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ABSTRACT
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This paper investigates disproportionate collapse resistance of braced steel frames exposed to fire. The influence of type,
number and location of bracing systems on the global collapse is studied. The results show that using braces can enhance the
fire-induced collapse resistance by 1 hour. For a single-compartment fire, the collapse can be prevented by using either
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horizontal or vertical braces. The presence of vertical braces at interior bays is essential to prevent collapse. It is necessary to

use a combined horizontal and vertical bracing to prevent collapse for interior multi-compartment fires. For
multi-compartment fires at corner, fire protections are required for the perimeter columns to prevent global collapse. Slabs
have beneficial influence on the collapse resistance which can be resisted by a tensile ring around the peri meter of the heated
slab, and also by tensile yield lines extended to the frame edge. It is suggested to ensure the fire partition at corner region to
avoid fire spread to adjacent compartments since spreading of corner fires are more dangerous than that of interior fires.
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1. Introduction

Since the Broadgate Phase 8 fire in London and the subsequent Cardington
fire tests [1] in the 1990s, researchers have begun to investigate and understand
the behavior of whole steel-framed structures in fire. It was confirmed that steel
members in real multi-story buildings had significantly greater fire resistance
than isolated members in standard fire tests. Especially since the collapse of
Word Trade Tower (WTC) under the terrorist attack on September 11, 2001,
there have been growing interests in understanding disproportionate or
progressive collapse mechanism of structures under accidental loads [2-6]. The
term “disproportionate collapse” is defined as "the spread of an initial local
failure from element to element, eventually resulting in the collapse of an entire
structure or a disproportionately large part of it"* [7]. It implies that large
displacements, even failure, of individual structural members are acceptable
given the prevention of global structural collapse.

As specified in various design codes [8,9], a common approach, called
alternate path method, is applied by instantaneously removing the potentially
damaged column (simulating the local damage), and assessing the progressive
collapse resistance of the remains to ensure there are alternative load
transferring paths to bridge over the missing member. However, this
methodology is more applicable to blast or impact rather than fire effect,
although it is typically considered to be “threat independent”. Firstly, the
duration of fire (in hour) is much longer than that of blast (in millisecond), and
thus the behavior of structures exposed to fire is a quasi-static process until the
failure of heated members [10]. Secondly, the time when a structure collapses
(i.e. fire resistance) is a key factor apart from whether it collapses. This fire
resistance against structural collapse depends on the failure process of heated
members which should be explicitly simulated in numerical models. In addition,
only one column is removed each time in the alternate path method compared to
several members simultaneously heated in the case of fire. Therefore, the local
failure of all heated elements should be included in the structural analysis of
buildings exposed to fire to ensure an accurate prediction of both collapse time
and collapse mode.

A review of fire-induced collapse mechanism of steel structures refers to
the reference [11]. Usmani et al. [12] investigated the stability of WTC tower
exposed to fire alone, based on a two-dimensional (2D) model. The results
showed that the tower collapsed due to the loss of lateral support for columns.
The details of this collapse mechanism were further studied [13-15]. It was
found that the main reason for the collapse was the low membrane capacity in
compression of the truss floor. Two collapse mechanisms, namely weak floor
failure mechanism and strong floor failure mechanism, were proposed. Quiel
and Garlock [16] compared the numerical results of 2D and 3D models of steel
frames in fire. It was concluded that a 2D model was sufficient to provide a
reasonable prediction if the slab was considered in the thermal analysis which
can be neglected in the structural analysis. However, their studies did not
consider complete collapse due to numerical convergence issues where the

tensile membrane action of floors would have a significant influence. Sun et al.
[17] found that lower load ratios and larger beam sections could result in a
global collapse. Jiang et al. [18,19] studied the effect of fire scenarios on the
collapse mechanism of 2D steel frames under fire. Four collapses modes were
proposed including the global and local downward and lateral collapse. The
effect of catenary action of beams and load ratio of columns was investigated
[20], where only one column was assumed exposed to fire.

Most previous studies focus on 2D planar frames. Although capable of
capturing some key issues of the fire-induced collapse mechanisms of
structures, they fail to fully consider the load redistribution path in a realistic
structure [21], and especially the effect of floors through composite action to
steel beams [22] and tensile membrane action [23, 24]. More recently, there are
growing interests in three-dimensional (3D) modeling of steel framed
structures. Pyl et al. [25] investigated the fire safety of a single-story portal
frame where limited load transfer paths were available. Kilic and Selamet [26]
investigated the fire-induced collapse modes of a 49-storey steel frame. It
indicated that the location of fire on a single floor did not significantly change
the collapse mechanism. This conclusion was questionable because it assumed
that all the columns on one floor were heated which was an extreme situation.
Agarwal and Varma [27] studied the fire-induced progressive collapse of a
10-storey steel building. It was found that the columns played a key role in the
overall stability of the building. The collapse mechanism of a 3D 8-storey steel
frame with concrete slabs was studied by Jiang and Li [28,29]. It was found that
the fire protection of steel members had a significant influence on the resistance
of structures against fire-induced collapse. A protected frame did not collapse
immediately after the local failure but experienced a relatively long
withstanding period of at least 60 min [29]. A comparison between 2D and 3D
models [29] showed that the 2D model produced conservative results by
underestimating the collapse resistance, and it cannot capture the load
redistribution in a 3D model where more loads were distributed along the short
span than those along the long span. Therefore, the collapse mechanism of steel
framed structures exposed to fire has been comprehensively investigated
through 2D and 3D models. The collapse will be triggered by the buckling of
the heated columns followed by lateral drift of adjacent cool columns, which is
driven by the catenary action of the heated beams or tensile membrane action of
the heated floors. Therefore, it is necessary to further investigate measures to
improve the disproportionate collapse resistance of structures given these
identified collapse mechanisms, which is the objective of this paper.

