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This paper examines the effects of thermal restraint, caused by non-uniform temperature distribution in
different members, on the failure temperatures of critical members of steel tubular trusses. Non-uniform
temperature distribution develops in trusses exposed to localised fire attack. The truss member nearest to
the fire source experiences the highest temperature, with reduced temperatures in the nearby members.
The number of the nearby truss members being heated and their temperatures will affect the failure tem-
perature of the critical truss member which has the highest temperature. The aim of this paper is to
develop a simplified method to account for the effects of different numbers of members being simulta-
neously heated to different temperatures on the development of compression force and failure temper-
ature of the critical member.

Finite Element (FE) simulations were carried out for Circular Hollow Section (CHS) trusses using the
commercial Finite Element software ABAQUS v6.10-1 which has previously been validated by the
authors. The simulation trusses were subjected to constant mechanical loads and then increasing temper-
atures until failure. The elevated temperature stress-strain curves were based on EN-1993-1-2 [1]. Initial
geometrical imperfections were included, based on the lowest buckling mode from eigenvalue analysis.

The numerical study examined the effects of truss type, critical member slenderness, applied load ratio
and axial restraint stiffness ratio on the failure temperatures of the critical truss members. The numerical
simulation results were used to check the accuracy of a proposed simplified calculation method, combin-
ing linear elastic static truss analysis at ambient temperature and analytical equations to calculated the
failure temperatures of thermally restrained truss members based on the regression equations of Wang
et al. [2]. The calculation method was shown to be sufficiently accurate for fire resistant design purpose.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Assessing the fire resistance of a steel truss exposed to localised
fire involves quantifying the fire size, calculating the truss member

Welded steel tubular trusses are frequently used to cover very
large spaces, such as airports, exhibition halls, shopping malls
and sport halls. For the fire resistant design of these large struc-
tures, the fire exposure is often assumed to be localised because
of the small size of the fire compared to the large dimensions of
the truss. Under localised fire, the different members of a truss will
experience different temperatures. In welded trusses, because of
restraint, non-uniform temperature distribution in different truss
members will generate additional forces in the most heated mem-
ber due to restrained thermal expansion.
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temperatures and checking whether the critical member (the one
with the highest temperature) has sufficient load carrying capacity.
Quantification of localised fire can follow the method in EN-1991-
1-2 [3], which calculates the size of the localised fire, including the
height and temperature of the flame, as functions of the rate of
heat release and distance to the fire source. Heat transfer analysis
can then be used to obtain temperature distributions in the differ-
ent members of the truss. Relevant research studies include Chen
et al. [4,5] who tested and numerically modelled a steel roof truss
without fire-proof coating under localised pool fire condition to
obtain the truss temperature distributions and displacements.
The members directly above the fire experienced the highest tem-
perature, while the members away from the fire source experi-
enced reduced temperatures. Whilst the quantification of
localised fire behaviour and heat transfer analysis are important
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Nomenclature

The following symbols are used in this paper

A cross section area of truss member

E elastic (Young’s) modulus

Fy function for the axial restraint stiffness

F, function for the initial axial load level

F, function for the column slenderness

Feici increase in tension force of the critical member when
the ith adjacent member is heated

Fii additional force in member “i”

Funiti change in internal force in the critical member when
there is unit compressive force in member “i”

k1 axial restraint stiffness at end 1

ks axial restrained stiffness at end 2

ky, axial stiffness of member

keo axial stiffness of member at ambient temperature

kr modification factor for axial restraint ratio

k; axial restraint stiffness of member “i”

k, stiffness of the axial restraint

Kiotal total axial restraint stiffness of the surrounding struc-
ture

Iy length of member

n total number of heated adjacent members

Pyo o member force at ambient temperature

Prax member force at buckling temperature from truss anal-
ysis

To limiting temperature of the unrestrained member

Ta0 -C failure temperature from individual member analysis
without axial restraint

Ty failure temperature of member

Tinax the highest temperature in the critical truss member

Ty failure temperature from individual member analysis
with axial restraint

ON load ratio

) slenderness

B axial restraint ratio

€ engineering strain

er true strain

o engineering stress

or true stress

Olth coefficient of thermal elongation of steel

AT reduction in member failure temperature due to re-

strained thermal expansion

ATapaqus reduction in member failure temperature due to re-
strained thermal expansion, from ABAQUS simulation

ATwang et a1, Teduction in member failure temperature based on
the regression equations of Wang et al. [2]

ATmax  temperature increase in the critical member

AFjingle member iNCrease in compression force of the critical mem-
ber when one member is heated

AFnyitiple members iNcCrease in compression force of the critical
member when the adjacent members are heated

parts of fire resistant design, this paper will only focus on the
mechanical behaviour of welded trusses with non-uniform tem-
perature distributions in different members.

