, L/H = 14.71, Restraint and UDL at top flange

2000

\ —a—k =0, T=500°C

£ 1800 ‘\A —a- k=500, T=500°C
. —& -k =2000,T=500°C
< 1600 ., —e—k=0,T=600"C
8 1400 R —o - k=500, T=600°C
% A, k" =9 -k =2000, T=600°C
$1200 1 Ba : —=—k=0,T=700°C
g o : Sa =8 k=500,T=700°C
£ 1000 -5 -k =2000, T = 700°C
g 800
N
5 N
2 600 "
2 400 R LR
= Na
g 200 T~ A‘
o A Y
0 a ¢ AN
(a) 0 500 1000 1500 2000 2500

Axial compression at shear centre (kN)

UB 457x152x74, L/H = 19.51, Restraint and UDL at top flange

300

_ ——k=0,T=500"C
£ —a- k=500, T=500°C
Z 250 -4 -k=2000, T=500°C
= —a—=0,T=600"C
3 —o . k=500, T=600°C
S 200 —o- -k =2000, T =600°C
2 a —s—k=0,T=700°C
g . —a- k=500, T=700°C
150 . a =8 -k=2000,T=700°C
g S
£ \A \‘
© 100 N N
E .\A N
uo F Y
£ N\ ®
= 50 N : \\
g \,\ A N\
@ Naa N}

0 + + +

200 300 400 500

Axial compression at shear centre (kN)

700 &

—_ —a—k=0,T=500°C
€ —a- k=500, T=500°C
Z 600 1 N = & -k=2000, T =500°C
= B —a—k=0,T=600°C
@ ~ s Lol .l _ o
S 500 + k =500, T =600°C
- Y s - o -k=2000, T =600°C
2 405 -, ] —s—k=0,T=700°C
H] ‘\,\ \'k <7 —a. k=500, T=700°C
= ~. i~ B —o -k=2000,T=700°C
S 300 4
£
5 EN
€ 200
-T]
£
= 100
=3
o

0
b 0 200 400 600 800
( ) Axial compression at shear centre (kN)

UB 356x171x57, L/H = 25.10, Restraint and UDL at top flange
200

—4—k=0,T=500°C
—a- k=500, T=500°C
— & -k=2000,T=500°C
——k=0,T=600°C
—° - k=500, T=600°C
=9 -k=2000, T=600°C
—s8—k=0,T=700°C
—a- k=500,T=700°C

150

100 - -k =2000, T=700°C
N
N
g A
NN
AN
50 S
NA
‘\"\
|
0 + a
d 0 100 200 300 400
( ) Axial compression at shear centre (kN)

Fig. 9. Interaction diagrams at 500, 600 and 700 °C for continuous lateral stiffness k of 0, 500 and 2000 kN/m/m for span-to-depth ratios (a) 9.80, (b) 14.71, (c)

19.51, and (d) 25.10.

fire and there is a clear need for complementary experimental work as
the demand for this hybrid topology is increasing in the built
environment.
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