The FEMA report [30] on the collapse of WTC towers proposed a call to
determine “whether there are feasible design and construction features that
would permit such buildings to arrest or limit a collapse, once it began”.
Preventing the spread of local failure is the key to ensure the resistance to
disproportionate collapse. Increasing structural redundancy is an effective way
to enhance the robustness of structures against collapse. Some attempts have
been made to answer the FEMA call by using bracing systems to enhance
redundancy of structures at ambient temperatures. The results showed that the
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braced frames had good collapse resistance under various column removal
scenarios [31, 32]. The collapse may be triggered by the buckling of
compression braces followed by the buckling of columns [32]. The frame with
two braced bays had more robustness for mitigating collapse than that with
three braced bays [33]. The effectiveness of using hat braces and vertical braces
were verified [34,35]. Main and Liu [36] compared the robustness of 3D
moment frames and braced frames against column loss, and they recommended
to make all perimeter columns as part of a braced frame. Most previous studies
on disproportionate collapse of braced frames at ambient temperatures focus on
2D models, and the effect of bracing systems on the stability of 3D frames
needs further investigation.

In the case of fire, the application of bracing systems to improve
disproportionate collapse resistance of steel frames is not well established in the
literature. Sun et al. [37] and Jiang et al. [38] found that using hat trusses on the
top of the frame exposed to fire facilitated the load redistribution to columns,
but failed to resist the lateral drift of columns which may lead to a global
downward collapse. A vertical bracing system can act as a barrier to prevent the
spread of local failure to the rest of structures. It was recommended to use a
combined bracing system in practical design. Nevertheless, all these studies are
based on 2D models, and their validity and generalization in practice is
questionable when it comes to 3D structures. The main objective of this paper is
to investigate the influence of bracing systems on mitigating disproportionate
collapse of 3D steel framed structures exposed to fire.

This paper presented numerical analysis of fire-induced disproportionate
collapse of three-dimensional steel framed structures. An 8-storey steel frame
with reinforced concrete slabs was designed and analyzed for various fire
scenarios and layouts of bracing systems. These include single-compartment
fires and multi-compartment fires at interior and at corner of the frame,
respectively. The effect of horizontal and vertical bracing systems on the
collapse resistance of the frame under these fire scenarios was investigated.
Recommendations for the selection of bracing systems were proposed to
provide a guide for fire-resistant design of steel frames against disproportionate
collapse.

2. Modeling of prototype building
2.1. Design of prototype frame

An 8-storey moment resisting steel framed building was modeled as a
prototype structure in finite element software LS-DYNA, as shown in Figure
1. Details of the frame configuration are presented in Jiang et al. [28] and are
briefly summarized herein. The structural layout and member dimensions
were based on the building in Cardington fire tests [1]. The frame had five
bays of 6 m, five spans of 9 m and eight storey of 4 m. All connections were
assumed rigid in this study, which is the common practice for steel frame
buildings in seismic zones in China. All the primary beams and columns were
taken as UB 356x171>51 and UC 305>305x198, respectively. Reinforced
concrete slabs were simulated in the model with a thickness of 120 mm and
reinforcing bars in a diameter of 12 mm and spacing of 200 mm. A uniformly
distributed load of 6 kN/m? was imposed on the slabs.