Due to complexity, the assessment of mechanical behaviour of
non-uniformly heated truss is often resorted to using numerical
modelling. For example, Lin et al. [6] carried out numerical simula-
tions to investigate the effects of loading ratio, temperature distri-
bution, fire location and size on the fire resistance of a steel roof
truss under local fire exposure. Non-uniform temperature distribu-
tion along the truss was calculated by using the equations of Du
and Li [7]. Yu et al. [8] simulated the behaviour of steel space struc-
tures under localised travelling fires. The same maximum temper-
ature was assumed in the fire zone and the temperatures in the
other zones decreased depending on the distance from the fire
zone. Ho et al. [9] modelled an unprotected long span steel truss
to examine both the temperature distribution along the steel truss
and the effect of restrained thermal expansion under a moderate
fire. They observed that large compressive forces were generated
due to restrained thermal expansion under even small fires. Kotso-
vinos [10] attempted to recreate the failure mechanisms of the
WTC towers and reached similar conclusions as others (e.g. Usmani
etal. [11], FEMA report [12] and NIST report [13]). This study noted
that additional forces were generated in the truss members as a
result of restrained thermal expansion. This type of numerical
modelling requires time and specialist expertise which many
structural engineers do not possess. It is necessary to develop thor-
ough understanding of the effects of non-uniform heating to
develop a simplified calculation method that is easy to use by
structural engineers without specialist training in detailed mod-
elling of structural behaviour at elevated temperatures. This is
the aim of the paper.

The key issue is calculating the changing force in the critical
member of truss due to the effects of restrained thermal expansion.
The effects of restrained thermal expansion on the behaviour and
failure temperature of single steel member have been investigated

by a number of researchers. For example, Wang and Moore [14,15]
developed a general equation to calculate the additional compres-
sion force in steel column due to restrained thermal expansion. Ali
et al. [16] tested 37 axially restrained steel columns in fire to inves-
tigate the influences of column slenderness ratio, axial restraint
ratio and column load ratio on the failure temperatures of ther-
mally restrained columns. Franssen [17] used SAFIR to numerically
investigate the behaviour and failure temperatures of axially
restrained columns at elevated temperatures. Wang [ 18] examined
the post-buckling behaviour of axially restrained columns. An ana-
lytical method was derived to trace the entire column load-
temperature relationship, including increasing axial compression
due to restrained thermal expansion, initial buckling and post-
buckling behaviour. Tan and Yuan [19] developed an analytical
method to calculate fire resistances of non-uniformly heated col-
umns. However, that method did not consider high slenderness
and plasticity. Li et al. and Wang et al. [20,21] completed both
experimental and numerical analyses on the response of restrained
steel columns at elevated temperatures. Their findings are consis-
tent with other research studies which have found that the failure
temperatures of steel columns with high restraint ratio or high
slenderness or small load ratio are higher than the buckling tem-
peratures. Correia et al. [22] performed a parametric study on
HEA, HEB and HEM steel columns with restrained thermal expan-
sion. They provided a series of simplified equations to calculate the
fire resistances and critical temperatures of restrained steel col-
umns. In contrast to earlier findings, they noted that axial restraint
had no effect on the fire resistance of steel columns. Wang et al. [2]
carried out a regression analysis of their extensive numerical sim-
ulations and derived a set of analytical equations to calculate the
restrained column buckling and failure temperatures. These ana-
lytical equations were derived based on numerical simulations of
[-sections. These studies on axially restrained single members form
important basis of knowledge for steel truss column under loca-
lised fire attack. However, there is a key difference: in steel trusses
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exposed to localised fires, a number of truss members are heated
simultaneously. It is important to consider the interactions
between the differently heated truss members.

The specific scope of this paper is to investigate the interactions
between differently heated truss members due to non-uniform
temperature distributions in trusses when subjected to localised
fire attack and to develop a simplified method to calculate the fail-
ure temperature of the critical member (the most highly heated
member). Since in any typical truss, the chord members have large
section sizes relative to the brace members, the effect of thermal
restraint on chord members is small. Therefore, this study will
focus on the brace members of trusses. This work is based on para-
metric numerical simulations using the general purpose Finite Ele-
ment software ABAQUS which has previously been validated by
the authors [15].

2. Description of the Finite Element parametric study

2.1. Definition of failure (critical) temperature of axially restrained
member in compression

Fig. 1 illustrates the general behaviour of an axially restrained
steel member in compression, using its internal force - tempera-
ture relationship. Initially, the thermal elongation of the member
is restrained and an additional compressive force is generated in
the member (stage A). This results in the member experiencing
temporary failure (point A). After this stage, the internal force in
the member is relieved (stage B) and the member behaviour enters
the post-buckling stage. Depending on the restraint stiffness, the
member may still be able to sustain forces greater than the initial
force at ambient temperature. For the purpose of this study, the
member failure temperature is defined as the temperature at
which the member force returns to the initial value at ambient
temperature (point B). This definition has been used by Franssen
[17], Wang [18], Correia et al. [22] and Wang et al. [2].

2.2. Parametric study cases

Fig. 2 shows the trusses used in the parametric study. In any
typical truss, because the chord members have large section sizes
relative to the brace members, the effect of thermal restraint on
the chord members is small. Therefore, this study will focus on
the brace members. In the numerical simulations, the truss is
assumed to have continuous chord members and pin-joined brace
members. The temperature distribution within each member is
assumed to be uniform. Appendix A lists the detailed cross-
section dimensions used in the parametric study.

In the parametric study, the temperature distributions in differ-
ent brace members will be assumed, based on typical temperature
distributions obtained by others. However, since the developed
simplified method will be generally applicable, this assumption
is not a problem.

The parametric study investigates the effects of the following
parameters: truss type, load ratio, critical member slenderness
and axial restraint ratio (defined in Eq. (4)). Table 1 lists the para-
metric study cases.

