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The structural fire performance tests for beam-to-column connections are critical in determining their fire performance at high
temperatures. The current standard fire testing methods provide the procedures for establishing the fire resistance of each
construction element exposed to a standard fire. However, these methods cannot verify the fire behaviour of the connections
between building elements. Researchers have performed numerous fire tests on beam-to-column connections despite the lack of
structural fire performance testing methods. This paper presents a comprehensive literature review of the structural fire per-
formance testing methods for beam-to-column connections. The major areas in this review are travelling fires, development of
travelling fires on beam-to-column connections, fire testing considerations, fire testing criteria, recent fire testing, and loading
applications. This paper identifies the key issues and challenges of the structural fire performance testing methods for beam-to-
column connections. Finally, this paper provides recommendations and discusses the way forward for structural fire performance

tests on beam-to-column connections.

1. Introduction and Objectives

Structural fires occur primarily in residential, commercial, or
community-based buildings. Fire exposures could signifi-
cantly reduce the strength, insulation, and integrity of a
building’s main structural elements [1, 2]. The beam-to-
column connections are critical elements of any building
structure [3, 4]. The collapse of the World Trade Centre and
the results of the Cardington full-scale building fire tests in the
United Kingdom demonstrate that beam-to-column con-
nections are vulnerable during the heating and cooling phases
of fire [5, 6]. Therefore, it is critical to ensure the connections
fulfil the requirements for fire safety and durability [3, 7, 8].

Researchers are conducting structural fire performance
tests on beam-to-column connections to determine their fire
performance at high temperatures. The fire tests provide the
critical thermal parameters for beam-to-column connec-
tions, including failure patterns, crack developments, mo-
ment-rotation-temperature curves, load-deflection curves,
stress-strain curves, internal temperature distributions,

residual strength, and physical damages [9]. The most widely
used fire test specifications are ASTM E119 [10] and ISO 834
[11]. ASTM E119 specifies the test method for evaluating the
duration building elements can contain a fire, retain the
building’s structural integrity, or exhibit both properties
during a predetermined test exposure. ISO 834 specifies the
test for determining the fire resistance of construction el-
ements when exposed to standard fire conditions. However,
the standard fire testing methods do not have the procedures
for verifying the fire behaviour of connections between
building elements [10, 11]. Instead, the fire tests focus on
vertical building elements, such as walls, partitions and
columns, and horizontal building elements, such as floors,
roofs, beams, and girders. In addition, the fire tests do not
consider the effects of horizontal and vertical travelling fires
and only use the standard fire curves with uniform burning
and homogenous temperature conditions.

Despite the lack of structural fire performance testing
methods for beam-to-column connections, researchers have
conducted numerous fire tests on rigid, semirigid and
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pinned beam-to-column connections [12, 13]. Most large-
scale fire tests involved steel and composite beam-to-column
connections because of the greater fire risk of these con-
nections than concrete materials. The large-scale tests
demonstrated the performance on a realistic scale when
subject to the actual conditions of applied thermal and static
loadings to comply with the regulatory requirements [14].
However, there has been a shift to focus on large-scale
nonstandard fire testing using real fire rather than the
standard fire [15, 16]. The standard fire testing furnace is
unrealistic for most real structures and fundamentally in-
capable of rationally simulating several essential and in-
terrelated anticipated behaviours observed in actual building
fires. The design of structural fire protection methods based
on the standard fire tests of a single element does not ac-
count for the connection behaviour or the entire structure
[17].

With the increasing conflicts in the standard fire testing
methods for beam-to-column connections, researchers need
to understand the critical elements in the fire tests. This
paper presents a comprehensive literature review of the
structural fire performance testing methods for beam-to-
column connections. Figure 1 illustrates the framework of
this review paper. In stage one of the literature review, the
authors searched and screened the Web of Science and
Scopus databases for the literature concerning building fires
and fire testing of beam-to-column connections and defined
the critical concept in building fires, including travelling fires
and standard fires. The review includes the consideration in
fire testing, namely, the time—temperature fire curves, testing
methods, and cooling phase. In stage two, the authors
reviewed and extracted the fire testing methods and data
from previous studies and summarised the main criteria for
fire testing of beam-to-column connections. In stage three,
the authors identified the key issues and challenges in the
structural fire performance testing methods for beam-to-
column connections and analysed and synthesised the fire
testing data. Finally, this paper provides the recommenda-
tions and presents the way forward for the structural fire
performance tests of beam-to-column connections to help
steer future research in structural fire engineering, partic-
ularly large-scale experimental research.

2. Fire Testing of Beam-to-Column Connections

2.1. Travelling Fires. In buildings with large, open com-
partments, the fire does not burn simultaneously throughout
the entire floor plate of the structure. Instead, the fire tends
to travel horizontally and vertically as the flames spread by
igniting the fuel in their path and burning a limited area at
any one time [18, 19]. This condition, known as travelling
fires, is different from the commonly used fire scenarios for
the structural design of modern buildings. The traditional
methods assume uniform burning and homogenous tem-
perature conditions throughout a compartment, regardless
of its size [20, 21]. In addition, the methods for validating the
parameters and standard fires using small fire compart-
ments, better known as “black boxes,” reduce the accuracy of
the predicted structural fire behaviour [22].
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Stern-Gottfried et al. [20] introduced the pioneering
method for estimating the temperature of compartment
travelling fires. The large firecell method (LFM) [23]
developed in 1996 employs specific fire models to de-
termine the temperature-time relationships for travelling
fires through a firecell. However, LFM is primarily a
research tool used for single element checks in a design.
The travelling fires methodology (TFM) [24, 25], devel-
oped in 2012, calculates the fire-induced thermal field
such that it is physically based, is compatible with the
subsequent structural analysis, and accounts for the fire
dynamics. This method uses two temperature fields to
represent the gas temperature in a compartment. The
near field (T,¢) is the high temperature in the flaming
region of the fire that is exposed directly to the flames. The
far field (Tg) is the cooler temperature for the smoke in
the rest of the compartment, which is exposed to hot
combustion gases but experiences less intense heating
than from the flames. TFM is effective in providing a
flexible technique with an extensive range of possible fires
in any compartment. In 2015, Rackauskaite et al. [21]
developed the improved TEM (iTEM) for studying the
effect of nonuniform heating associated with the trav-
elling fires by investigating the peak temperature location
along the fire path. They found that the peak temperature
in the compartment occurs primarily towards the end of
the fire path. However, Dai et al. [19] stated that, despite
the experimental and theoretical works carried out
during the past twenty years, more practical large-scale
travelling fires experiments are required to expand the
knowledge on travelling fires.