The steel columns and beams were simulated by three-dimensional
Hughes Liu beam elements, where the local buckling of beams or columns
cannot be simulated by this element (only global buckling was considered).
The slabs were modeled by layered shell elements, in which a distinct
structural material, thermal material, and thickness can be specified for each
layer (*PART_COMPOSITE). This allows distinct layers to be specified for
the reinforcement, except for concrete through the thickness of the slab. An
explicit dynamic analysis was carried out which can better capture the
buckling of heated columns and post-buckling behavior of the remains than
the implicit analysis. The explicit analysis overcomes convergence problems
of implicit analyses by avoiding the calculation of the inverse of structural
stiffness matrices. However, the avoidance of iterations in explicit analysis is
at the expense of requiring extremely small time steps to ensure a stable and
accurate prediction. To save the computing cost of explicit analysis, the hour’s
real fire time has to be scaled down to seconds’ computing time without
causing oscillation. Sensitivity analyses were conducted to determine the
appropriate time scale [28], and the results showed that it was possible to run
an 8-second explicit analysis instead of 1-hour heating in a standard fire. A
default automatic adjustment of time steps in LS-DYNA, in an order of
105~10%s, was adopted for the explicit analysis in this study. This allows
quasi-static responses before the buckling of the heated column and dynamic
post-buckling responses. The numerical model has been validated against test
results of a axially load column at ambient temperatures, a restrained steel
column at elevated temperatures, simply supported reinforced concrete slab
exposed to fire [28].
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Fig. 1 Model of a 3D multi-storey moment resisting frame:
(a) plan view; (b) finite element model

2.2. Design of fire scenarios

The ISO 834 standard fire was used, and it was assumed that the slabs,
columns and beams in the fire compartment were uniformly heated up to 4
hours. Figure 2 shows the layouts of fire scenarios taken in this study.
Single-compartment and multi-compartment fires were considered where all
fires were assumed on the ground floor. The fire occurrence on the ground floor
is considered to be the severest fire scenario compared to upper floors since the
ground-floor columns have the largest load ratio compared to upper columns. A
single-compartment fire at center of the ground floor (1-Fire-Center) and a fire
at corner (1-Fire-Corner) were used (Figure 2a). The fire spread in the
horizontal plane rather than vertical direction was accounted for in this study.
This is because that the vertical fire spread has little effect on the collapse mode
of structures, while the horizontal fire spread is prone to cause a global
downward collapse of structures [18]. The horizontal multi-compartment fires
include three interior compartments along the short span (3-Fire-Short), three
interior compartments along the long span (3-Fire-Long), and four
compartments at corner (4-Fire-Corner). It was assumed that all the fire
compartments had the same temperature-time curve.
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Fig. 2 Layout of fire scenarios: (a) single-compartment fire; (b) multi-compartment fire
2.3. Temperature and material properties

Four-side and three-side fire exposures were assumed for the heated
columns and beams, respectively. The temperature of the unprotected beams
and columns exposed to fire was calculated according to EN 1993-1-2 [39], as
shown in Figure 3a. The figure also shows the temperature time history of
protected columns with a fire rating of 3 hours. This represents a high level of
fire protection which was used in Section 5 as a mean to enhance the collapse
resistance. A linear temperature history was assumed for the protected
columns [40], varying from an initial value of 20 <C to a predefined critical
temperature of 550 <C. The temperature distribution through the depth of the
heated slab was taken from EN 1994-1-2 [41], as shown in Figure 3b. It was
assumed that the temperature of reinforcement was taken as that of concrete at
the same height.

The Young’s modulus and yield strength of steel beams and columns
were 200GPa and 355MPa, respectively. The compressive strength of
concrete was 35MPa and the yield strength of reinforcement was 500MPa.
The MAT_202 (MAT_Steel_EC3) was used for steel beams and columns at
ambient and elevated temperatures. The temperature-dependent material
properties of steel refer to EN 1993-1-2 [39]. The material MAT_172
(MAT_CONCRETE_EC?2) was used to model the reinforced concrete slab at
ambient and elevated temperatures. The temperature-dependent properties of
concrete and reinforcement are as specified in EN 1993-1-2 [42], as shown in
Figure 3b. It was assumed that the temperature of reinforcement was taken as
that of concrete at the same location.

2.4. Design of bracing systems

Bracing systems have been widely used in seismic design of structures to
improve lateral load resistance. In this study, inverted V-bracing systems,
commonly applied in concentrically braced frames (CBF), were used in this
study. A square hollow structural section (HSS) was used, and its dimension
was determined for special concentrically braced frames (SCBF) according to
AISC 341 [43]. SCBFs are a special class of CBFs that are proportioned and
detailed to maximize inelastic drift capacity. The slenderness ratio and
width-to-thickness ratio of braces for SCBF should satisfy the following
requirements:

I/r < 4/E/Fy (1a)

Table 1
Design of braces for SCBF

194
b/t < 0.64,/E/Fy (1b)

In this case, the effective lengths (I) of braces along the long and short span
are 6m and 5m, respectively. Considering E=200GPa and F,=355MP%, it can be
calculated that 4./E/Fy=94.9 and 0.64,/E/Fy=15.2. The results of 6-m and
5-m braces used for various storey are shown in Tables 1. All the braces satisfied
the requirements in Eq. (1), except the 6-m brace on the top storey of the frame
(with a difference of 9%). This discrepancy is acceptable since that the limit on
the I/r is very hard to satisfy when the braces also need to satisfy the b/t
requirement [44].