2.3. Material properties

The thermal expansion coefficient and non-linear elevated
temperature engineering stress-strain curves were based on EN-
1993-1-2 [1] as shown in Fig. 3. The ambient temperature elastic
modulus of steel was assumed to be 210 GPa and the ambient
temperature yield stress was assumed to be 355 N/mm?. In the
ABAQUS simulation model, the engineering stress—strain curve

Point A

|

Stage A

Stage B

Force

Point B

cecesesescscscsceses

secesescssesesesesescscscscssesesesesene

Temperature

Fig. 1. Force - temperature behaviour of axially restrained compression member.

was converted into a true stress and logarithmic strain curve to
consider the nonlinear effects of large displacements by using the
following equations [23]:

er =1In(1+¢) (1)

or=0-(1+¢) 2)

where ér, is the true strain; &, is the engineering strain; oy, is the
true stress; o, is the engineering stress.

2.4. Finite Element type and initial imperfection

For the chord and brace members, ABAQUS element types S4R
(4 noded shell element) or B21 (2 noded line element) may be
used. Based on the author’s previous findings [24], either using
2D line elements or 3D shell elements, is suitable for simulating
the overall behaviour of welded tubular truss in fire. Therefore,
to save computational cost, line elements were used.

Eigenvalue buckling analysis was performed first to define the
possible buckling modes for the truss compressed members. Lanc-
zos was chosen as eigensolver together with the requested five
buckling modes [25]. Initial imperfections were included, based
on the lowest buckling mode from eigenvalue analysis. The maxi-
mum initial imperfection was according to EN 1993-1-1 [26].

3. Validation of numerical model: comparison for single heated
brace member in truss

When a single brace member in a truss is heated, it behaves as
an axially restrained member with restrained thermal expansion.
In analysing an axially restrained compression member, a spring
is used to represent the restraint. In the truss, the restraint to the
heated member comes from the surrounding structure. It is neces-
sary to calculate the equivalent restraint stiffness. This section will
compare the behaviour of singly heated brace members in trusses
with representations of single members with attached axial spring.

Fig. 4 shows an isolated truss brace member, with the springs at
both ends representing the surrounding structures.

This member can be represented by the member shown in Fig. 4
(b) with one spring stiffness, which is the model used in analysing
axially restrained compressive members [9-13]. The equivalent
one spring stiffness can be calculated as follows:

1 1 1
LN 3
ktotal kl k2 ( )

The equivalent one spring stiffness can be calculated based on
static analysis of the truss. Take the truss shown in Fig. 5 as an
example. The critical member is removed and replaced by equal
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Table 1

Simulation models with different parameters.
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Fig. 2. Truss configurations (dimensions in mm).

Simulation Applied load  Load ratio  Slenderness  Axial restraint
case (kN) (pn) (4) ratio (f)
WT1-M1 40 0.20 57 0.17
WT2-M1 90 0.45 57 0.17
WT3-M1 120 0.61 57 0.17
WT4-M1 75 0.47 57 0.12
WT5-M1 50 0.26 57 0.12
WT6-M1 75 0.68 84 0.08
WT7-M1 50 0.22 57 023
WT8-M1 75 0.47 84 0.24
WT9-M1 50 0.36 84 0.19
WT10-M1 100 0.65 44 0.14
WT11-M1 75 0.40 44 0.14
PT1-M5 100 0.40 49 0.01
PT2-M5 50 0.46 92 0.03
PT3-M1 75 0.60 33 0.05
HT1-M1 100 0.38 93 0.11

500 4
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300 4
250 £
200-V .
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wf

L0 c.
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Fig. 3. Engineering stress-strain relationships of steel at elevated temperatures
(according to EN 1993-1-2 [1]).
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Fig. 4. Mechanical model for a restrained steel truss member.

compression force (P) applied at the two end joints. The overall
stiffness keora) is simply P divided by the total separation of the
two joints.

A number of trusses have been modelled, using both member
analysis (Fig. 4(b)) and truss analysis where only one member is
heated, for the trusses shown in Fig. 2.

In these simulations, different levels of load ratio, py, were con-
sidered by changing the applied load. The section sizes of both the
top and bottom chord members were changed to vary the restraint
stiffness.

Table 1 lists the comparison cases, for three different truss
types, different load ratios, different critical member slendernesses
and different axial restraint ratios. For identification, the name of
each truss consists of the truss type (Warren (WT), Howe (HT)
and Pratt (PT)), the truss number (such as WT1, WT2, and PT2)
and the heated member number (e.g. M1 refers to member 1 being
heated). For example, WT2-M1 refers to brace member 1 of Warren
truss number 2 being heated.

k=7 (5)

where kj, is the brace member stiffness.

Fig. 6 compares selective force - temperature curves between
the member and truss based analyses, the vertical dashed line indi-
cating the failure temperature. It is clear that the agreement is
excellent throughout all the different phases of restrained truss
member behaviour.

Table 2 compares the truss member failure temperatures
between truss member analyses with or without axial restraint,
and truss simulations. Results are given for both the load ratio
(Py/Pyg -c), which is the ratio of the member force at buckling tem-
perature (Pp,ax) from truss analysis to that at ambient temperature
(P20 -c), and member failure temperatures. Table 2 clearly shows
that there is excellent agreement between the truss analysis
results and the member analysis results with axial restraint. The
member analysis results without restraint can give considerable
overestimations of the restrained member failure temperatures.

