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Fire exposure can have a significant impact on the structural integrity and robustness of precast concrete beam-to-column
connections. Given the importance of fire safety in the design of a structure, it is critical to understand the damage that may occur
in the event of a fire to be able to prevent the building from collapsing. No comprehensive study has been carried out to determine
the effects of fire on semirigid and pinned concrete beam-to-column connections. Most studies focused on the impact of exposure
of rigid concrete beam-to-column connections to high temperatures. This paper is a comprehensive review of the literature on the
performance of precast concrete beam-to-column connections under fire conditions. The key areas in this review are the moment-
rotation-temperature characteristics and fire effect on precast concrete beam-to-column connections. This paper focuses pri-
marily on the case studies of real fires, large-scale fire tests, computer simulations and analytical models, fire resistance tests on the
connection elements, and assessment and rehabilitation of fire-damaged precast concrete. The paper also discusses the current

issues and possible challenges.

1. Introduction

The precast concrete frame structure developed by the
construction industry has resulted in high production effi-
ciency, better product quality, and low labour intensity
[1-6]. The mechanisation and standardisation of prefabri-
cation methods have made the production of concrete el-
ements sustainable [7-9]. Connections are critical in
ensuring structural integrity, adequate strength, energy
dissipation, stiffness, and ductility of the designed precast
concrete structures [1, 7, 10, 11]. Connections must fulfil
various design and performance criteria, including flexibility
in resisting the ultimate design force, production efficiency,
and good in-service structural behaviour of the components
and satisfy the requirements for fire safety and durability and
aesthetically pleasing [1, 12, 13].

Depending on their stiffness, precast concrete beam-to-
column connections are classified as pinned or rigid connec-
tions. Connections with low stiffness are classified as pinned

connections, and those with high stiffness are fixed connections.
However, precast concrete beam-to-column connections are
often not fully rigid or perfectly pinned because they exhibit
semirigid behaviour [14, 15]. These connections have an in-
termediate stiffness between fully rigid and perfectly pinned and
can partially transmit stress [14, 16]. Even though they have
finite stiffness and moment resistance, these connections are
usually weaker than the connected elements [17]. Semirigid
connections give more realistic and reliable results and are more
economical [18].

The failure of connections during natural and human-
made disasters has an adverse impact on precast structures.
Precast concrete structures have a relatively low integrity
and are more vulnerable to progressive collapse than the
traditional cast-in-place concrete structures [9]. The design
of precast structures must take into account the occurrence
of a fire as it is one of the accidental actions [11, 19].
Structural fire design is critical in ensuring the general fire
safety of buildings [20]. Exposure to fire could considerably
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reduce the strength and stiftness of a building [21]. Severe
fires in large buildings are rare and unpredictable incidents
but can cause catastrophic loss of life and property damage
and affect the structural integrity and robustness of buildings
[20, 22]. The construction of safer buildings can reduce the
risks of loss of life and property in the event of fire [20].

There are reports of actual fire incidents involving
precast buildings [23-26]. The postfire condition of these
buildings indicates that the structures sustained serious
damage because of the failure of the beam-column con-
nections and collapsed. However, the reasons for the failure
of the precast beam-to-column connections exposed to high
temperatures are not known. The research that compared
three different methods of precast concrete beam-to-column
connections (dry, semidry, and wet) at elevated tempera-
tures [3] was not able to determine the mechanical prop-
erties of the connections postfire. Most research focused on
rigid connections under moment-resisting frame systems,
particularly the top reinforcement continuity in a ductile
connection at the support [22, 23, 27-29].

Besides the established impacts of fire on reinforced
concrete, such as explosive spalling, cracking, reduced
compressive strength of the concrete (f.,), and reduced yield
strength of the reinforcement (f,) [30-32], the postfire
moment-rotation (M-8) characteristics of semirigid con-
nections are not yet understood. During a fire, the moment
capacity (M), rotational capacity (6), and rotational stiffness
(S) of semirigid connections are adversely affected by the
change in modulus of elasticity (E) and moment of inertia (I)
[33]. The changes are caused by the lower strength of the
materials and the cross section of the structure. Also, the
moment-rotation characteristics are affected by the postfire
effect on the connection elements in precast structures, such
as bearing pad, grout, bolts, and welds.

Connections must be protected with concrete or grout
and enclosed in or sprayed with fire-resistant materials
because fire exposure could weaken precast concrete beam-
to-column connections. Connections must be given the
same protection as the components and frame of a structure.
Structural engineers are responsible for ensuring the
structural safety of the precast component connection as
well as the compliance of the joint functional requirements,
such as fire safety and thermal insulation [4].

There are many questions concerning the exposure of
precast buildings to fire. Some of the questions are the
semirigid behaviour of precast concrete beam-to-column
connections under severe fire conditions, the capability of
connections under increased rotation and reduced moment
capacity, the effect of fire-damaged reinforced concrete on
the strength and stiffness of the semirigid connections, and
the moment-rotation-temperature characteristics at elevated
temperatures.

This article presents a comprehensive review of the
behaviour of precast concrete beam-to-column connections
under fire conditions. It will also discuss connection per-
formance in terms of the moment-rotation-temperature
characteristics and the effect of fire on precast concrete
beam-to-column connections. The primary focus of this
article is the case studies of real fires, large-scale fire tests,
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computer simulations and analytical models, fire resistance
tests on connection elements, and assessment and rehabil-
itation of fire-damaged precast concrete. Finally, this paper
explores the critical issues and challenges faced by the
construction industry and gives recommendations for future
research.

2. Moment-Rotation-Temperature
Characteristics of Precast Concrete Beam-
to-Column Connections

The connection of a precast concrete beam-to-column
connection is semirigid because of its rotational behaviour at
the joint. The connection rotates when a moment is induced
through the application on a load. The rotational charac-
teristics of the connections are a moment-rotation rela-
tionship. The moment-rotation-temperature relationship of
a connection is established when the connection is exposed
to fire. In general, the full moment-rotation-temperature
connections in a fire consist of a moment-rotation at am-
bient temperature and a rotation-temperature at high
temperatures [34]. The critical properties of a precast
concrete beam-to-column connection are dependent on the
moment-rotation characteristics of the connection, in-
cluding the beam end moment capacity, rotational stiffness,
rigidity, and fixity factor (y) [12].