Two types of bracing systems were adopted in this study: vertical bracing
system placed along the entire height of the building and horizontal bracing
system placed on individual floors (i.e. hat brace and belt brace). The hat
brace is arranged on the top storey of the frame, while the belt brace on the
interior storey. The influence of the type, number and location of bracing
systems on the collapse resistance of frames was investigated in the following
sections. The collapse behavior of unbraced frames exposed to fire was first
presented, followed by braced frames under single-compartment and
multi-compartment fires. All the steel members were unprotected, except
where specifically noted.
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Fig. 3 Temperature-time history of heated structural members: (a) steel beams and col-

umns; (b) reinforced concrete slabs

6-m braces along the long span for SCBF

5-m braces along the short span for SCBF

Storey level

cross section (mm) Ir b/t cross section (mm) llg b/t
8 HSS 152x152x%10 103.6 14.2 HSS 14014010 94.6 12.8
7 HSS 152x152x%10 103.6 14.2 HSS 14014010 94.6 12.8
6 HSS 178x178x13 89.8 9.9 HSS 152x152%13 88.3 9.9
5 HSS 178x178x13 89.8 9.9 HSS 152x152%13 88.3 9.9
4 HSS 178x178x13 89.8 9.9 HSS 152x152%13 88.3 9.9
3 HSS 178x178x13 89.8 9.9 HSS 152x152%13 88.3 9.9
2 HSS 203>203x13 7.7 12.1 HSS 178>178%13 74.8 12.1
1 HSS 203>203x13 7.7 12.1 HSS 178>178%13 74.8 12.1
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3. Behavior of unbraced frames under compartment fires

The behavior of unbraced frames exposed to compartment fires (Figure 2)
was first investigated, and the collapse mechanism was presented. Figure 4 shows
the typical collapse modes of the frames under interior and corner fires where the
ground floor was removed to clearly illustrate the behavior of ground floor
columns. The collapse was represented by the sequential buckling of columns
from the fire compartment to the adjacent compartments, as well as lateral drift of
columns. The lateral drift was more significant in the center fire due to catenary
action in the heated beams and tensile membrane action in the heated slab. The
variation of axial displacements of the heated columns and adjacent columns
under single-compartment fires is shown in Figure 5. The temperature of the
heated column is also shown in the figure (marked in red). The heated columns
first buckled at about 30 min for both center and corner fire when its temperature
reached about 550 <C. This was followed by the first-round buckling of the
adjacent columns along the short span (C2, C5, D2, D5 for the center fire; A3 for
the corner fire), and then the second-round buckling of the adjacent columns
along the long span (B3, B4, E3, E4 for the center fire; C1 for the corner fire). The
buckling of the heated columns is because of the increasing compressive forces in
them due to restrained thermal expansion and degrading material strength at
elevated temperatures. The adjacent columns failed because of the increasing
compressive forces in them due to load redistribution and lateral drift (P-A effect)
driven by the large deflection of the heated slab. The first-round buckling of the
adjacent columns along the short span is due to the uneven load redistribution in
the two in-plane directions where more loads are redistributed along the short
span [28,29].

The failure time of the heated column is defined as the time when its axial
displacement returns back to its initial displacement before heating. After this
point, there is a sudden increment in the axial displacement and reduction in the
axial force. However, the run-away failure of the heated columns was slowed
down by the tensile load bearing capacity of beams and slabs, until the first-round
buckling of the adjacent columns. This process is represented by a plateau in the
load-displacement curve as shown in Figure 5. The first plateau for the heated
columns lasted about 60 mins and 40 mins for the center fire and corner fire,
respectively. A shorter second plateau occurred for the heated columns under
center fire due to the further load redistribution to the adjacent columns along the
long span. The adjacent columns of the frame under the center fire also
experienced a plateau of 40 mins. The frame under a corner fire collapsed quickly
after the first-round buckling of adjacent columns. This indicates that a fire at
comner is more dangerous than that at interior since more uniform load
redistribution and tensile membrane action of slabs may take effect in the interior
fire. This load redistribution process and slab resistance can be seen as a
“buffering time” that delays the collapse of the whole frame. It was found that the
frame collapsed quickly after the second-round buckling of the adjacent columns,
and thus the collapse time of the frame can be defined as the time when this
phenomenon occurs.

Therefore, the key to mitigate the collapse of a frame is to uniformly
redistribute loads to adjacent columns, and to limit the lateral drift of adjacent
columns. The former can be achieved by using horizontal bracing, while the latter
by vertical bracing. This feasibility for single-compartment fire was first
investigated in the following section.