This comparative study (both Fig. 6 and Table 2) clearly con-
firms that the single member based analysis, with axial restraint,
is adequate to represent the behaviour of single heated truss mem-
ber in truss. Also, it is important that the effects of axial restraints,
in reducing the restrained truss member failure temperature, are
included in fire resistant design.

4. Method of calculating failure temperature of axially
restrained single compressive tubular member

Wang et al. [2] have conducted extensive numerical simulations
of axially restrained single steel column at elevated temperatures
and have proposed a method, based on regression analysis of their
simulation results, to calculate the reductions in column failure
temperatures from those without axial restraint. Their studies
were for H-section columns. This section checks whether their cal-
culation method is applicable to tubular members. For this check,
numerical simulations were carried out for axially restrained
members in compression with a range of load ratios, levels of axial
restraint, and slendernesses. These three parameters govern the
restrained column behaviour. Member 4 of the Warren truss (see
in Fig. 2(a)) was considered as representation.

The calculation equations of Wang et al. [2] are:
Ty =Ty — ATy (6)

where Ty is the limiting temperature of the unrestrained member;
AT; is the reduction in member failure temperature due to
restrained thermal expansion.

(7)
8)

577.3

The axial restraint ratio is expressed as follows: AT} = FyF,F;
Ktota
=" ) F, =12.432 - 12.796e H10%8!
12000
2000 | 2000 | 2000 | 2000 | 2000 | 2000
50 kN 50 kN 50 kN 50 kN 50 kN
1000 2000 2000 2000 2000 2000 1000
12000

Fig. 5. Model to determine the restraint stiffness to heated member.
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Fig. 6. Typical comparison of force - temperature curves between member and truss analyses.

F, = 0.042 + 0.849p, — 0.689p2 + 0.204p} 9)

F, = 28.624 + 1.053/ — 0.0042 (10)
where Fg, F, and F, represent the influences of axial restraint stiff-
ness, initial axial load level and column slenderness respectively on
AT},

The input parameters are defined as follows:

ki

keo

Bi (11)

where f; is the axial restraint stiffness ratio, p, is the load ratio, 2 is
the member slenderness, k; is the stiffness of axial restraint, k.o is
the axial stiffness of the member at ambient temperature

(kc.O = %) .

Table 2

4.1. Case 1: effect of load ratio, (py)

Table 3 compares the simulation results for different load
ratios. In Table 3, Ty -c and T, refer to the failure tempera-
tures from individual member analysis without restraint
(using the 20°C member force) and with axial restraint
respectively. ATapaqus (= T20 -«c — Tp) is the reduction in mem-
ber failure temperature due to restrained thermal expansion,
from the ABAQUS simulation model. ATwang et a. iS the reduc-
tion in failure temperature calculated according to the regres-
sion equations of Wang et al. [2]. For these members, the
axial restraint ratio and the slenderness were 0.17 and 57
respectively.

The agreement between the ABAQUS results and the calculated
results using the Wang et al. [2] equations is satisfactory. The dis-
crepancy between ABAQUS modelling results and regression

Comparison between failure temperatures of single heated truss member and change in member force.

Truss Member analysis (without restraint) (°C) Truss analysis (°C) Member analysis (with restraint) (°C) Prmax /P20 -c
WT1-M1 688 532 533 2.44
WT2-M1 578 322 328 1.70
WT3-M1 526 231 235 135
WT4-M1 598 368 378 1.72
WT5-M1 657 510 520 2.10
WT6-M1 470 241 245 1.26
WT7-M1 679 546 549 3.81
WT8-M1 543 233 233 1.71
WT9-M1 586 345 347 2.00
WT10-M1 575 323 329 1.79
WT11-M1 620 470 477 1.54
PT1-M5 520 440 450 1.25
PT2-M5 571 315 320 1.99
PT3-M1 528 415 423 1.27
HT1-M1 644 418 433 2.80
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Table 3
Reductions in member failure temperatures for different load ratios.
Load ratio Ty oc (°C) Ty(°C) ATapaqus (°C)  ATwang et at. (°C)
(axial restraint ratio)
0.14 (0.17) 733 607 126 125
0.24 (0.17) 688 533 155 171
0.34 (0.17) 636 440 196 213
0.44 (0.17) 578 308 270 246
0.52 (0.17) 547 278 269 268
0.60 (0.17) 520 243 277 285

results for CHS sections is similar to that for H-section as originally
observed in Wang et al. [2].

4.2. Case 2: effect of axial restraint ratio, ()

For this case, two different load ratios, 0.24 and 0.55, were
applied while the slenderness was kept constant at 57.

Table 4(a) and (b) presents comparisons of the results for these
two load ratios.

The ABAQUS simulation results in Table 4(a) indicate that there
is a cap in the reduction in restrained member failure temperature
as the restraint stiffness increases. This finding correlates with the
simulation results of Franssen [17]. This happens when the mem-
ber force is relatively low and the restraint stiffness is high. The
restrained member can resist further temperatures after initial fail-
ure at the maximum load and restrained members with different
restraint stiffnesses behave very similarly during the post-
buckling phase before the member forces return to the initial val-
ues at ambient temperature. This is shown in Fig. 7. The calculation
equations of Wang et al. [2] do not predict this effect. Nevertheless,
the rate of change in the reduction in failure temperatures slows
down as the restraint stiffness increases. Furthermore, the calcula-
tion results using the Wang et al. [2] equations generally give
higher reductions in member failure temperatures, therefore can
be considered to be on the safe side.