2.1. Classification of Semirigid Connection. There are two
effective methods for classifying semirigid connections
[11, 14]. Figure 1 [11] shows the beam-line method. The
moment-rotation shown in Plot 1 is for a rigid connection
with complete rotational continuity, while Plot 2 shows a
pinned connection with no moment resistance. The semi-
rigid connections in Plots 3, 4, and 5 tend to exhibit the
behaviour of a connection in a precast concrete structure,
depending on the type of connection. The beam’s moment of
resistance (My) and relative pin-beam end rotation () at
the support is given by

wL*

MR zf(kNm), (1)
L3

R = ZEI (rad), (2)

where w is uniform distribution load (kN/m), L is the span
length of the beam (m), E is the modulus of elasticity of the
concrete = (o/¢) = ((F/A)/(AL/L)) (MPa or N/mm?), and I
is the moment of inertia for a rectangle concrete beam =
(bh*/12) (mm*).

However, the simplified moment-rotation relationship
in Figure 2 was developed for practical applications and to
obtain reliable results [14]. My, is the yielding moment,
and M, is the flexural strength moment of the connection.
Secant rotational stiffness (Rqec) is used in a linear analysis
that considers the nonlinearity response of the connection in
the moment-rotation curve. Secant rotational stiffness is a
safe approximation for representing the behaviour of con-
nections in a global analysis of structural stability.
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FIGURE 1: Moment-rotation relationship beam-line method [11].
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FiGgure 2: Simplified moment-rotation relationship [14].

uses the connection classification system shown in Figure 3 1+ SI (3)
[11]. This system consists of five distinct zones. Zone I and V E

represents pinned connections and rigid connections, re- where L is the span length of the beam (m), E is the modulus
spectively. Zone II represents semirigid connections with of elasticity for concrete = (g/¢) = ((F/A)/ (AL/L)) (MPa or
low strength (0.14 <y <0.40), Zone III represents semirigid ~ N/mm?), I is the moment of inertia for rectangle concrete
connections with moderate strength (0.40 <y <0.67), and  beam = (bh*/12) (mm?), and Si is the rotational stiffness
Zone IV represents semirigid connections with high  (kNm/rad).

strength (0.67 <y <0.90). The equation for Monforton’s Equations (2) and (3) clearly show that the modulus of
fixity factor [13] is given by elasticity and moment of inertia of a structure are critical in

The second method for classifying semirigid connections 31\ !
y B ( > '
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FiGure 3: Connection classification system [11].

the classification of beam-to-column connection. Any
change that reduces the strength of the materials and cross
section of structures affects the moment capacity, rotational
capacity, rotational stiffness, and fixity factor of semirigid
connections.

2.2. The Moment-Rotation-Temperature Relationship of
Semirigid Connection. Refs. [34-37] described the moment-
rotation-temperature relationships for beam-to-column

connections. Most of the studies focused on steel structures.
However, the fundamental relationship is also applicable to
concrete structures. Observations of fire-damaged structures
and fire tests showed that simple connections could resist
significant moment even at large deformations. The fol-
lowing modified Ramberg—Osgood equation [35] was used
to represent the moment-rotation-temperature data ob-
tained from experimental fire tests:

n
b=—+ 0.01(—> — for a one — stage moment — rotation curve,

A B

®=®1+M+o.01[(M_M1)

1 Bl

where @ is the joint rotation (rad), @; is the rotation at
which the beam flange comes into contact with the column
(rad), M is the moment capacity (kNm), M; is the moment
capacity corresponding to @, A and A, are the stiffness of
the joints, B and B, are the strength of the joints, and # and
n, are the sharpness of the curve.

Figure 4 shows the moment-rotation-temperature curves
for both stages of moment-rotation behaviour [35, 36]. The
figure shows reduced moment-rotation curves with increasing
temperatures. The parameters representing the joint’s stiffness
and strength showed similar characteristics in that the values
for both parameters decrease with rising temperatures fol-
lowing the strength reduction factors of structural steel pre-
sented in the design codes. Further test by Rahnavard and
Thomas [37] on various types of steel connection (bolted
endplate, bolted cover plate, bolted tee, and welded cover plate)
showed a change in the behaviour of the moment capacity as
well as stiffness as the temperature increased from 20 to 300°C.

4)

nl
7] — for atwo — stage moment — rotation curve,

The moment-rotation-temperature relationships for a
concrete structure are influenced by the fire effects on the
reinforced concrete structure, including deflection, cracking,
spalling, loss of stiffness and strength, and loss of rein-
forcement strength. Figure 5 shows the types of fire damage
observed in semirigid conditions. The change in the prop-
erties of a concrete structure as a result of exposure to high
temperatures affects the moment capacity, rotational ca-
pacity, rotational stiffness, and fixity factor of semirigid
connections.

Spalling is the breakaway of a layer of concrete from the
surface as a result of the high internal steam pressure from
water vaporisation [30, 38, 39]. Spalling can be categorised as
aggregate spalling, explosive spalling, surface spalling, and
corner/sloughing-off spalling, as shown in S1, S2, and S3.
Explosive spalling is the most severe form of spalling and is
characterised by the burst-out of concrete pieces that are
accompanied by a sudden release of energy and loud sounds
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FIGURE 4: Moment-rotation-temperature curves: (a) one-stage and (b) two-stage [35, 36].

[40]. In a standard building fire, spalling starts at a tem-
perature of between 250 and 420°C, depending on the
heating rate and concrete properties [41]. Prefabricated
concrete structures constructed using high-strength con-
crete (HSC) have a higher risk of severe explosive spalling.
Despite the high strength and excellent durability of this
concrete, its low permeability proves to be a disadvantage at
high temperatures.

The structural performance of reinforced concrete
structures is influenced primarily by spalling, which causes
loss of material, smaller cross-sectional areas (Ad), and
exposure of the reinforcing steel to excessive temperatures,
as shown in Section 1-1 [30, 38, 39, 41]. Researchers have
elucidated the critical role of spalling in reducing the fire
resistance of a structure [42, 43]. The adverse effect on fire
resistance occurs at the beginning of the spalling process,
where the dismantlement of large pieces of concrete from the
surface exposed to fire reduces the thickness of concrete
cover and cross-sectional area and thus exposes the rein-
forcements to fire. However, the impact on fire resistance is
less severe in the late stages of a fire, when the spalling
generally causes the breaking up of thin layers of concrete
and minor dislodgement of the surface. Minor gradual re-
duction of the surface layer may continue after the fire has
stopped burning.