(b)

Fig. 4 Collapse modes of unbraced frames subject to: (a) fire at interior; (b) fire at corner
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Fig. 5 Time histories of axial displacements of columns in the unbraced frames
4. Behavior of braced frames under single-compartment fires
4.1. Horizontal bracing system

Four layouts of horizontal bracing systems were considered: hat braces at
perimeter (Hat-perimeter), hat braces on the whole floor (Hat-wholeFloor),
belt braces at the middle height (Belt-middle), and combined hat and belt
braces (Hat&Belt). The layout of Hat-perimeter bracing and Belt-middle
bracing is shown in Figures 6. The Hat-wholeFloor bracing is arranged
between columns along the grid lines. The combined hat-belt bracing is a
combination of Hat-perimeter and Belt-middle braces. For the belt braces,
Smith and Coull [45] mentioned that the optimum location with one belt brace
was in the middle height of the frame. So, one belt brace on the fourth storey
was considered in this study. The influence of horizontal bracing systems on
the collapse resistance of frames under the center and corner fire (Figure 2a)
was investigated in this section.
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Fig. 6 Layout of horizontal bracing systems: (a) plan view; (b) elevation view of
Hat-perimeter; (c) elevation view of Belt-middle
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4.1.1. 1-Fire-Center

No collapse occurred for the frames with horizontal braces under a center fire.

A comparison of axial displacements and axial forces of the heated and adjacent
columns is shown in Figures 7 and 8, respectively. Due to the symmetry, the
columns in the symmetric locations have the same responses. The Y-axis in
Figure 8 represents the ratio of variation of axial forces in a column (P-Py) at
elevated temperatures to its load-bearing capacity P, at ambient temperature
(P;=7000kN for edge columns and P.=10000kN for internal columns). The
parameters P and P, represent the transient and initial axial force in the column,
respectively. This ratio can be considered as the temperature-dependent load ratio.
For the column exposed to fire, a positive value denotes the increasing axial
compression in it due to the restrained thermal expansion. For an adjacent column
at ambient temperatures, a positive value represents the increment in its axial
force due to the load redistribution.
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Fig. 7 Time histories of axial displacements of columns for 1-Fire-Center: (a) heated
columns C3, C4, D3, D4; (b) adjacent columns C2, C5, D2, D5
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Fig. 8 Time histories of axial forces in columns for 1-Fire-Center: (a) adjacent columns
C2, C5, D2, D5; (b) edge columns C1, C6, D1, D6

Figure 7a shows that the presence of horizontal braces had negligible effect
on the buckling of the heated columns at about 30 min, although the whole-floor
hat braces produced larger axial forces in the heated columns compared to others.
The variation of axial forces in the columns adjacent to the heated columns (C2,
C5, D2, D5) and those at perimeter (C1, C6, D1, D6) was presented in Figure 8
since more loads were transferred to the columns along the short span. The loads
initially carried by the heated columns were transferred to the adjacent columns
(C2, C5, D2, D5), leading to an increment of 0.2 in load ratio for the
Hat-wholeFloor braces, and 0.28 for others.

The load redistribution process took a period of about 60 mins and 90mins
for the unbraced frame and belt-braced frame, respectively. In contrast, the frames
with hat braces and combined hat-belt braces withstood the fire since no adjacent
columns failed (Figure 7b). The adjacent columns (C2, C5, D2, D5) in the
belt-braced frame buckled. This may be because of the relatively larger dynamic
effect on the ground floor columns caused by the failure of the heated columns,
compared to the presence of horizontal braces on the top floor. This is shown in
Figure 8a where the belt-braced frame had a larger increased load ratio than the
hat-braced frame. In this case, the collapse was confined in a relatively small
region of the frame rather than a disproportionately large part of it, and thus it was
assumed that the frame with belt bracing did not disproportionately collapse. The
loads were further redistributed to the columns along the edge through braces,
leading to an increased load ratio of 0.3, 0.15 and 0.05 for the belt braces,
whole-floor hat braces and perimeter hat braces, respectively (Figure 8b). It was
found that the Hat-wholeFloor bracing had the best collapse-resisting effect since
it led to the smallest axial displacement of the heated and adjacent columns (with
a difference of more than 100 mm). The presence of braces around the perimeter
is sufficient to prevent collapse of the frame.

There was no buckling of braces, except those in the frame with
Hat-wholeFloor. The braces in compression adjacent to the fire compartment
buckled due to the large deflection of slabs.

4.1.2. 1-Fire-Corner

Similarly, all the frames withstood the corner fire without run-away failure of
adjacent columns, as shown in Figure 9b. The presence of hat braces (perimeter or
whole floor) and belt braces held the failure of the heated columns at a large axial
displacement of more than 700 mm (Figure 9a), compared to 170 mm for the
combined hat-belt bracing. This large axial displacement is due to the buckling of
braces above the fire compartment for these frames with single-type bracing
systems. No buckling of braces occurred in the frame with combined hat-belt
bracing where the deflection of the heated slab was greatly restrained. The
presence of belt braces had a significant effect on the axial displacement of
adjacent columns (Figure 9b). This indicates that the belt bracing had a better
collapse resistance for the corner fire than a center fire. The perimeter and
whole-floor hat braces had a similar effect on the buckling of adjacent columns,
indicating that the interior presence of braces had little effect on the collapse
resistance of the frame under a corner fire. The variation of axial forces in the
heated columns was similar to that in the center fire. Figure 10 shows the
variation of axial forces in the adjacent columns. The combined hat-belt bracing
resulted in a smaller dynamic effect of load redistribution in the adjacent columns
with an increased load ratio of 0.35, compared to 0.6, 0.53, 0.49, 0.4 for the
unbraced frame, Belt-middle bracing, Hat-perimeter bracing, and Hat-wholeFloor
bracing.