The structural response of travelling fires has a sig-
nificant impact on structural performance. Bailey et al. [26]
found that progressive horizontal spreading fire enhanced
some of the distortions caused by the fire compared with
simultaneous burning across the same compartment range.
Ellobody and Bailey [27] found that horizontally travelling
fires influence time-deflection behaviour. Law et al. [18]
observed that the most severe structural response caused
by horizontal travelling fires is approximately 25% of the
floor plate in size. Roben et al. [28] found that the interfloor
time delay influenced the structural behaviour in the
vertical travelling fires that involve large and multiple
floors. They recommended considering several rates of
spread and ensuring the structural integrity for each rate to
identify a worst-case rate of vertical fire spread. Behnam
[29] found that structures exposed to nonuniform fires are
more susceptible to failure than those exposed to uniform
fires. The fire resistance of structures towards travelling
fires is 91 minutes compared with the 140-minute resis-
tance towards uniform temperature. Behnam and Ronagh
[30] recommended implementing more provisions in the
codes for postfire structure and the appropriate rate of
vertical spread of fire between floors. Further, Jiang et al.
[31] demonstrated that slow fires could cause partial
collapse, whereas fast travelling fires could cause global
collapse. The travelling speed has a considerable impact on
the failure sequence of columns, damage range, and col-
lapse mode of the structures.
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FIGURE 1: Framework of the review paper.

2.2. Development of Travelling Fires on Beam-to-Column
Connections. Figure 2 shows the temperature development
due to localised horizontal and vertical travelling fires for
pinned concrete beam-to-column connections. Figure 2(a)
shows the flame spread by igniting the fuel and burning the
middle of the lower floor. Point A is the near field with the
highest temperature, while point B is the far field with a
cooler temperature. Once the local fuel is completely burnt,
the near field travels horizontally to a new area from point A
to B. Figure 2(b) shows the near field for the beam-to-
column connection (point B) exposed to the highest tem-
perature. The fire continues to burn at the same rate until all
the fuel is burnt. At this time, the local fuel at point A is
completely burnt and the structure begins to cool, and the
fire damage sustained by the structure, such as deflection,
crack, and spalling, becomes apparent. The fire travels
vertically to the upper floor from point B to C through a
damaged structural joint, unprotected service ducts, com-
bustible fagade materials, and unprotected openings, such as
non-fire-rated windows. The flame movement increases the
temperature at the top, creating the far field. Figure 2(c)
shows a similar process, where point C is the near field
exposed to the highest temperature. The near field travels
horizontally to the middle of the upper floor. The local fuel at
point B burns out, and the structure begins to cool.
Figure 2(d) shows the temperature-time curves for
points A, B, and C during the fire. Vertical travelling fires
spread for a longer duration than horizontal travelling fires
due to structural constraints. According to Law et al. [18],
the maximum temperature in the near field region is be-
tween 800 and 1000°C for a small fire and 1200°C for larger
enclosure fires. They chose the 1200°C maximum value to
represent the worst-case scenario of the fire. The maximum
temperature of the near field region was calculated using the
simple ceiling jet correlation developed by Alpert [32]:

_5.38(Q/n)™"”
- H

where T,y is the maximum temperature within the ceiling
jet (°C), Too is the ambient temperature (°C), Q is the heat
release rate (kW), r is the distance from the centre of the fire
(m), and H is the floor to ceiling height (m). Clifton [23]
stated that the temperatures for the preheating and delayed

Tmax - Too > ( 1)

cooling (after the burnout) periods, which is exposed to hot
combustion gases but experiences less intense heating than
from the flames, was taken to be between 200 and 675°C.
Subsequently, the preheating and delayed cooling periods
changed to the temperature between 400 and 800°C. The far
field temperature was calculated using the following:

I
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where Tg is the far field temperature (°C), r,¢ is the dis-
tance between the end of the near field (m), rg is the
distance between the end of the far field (m), and r is the
distance from the centre of the fire (m). The temperature
fields calculated at points A, B, and C are applied to both
concrete and steel structures through heat transfer ana-
lyses. These analyses consider the temperature of steel
rebar within concrete or steel beams to determine
structural performance.

, )
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2.3. Fire Testing Considerations. Even though building fires
are horizontal and vertical travelling fires, most fire tests on
beam-to-column connections employed the standard time-
temperature fire curves as a reference. Figure 3 shows a
comparison of the real fire time-temperature curves and the
standard time-temperature fire curves. The real fire time-
temperature curves have three phases, growth, burning
(flashover and fully developed), and decay (cooling) [34, 35].
The most widely employed time-temperature curve for real
fire exposure is the “Swedish” fire curve representing dif-
ferent natural fire environments [34, 36]. Real fires begin
with the burning of one item, and the fire gradually spreads
to other nearby objects and grows in size and intensity [36].
The standard time-temperature fire curves (Figure 3) are
developed in growth and burning stages continuously over
time. The ASTM E119 and ISO 834 practices are similar for
building fires. Both fire curves are dependent on the burning
rate of the materials present in the building materials and
contents. They represent a severe fire expected in a typical
building environment but does not represent all potential
fire scenarios. Even though there are many studies on the
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FIGURE 2: Temperature development due to localised travelling fire: (a) horizontal, (b) vertical, (c) horizontal, and (d) temperature-time

curves at A, B, and C.

heating phase of a building fire, the effects of the cooling
phase on structures are not well-understood [33]. Structural
vulnerability increases during the cooling phase [37].

In addition to selecting the appropriate fire curve, re-
searchers considered several factors to address the lack of
structural fire performance testing methods for beam-to-
column connections. Researchers need to understand the
purpose of connection testing. The connection testing
performed at ambient temperature sought to determine the
joint bending moment-rotation characteristics since the
bending moment is the primary action acting on the joints.