The thermal conductivity of concrete is dependent on the
type of aggregates used in the concrete. The use of cathode
ray tube (CRT) waste as aggregates in the production of
concrete produces concrete with excellent fire resistance at
temperatures of up to 600°C [44]. Nanosilica is a material

with advanced pozzolanic properties and can act as a
microfiller in cement. It can also enhance the hydration of
concrete material by increasing its pozzolanic activity [45].
Innovative fireproof concrete containing high volumes of fly
ash with colloidal nanosilica (HVFANS) can be used as
passive fire protection in high-risk structures [45, 46]. The
high-strength mortar produced through the incorporation
of a high amount of fly ash and colloidal nanosilica and
exposure to a temperature of 700°C has a comparable re-
sidual strength as the control cement mortar specimens
before its exposure to high temperatures [47-49].

During a fire, concrete experiences a permanent loss of
stiffness and strength, which is known as thermal damage and
thermal decohesion, respectively [40]. The chemical com-
position and physical structure of a concrete change con-
siderably as a result of dehydration and high-temperature
response [40]. Georgali and Tsakiridis [38] demonstrated the
general condition of concrete that have been exposed to
varying temperatures, as shown in Figure 6. The colour of the
concrete remained unchanged when exposed to a tempera-
ture of up to 300°C. The colour of the concrete changes from
grey to pink as the temperature increases. The colour changed
from pink to red when the temperature is between 300 and
600°C, to whitish-grey at 600 to 900°C, and whitish-grey to
buff at 900 to 1000°C. The pink discolouration is due to the
presence of an iron compound in the fine or coarse
aggregates.

The deterioration of mechanical properties in terms of
the yield strength and modulus of elasticity of steel rein-
forcements during a fire is a critical factor affecting the
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FIGUre 6: Visual evidence of the temperature to which concrete has been heated [38].

performance of concrete structures. The concrete cracking
(flexural, interface, and shear), as shown in C1, C2, and C3,
and concrete spalling during a fire exposes the steel rein-
forcement to high temperatures. The close distance of the
concrete surface to the steel reinforcement may cause
damage or collapse of the concrete structure during a fire.
Steel reinforcements must be protected from exposure to a
temperature greater than 250 to 300°C, depending on the
type of reinforcement [20], since steel with low carbon
content exhibits “blue brittleness” at temperatures between
200 and 300°C [50]. A review of the literature [3, 23, 51, 52]
revealed that steel reinforcements begin to lose yield and
ultimate strength at 200°C and 300°C, respectively. Exposure
to temperatures higher than 400°C could cause a consid-
erable expansion of the reinforcements. Exposure to higher
temperatures of up to 700°C results in a 20% reduction of
load-bearing capacity. At temperatures higher than 800°C,
the tensile strength of the reinforcements is significantly
lower.

The combination of the above fire damages causes a
marked deterioration of the beam-to-column connection.
Further exposure to high temperature weakens both the
concrete and the reinforcement. The tension reinforce-
ment tends to slip due to the cracking of top joints. The
values of modulus of elasticity and moment of inertia are
markedly reduced. The continuous deflection at the
midspan of the beam caused a larger rotation, which
reduces the moment capacity of the joint. The reduced
moment-rotation curve results in lower rotational stiff-
ness and lower fixity factor. As a consequence, the beam-
to-column connection tended to collapse and overturn
and failed despondently.

3. The Effect of Fire on Precast Concrete Beam-
to-Column Connections

Beam-to-column connections are essential part of precast
skeletal frames. Exposure of beam-to-column connections
to extreme fires produces a destructive force that can cause
structural deterioration. Tables 1-5 present the findings of
investigations on the behaviour of concrete beam-to-col-
umn connection exposed to high temperatures. The case
studies comprise a real fire, large-scale fire tests, computer
simulations, analytical models, fire resistance tests on the
connection elements, and assessment and rehabilitation of
fire-damaged precast concrete. This section will provide
greater insight into the effects of fire on precast concrete
beam-to-column connections in terms of descriptions,
methods, parameters, and limitations.

3.1. Case Studies of a Real Fire. Table 1 lists the case studies of
real fires of precast structures, namely, a plant in Turkey [23],
afactory in Poland [25], and a production hall in Serbia [26].
Even though there are many case studies focused on real fire
events, there is no report on the precast structures. Most of
the studies focused on conventional structures that have
rigid connections.

3.1.1. Cotton Thread Plant, Kahramanmaras, Turkey [23].
The plant was constructed in 1997 using 450 mm x 450 mm
precast concrete columns and 350 mm x 1270 mm L-shaped
precast concrete girders. The precast concrete columns were
connected with the precast concrete girders using visible
corbels, as shown in Figure 7. The information on the
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Author, year,

Descriptions Methods Parameters Limitations Conclusions
and ref. no.
(i) Concrete . . .
N . (i) Thermal behaviour (i) Corbel was used to
(i) Visual spalling
o . of the beam-to- connect the column to the
examination and (ii) Aggregate . .
. column connection at precast concrete girder
observation colour . ..
(ii) Tensile test on (iif) CaO layer high temperature (ii) Several beam-to-
Cotton thread plant, : . Y (ii) Level of column connections have
reinforcement (iv) . .
Kose et al. Kahramanmaras, Turkey temperature during failed

(2006) [23]

(2003), containing precast
concrete column and girder

(iii) Ultrasonic

test and concrete

Reinforcement
tensile strength

the fire

(iii) Compressive

(iii) Due to concrete
spalling at high

conmg N Concr.ete strength of heavily temperature, steel
(iv) Scanning compressive . .
electron strength damaged concrete reinforcement lost their
. . (iv) Rehabilitation strength leads to the
microscope (vi) Concrete . .
: solution collapse of the girder
cracking
(i) Column
verticality (i) Corbel was used to
(ii) Girder connect the column to the
(i) Visual dsﬂection precast concFete.girder
. (iii) Concrete (ii) Column inclined and
examination and . . .
. cracking (i) Thermal behaviour curved due to thermal
Personal care product  observation (iv) of the beam-to- elongation of the roof
Wréblewski factory, Poland (2012), (ii) Tensile test on : . ong
L . Reinforcement column connection at girder
et al. (2016) containing precast column prestressing . .
. . corrosion high temperature (iii) Several beam-to-
[25] and precast posttensioned reinforcement . . e .
. . (v) Prestressing (ii) Rehabilitation column connections have
girder (iil) Scanning : . .
reinforcement solution totally failed
electron . .
- strength (iv) High temperature
microscope . .
(vi) Concrete reduced prestressing force
spalling and increased the
(vii) Concrete deflection of the girder
microstructure
(i) Column
N icali .
(i) Visual vsrﬂca 1ty (i) Beam-to-column
. . (ii) Concrete . o
inspection on . connection exhibited a
spalling