4.3. Case 3: effect of slenderness, (1)

For this case, different cross sections (®76.1 x 3, ®#60.3 x 3,
@48.3 x 4 and ®42.4 x 4) were used. The load ratio and the axial
restraint stiffness were kept constant at values of 0.55 and 0.17
respectively and Table 5 compares the results. These results show
very large reductions in member failure temperatures due to axial
restraint and that the regression equations of Wang et al. [2] give
reasonable predictions.

In summary, the failure temperatures of axially restrained tubu-
lar member in compression will be lower than that without ther-
mal expansion. The reduction in member failure temperature
depends on the load ratio, the axial restraint ratio and the slender-

Table 4
Comparison of failure temperatures of restrained tubular members (load ratio = 0.24).

Axial restraint Ty -c (°C) Ty (°C) ATagaqus (°C) ATwang etal. (°C)
ratio ()

(a) Load ratio: py=0.24

0.02 688 654 34 39
0.08 688 540 148 122
0.12 688 540 148 151
0.17 688 540 148 173
0.30 688 540 148 192
(b) Load ratio py = 0.55

0.02 537 507 30 61
0.08 537 316 221 194
0.12 537 293 244 238
0.17 537 264 273 271
0.30 537 241 296 302

0 200 400 600 800 1000 1200

0
220 4
/Z\ -40 A Axial Restraint Ratio : 0.30
= 60 4 — - Axial Restraint Ratio : 0.17
o -
o
5 = - «Axial Restraint Ratio : 0.12
~ -804
------ Axial Restraint Ratio : 0.08
-100 A
= - - Axial Restraint Ratio : 0.02
-120 -

Temperature (°C)
Fig. 7. Force - temperature curves of axially restrained members (load ratio: 0.24).
Table 5

Comparison of restrained member failure temperatures for different member
slenderness.

Member slenderness  Tyg -c (°C) Ty (°C)  ATagaqus (°C)  ATwang et at. (°C)
(axial restraint ratio)

44 (0.17) 604 337 267 242

57 (0.17) 537 264 273 271

74 (0.17) 507 238 269 303

84 (0.17) 513 245 268 318

ness of member. It is important that the restraint effect is consid-
ered in the fire safety design of trusses under localised heating. The
method proposed by Wang et al. [2] for calculating the reduction in
failure temperature of axially restrained column with H-section is
suitable for tubular members in trusses.

5. Effects on critical member with multiple truss members
being heated

When a single truss member is heated, it is relatively easy to
convert this member into an axially restrained compression mem-
ber, as explained in the previous section. When additional mem-
bers adjacent to the critical member are also heated under
localised fire, the behaviour of the critical member is affected.
The thermal elongations of the adjacent members will affect move-
ments at the ends of the critical member, thereby affecting the
additional compressive force generated in the critical member.
This section develops a simplified method to quantify this change.

5.1. Assumed temperature distributions

Fig. 8 shows different temperature distributions. The truss
dimensions are the same as those of WT4 in Fig. 2(a). The critical
member is number 1, being exposed to the highest temperature,
Tmax- Fig. 8(a)-(d) illustrates heating only the critical member,
heating the critical member plus the two adjacent members (one
on each side), heating the critical member plus the four adjacent
members (two on each side), and heating the critical member plus
the six adjacent members (three on each side) respectively. The
adjacent members are heated to 3/4T.x (members 2 and 3), Trax/3
(members 4 and 5) and T.x/4 (members 6 and 7) respectively,
based on typical observations of others [4,6,7].

5.2. Effects of heating the adjacent members on the critical member

Fig. 9 compares the temperature-force curves for the different
heating scenarios in Fig. 8 for the critical member (member 1).
Two observations are immediately clear: (1) The rates of increase
in critical member force are lower when multiple members are
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(b) Critical member (1) plus two adjacent members (2&3) being heated
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(c) Critical member (1) plus four adjacent members (2&3, 4&5) being heated
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(d) Critical member (1) plus six adjacent members (2&3, 4&5, 6&7) being heated

Fig. 8. Different scenarios of localised heating of a Warren truss.
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Fig. 9. Comparison of temperature - force curves for different numbers of members
being heated.

heated than when only the critical member is heated. Therefore, it
would be on the safe side when considering only the critical mem-
ber being heated in fire resistant design. However, the calculation
results would be too conservative. (2) There is negligible effect on
the failure temperature of the critical member when the adjacent
heated members are three or more members away from the critical
member. This is indicated by the closeness of the results in Fig. 9
between heating 5 members (heated members being 2 members
away from the critical member) and 7 members (heated members
being 3 members away from the critical member). Therefore, it is
only necessary to consider up to two adjacent members on each
side of the critical member.

The reduction in the rate of force increase in the critical mem-
ber due to the adjacent members being heated may be explained
by referring to Fig. 10. When the adjacent members next to the
critical member are heated, the joints at both ends of the critical
member (Joints A and B in Fig. 10) are pushed away from each
other, thus relieving the thermal elongation of the critical member,

thereby reducing the unrestrained thermal expansion of the criti-
cal member.