During fire exposure, the connection testing sought to de-
termine the combination of axial force, shear force, and
bending moment that vary throughout the fire exposure. The
researchers then selected the time-temperature fire curves
for the fire tests and the load condition based on the specified
fire exposure period. Finally, they compared the postfire
results against the required performance criteria for the
beam and column elements. In all assessments of structural
fire resistance, the temperature developments in a structure
should be determined, followed by evaluating the structural
behaviour at elevated temperatures [38].
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2.4. Fire Testing Criteria. Figure 4 summarises the fire testing
criteria for beam-to-column connections from the test ob-
jective and performance criteria adopted in previous studies.
Criteria 1 to 7 are the materials, type of connection, method
of connection, boundary condition (constraints), fire source,
type of analysis, and load application. The beam and column
specimens are concrete, steel, composite, or timber. The
beam-to-column connections are rigid, semirigid, or pinned,
depending on the connection stiffness. The beam and col-
umn elements were assembled using either a wet, dry, or
semidry method, and the boundary condition (constraints)
for support is a roller, pin, or fixed end. The fire source for
producing the heat is an electrical furnace, gas burner, and
flexible ceramic pad. Most previous research analysed fire
exposure together with static or cyclic load. The load applied
in the different stages are preloading, concurrent loading
(during the fire tests), and postfire loading.

2.5. Recent Fire Tests. Table 1 summarises the outcomes of
the fire tests on beam-to-column connections conducted
from 2007 to the present using the seven fire test criteria
listed in Figure 4. More than 50% of the articles on the beam-
to-column connections fire tests were published in the last
five years, suggesting that researchers focused on this area of
research.

Concerning Criteria 1, researchers have performed
many fire tests on the beam-to-column connections fab-
ricated from steel and composite materials due to the
greater fire risk of these connections than those from
concrete materials (Table 1). Steel and composite materials
experience catenary action that may fracture the connec-
tions and exert additional forces on the columns at very
high temperatures [47]. Among the mode of failure ob-
served in the fire tests on steel and composite materials is
the yielding of the endplate, yielding of the column flange,
bolt (thread) stripping, bolt fracture, fracture of the

endplate and slab cracking, and pulling out of the shear
studs for composite connections. However, the literature
showed that concrete connections also have a high fire risk
[12]. The researchers observed that the concrete connec-
tions in the structures damaged in the fire tests could resist
significant moments even at large deformations. Besides,
the growing use of engineered timber structures in the
design of high-rise buildings (more than five-storey high)
presents fundamental challenges for structural fire-safe
design [48, 49]. The fire behaviour of the connections often
limits the fire performance of heavy timber structural
systems. The improved fire performance of dowelled timber
connections could significantly improve the fire perfor-
mance of whole timber structures [50, 51].

Criteria 2 classifies the connections with low stiffness as
pinned, and those with high stiffness are fixed or rigid
connections (Table 1). The connections with partial strength
and have a certain degree of rotational stiffness are classified
as semirigid. The columns are stronger than the beams and
the connections and act as elastic restraints during the fire
tests, where the failures are dependent on the beams or
connections [38-40]. For the concrete connections, the
tension reinforcement at the support is carried through to
the connections and effectively overlapped [42]. Precast
concrete connections, such as corbel and hybrid, are
semirigid connections [46].

Concerning Criteria 3, most steel connections were
assembled using the dry method, and the composite and
concrete connections were assembled using the wet method
(Table 1). For precast concretes, a combination of dry and
wet methods is considered a semidry method. Wet-as-
sembled partially precast structures were designed to em-
ulate cast-in-situ concrete structures with rigid connections
through the cast-in-place concrete pouring of the joints. In
addition, the use of mechanical devices such as bolts and
welds to connect the dry-assembled structures avoids the
need for in-situ concrete pouring.

Regarding Criteria 4, the thermal behaviour of the
connection is influenced by the boundary conditions
(constraints) of the beam and column (Table 1). The fire is
treated as a thermal boundary condition when focusing on
structural performance [52]. The structural model of a fire
test can be assigned as a partial element, single element,
subframe assembly, transiently simulated restrained as-
sembly, and full-scale structure [53]. The simply supported
and cantilever setups are most often adopted boundary
conditions for the beam constraints. In the simply supported
setup, the beam midsection was fixed in the axial direction,
which effectively prevents rotation about the two principal
axes of the beam cross section but allows the beam to twist
about its longitudinal axis [43]. However, the members in a
framed structure behave differently from the isolated
members simply supported at both ends because the
structural continuity imposes a finite amount of restraint to
the end of any connected member [39]. In the cantilever
setup, also known as subassemblies, the ends of the beam are
free. According to Raouffard and Nishiyama [1], the degree
of structural indeterminacy of the test specimens is reduced
by removing the midsection of the beam and turning it into
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two separate cantilever beams. For the column constraints,
most of the top and bottom ends are restrained from lateral
movement to ensure a good distribution of the axial column
load and provide axial restraint to the beam [38]. As a result,
the end of the column is free to move in the longitudinal
direction. Another boundary condition is where both ends
of the column are hinged, with an axial compressive load
applied on the top [54].

For Criteria 5, most fire tests use a standard furnace to
simulate the fire exposure (Table 1). Most research adopted
the ISO 834 and ASTM E119 fire curves using a furnace. The
loading points are outside the furnace. The items installed in
the furnace such as the steel bar (to prevent the loading jacks
from sliding towards each other) [38, 41], the top flange of
the steel beam [38, 40], the sides and top of the reinforced
concrete (RC) slab, and the upper part of the square con-
crete-filled steel tube (CFST) column were wrapped with a
layer of ceramic fibre blanket before igniting the furnace.

Table 1 shows that, for Criteria 6, most analyses of the
structural fire performance tests for beam-to-column con-
nections used static load instead of cyclic load. Researchers
have performed many static loading tests to investigate the
progressive collapse resistance of RC moment frames during
a fire [55]. Researchers also analysed reverse cyclic loadings
to evaluate seismic behaviours with fire effects.

It is worth noting that Table 1 shows significant in-
consistencies for Criteria 7. The load was applied either in
the preloading (structural response at ambient conditions),
concurrent loading (thermo-mechanical response during
fire exposure), or postfire loading (residual response after
cooling down) stage, or a combination of these stages. The
following section will describe the loading application cri-
teria in detail.