Production hall building,

physical effects
(ii) Dimension

(iii) Aggregate
colour

njanin . , m remen .
Radonja Novi Sad, Serbia (2013), neasureme t (iv) Concrete
et al. (2016) . (iii) Concrete .
containing precast concrete . cracking
[26] coring
column and precast beam . . (v) Concrete
(iv) Tensile test .
. compressive
on reinforcement
. strength
(v) Geodetic (vi)
surve .
Y Reinforcement

tensile strength

(i) Construction

method of beam-to-
column connection
(ii) Temperature and
duration of the fire

crumbling of concrete

(ii) Precast beam member
was rotated and tend to
decline

(iii) Two possible
rehabilitation solutions
include removal the
damaged surface and
retrofit

method used to connect the two components is not available.
The concrete is a mixture of riverbed aggregates and
Portland cement having a compressive strength of 25 MPa.
All precast structural members have a 15 mm concrete cover.
All precast concrete structural members do not have fire
protection. The colour of the deformed concrete samples
indicates that the fire burned for more than two hours, and
the temperature is estimated to be around 800 to 900°C.
The methods used in the case study include visual ex-
amination and observation, tensile test on the reinforce-
ment, ultrasonic pulse velocity test, concrete coring, and
scanning electron microscope (SEM). The damage sustained
by the internal column was more severe than that experi-
enced by the external column because of the internal walls

between the two columns. The spalling of the concrete cover
exposed the transverse reinforcements. The colour of the
aggregates changed to pink or red. The yield and rupture
strength of the steel reinforcement were lower than the
values stated in the standard. The matrix of the concrete and
the binding between the concrete and steel was destroyed.

Consequently, some of the structural members were not
able to carry the applied load and collapsed. The bottom part
of the columns and ground floor slab sustained heavy
damage, where the bottom part of the girders (tension zone)
sustained most of the damage. The spalling of concrete
exposed the steel reinforcements to high temperatures,
which caused a reduction in the strength and yield of the
reinforcements. This resulted in the formation of large
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TaBLE 2: Large-scale fire tests.

Author, year,

and ref no Descriptions Methods Parameters Limitations Conclusions
(i) The fire resistance
(i) Failure (i) Postfire effect to durations were 66,. 113,
patterns >120 and > 120 min
.. the concrete .
. (ii) Load for the specimens
(i) Load test resistances structure without fire
Precast concrete cantilever beam (ii) Fire test using (iii) Load- (ii) Internal rotection. with thin
. connected to precast concrete gas burner . temperature b N .
Panedpojaman middle beam by a welded plate  (standard fire deflection distribution data plaster, with thick
et al. (2016) [53] Y P curves plaster, and with

joint with different fire protection
methods
for 120 min)

curve EN 1991-1-
2 or ASTM E119

(iii) Moment
capacity, rotational
capacity, the
rotational stiffness,
and the fixity factor

(iv) Load-rebar
strain curves
(v) Load-steel
plate strain

sealant, respectively
(ii) The beam end
deflection gradually
increased with fire
duration and increased

curves
significantly at failure
(i) Internal
temperature
distribution data
(ii) Exposure to
standard fire curve
EN 1991-1-2 or
. (1) Load- ASTM E119 Corbel connection
. (i) Load test ;
Precast concrete cantilever beam (ii) Fire test usin displacement  (iii) Boundary showed better
. connected to precast concrete 8 curves condition for top performance in terms
Teja et al. (2019) . . gas burner T
3] column with three different (constant (ii) First crack and bottom column of toughness
connections—monolithic, hybrid, (iii) Ultimate  (iv) Postfire effect to compared to
temperature

and corbel

400°C for 60 min)

the concrete
structure

(v) Moment-
rotation-
temperature
characteristics, the
rotational stiffness,
and the fixity factor

crack
(iv) Toughness

monolithic and hybrid
connection

cracks at the bottom of the girders and loss of bond between
the concrete and the steel. The girders were not able to carry
the applied load and collapsed.

3.1.2. Personal Care Product Factory, Poland [25]. The
factory was constructed in 1968 with reinforced concrete
columns (400 mm x 400 mm, C16 concrete grade) fixed to
the foundation footings (18 mx6m column grid), post-
tensioned roof girders (180 m span, 1.40 m high, C30 con-
crete grade, 1500 MPa grade steel, four 12 @ 5mm tendons,
T sections of chords with 200 mm x 300 mm bottom and
300 mm x 200 mm top), and reinforced concrete thin-walled
ribbed roof panels supported on the girders (6 m span, C20
concrete grade, 25mm thick, 300 mm high), as shown in
Figure 8. There was no fire suppression system in the part of
the facility where the fire occurred. The information on the
method used to connect both components is not available.

The methods adopted in the report are the same as
those adopted in the study by Ref. [23], including visual
examination and observation, tensile test on prestressing
reinforcement, and SEM observation. The damage to the

structure is extensive. The marked reduction of the load-
bearing capacity rendered the factory unusable. The
columns were inclined and curved due to the thermal
elongation of roof girders and panels and the horizontal
action of the collapsing roof girders. There was cracking
on the lower surface of the columns. The temperature
increase and the accelerated relaxation of high-strength
steel reduced the prestressing force, which in turn in-
creased the deflection and width of the joints in the
bottom chords of the girders. The corrosion of the exposed
prestressing reinforcement in the damaged anchorage
zones and the open joints reduced the load-bearing ca-
pacity of the girders. The completely uncovered anchorage
zones of the prestressing steel or the cracked and broken
concrete cover accelerated the corrosion of the steel
elements.

The fire began in the precast concrete frames (com-
partments C and E), which collapsed several hours after the
fire started even though the fire burned the longest in these
compartments. Although some of the structural damage to
certain parts of the building occurred in the early stages of
the fire (less than one hour), the concrete frame hall where
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TaBLE 3: Computer simulations and analytical model.