The belt braces placed in the middle height storey experience larger
compressive forces than the hat braces, and thus become the weakness of
horizontal bracing system. It was found that the frame with belt bracing alone
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would collapse under a corner fire if a smaller cross section of belt braces was 0.5 1200
taken (i.e. the same as the hat braces). The collapse was due to the sequential 1-Fire-Corner k1100
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Fig. 11 Layout of vertical bracing systems: (a) plan view of Vertical-midspan; (b) plan
view of Vertical-interior; (c) plan view of Vertical-end; (d) elevation view of
Vertical-midspan; (e) elevation view of Vertical-interior; (f) elevation view of
Vertical-end

4.2.1. 1-Fire-Center
The frame with Vertical-end bracing collapsed, while the other frames
withstood. Figure 12 shows the collapse mode at the end of the analysis where all

the adjacent columns along the short span buckled but no global collapse occurred.

In this case we assume that the frame with Vertical-end bracing collapses since a
disproportionately large part of the frame collapses. Compared to the withstanding
of adjacent columns in the frame with interior braces, the failure of adjacent
columns in the frame with end braces was because of their large lateral
displacements since the presence of braces at ends had limited effect on the lateral
resistance of columns at interior. The large lateral displacement caused large P-A
effect in the columns, resulting in their buckling. The collapse of the frame with
end braces alone indicates the importance to apply vertical braces at the interior
bays. The variation of axial displacements and axial forces of columns is shown in
Figures 13 and 14, respectively. The frame with end braces collapsed at about 200
min (Figure 13b), which was a delay of 60 mins from the first-round buckling of
the adjacent columns (C2, C5, D2, D5). The collapse time of the frame is defined
herein as the second-round failure of adjacent columns (B3, B4, E3, E4 in this
case), after which the frame may collapse quickly. The frames with midspan and
interior bracing showed similar behavior.
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= ‘.‘
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Fig. 12 Collapse of the frame with Vertical-end bracing under 1-Fire-Center (at 240 min)
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Fig. 13 Time histories of axial displacements of columns for 1-Fire-Center: (a) heated
columns C3, C4, D3, D4; (b) adjacent columns C2, C5, D2, D5
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Fig. 14 Time histories of axial forces in the adjacent columns C2, C5, D2, D5 for
1-Fire-Center

4.2.2. 1-Fire-Corner

No frame with vertical bracing collapsed under corner fire. The
Vertical-interior bracing had the best collapse resistance since it led to the smallest
axial displacement (170 mm) of the heated columns, compared to more than 800
mm for the other two layouts, as shown in Figure 15. This is because the interior
bracing was just placed adjacent to the fire compartment, and thus provided strong
vertical support to the storey above the fire compartment. The variation of axial
forces in the adjacent column A3 is shown in Figure 16. For the interior-braced
frame, the column A3 located at the un-exposed side of the bracing system which
experienced large uplift effect of the bracing system at the early stage of heating,
leading to reducing axial forces (Figure 16).

The results in this section show that the frame with two braced bays at
interior had a good performance under both center and corner fire. The
presence of vertical braces at interior is important to enhance the collapse
resistance. In practice, the vertical braces are always used in a combination of
horizontal braces, and the behavior of frames with combined
horizontal-vertical bracing systems was studied in the next section.
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Fig. 15 Time histories of axial displacements of columns for 1-Fire-Corner: (a) heated
columns B2; (b) adjacent columns A3
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Fig. 16 Time histories of axial forces of the adjacent column A3 for 1-Fire-Corner
4.3. Combined horizontal and vertical bracing system

A combination of hat braces at perimeter, belt braces in the middle height,
and vertical braces at interior or ends was used in this section. Four layouts of
combined  bracing  systems were modelled:  Hat&Vertical-interior,
Hat&Belt&Vertical-interior, Hat&Vertical-end, Hat&Belt&Vertical-end, as
shown in Figure 17. The frame with Hat&Vertical-end bracing under the center
fire collapsed, while the other frames withstood both the center and corner fire.
Compared to the buckling of braces in the frame with Hat-perimeter bracing
under a corner fire, the presence of vertical braces at interior prevented the
buckling of hat braces. However, there was still buckling of hat braces in the
frame with vertical braces at ends, which was prevented by adding belt braces.