2.6. Load Applications. Two types of loading were used to
simulate the maximum load condition following ASTM
E119 and ISO 834 [10, 11]. ASTM E119 uses the super-
imposed load, while ISO 834 uses the service load. The loads
are defined differently. Service load is the maximum load
intensity expected during the life span of the structure. Itis a
combination of unfactored dead load and unfactored live
load. Superimposed load, also known as superimposed dead
load, considers the weight of the nonstructural and semi-
permanent members, including the facade members, floor
cover, suspended ceiling, and ductwork. It does not take into
account the live load and thus is less than the service load.
However, ASTM E119 states that superimposed loads can
consider the maximum load condition allowed under each
nationally recognised structural design criteria.

Figure 5 presents a summary of the load application and
performance criteria during the beam-to-column connec-
tions fire tests. The figure shows the ambient, growth and
burning, and decay phases. In the ambient phase, the
specimens were preloaded with a load equal to the initial
crack load or loaded based on the load ratio before carrying
out the fire tests. In the growth and burning phase, the load
was applied to the specimens either constantly or gradually.
The constant load is the superimposed or service load stated
in the ASTM E119 and ISO 834, while the gradual load is the
incremental load applied to the specimens until they fail. The
load application criteria were based on the research objec-
tives. Table 2 shows that investigation of thermal behaviour,
thermal interaction and strength reduction requires ap-
plying a constant load to the specimens and terminating the
test at the performance criteria limit. Table 3 shows that
determination of failure load and maximum deformation
(deflection, expansion, or contraction) requires applying
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TABLE 2: Studies that terminated the fire tests at performance criteria limit.

(2016) [44]

Raouffard and
Nishiyama
(2017) [1]

Author, year Beam
> yean Objectives span/length Load applications Performance criteria
and ref. no.
(mm)
. _ _ A constant load 40kN was Spec1mens. sustained the ap_phed
Investigate the relative behaviour . . load during fire classification
. applied to the steel in each .
Wang et al. and robustness of different types - . . period. The test beams were able
. 1980 hydraulic loading Jack, which .
(2011) [41] of steel connection in steel-framed . to experience very large
. corresponds to a load ratio of 0.5 h
structures in fire . deflections (span/8~span/6)
in the beam -
without fracture
Investigate the structural . . . .
behaviour and strength reduction Preloaded with 15 cycle of load Specimens sustained the applied
Heiza et al. (less than initial crack load) fire load during fire classification

of RC beam-to-column 1050

. tests under loading equal to eriod with concrete spalling and
connections exposed to fire under &¢q P pating

. . initial crack load for 1 or 2 hours cracking
cyclic loading
Investigate the mechanical and The fire tests terminated after
thermal interactions structural 74 min as soon as the tensile
response of RC beam-to-column 1000 Preloaded until first crack longitudinal steel bars of the
subassemblies under no lateral vertical load (17.3kN) constant upward-loaded cantilever beam
thermally induced thrust and no attained the predefined critical
moment redistribution influence temperature 530°C
The tests ceased when the
connection specimens achieved
fire resistance when the
. . deformation or deformation rate
Investigate the experimental and of the square CEST column or
Yang and Fu numerical simulation of steel 2650 Load ratio (0.1 to 0.35) and steel bim meet the ultimate
(2019) [45] beam to CFST column composite constant

conditions specified in the ISO
834. The failure patterns of the
connection include tube
buckling, flange buckling, and
separation

connections with RC slabs
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TaBLE 3: Studies that terminated the fire tests when the specimens failed.

Author, year, Objectives

Beam span/length

Load applications Performance criteria

and ref. no. (mm)
Present the experimental results of . . The heatllng contlnueq unjul
. . Preloaded with nominal structural failure and termination of
Ding and structural fire behaviour of CFT . .
. . . load ratio (0.25to 0.5 or the tests; the heating stopped when
Wang (2007)  column, including failure modes, 2000 .
30 to 60kN) and the beam reach catenary action and
[38] development of forces, and . .
L constant forced cooling to the ambient
deflections in the beams
temperature
Presented the behaviour of RC beam . The ﬁfe tests were stopped
immediately when the tested
Han et al. to CFST column planar frames, Preloaded (19.5 to . .
. . . 2325 specimens could not withstand the
(2010) [39] including the deformations and 39kN) and constant .
. . loads applied on the CEST columns
failures of the test specimens
and RC beam
The heating and loading continue
until the connection fail;
Ding and Investigate structural behaviour Fire exposure for self- the test assemblies were heat§ dto
Wang (2009) under cooling phase 2000 weight load for 30min tcmperatures close to the failure
[40] &P & temperatures and then cooled down
while still maintaining the applied
loads on the beams
Present the test results on the In postfire loading phase, the
. . . Preloaded and constant
Song et al. mechanical behaviour of SRC joints . . column load was kept constant, and
. . . 3700 during heating and .
(2015) [42] during the heating and cooling . the beam loads increased gradually
cooling phase . . .
phases until the connection failure
Yahyai and Investigate the behaviour of beam Preloaded (load ratio . . .

. ? S The heating and loading continue
Rezaeian and splice connections in column- 3980 0.7 or 20.6kN) and until the connection fail
(2016) [43] tree MRF at elevated temperatures constant

Study the performance of the three
Teja et al. different beam column connections 670 Vertical load (7 to  The heating and loading continues
(2019) [46]  in precast structures exposed to fire 17kN) constant until specimens fail

and axial load

gradual load to the specimens and terminating the test after
specimen failure. The residual method simulates the typical
idealised column removal scenarios (with and without the
cooling effect). The specimens were exposed to fire and then
subjected to gradual loading until failure [44].