5.3. Method for analysis and design

The results in Fig. 9 indicate that the effect of heating the adja-
cent members is to reduce the rate of compression force increase in
the critical member. This is equivalent to reducing the restraint
stiffness. This section will develop a simplified method to calculate
this reduction.

The general equation for calculating the increase in compres-
sion force of a member due to axial restraint is (13):

o ktotal kb F
= m <athATmaxlb - A_ET lb>

Because the purpose of this simplification is to derive an equiv-
alent restraint stiffness, it is only necessary to consider the initial
stage behaviour of the restrained member. This means that the
member mechanical strain change due to changing mechanical
properties (the second part in brackets in Eq. (12)) is negligible.
If only one single member is heated, the initial rate of increase in
the compression force of member can be calculated using Eq. (13).

AF (12)

ktotalkb
AFsingle member = 7,7 | 1, O(thATmaxlb

ktotal + kb (13)

where oy, is the coefficient of thermal elongation of steel and AT«
is the temperature increase in the critical member.

When the adjacent members are heated, the increase in the
compression force of critical member is given by:

ktotal kb

_total®h 14
ktotal + kb ( )

Aqultiple members —

n
OCthATmaxlb - chric‘i
i=1

i=

where Fg;c; is the increase in tension force of the critical member
when the ith adjacent member is heated to a temperature corre-
sponding to a rise in temperature of AT, in the critical member
and n is the total number of heated adjacent members.



Using the format of Eq. (13) for only the critical member being
heated, the equation for calculating the increase in compression
force for multiple members being heated can be written as:

Aqultiple members — kf k

where the multiplication factor kfis defined as:

Table 6
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Joint A
P

ktotal kb
total + Kb
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Joint B

Fig. 10. Effects of adjacent members being heated on the critical member.
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(16)

Therefore the equivalent restraint stiffness ratio for multiple
o AT s (15) members being heated can be calculated as:

(17)

Truss ID Number of heated members, and ABAQUS member analysis Analytical method (°C) ABAQUS truss analysis (°C)
modification factor for axial restraint ratio without axial restraint (°C)
WT1-M1 Member 1, ks=1.00 688 535 532
WT1-M3 Members 1-3, k;=0.73 552 563
WT1-M5 Members 1-5, k= 0.46 582 597
WT1-M7 Members 1-7, k= 0.44 585 597
WT2-M1 Member 1, ks=1.00 578 332 322
WT2-M3 Members 1-3, kr=0.74 358 362
WT2-M5 Members 1-5, k;= 0.45 409 415
WT2-M Members 1-7, k;=0.44 412 415
WT4-M1 Member 1, kf=1.00 598 375 368
WT4-M3 Members 1-3, k;=0.74 407 428
WT4-M5 Members 1-5, k;= 0.45 462 507
WT4-M7 Members 1-7, k;=0.41 470 519
WT5-M1 Member 1, kf=1.00 657 499 510
WT5-M3 Members 1-3, k;=0.74 522 532
WT5-M5 Members 1-5, k;=0.46 558 555
WT5-M7 Members 1-7, ky=0.45 560 556
WT6-M1 Member 1, kf=1.00 470 222 241
WT6-M3 Members 1-3, k;=0.73 269 276
WT6-M5 Members 1-5, k;=0.47 328 378
WT6-M7 Members 1-7, k;= 0.45 333 380
WT7-M1 Member 1, kf=1.00 679 504 546
WT7-M3 Members 1-3, k;=0.75 516 562
WT7-M5 Members 1-5, k;=0.48 542 585
WT7-M7 Members 1-7, k;= 0.46 545 585
WT8-M1 Member 1, ks=1.00 543 219 233
WT8-M3 Members 1-3, k;=0.74 243 267
WT8-M5 Members 1-5, ky=0.53 274 326
WT8-M7 Members 1-7, ky=0.53 274 325
WT10-M1 Member 1, kf=1.00 575 329 323
WT10-M3 Members 1-3, k;=0.73 366 346
WT10-M5 Members 1-5, k;=0.39 440 424
WT10-M7 Members 1-7, k;=0.37 446 436
WT11-M1 Member 1, kf=1.00 620 428 470
WT11-M3 Members 1-3, k;=0.72 453 493
WT11-M5 Members 1-5, k;=0.43 500 526
WT11-M7 Members 1-7, k;=0.42 501 530
PT1-M1 Member 1, ks=1.00 610 569 583
PT1-M3 Members 1-3, k;=0.10 610 614
PT2-M1 Member 1, ks=1.00 544 443 387
PT2-M3 Members 1-3, k;=0.14 536 537
PT3-M1 Member 1, kf=1.00 528 415 451
PT3-M3 Members 1-3, k= 0.47 469 492
PT3-M5 Members 1-5, ks=0.20 505 517
HT1-M1 Member 1, ks=1.00 644 412 418
HT1-M3 Members 1-3, ks=0.93 421 461
HT1-M5 Members 1-5, ky=0.93 421 461
HT1-M7 Members 1-7, ky=0.93 421 461
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Fig. 11. Comparison for failure temperatures of critical members between analyt-
ical calculations including restraint, analytical calculations not including restraint
and ABAQUS simulation results.