Author, year,

and ref 1o Descriptions Methods Parameters Limitations Conclusions

(i) Concrete

spalling
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colour The analytical model

. . (iii) Concrete confirmed:
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Fire damage to precast, hase (in- lacegan d 8 (iv) Pulse velocity behaviour of the evaluation program

Reis et al. prestressed concrete ﬂ borato ptestin ) (v) Elastic bean:’— tolfcolumn pertinent to the midspan
(2009) [54] double-tee beam in a Y & modulus deflections and the load

parking structure (ii) Load-testing phase

connection at high

(vi) Splitting testing

iz;l:gt;(;ad—carry1ng tensile strength temperature (ii) Means of comparing the
(vii) Midspan deflection response with the
deflection-load test findings
curves
(viii) Cracking
moment
(i) Maximum
combustion gas (i) Geometry of structure
temperature have a significant effect on

Fire damage to precast (i) Maximum Thermal the movement of

Computational fluid

concrete double-tee .
dynamics program for a

Pessiki and

prestressing steel behaviour of the = combustion gases in the

Bayreuther beams, pocketed . . temperature beam-to-column  structure
series of vehicle fires and ... . . o\
(2013) [55] spandrels, walls, and the resultine fire loads (iii) Gas connection at high (ii) Fires cause greater
inverted-tee girders & temperature time temperature increases in prestressing
histories steel temperatures and
(iv) Temperature reduced the steel strength
distributions
(i) The extent of fire in time
and space, and the
(i) Fire Dynamics temperatures reached the
Simulator ver. 5 for (i) Thermal structure resisted the fire
Personal care product  thermal condition in condition in Thermal very effectively
Wréblewski factory, Poland (2012), building building behaviour of the  (ii) The computational fluid
et al. (2016) containing precast (ii) Lusas for thermal (ii) Temperature beam-to-column  dynamics and global
[25] column and precast condition in structural  distribution in  connection at high mechanical analyses give

elements and mechanical
analysis of the entire
structural

posttensioned girder

structural
elements

only a rough estimation of
the real fire and structure

behaviour due to shortage
of precise information and
numerical data on the fire

temperature

the fire originated did not collapse until several hours later.
The collapse of the central part of the building and the
pushing out of the outer parts caused significant damage to
the posttensioned roof girders, reinforced concrete slabs,
and columns. The foundation footings remained intact.

3.1.3. Production Hall, Novi Sad, Serbia [26]. The building
was constructed using precast concrete columns and precast
facade beams with concrete grade C35/45. The information
on the size of the members and the method used to connect
the members is not available. However, the figure given by
the researcher shows that the end of the precast facade beam
is discontinuous and is seated on top of the precast column,
which caused the facade beam to rotate and decline. Detailed
information on the fire intensity is not available. Figure 9
shows the general view of the building after the fire.

The methods used in the report include visual inspection
of the physical effects, dimension measurement, concrete
coring, tensile test of the reinforcement, and geodetic survey.
The major interior parts with installations, roof coverings,
and facade cladding, as well as the complete roof-bearing
structure, were destroyed during the fire. The precast col-
umns and precast facade beams suffered severe damage. A
detailed visual inspection revealed the following defects and
damages: (1) insuflicient protective concrete layer, (2) rough
concrete surface, (3) spalled, fallen, or burnt concrete
protection layer, (4) change in the colour of the concrete
surface, (5) crumbling and burnt concrete protective layer
with the aggregate grains showing a colour change, (6)
crumbly longitudinal column edges, (7) net-like fissures on
the surface of the elements, (8) horizontal cracks along the
stirrups, (9) horizontal cracks due to flexion of the columns,
(10) vertical cracks and gaps along the column edges (along
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TaBLE 4: Fire resistance test on the precast connection elements.
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Author, year,

and ref. no Descriptions Methods Parameters Limitations Conclusions
(i) Thermal
effect when (i) At normal
(i) Grouted (i) Grout compression strength embedded in temperature, half
. (ii) Grout vertical expansion  concrete with grout sleeves exhibited
specimens and ratio concrete spalling two types of
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Zhang et al. half-grouted sleeve tension at (iv) Ultimate tensile force and higher and rebar pull-out
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Mechanical behaviour with cover, and  elastic modulus 5600°C routed sleeve
Zhang et al. of postfire half-grouted grouted rebar (ii) The failure . 8 .
. . . . (ii) Full-scale connection were
(2019) [57] sleeve connection without concrete mechanism—elongation, . .
. L beam with half- obviously affected by
covered by concrete  cover bonding slip, influence of
- . grouted sleeve  the peak temperature
(ii) Furnace test  concrete cover, and bonding .
(iii) Tensile test  behaviour connection and the concrete cover
exposed to fire
Fi i f th .
wléledgcliroule;tt;on o (i) Load test (i) Postfire effect Thick plaster was the
- P (ii) Fire test using (i) Deflection P .
joint—without any fire SN s to the concrete  best alternative for
Panedpojaman rotection, with gas burner (ii) Failure mode structure reventing joint
Po) P ’ (standard fire (iii) Plate failure . P &)
et al. (2016) [53] mortar plaster, and curve EN 1991-1- (iv) Spallin (ii) Internal damage. To reduce the
with intumescent paling temperature cost, flexible sealant is

sealant of 1cm

2 or ASTM E119

(v) Cracking

distribution data

recommended

thickness for 120 min)

the main reinforcement), (11) broken, spalled, and fallen
concrete along the edge of the columns, (12) impaired ad-
hesion between the concrete and reinforcement, (13) ex-
posed reinforcement, and (14) local mechanical damage of
the concrete in places where interior elements were fixed.
Two possible repair solutions were analysed, namely, repair
of the precast concrete columns and removal of the existing
precast concrete columns and replacing them with new ones.

3.2. Large-Scale Fire Tests. Most large-scale fire tests were
conducted on monolithic concrete beam-to-column con-
nection [21, 22, 28, 65-67]. Only a few investigations were
carried out on precast concrete beam-to-column connec-
tions, as shown in Table 2 [3, 53]. However, the large-scale
fire tests on the monolithic concrete beam-to-column
connection were beneficial as further references and
guidelines. Many studies performed large-scale fire tests on
steel and composite structures due to the greater fire risk of
steel and composite structures. These studies investigated the
different sources of heat, including natural fire, large-scale
furnace, small-scale furnace, gas burner, and flexible ceramic
pad (FCP) [68]. Most large-scale fire tests on monolithic

concrete beam-to-column were conducted on cantilever
beam setup with a furnace or gas burner placed at the joint
area [3, 22, 53, 66, 67]. However, in the method adopted by
Raouffard and Nishiyama [28], the full-length beam is
supported by columns at the ends.