Table 2 lists the studies that terminated the fire tests at
the performance criteria limit. Wang et al. [41] investigated
the relative behaviour and robustness of different steel
connections in steel-framed structures exposed to fire. They
applied a constant load of 40kN to the steel specimens in
each hydraulic loading Jack, corresponding to a load ratio of
0.5 in the beam. The steel connection specimens sustained
the applied load during the fire classification period without
experiencing a fracture. Heiza et al. [45] studied the
structural behaviour and strength reduction of RC beam-to-
column connections exposed to fire under cyclic loading.
They preloaded the concrete specimens with 15 load cycles
(less than the initial crack load) before conducting the fire
tests at a constant load equal to the initial crack load. The
specimens sustained the applied load during the fire clas-
sification period and showed concrete spalling and cracking.
Raouffard and Nishiyama [1] investigated the mechanical
and thermal interactions structural response of RC beam-to-
column subassemblies under no lateral thermally induced
thrust and no moment redistribution influence. They pre-
loaded the concrete specimens until the first crack load
before applying a constant vertical load (17.3kN). The fire

tests were terminated after 74 minutes as soon as the tensile
longitudinal steel bars of the upward-loaded cantilever beam
achieved the predefined critical temperature of 530°C. Yang
and Fu [56] performed the experimental and numerical
simulation of steel beam to CFST column composite con-
nections with RC slabs by applying a constant load ratio of
0.1 to 0.35 to the composite specimens. They terminated the
tests when the connection specimens achieved fire resistance
(deformation and deformation rate).

Table 3 lists the studies that terminated the fire tests
when the specimens failed. Ding and Wang [38] investigated
the structural fire behaviour of concrete-filled tubular (CFT)
columns, including the failure modes, force development,
and beam deflections. They applied a constant load ratio
(0.25 to 0.5 or 30 to 60kN) to the beam and exposed the
structural assembly to the standard fire condition in a
furnace while maintaining the applied loads. They continued
the heating until the structure failed. Han et al. [39] in-
vestigated the behaviour of RC beam to CFST column planar
frames, including the deformations and failures of the test
specimens. They preloaded the composite specimens to
eliminate possible equipment malfunction before applying a
constant load of between 19.5 and 39 kN. They immediately
terminated the fire tests when the CFST columns and RC
beam could not withstand the applied loads. Ding and Wang
[40] investigated the structural behaviour in the cooling
phase. They tested right of the ten test specimens to failure
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during heating; in the other two tests, the test assemblies
were heated to temperatures close to the failure temperatures
of the axially unrestrained steel beams and then cooled while
still maintaining the applied loads on the beams. Song et al.
[42] investigated the mechanical behaviour of steel-rein-
forced concrete (SRC) joints during the heating and cooling
phases. They preloaded the composite specimens using three
jacks before conducting the fire tests under a constant load.
In the postfire loading phase, the column load was kept
constant, and the beam loads were increased gradually until
the connection failed. Yahyai and Rezaeian [43] investigated
the behaviour of beam and splice connections in column-
tree moment resisting frames (MRF) at elevated tempera-
tures. They preloaded the steel specimens with a constant
load ratio of 0.7 or 20.6kN and applied the heating and
loading until the connection failed. Teja et al. [46] studied
the thermal performance of three different beam-to-column
connections in precast structures subjected to a constant
load (7 to 17 kN) during heating until the connections failed.
Figure 5 shows the load applications after the fire tests
(residual method), where Li et al. [44] simulated the typical
idealised column removal scenario under fire. In this study,
the RC beam-to-column connection specimens with varying
reinforcement development lengths were exposed to fire,
with and without cooling effects, and then subjected to
pushdown loads. A vertical load of 20 to 90 kN was applied
until the bottom reinforcements fractured or pulled out.
Table 2 shows that Heiza et al. [45] and Raouffard and
Nishiyama [1] did not apply the superimposed and service
load required by ASTM E119 and ISO 834. Instead, they
used the first crack load, P, as a reference value for the load.
Mindess et al. [57] and Hamad and Sldozian [58] defined the
first crack load as the point on the load-deflection curve at
which the curve first become nonlinear. The first crack
strength represents the RC behaviour to the inception and
beginning of a crack in the matrix. There are two methods
for determining the first crack value. The first method is
visual observation during the load test. However, concrete
contains microcracks that grow as soon as the concrete is
loaded. Thus, it is hard to achieve the first crack deflection
because it is minor due to various extraneous deflections that
may occur due to machine deformations and placing them
on the supports. The second method is calculating the first
crack deflections, § [57] using the following formula:

23PPP/1296EI  [1+216d” (a + u)/115°]
= X s
flexural component

(3)

shear component

where d is the midspan deflection, P is the load at first crack,
I is the span length, E is the modulus of elasticity, u is
Poisson’s ration, I is the moment of inertia, and d is the
beam depth.

2.7. Conclusion on the Fire Testing of Beam-to-Column
Connections. The following conclusions are drawn based on
the discussion in Sections 2.1-2.6. In buildings with large,
open compartments, the fire tends to travel horizontally and
vertically as the flames spread by igniting the fuel in their
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path and burning it in a limited area at any one time. The
localised horizontal and vertical travelling fires induce the
temperature development of the beam-to-column connec-
tions through two temperature fields, the near and far fields.
Researchers considered several factors to address the lack of
structural fire performance testing methods for the beam-to-
column connections. Based on the test objective and per-
formance criteria adopted in previous studies, this review
paper has summarised seven fire testing criteria. Of these,
there is significant inconsistencies in Criteria 7 (loading
applications), where the load was applied either in the
preloading (structural response at ambient conditions),
concurrent (thermomechanical response during fire expo-
sure), or postfire (residual response after cooling down)
phase, or a combination these phases. The loads were applied
to the specimens constantly or gradually. The fire tests were
terminated at the performance criteria limit when investi-
gating the thermal behaviour, thermal interaction, and
strength reduction. When determining the failure load and
maximum deformation (deflection, expansion or contrac-
tion), the fire tests were terminated at specimens’ failure.
Besides the superimposed and service load stated in ASTM
E119 and ISO 834, the researchers also employed the first
crack load as the reference value for the load.

3. Issues and Challenges

3.1. Selection of the Structural Assembly. The literature shows
that researchers faced a conflict when selecting a fire test
method, whether standard fire testing or nonstandard
structural fire testing. Regardless of the fire test method, the
beam-to-column connection structural assembly must rep-
resent the actual structural behaviour [10]. Several factors are
taken into account before assembling the specimens. Figure 6
demonstrates the relationship performance of the fire test
based on different structural assemblies and fire curves.