Table 7

Additional compression forces in members 1, 2, 3, 4, 5 when one single member is
heated to the temperature corresponding to AT, =100 °C, and comparison with
ABAQUS simulation results.

Member no. Eq. (13) (N) ABAQUS (N)
Member 1 (Fy ;) 12,612 12,635
Members 2 and 3 (F,> and F33) 8601 8646
Member 4 (F44) 2146 2177
Member 5 (Fs5) 2057 2076
Members 6 and 7 (Fsg and F7 ;) 769 801

This restraint stiffness ratio should be used in Eq. (6) when cal-
culating the reduction in failure temperature of the critical mem-
ber for the case of multiple heated members.

As explained in the introduction section, the purpose of this
paper is to develop a simplified calculation method that may be
used by structural engineers that do not have specialist training
in modelling structures at elevated temperature. Therefore, only
linear static truss analysis at ambient temperature will be consid-
ered for calculating force Fgc; in Eq. (14). This force change in the
critical member is caused by the additional force (F;;) in member
“i” when its own thermal expansion is restrained. F;; can be calcu-
lated by using Eq. (13), but substituting the stiffness terms associ-
ated with the critical member by those associated with member i,
and also the temperature increase in member “i” corresponds to
the temperature increase of AT in the critical member. In the
ambient temperature linear elastic static truss analysis, this is car-
ried out simply by replacing member “i” with force F;;. The result-
ing force in the critical member is the sought after value Fc;. It
should be pointed out that because it is the rate of force change
at increasing temperature that is required, a nominal value (say
1 °C) for ATmax can be used.

5.4. Comparison of failure temperature between numerical and
analytical results

The accuracy of the proposed analytical method has been
checked for the different trusses used in the parametric study pre-
sented in Section 3. Table 6 compares the failure temperatures of
trusses under different fire scenarios between ABAQUS truss anal-
ysis and analytical solution by using the equivalent restraint stiff-
ness ratio in the regression equations of Wang et al. [2]. The results
of member analysis without axial restraint are also included in

Table 8
Changes in the critical member force due to heating the adjacent members.

Heated member no. Force in the critical member (member 1)

(N, tension positive)

2 (Fcric,z) 301
3 (Fcric,3) 2924
4 (FcricA) 1888
5 (Fcric,S) 1763
6 (Fcric.ﬁ) 250
7 (Fcric,7) 263

Table 6. Not including the effects of axial restraint grossly overes-
timate the truss member failure temperatures and is unsafe.
Including the effects of heating three or more members adjacent
to the critical member (members 1-7 in the table) has very little
influence compared to heating only the two adjacent members
(Members 1-5 in the table). For clarity, Fig. 11 compares the ABA-
QUS truss analysis results with the analytical results. The results in
Table 6 (reproduced in Fig. 11) indicate that the proposed analyti-
cal method can give reasonably close predictions compared to the
ABAQUS truss simulation results with the calculation results gen-
erally on the safe side.

6. An example

An example is provided in this section to illustrate application
of the procedure to calculate the failure temperature of the critical
member in a truss with multiple heated members.

Referring to Fig. 8(d), which shows the temperature distribution
of members closest to the fire source, WT4 truss was chosen for
this example. Calculate the failure temperature of the critical
member (member 1, the member with the highest temperature).

Step 1:

Replace each of the members being heated by a unit compres-
sive force (1 kN) and carry out linear elastic static truss analysis
to obtain the relative movement of the two ends of the member.
The restrained stiffness of the members can be determined as
follows:

ky=12,307 N/mm, k,=12,500 N/mm, k;=12,307 N/mm, k4=
12,403 N/mm, ks=12,500 N/mm, kg=19,210 N/mm, k;=12,403
N/mm.

In the same step, note the changes in internal force in the crit-
ical member. These are the force coefficients to calculate the force
in the critical member when there is a unit compressive force in
any of the heated members. These values (compression positive,
tension negative) are:

Funit2 =35 N/1 kNin member 2, Fypi¢ 3 = 340 N/1 kN in member 3,
Funit.a = 880 N/1 kN in member 4, Fynits = 587 N/1 kN in member 5,
Funits = 325 N/1 kN in member 6, Fypit7 = 342 N/1 kN in member 7.

Step 2:

Assume the critical member temperature increases by 100 °C.
The actual temperature value is not important because the stiff-
ness modification factor will be independent of this temperature.
Use Eq. (13) to calculate the additional compression force (F;;) in
each of the heated members, the temperature increases in the
other members being according to the temperature distribution
in Fig. 8(d) corresponding to ATyax = 100 °C in the critical member
(member 1). Table 7 shows the analytical results and compares the
analytical results with the ABAQUS simulation results, demonstrat-
ing good agreement.

Step 3:

Multiplying the forces in Table 7 by the respective force coeffi-
cients of step 1 gives the force changes in the critical member
(member 1) when the adjacent members are heated to their
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Table 9
Final compression forces in the critical member with different adjacent members
being heated, and resulting stiffness modification factors.

Stiffness modification
factor (Eq. (16))

Members being heated Compression force

(Eq. (14)) (N)

(kr)
Member 1 12,612 1.00
Members 1, 2 and 3 9387 0.74
Members 1, 2, 3,4 and 5 5735 0.45
Members 1, 2, 3,4,5,6and 7 5222 0.41

Table 10
Comparison of the critical member failure temperatures for different numbers of the
adjacent members being heated.