Panedpojaman et al. [53] conducted a large-scale fire test
on precast concrete beam-to-column connection to inves-
tigate the moment capacity and fire protection performance
of the welded plate joint for precast members exposed to
high temperature, as shown in Figure 10. In this case, a
similar welded connection can be designated to the precast
beam-to-column connection. The researchers investigated
four types of joints: (1) joints without fire protection, (2)
joints protected with 15 mm thick mortar plaster, (2) joints
protected with 40 mm thick mortar plaster, and (4) joints
protected with 19mm thick intumescent sealant. The
specimens were exposed to fire from below for up to
120 min. Due to the limitation of laboratory testing, this fire
was specified as a parametric fire following the specifications
in EN 1991-1-2, which is a realistic range for office or house
fire. This fire curve is slightly less severe than the standard
fire curve in EN 1991-1-2 or ASTM E119. The parameters
investigated in the test include failure patterns, load
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TaBLE 5: Assessments and rehabilitations of fire-damaged concrete structure.
Stages Methods Descriptions Author Ref.
(i) Ultrasonic pulse velocity and radiographic exposures to
. locate tendons . .
gg:iiitruit;? 1?;?1 testin (ii) Concrete cores to determine the flexural strength of le)tllaelk and Dilek [58, 59]
v &  concrete and dynamic Young’s modulus of elasticity and air ’
permeability index
(A) Assessments . . . (i) Control design of the built-in concrete and reinforcement Radonjanin
Visual inspection . . [26]
(ii) Geodetic survey et al.
Ylsual 1nsPect10n and on- Residual strength on damaged concrete and reinforcing Ha et al. [60]
site material tests
Nondestructive testing Residual durability properties of core extraction Aseem et al. [61]
Methods and materials
(i) Variant I (repair of columns) Radonjanin 26]
(ii) Variant II (removal of existing and concreting the new columns) et al.
(i) Replacement of slab
(ii) Retrofit girders and beam
(iii) Surface treatment of columns and walls Ha et al. [60]
(iv) Steel beams and deck plates
(i) Carbon fibre-reinforced polymer
(ii) Glass fibre-reinforced polymer
(iii) Normal strength concrete
(B) (iv) Fibre-reinforced concrete Zahid et al. [62]
Rehabilitations (V? Ferrocemept
(vi) Epoxy resin mortar
(vil) High-performance concrete
(i) Section enlargement method
(ii) Steel wrapping strengthening Zhouand Wang [63]
(iii) Externally bonded reinforcement
(i) Externally bonded reinforcement
(ii) Fibre-reinforced polymers
(iii) Bolted side plating Ma et al. [64]

(iv) Jacketing with high- and ultra-high-performance concretes or mortars
(v) Damaged concrete replacement

FIGURE 7: General view of the plant after the fire [23].
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FiGure 8: Factory condition after the fire: (a) inclined and curved columns and deformed roof girders and (b) collapsed roof [25].

(a)

(b)

FIGURE 9: General view of the building after the fire: (a) appearance of the objects after the fire and clearing of the ground and (b) beam

rotation (tends to decline) [26].

resistances, load-deflection curves, load-rebar strain curves,
and load-steel plate strain curves.

During the fire test, the higher deflection at the beam end
caused a separation of the cantilever beam, joint, and main
beam. Thermal damage and expansion caused the fire-re-
sistant plaster to crack and break off. The plate swelled, and
the upper edge of the plate split. The mechanical degradation
of the plate reduced the moment capacity of the joint. The fire
resistance duration of the specimens without fire protection,
with thin plaster, with thick plaster, and with sealant is 66,
113, >120, and >120min, respectively. The fire-resistant
sealant has good flexibility and remains intact when exposed
to fire, which allows it to cover and protect the joint. Based on
these findings, thick plaster seems to be the best option in
preventing joint damage. Nonetheless, the application of thick
plaster may not be feasible due to its high cost. Thus, the use of
flexible sealant as a fire protection material is recommended
for welded plate joints.

Teja et al. [3] used the cantilever beam method identical
to that used by Refs. [22, 67] to investigate the performance
of precast hybrid and corbel connections exposed to high

temperatures shown in Figure 11. The specimens were ex-
posed to a constant fire temperature of 400°C provided by a
gas burner for 60 minutes. The hybrid connection consists of
a cleat angle with two stiffeners on both edges and a small
stiffener in the middle. The beam reinforcement was linked
to the cleat angle using arc welding in the vertical face and
then cast in a mould. Another plate was welded at the centre
of the main reinforcement of the column and cast. After
curing, both specimens were joined using a bolted con-
nection. The corbel connection was formed by a precast
concrete beam supported on a precast concrete column
corbel. The gaps between the rebar and concrete were filled
with grout. A cleat angle with stiffeners on either side was
provided towards the top of the beam. The cleat angle was
simultaneously anchored vertically into the beam and
horizontally into the column that restrains the upward-
lifting of the beam. Grout was applied in the vertical in-
terface to increase the rotational flexural stiffness and
flexural strength capacity of the connections. The parameters
investigated in the test include load-displacement curve, first
crack, ultimate crack, and toughness.
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(a)
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FIGURE 10: (a) Electric welding of a welded plate joint and (b) experimental setup [53].

The result of the fire test showed that the specimen with
corbel connection has the best performance in terms of joint
toughness. The first crack at the ultimate load for corbel
connection (53%) is less than those for monolithic (55%)
and hybrid (58%) connections. However, the displacement
at the first crack for corbel (56%) is higher than those for
monolithic (28%) and hybrid (37%) connections.

3.3. Computer Simulations and Analytical Models.
Computer simulations and analytical models are used to
validate experimental findings and improve engineering
recommendations. Many studies have been conducted on
steel beam-to-column connection to determine the mo-
ment-rotation-temperature relationships [34-37], as de-
scribed in Section 2. Among the finite element simulation
programs used to make the simulations are ABAQUS,
VULCAN, ADAPTIC, DIANA, and ANSYS. However, no
comprehensive study has been carried out on the precast
concrete beam-to-column connection under high-tem-
perature conditions, as shown in Table 3. Most studies
focused on precast prestressed slabs [54, 55, 69] and fire
dynamics simulation of precast building [25].