The specimens for the beam-to-column connections can
be assembled as a partial element, single element, subframe
assembly, restrained assembly, or full-scale structure [53].
According to the ASTM E119 and ISO 834 guidelines, the
specimens can only be assembled as a partial element and
single element (vertical and horizontal building elements)
subject to the standard time-temperature fire curves condi-
tions, as shown in Figure 6. The fire testing of beam-to-column
connections in previous research did not follow ASTM E119
and ISO 834 guidelines. The specimens were assembled as
subframe assemblies subjected to elevated temperature
(steady-state and transient) [46] and restraint assemblies
subjected to standard time-temperature fire curves
[1, 38,43, 45, 56]. According to Gales et al. [53], the objective of
the large-scale nonstandard structural fire tests that employed
the full-scale structures and real fire curves is to understand the
real structural performance of buildings subjected to con-
struction and real fires. It is not possible to achieve this un-
derstanding through the standard fire testing furnace.

Based on Figure 6, it is apparent that a more complex
structural assembly gives more accurate test results. The full-
scale structures with complex structural assembly represent
the building’s actual structural behaviour. However, setting
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FIGURE 6: The relationship performance of fire tests based on different fire curves and structural assemblies.

up a complex structural assembly, including the specimen
and testing procedures, are complicated and time-con-
suming. For example, the Cardington full-scale building fire
tests in the United Kingdom for an eight-storey office
building specimens involved six fire tests on the composite
frame, namely, the restrained beam test, plane frame test,
first corner test, second corner test, large compartment test,
and demonstration test [59]. In addition, a nonstandard
structural fire test is expensive and requires a real fire in
actual scale framed buildings. The test also requires sufficient
instrumentation to understand the fire and the structural
response. Because of the high cost of physical fire tests, the
finite element methods based on well-validated models are
viable alternatives.

3.2. Real Fire Time-Temperature Curves vs. Standard Time-
Temperature Fire Curves. In recent years, researchers and
regulators have dealt with the use of standard time-tem-
perature fire curves in simplified single element tests and
isolated structural members subjected to unrealistic tem-
perature-time curves [15, 16, 60, 61]. The standard time-
temperature fire curves have little resemblance to the real fire
temperature-time history. They do not have a decay phase
and represent any real fire. They were designed to typify the
temperatures experienced during the post-flashover phase of
most fires [53]. The mock-up assembly’s fire-resistance
rating (hours) cannot represent the actual construction and
real fire. It only tests the survival components of the fire
exposure and can be compared as a relative index system to
the design. As a result, nonstandard structural fire testings
that employed real fire curves are a more rational approach

that might present the full suite of interactions expected in
actual building fires.

Even though the standard time-temperature fire curves
do not have a decay stage at the end and appear more severe
than a real fire, they are suitable for all three phases (growth,
burning, and decay) of the fire tests. ISO 834 specifies that,
even after termination, the fire tests can be continued after
they have achieved the selected performance criteria to
gather additional data, including the data on failure patterns
and ultimate failure load. ASTM E119 evaluates the ability of
the assemblies to remain intact in the decay phase by ap-
plying a specified standard fire hose stream to the structure.

Kodur and Agrawal [62] presented the postfire residual
response of structural elements after cooling. Figure 7 shows
that the heating scenario was subjected to the fire classifi-
cation period (1, 1.5, and 2 hours) specified in ISO 834. The
fire classification period is the performance resistance to the
standard exposure elapsing before observing the first critical
point in behaviour is observed. The fire classification period
does not refer to the survival times or any explicit attempt to
quantify the structural damage of the real structure in a real
fire but to the expected fire resistance period for the
structural components subjected to a standard temperature-
time curve in standard furnace fire tests [2]. The decay stage
is simulated through a linear decrease in air temperature
following the fire exposure.

3.3. Structural Response of the RC Beam-to-Column Con-
nections in the Cooling Phase. Many studies have been
conducted on the cooling phase of steel and composite
beam-to-column connections, but there is a dearth of study
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FIGURE 7: Fire exposure using the ISO 834 fire curve with a decay
phase [62].

on the structural response of RC beam-to-column con-
nections in the cooling phase. There is a significant differ-
ence in the thermal properties of concrete and steel
materials. The thermal conductivity of steel (between 27 and
53 W/mK) is higher than concrete (between 0.5 and 1.3 W/
mK) [63, 64]. This significant difference enhances the ability
of a material to transfer heat in the cooling phase of con-
nections. The literature shows that the temperature of the
CFST column and steel beam in the joint zone is lower than
those in the nonjoint zones during the heating phase but
higher during the cooling phase [65]. Besides the thermal
properties, the SRC column and beam showed significant
deformation in the cooling phase than the heating phase,
leading to the potential failure of SRC joints in the cooling
phase [42, 66]. The relative increase in the beam-to-column
rotation angle in the cooling phase is approximately 1.5
times higher than the increase in the heating phase. The
duration of the heating phase that causes failure of the
composite column during or after the cooling phase is al-
ways shorter than the fire resistance of structures exposed
only to heating [67].

Heiza et al. [45] investigated the structural response of
RC beam-to-column connections during the cooling phase.
Their study focused on the structural behaviour and strength
reduction of RC beam-to-column connections exposed to
fire under cyclic loading. They removed the front part of the
furnace at the end of the heating phase and begun the
loading cycles while recording the deflection, strain, and
cracks at each load increment until they reached the failure
load. However, they did not explain the cooling phase effect
and comparison of the heating and cooling phases.

Kodur and Agrawal [62] studied the structural response
of RC structure in the cooling phase and found that the
single RC beam element retained 60 to 70% of the ultimate
room temperature capacity for a range of parametric fire
exposure scenarios with a distinct cooling phase. Dwaikat
and Kodur [68] found that the cooling phase reduces the
fire-induced spalling in concrete. They observed that the
pore pressure decreased with fire exposure because of the
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lower temperature and did not anticipate further concrete
spalling. Gernay [69] addressed that the fire safety analysis of
RC structure should consider until the complete burnout of
a fire, cooling phase, and beyond to assess the safety during
fire brigades intervention, building inspection, and possibly
building rehabilitation.

3.4. Test Load Value. There are three issues when applying the
test load on the beams. First, not all fire tests are conducted
with preloading under ambient conditions, as shown in
Figure 5. ASTM E119 stated that the test specimens should
truly represent the construction, for which classification is
desired, as to materials, workmanship, and details, such as
dimensions of parts. The test specimens should be constructed
under conditions representative of building construction and
operation. The absence of preload before the fire tests will not
provide an initial load to the beam, equal to the initial crack
load or based on load ratio, and eliminate possible equipment
malfunction. In real building conditions, the fire starts when a
service load is applied to the structure.