N N AN T N
(©) (d)

Fig. 17 Elevation view of combined horizontal and vertical bracing systems: (a)
Hat&Vertical-interior; (a) Hat&Belt&Vertical-interior; (c) Hat&Vertical-end; (d)
Hat&Belt&Vertical-end

A comparison of axial displacements of adjacent columns is shown in Figure
18. It shows that the presence of vertical braces at interior had a much better effect
on prevention of fire-induced collapse of the frame. The application of horizontal
braces in the vertically braced frame helps to enhance the collapse resistance by
reducing the axial displacements of columns. For the center fire, the combined
horizontal and vertical bracing had negligible effect on the axial forces of adjacent
columns since they showed a similar dynamic effect to those for individual
bracing systems as shown in Figure 8 and Figure 14. The effect of combined
horizontal-vertical bracing on the dynamic effect was more significant for the
corner fire as shown in Figure 19, where the vertical braces at interior showed a
better performance. This enhancement was more significant for the corner fire due
to the greater effect of the horizontal bracing in the corner fire.

Therefore, from the perspective of efficiency and cost effectiveness, the
optimal layout of bracing systems to resist single-compartment fires is the
combination of hat braces at perimeters and vertical braces at interior. The frame
with this combined bracing showed good collapse resistance and reduced
dynamic effect for both center and corner fires.

5. Behavior of braced frames under multi-compartment fires

The results in the previous section verify that it is feasible to use a single type
of bracing systems (horizontal or vertical) to prevent collapse of frames subject to
single-compartment fires. A combination of horizontal and vertical braces can
improve the collapse resistance by reducing the axial displacement of columns.
This section is to check the collapse behavior of braced frames under
multi-compartment  fires (Figure 2b). The frames withstood the
single-compartment fires were considered herein. It was found that all the frames
with a single type of bracing systems (horizontal or vertical) collapsed under
multi-compartment fires. The frames collapsed immediately after the first-round
buckling of adjacent columns, with similar collapse modes as shown in Figure 4.

The frame with the optimal combined bracing system (hat-perimeter and
vertical-interior) for single-compartment fires withstood the 3-Fire-Short fire
although it suffered from the buckling of adjacent columns at 78 min. However, it
collapsed at 67 min and 33 min for 3-Fire-Long and 4-Fire-Corner, respectively.
The application of belt braces in this optimal bracing layout cannot prevent the
collapse. Compared to single-compartment fires, the first-round buckling of
adjacent columns advanced due to the severity of multi-compartment fires. The
time interval between the heated and adjacent columns decreased to 40 mins for
the 3-Fire-Long fire, compared to at least 60 mins for 1-Fire-Center. The
4-Fire-Corner is the severest fire scenario since the frame collapsed immediately
after the buckling of the heated columns. To strengthen the bracing system,
whole-floor hat braces were used instead of perimeter hat braces in the combined
Hat&Belt&Vertical-interior bracing system. It was found that the strengthened
frame withstood the 3-Fire-Long fire but still collapsed for 4-Fire-Corner.
However, a further enhancement in the bracing systems (e.g. adding vertical
braces at ends) cannot prevent the collapse of the frame under 4-Fire-Corner
because the application of bracing systems is insufficient to prevent the buckling
of adjacent columns which experienced large compressive axial forces due to the
load redistribution.

As an alternative, fire protections were applied on the perimeter columns of
the frame with Hat-wholeFloor&Belt&Vertical bracing. The temperature time
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history of the protected columns is shown in Figure 3. The protected frame
withstood the 4-Fire-Corner fire, as shown in Figure 20. The protected columns in
the fire compartment withstood for a period of 130 mins until its temperature
reached about 400 <C. Figure 21 shows the variation of axial forces in adjacent
columns of the braced frames under multi-compartment fires. The presence of
whole-floor hat braces significantly reduced the dynamic effect, compared to
perimeter hat braces.
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Fig. 18 Time histories of axial displacements of adjacent columns for: (a) 1-Fire-Center
(C2, C5, D2, D5); (b) 1-Fire-Corner (A3)
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Fig. 19 Time histories of axial forces of the adjacent column A3 for combined

horizontal-vertical bracing under 1-Fire-Corner
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Fig. 20 Behavior of braced frame with Hat-wholeFloor&belt &Vertical&Protection
bracing under 4-Fire-Corner: (a) first buckling of the protected columns at 130 min; (b) at

240 min
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Fig. 21 Time histories of axial forces of the adjacent columns for combined
horizontal-vertical bracing under multi-compartment fires

6. Discussion
6.1. Selection of bracing systems

A single type of bracing systems (horizontal or vertical) is sufficient to resist
the collapse of frames under a single-compartment fire. This means that if fire
doors (or fire walls) are used for the compartmentation of a building, the amount
of bracing systems can be reduced to the extent that only applying hat braces
around the perimeter or vertical braces at the midspan bay. However, due to the
uncertainty in the number and location of fire compartments, it is safer to use a
combination of horizontal and vertical braces (i.e. combined hat-belt-vertical
bracing). This combined bracing system can be used to prevent disproportionate
collapse of the frame subject to interior fires, but may fail for corner fire. This
means that efforts should be taken to prevent the multi-compartment fires at
corner of the frame (e.g. enhancing the amount of fire doors or sprinkler systems).
In this case no fire protection is needed. Otherwise, it is recommended to protect
the perimeter columns on the ground floor to enhance the collapse resistance of
the frame against potential multi-compartment fires at corner. This indicates that
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effective fire partition, especially at corner of a building, can reduce the amount of
bracing and fire protection.