Heated members = Member analysis

without restraint (°C)

ABAQUS truss
analysis (°C)

Analytical
method (°C)

Member 1 598 368 375
Members 1-3 428 407
Members 1-5 507 462
Members 1-7 519 470

respective temperatures corresponding to ATyax =100 °C. These
values are listed in Table 8.

Step 4:

Use Eq. (14) to calculate the total increase in the internal com-
pression force of the critical member. The total increase in the
compression force can then be used in Eq. (16) to calculate
the restraint stiffness modification factor. Table 9 summarises
the calculation results.

Table A.1
Dimensions of truss members.

Step 5:

Use the regression equations of Wang et al. [2] to calculate the
reduction in failure temperature of the critical member. The calcu-
lation results are presented in Table 10. Also shown in Table 10 are
the critical member failure temperatures without considering
restraint and from ABAQUS truss simulation.

7. Conclusions

This paper has presented the results of a numerical investiga-
tion of the behaviour of welded steel tubular trusses under non-
uniform temperature distributions in different truss members.
The simulations were carried out for Circular Hollow Section (CHS)
trusses using the commercial Finite Element software, ABAQUS
v6.10-1 [25]. Based on the numerical simulation results, a simpli-
fied method, combining linear elastic static truss analysis with
analytical equations, has been developed to calculate the failure
temperatures of critical members (the members with the highest
temperatures) in non-uniformly heated trusses.

Based on the study, the following conclusions can be drawn:

(1) It is important to consider the effects of restrained thermal
expansion when trusses are non-uniformly heated. Not
including this effect in fire safety design could grossly over-
estimate failure temperatures of the critical truss members.

(2) The behaviour of a single heated brace member in truss can
be represented by an isolated member with axial restraint.
The regression equations of Wang et al. [2], originally devel-
oped for axially restrained columns with H cross-section, are
applicable to tubular members.

Truss Member type Dimensions (mm)
WT1, WT2 and WT3 Bottom and top chords @219.1 x 12
Outer bracings ®168.3 x 5
Inner bracings (member 1, 2, 3 and 5) ®60.3 x 3
WT4 Bottom and top chords ®168.3 x 10
Outer bracings ®168.3 x 5
Inner bracings (member 1, 2, 3 and 5) @60.3 x 3
WT5 Bottom and top chords ®193.7 x 12
Outer bracings ®168.3 x 5
Inner bracings (member 1, 2, 3 and 5) ®60.3 x 3
WT6 Bottom and top chords ®168.3 x 10
Outer bracings ®168.3 x 5
Inner bracings (member 1, 2, 3 and 5) D424 x 4
WT7 Bottom and top chords @244.5 x 12
Outer bracings ®168.3 x 5
Inner bracings (member 1, 2, 3 and 5) @60.3 x 3
WT8 Bottom and top chords D244.5 x 12
Outer bracings ®168.3 x 5
Inner bracings (member 1, 2, 3 and 5) D424 x 4
WT9 Bottom and top chords @219.1 x 12
Outer bracings ®168.3 x 5
Inner bracings (member 1, 2, 3 and 5) D424 x 4
WT10 and WT11 Bottom and top chords @168.3 x 10
Outer bracings @168.3 x 5
Inner bracings (member 1, 2, 3 and 5) @76.1 x 3
PT1 Bottom and top chords ®193.7 x 10
Compression brace members (member 4, 6 and 8) D1143 x5
Tension brace members (member 5, 7 and 9) $168.3 x 6.3
Middle brace member (member 10) @76.1 x 2.5
PT2 Bottom and top chords @193.7 x 10
Compression brace members (member 4, 6 and 8) ®76.1 x 4
Tension brace members (member 5, 7 and 9) @76.1 x 6.3
Middle brace member (member 10) D424 x 4
PT3 Bottom and top chords ®193.7 x 10
Brace members @76.1 x 2.5
HT1 Bottom and top chords @193.7 x 10
Outer bracings (member 5, 6 and 7) ®168.3 x 6.3
Inner bracings (member 4, 8 and 9) @76.1 x5
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(3) When the critical member and some of the adjacent mem-
bers in a truss are heated, heating the adjacent members
alleviates the effects of restrained thermal expansion of
the critical member: the increase in compression force of
the critical member is smaller when under multiple member
heating than when under single member heating.

(4) Static truss analyses at ambient temperature can be per-
formed to obtain the changes in force in the critical member
due to heating the adjacent members. Superposition can be
used to obtain the total change in force in the critical mem-
ber by summing up all the force changes in the critical mem-
ber due to heating the adjacent members.

(5) It is not necessary to consider the effects of on the critical
member if the heated member is three or more members
away from the critical member. This assumption is on the
safe side.

(6) An equivalent restraint stiffness can be calculated based on
the total force change in the critical member to account for
multiple members being heated. Using this equivalent
restraint stiffness in the regression equations of Wang
et al. [2], the failure temperature of the critical member
can be calculated. Comparisons between the analytical
results and the numerical simulation results have confirmed
that the analytical method is on the safe side and sufficiently
accurate for design.

Appendix A
See Table A.1.
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