Second, because the test load applied to the beam is lower
than the required value, the test could not simulate the
maximum superimposed and service load condition
throughout the fire tests. The test load value is dependent on
several factors, including the beam span. A short beam span
produces a lower test load value. Given the current standard
fire testing methods, the standards specify that the beam
span exposed to the fire should not be less than 3.7 m (ASTM
E119) and 4.0 m (ISO 834). However, Tables 2 and 3 show
that the beam span for the specimens with the simply
supported setup is between 1980 mm and 3980 mm, and the
length of the cantilever beam is between 670 mm and
1050 mm. Assuming a cantilever beam is half the actual
beam span (subassembly’s concept), the beam length is
between 1340 mm and 2100 mm. The beam span of speci-
mens is less than the length required in the standards, and
the shorter beam span provides a lower superimposed load
or service load than the required load, and the beam will not
react accordingly to the lower applied load.

Finally, another significant issue is the application of the
first crack load as the reference test load. The theoretical first
crack load is low compared with the observed experimental
first crack loads. Kankam and Odum-Ewuakye [70] inves-
tigated the flexural strength and deformation of two-way RC
slabs and found that the experimental failure loads are
approximately 170% of the predicted values. Audu and
Oseni [71] investigated the cracks and crack patterns on RC
slabs and found that the difference between the experimental
first crack load and the theoretical first crack load is between
14.2% and 59.7%. As the load increases, the crack formation
is followed by multiplication and further cracking. The
complete development of yield lines gave a lower theoretical
yield load than the experimental values. This behaviour
could be due to the adopted safety factor in the design.

3.5. Constraints in the Data Collection. The beam-to-column
connections elements are exposed to high temperatures in
the furnace, making it difficult to determine some of the



Advances in Civil Engineering

required study parameters. It is essential to address several
factors when comparing the test result from the ambient
temperature with the high temperature. In some cases, the
instruments have to be protected with fire-resistive material
to prevent damage.

Researchers could not record the crack development and
failure mode during the heating and loading of the RC
specimens and only obtain the result after the furnace cooled
down. Similarly, the failures of steel connections, such as
buckling, shear fracture of the bolt, and bearing deformation
of the bolt holes, are only visible after the fire test. This
situation is different from the normal load test, where re-
searchers can monitor the outcomes of load applications.
The strain gauge used at ambient temperature is very sen-
sitive to high temperatures. Researchers need to use tem-
perature resistive strain gauges for the reinforcing bars, steel
structure, and concrete structure. However, the strain gauges
did not perform well at high temperatures and failed to
capture significant data [1].

The inclinometer for measuring the inclination and
rotation of the beam cannot be used in a fire test. Figure 8
shows the inclinometer being used at ambient temperature
[73]. Nonetheless, researchers can use the results from the
linear variable differential transformer (LVDT) from the
column and beam to calculate the rotation (milirad) [73].
The calculation is given by

g = { [tan_ 12] - [tan_lg] } %, (4)

where g is the displacement at column; b is the displacement
at beam; c is the distance from LVDT to centre of rotation for
column; d is the distance from LVDT to centre of rotation
for beam.

The structural deformation during the fire test influences
the consistency of the constant load applied to the beam.
Whether the load is applied hydraulically, mechanically or
by weights, there will be changes in the dimension or shape
of an element of construction due to structural and thermal
actions as the load increase. These changes include deflec-
tion, expansion, and contraction of the structural elements.
It is difficult to control and monitor the loading consistency
throughout the fire duration. The application of permanent
load blocks to the designated position of the specimens
[1, 43] requires a bigger space and more supporting
equipment. The limited space makes it hard to install the
load blocks and protect them with a ceramic fibre blanket in
the furnace, as shown in Figure 9. Some electric furnaces are
not designed for the load-bearing function. The rapid de-
flection of the beams during the fire test could bring down
the loading blocks and damage the furnace [1]. In addition,
the large load blocks and narrow space could prevent the
heating in the furnace from achieving the required time-
temperature fire curves.

3.6. Boundary Conditions for the Column. The restrained
lateral movement and fixed end at the top and bottom
column support in previous studies did not simulate the
actual bending moment diagram of the column structure. By
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Figure 8: The installed inclinometer and measurement of the
displacement of the beam and column [73].
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FiGure 9: The load blocks in fire tests [43].

considering the length of the column is half from the actual
storey of the building, the representative and definable
manner bending moment diagram of the column will be
shown as Figure 10. On this basis, the top and bottom of
column support located at A and B (centre of column) will
behave as a pin with zero moments. At the connection, there
will be a significant value of moment for the column.

However, a different reaction was observed when ap-
plying the restrained lateral movement and fixed end
conditions, and there will a significant value of bending
moment diagram at column support located at A and B. The
columns were restrained from lateral movement (to provide
axial restraint to the beam) at the ends and were free to move
in the longitudinal direction [38].

3.7. Fire Intensity at the Connections. The estimation of the
maximum temperature in building fires is made at the lo-
cation of the local fuel and flaming region. Considering a
similar fire development with horizontal and vertical trav-
elling fires shown in Figure 2, the maximum temperature is
at the midspan of the beam instead of the connection region.
However, the literature review revealed that previous fire
testing provided direct heating to the connection, which did
not accurately simulate the intensity of a real fire. After
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F1Gure 10: Bending moment diagram for the column member.

ignition occurs in a building, the fire spreads upward to the
top structural member because the flame spreads on the
burning object before moving to the adjacent connections
[36]. The fire plume provides a buoyant convective transport
of the combustion products up to the ceiling. The critical
factor influencing the flame spread is the heating rate of the
fire sources ahead of the flame. The thickness and tem-
perature of the hot layer increase as the fire grows.
According to Merci and Van Maele [72], the total heat
release rate determines the average temperature rise of the
hot smoke layer. However, the fire source area and roof
opening have less influence on the average temperature rise.

Wroblewski et al. [74] described real fire incidents in-
volving the concept of fire spread. The centre of the RC
girders exhibited significant fire damage and pushed-out
joining parts; the posttensioned roof girders, RC slabs, and
columns sustained considerable damage, as shown in Fig-
ure 11. These thermal reactions reduced the moment ca-
pacity, rotational capacity, and rotational stiffness of the
beam-to-column connections. Han et al. [39] found that the
connection zone of the frame has a significantly lower
temperature than the beam and column sections. The
connection zone behaved as a rigid connection and did not
show signs of failure in the fire tests.