Reis and Mata [54] and Pessiki [55] developed an an-
alytical model for fire-damaged double tees in a parking
structure to evaluate the fire damage sustained by precast

prestressed concrete members of the parking structure. The
analytical model used by Reis and Mata [54] includes the
materials engineering phase (in-place and laboratory test-
ing) and load-testing phase (verify load-carrying capacity).
The parameters involved in the analytical model include
concrete spalling, aggregate colour, concrete cracking, pulse
velocity, elastic modulus, splitting tensile strength, midspan
deflection-load curves, and cracking moment. The analytical
models confirmed the findings of the experimental program
on midspan deflection, load testing, the significant effect of
the structure’s geometry, and the strength of prestressing
steel.

Reference [55] used a computational fluid dynamics
(CFD) computer program to perform an analysis. Heat flux
histories were used as the input to determine the temper-
ature rise in the prestressing strand of the double-tee floor
members. The increased prestressing steel temperatures
were used to estimate the reductions in steel strength. The
parameters in the analytical model are maximum com-
bustion gas temperature, maximum prestressing steel
temperature, gas-temperature time history, and temperature
distribution. The result showed that the geometry of a
structure has a significant effect on the movement of
combustion gases in the structure. Fires have significantly
increased prestressing steel temperature and reduced steel
strength.
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FiGure 11: (a) Corbel connection, (b) hybrid connection, and (c) experimental setup [3].

The dynamics simulation study of the precast building
using the CFD computer program (Fire Dynamics Simulator
ver. 5) by Ref. [25] showed the extent of fire in time and
space and the temperatures reached and that the structure
was able to resist the fire very effectively. The CFD and global
mechanical analyses gave a rough estimation of the real fire
and structure behaviour due to the lack of accurate infor-
mation and numerical data on the fire.

A comparison with previous studies on computer
simulations of monolithic concrete beam-to-column con-
nection shows that the computer simulations performed by
Kodur and Shakya [69] on a precast prestressed concrete
hollow-core slab at a high temperature are congruent with
the predicted temperature and the test data. The hollow-core
slabs were able to resist the fire for 95 minutes because of the
influence of the load, concrete cover thickness, and core size.
However, the failure of a precast prestressed concrete hol-
low-core slab in the fire is due primarily to the degradation
of moment capacity or increased deflection, as well as the

limiting temperature on the unexposed surface. These pa-
rameters are influenced by the temperature rise in the slabs
and the corresponding loss of strength and modulus of the
prestressing strand.

Annerel and Taerwe [29] modelled internal and external
thermal restraints to investigate the behaviour of concrete
beam-column connections exposed to ISO 834 fire. Results
showed that the vertical cracks in the concrete element
caused by the internal thermal restraint did not extend to the
bottom surface of the heated beam. External thermal re-
straint was observed with the gradual development of plastic
hinges and increasing shear force that occurred well before
the fire resistance stated in EN 1992-1-2 is attained. Thermal
deformation may cause cracking in the building elements
that are not directly exposed to the fire. Additional rein-
forcement, concrete cover, and insulation can be provided to
strengthen the structure.

Kodur and Agrawal [70] assessed the residual capacity
of fire exposed reinforced concrete beams. The researchers
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examined the material properties of the reinforcing steel
and concrete under three conditions: (1) structural re-
sponse in ambient condition, (2) thermomechanical re-
sponse during fire exposure, and (3) postfire residual
response after the beams have cooled down. The assessment
took into account the load level, specific fire scenarios,
boundary conditions, and plastic deformation of the
beams. In contrast with the simplified cross-sectional
analysis, taking into account the temperature-dependent
strain hardening properties of steel reinforcement and the
tension stiffening properties of concrete gives a more re-
alistic prediction of the residual capacity. Large irrecov-
erable plastic deformation may remain in the fire exposed
reinforced concrete beams, and higher residual deforma-
tions reduced the postfire residual capacity of the rein-
forced concrete beams. The reinforced concrete beams
analysed in this study retained about 60 to 70 % of their
ultimate room temperature capacity for different para-
metric fire exposure scenarios with a distinct cooling phase.

Eid et al. [66] performed a theoretical analysis of the
behaviour of reinforced concrete beam-column connections
exposed to fire by considering the effect of reinforcement
ratio, the number of stirrups on reinforced concrete con-
nection, and the duration of the fire. The experimental
program also determined the heat distribution in reinforced
concrete beam-to-column connections by measuring the
temperature at different points. In contrast to the experi-
mental results, finite element analysis is a more efficient
method for predicting the structural behaviour of reinforced
concrete beam-to-column connection. The theoretical re-
sults are in good agreement with the experimental results.

3.4. Fire Resistance Test on the Precast Connection Elements.
The fire resistance of connection elements is a critical factor
in the design of precast connections. The connection ele-
ments in precast structures comprise bearing pads, grout,
bolts, and welds. Generally, the connection elements transfer
compressive stress through direct contact or the insertion of
a material [71]. The direct contact method is rarely used due
to the low-tension strength and fragile behaviour of the
concrete. Researchers have investigated the performance of
half-grouted sleeve and welded connection at elevated
temperatures [53, 56, 57], as shown in Table 4. However,
thus far, no extensive study has been carried out on the fire
behaviour of bearing pads, bolts, and welds [71-75].

Half-grouted sleeve connections (HGSC) are often used
to join rebars in precast concrete structures. Zhang et al. [56]
and Zhang et al. [57] performed a furnace test and tensile test
to investigate the mechanical behaviour of postfire half-
grouted sleeve connection covered with concrete at elevated
temperatures. They found that the tensile properties of half-
grouted sleeve connections are directly affected by tem-
perature. The compressive strength of the grouts and the
bonding length decreased at 600°C. The half grout sleeves
exhibited two types of failure: (1) rebar fracture and (2) rebar
pull-out due to bonding failure. The failure mode and lo-
cation of rebar breakpoint may change at -elevated
temperatures.
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The strength of a welded connection is dependent on the
quality of metal-to-metal contact. Welded connections must
be protected from fire. Panedpojaman et al. [53] investigated
the fire protection of the welded plate joint. The load test and
fire test in this research were carried out using a gas burner
(standard fire curve EN 1991-1-2 or ASTM E119 for
120 min). The researchers found that the flexibility of sealant
fire protection makes it suitable for covering and protecting
welded connections. Even though thick plaster is the best
method for preventing joint damage, its utilisation is not
cost-effective. Therefore, the use of flexible sealant is rec-
ommended for protecting welded plate joints from fire.