6.2. Effect of slabs

The presence of concrete slabs has beneficial influence on the collapse
resistance of frames exposed to fire. The heated slab did not collapse for
single-compartment fire at center, but collapsed for multi-compartment fires at
interior. As temperature increases, the load bearing mechanism of slabs changes
from bending to tensile membrane action. The tensile membrane action in the
heated slab is provided by the tensile forces in the reinforcement which is resisted
by tensile forces in the reinforcement of adjacent slabs at ambient temperatures. If
the buckling of columns is confined in a relatively small region (e.g. a braced
frame under single-compartment fire at interior), the tensile forces in the
reinforcement of the heated slab are resisted by a tensile ring around its perimeter
provided by the reinforcement of adjacent slabs at ambient temperatures, as
shown in Figure 22a. The points in while represent the location of columns. For a
large area of buckling of columns, the tensile forces in the reinforcement of the
heated slab are also maintained by four tensile yielding lines extended to the edge
of the frame, as shown in Figure 22b and Figure 22c. The load bearing
mechanism of slabs is important for the collapse resistance of frames since a
smaller deflection of the slab will lead to a smaller lateral displacement of the
columns, and thus a smaller P-A effect. This indicates the necessity to enhance the
fire resistance of columns to provide sufficient vertical support for slabs. This can
be achieved by increasing its fire protection level or placing vertical bracing
systems at the interior of the frame. It is also suggested to increase the
cross-section of columns along the edges of the frame to provide strong resistance
for the development of tensile forces in the reinforcement of slabs.

Compared to the survival of the heated slab in the interior fire, the heated slab
exposed to the corner fire collapsed. This is because of the loss of vertical support
due to the buckling of the heated columns. The falling down of slabs is dangerous
since it will impose large dynamic effect on the storey below, and thus cause
storey-by-storey collapse of the frame. This again indicates that a corner fire is
more dangerous than an interior fire.
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Fig. 22 Distribution of maximum in-plane stress in the reinforcement of the ground-floor
slabs: (a) frame with Hat-perimeter bracing under 1-Fire-Center (at 180 min); (b) frame
with Belt-middle bracing under 1-Fire-Center (at 180 min); (c) frame with
Hat-perimeter&Belt&Vertical bracing under 3-Fire-Short (at 180 min)
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7. Conclusions

This paper investigated the effect of bracing systems on the collapse
resistance of 3D steel frames subjected to single and multi-compartment fires
on the ground floor. The horizontal and vertical bracing systems as well as
their combination were considered. The following conclusions can be drawn:

(1) It is feasible to use bracing systems to enhance the collapse resistance
of steel framed buildings. The presence of braces was beneficial for uniformly
redistributing loads, limiting lateral drift of columns, and restraining
deflection of slabs. The collapse of braced frames can be delayed by 60 mins
compared to unbraced frames.

(2) The collapse of frames under a single-compartment fire can be
prevented by using either horizontal or vertical braces. A combination of hat
braces at perimeter and vertical braces at interior is recommended since it
showed a better performance for both interior and corner fires. It was found
that the presence of vertical braces at interior bays of a frame was essential to
prevent its collapse.

(3) For a severer fire scenario of multi-compartment fire, it is necessary to
use a combined horizontal and vertical bracing system. The combined
hat-belt-vertical bracing can prevent the collapse of the frame under
multi-compartment fires at interior of the frame. It is better to place hat braces
on the whole floor to provide a more uniform load redistribution and strong
restraint on the deflection of slabs. For a multi-compartment fire at corner, it
is necessary to apply fire protection on the perimeter columns (e.g. 3-h fire
rating) to prevent the collapse of the frame.

(4) A corner fire may cause the buckling of horizontal braces in
compression. A combination of hat and belt braces or combination of vertical
braces at interior can prevent the buckling of braces.

(5) The slabs have beneficial influence on the collapse resistance of
frames exposed to fire. At high temperatures, the heated slabs resist loads by
tensile membrane action which is resisted by a tensile ring around the
perimeter of the heated slab provided by the adjacent slabs at ambient
temperature. They can also be resisted by tensile yield lines extended to the
edge of the frame when a large number of columns failed.

(6) For fires at corner is more dangerous than those at interior, it is
suggested to conduct fire partition at corner of buildings to ensure that the fire
is confined in one compartment without spread to adjacent compartments.
This fire partition is beneficial from the economic perspective since it can
reduce the amount of bracing systems and fire protection demands.
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