3.8. Conclusion of the Issues and Challenges. The following
conclusions are drawn based on the discussions in Sections
3.1-3.7. The selected beam-to-column connection structural
assembly must represent the actual structural behaviour. A
more complex structural assembly will produce a more
accurate result even though the fire test is more time-
consuming and expensive and involves complicated pro-
cedures. Even though the standard time-temperature fire
curves do not have a decay phase at the end and appear more
severe than the real fire, they are suitable for conducting fire
tests for the growth, burning, and decay phases. There are
many studies on the cooling phase of steel and composite
beam-to-column connections, but there is a dearth of studies
on the structural response of the RC beam-to-column
connections in the cooling phase. The literature review
revealed that there are three issues with the test load applied
to the beam. (1) Not all fire tests are conducted with pre-
loading at ambient conditions, (2) the test load applied to the
beam is lower than the required load, and (3) the theoretical

F1GURE 11: Deformation of the centre of the RC girders in a real fire
incident [74].

first crack load is lower than the observed experimental first
crack loads. There is also difficulty in determining some of
the required study parameters because the beam-to-column
connections elements are in the furnace and exposed to high
temperatures. The restrained lateral movement and fixed
end conditions at the top and bottom of the column support
in previous studies did not simulate the actual bending
moment diagram of the column structure. The maximum
temperature in building fires is estimated at the flaming
region, depending on the location of the local fuel. The
literature review revealed that previous fire testings provided
direct heating to the connection, which did not accurately
simulate the intensity of a real fire.

4. Recommendations and the Way Forward

There is a need for researchers and regulators to provide a
standard method for determining the fire resistance of
beam-to-connection connections exposed to fire. This need
arises due to the increasing conflicts in the current fire
testing methods and disagreement on the standard fire tests
adopted in simplified single element tests and isolated
structural members subjected to unrealistic temperature-
time curves. The fire tests of the beam-to-connection con-
nection elements may consider all phases of the fire, in-
cluding the growth, flashover, fully developed, and decay or
cooling phases, to obtain a complete result. In some cases,
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the buildings collapse in the decay phase of the fire. The
concept of equivalent fire severity relates the severity of an
expected real fire to the standard fire tests. This concept is
essential when comparing published fire-resistance ratings
from standard tests with the severity estimates of a real fire.

The test load applied to the beam has to simulate the
maximum load condition in the fire tests. The maximum
load condition is a superimposed load, service load, actual
material properties, characteristic material properties, or the
first crack load representing the worst-case structure sce-
nario. The testing laboratory should indicate the basis for
determining the test load and the condition allowed under
each nationally recognised structural design criteria. The
maximum load condition will facilitate the primary goal of
load testing to demonstrate the safety of a structure against
failure.

The structural fire safety design must consider the severe
condition of the midspan and structural member’s con-
nection during the fire. Even though the fire spread concept
states that the maximum temperature is often recorded at
the midspan of the member instead of the connection, the
literature review showed that the connection elements of any
building structure are critical and vulnerable during the
heating and cooling phases of the building fire. The moment-
rotation-temperature characteristics of the connections at
elevated temperatures are influenced by the fire effects on the
RC structure, including deflection, cracking, spalling, loss of
stiffness, and strength and loss of reinforcement strength.

Finally, the adoption of performance-based structural
fire design (PBSFD) in beam-to-column connections could
explicitly define the levels of structural fire safety perfor-
mance and produce more efficient and economical building
designs [75, 76]. PBSFD uses analytical tools and experi-
mental findings to design structures for fire safety. It does
not rely on the current prescriptive code of requirements for
structural fire protection, known as standard fire resistance
design (SFRD), that does not explicitly evaluate structural
fire performance. It is essential to understand and quantify
the behaviour of the connections for a range of fire scenarios
to ensure a resilient structure for extreme fire events.

5. Conclusions

This paper has reviewed the structural fire performance
testing methods of beam-to-column connections of the fire
testings conducted from 2007 to the present. The structural
fire performance tests of beam-to-column connections
provided significant results on the connections’ fire per-
formance and fire resistance. The required fire performances
were assessed according to standardised test procedures with
strict performance criteria. Based on the literature review,
the following conclusions are drawn.

(i) The fire in a building with large, open compart-
ments tends to travel horizontally and vertically as
flames spread by igniting and burning the fuel in
their path in a limited area at any one time.

(ii) A real fire develops in four phases, growth,
flashover, fully developed, and decay or cooling.
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However, the standard temperature-time fire
curves have little resemblance to the real fire
temperature-time history.

(iii) ASTM E119 and ISO 834 provide the method for
determining the fire resistance of the construction
elements exposed to the standard fire conditions.
However, these standards do not provide the
methods for verifying the fire behaviour of the
connections between building elements. They fo-
cus on separate vertical and horizontal building
elements.

(iv) Despite the lack of fire performance test guidelines
for the beam-to-column connections, researchers
have conducted numerous fire tests on rigid,
semirigid, and  pinned  beam-to-column
connections.

(v) The seven fire testing criteria for the beam-to-
column connections summarised from previous
studies are the materials, type of connections,
method of connections, boundary conditions
(constraints), fire sources, type of analysis, and
load applications.

(vi) There are significant inconsistencies in the loading
applications (Criteria 7), where the load is applied
in the preloading, concurrent, and postfire phases,
or a combination of these phases.

(vii) The issues and challenges faced by researchers are
the selection of structural assembly, arguments of
real fire time-temperature curves against standard
time-temperature fire curves, structural response
of the RC beam-to-column connections in the
cooling phase, test load value, constraints in data
collection, boundary conditions of the column,
and fire intensity at the connections.

(viii) There is a need for researchers and regulators to
provide a standard method for determining the fire
resistance of the beam-to-connection connections
exposed to fire. The test load applied to the beam
has to simulate a maximum load condition during
the fire tests. The structural fire safety design
should consider the severe conditions of the
midspan and structural member’s connection
during the fire. The adoption of PBSFD in beam-
to-column connections has explicitly defined the
levels of structural fire safety performance and
produces more efficient and economical building
designs [77].
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