Bearing pads are essential in precast concrete connec-
tions to provide a uniform distribution of contact stress over
the bearing areas and allow relative movement between the
precast concrete elements to prevent cracking at the con-
nection area. El Debs et al. [71] stated that alternative
materials fabricated using styrene-butadiene latex-modified
cement mortar, polymeric fibres, and lightweight aggregate
(vermiculite) could be used as bearing pad due to their
excellent compression strength and low elasticity modulus.
According to El Debs et al. [72], the optimum amount of
fibre should be used to enhance the capacity of the bearing
pad to accommodate surface irregularities. The performance
of glass fibres subjected to concentrated load is superior to
that of polyvinyl alcohol fibres. Poor positioning of the
bearing pad over the reinforced concrete corbel could cause
premature failure of the structure [74].

The advantages of bolt connections are their reliability,
convenience, and rapid assembly. Bolt connections are often
installed together with steel plates and rubber layers [75].
Guo et al. [76] asserted that high-strength bolt connections
play a critical role in the initial structure stiffness and have
considerable influence on the dynamic response of a
structure because it is the primary lateral resistance com-
ponent. Bolt connections must be perfect for reducing
structural acceleration response. According to Zhong et al.
[75], precast specimens with bolt connections have almost
the same ultimate bearing capacity and failure mode as
monolithic cast-in-place specimens.

3.5. Assessment and Rehabilitation of Fire-Damaged Precast
Concrete. Many building structures that have experienced
severe fire have been repaired and put back into service [20].
However, postfire structures that are heavily damaged and
have collapsed cannot be put back into service [23]. Their
load-bearing capacity has been considerably reduced,
making them unusable. A thorough assessment showed that
fire-damaged precast concrete structures could be repaired
or strengthened and therefore do not have to be demolished
and reconstructed. Researchers have assessed and even re-
habilitated fire-damaged precast concretes [26, 58, 59]. They
focused on the precast prestressed double-tee concrete of a
parking structure and the precast components (beam and
column) of a factory building. Currently, there is no com-
prehensive research on the rehabilitation of fire-damaged
precast concrete beam-to-column connections. A previous
in-depth discussion on this subject focused on the
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assessment and rehabilitation of fire-damaged precast and
monolithic concrete structures, as shown in Table 5.

Investigators have carried out a comprehensive inves-
tigation of the fire damage sustained by precast concrete
beam-to-column connections and found that, unlike the
external columns, the internal columns were severely
damaged [23]. Similarly, the bottom part of the beams and
girders suffered heavy damage. The concrete layer spalled
and exposed the reinforcement to a high temperature
[23, 26], which caused the reinforcements to lose their
strength and yield. The colour of concrete changed to pink or
red [23, 26]. Some of the structural members were no longer
able to carry the applied load and collapsed [25]. There are
vertical and horizontal cracks on the structures [26].

Dilek [58] and Dilek et al. [59] conducted nondestructive
testing (NDT) and load and laboratory testing to assess the
fire damage sustained by the precast prestressed concrete
members of a parking structure. Ultrasonic pulse velocity
and radiographic exposures were used to locate the tendons
before removing the cores. Concrete cores from the samples
were examined to determine the flexural strength, dynamic
Young’s modulus of elasticity, and air permeability index of
the concrete. Radonjanin et al. [26] performed a visual
inspection to assess the fire damage sustained by the precast
concrete of a factory. The researchers also developed a
control design of the built-in concrete and reinforcement,
conducted a geodetic survey, and made a conclusion on the
state of the structure.

As a comparison, the assessment of fire-damaged
monolithic concrete was used. Ha et al. [60] made a visual
inspection of the damaged structures, and this was followed
by a finite element analysis and on-site material tests of the
concrete core cylinders and rebar coupons to determine the
degree of neutralisation in the remaining structure. The
specimens of damaged concrete and reinforcing bars were
tested to determine their residual strengths. Aseem et al. [61]
assessed the residual durability properties of the reinforced
concrete structural column and shear walls using an NDT
and determined their residual mechanical properties using
core extraction tests. The results of microstructural and
thermal analyses were used to develop a framework for
estimating the exposure temperatures of the various
structural units.

Radonjanin et al. [26] proposed two possible methods
for rehabilitating fire-damaged precast concretes, variant I
(repair of columns) and variant II (removal of existing
columns and concreting new columns). Both methods
predicted that the severely damaged facade beams have to be
removed. Ha et al. [60] recommended replacing the slabs
with new ones and retrofitting the girders and beams. The
surface of the columns and walls could be treated and do not
require structural retrofitting. Given the tight construction
schedule and the complexity of the rehabilitation work, the
researchers recommended for the steel beams and deck
plates to function as temporary slabs during the rehabili-
tation period and as permanent supplementary slabs after
the rehabilitation work is completed.

Zahid et al. [62] recommended using materials such as
carbon fibre-reinforced polymer, glass fibre-reinforced
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polymer, normal strength concrete, fibre-reinforced
concrete, ferrocement, epoxy resin mortar, and high-
performance concrete for repairing a structure. The ma-
terial selected for repair work must be compatible with the
substrate or base material to ensure an effective repair.
Zhou and Wang [63] used section enlargement, steel
wrapping strengthening, and externally bonded rein-
forcement methods to repair fire-damaged reinforced
concrete columns. The section enlargement method was
particularly effective in improving the structural bearing
capacity, stiffness, and stability of the compressed mem-
bers. The steel jacketing prevented concrete spalling while
increasing the ultimate load capacity. According to Ma
et al. [64], the suitable methods for repairing fire-damaged
concrete structures are externally bonded reinforcement,
near surface-mounted fibre-reinforced polymers, bolted
side plating, jacketing with high-performance and ultra-
high-performance concretes or mortars, and replacement
of the damaged concrete.

3.6. Conclusion of the Previous Studies. The following con-
clusions are drawn based on the summary of the studies
presented in Tables 1-5. In the case study of a real fire, the
researchers were unable to determine the thermal behaviour
of the beam-to-column connection at high temperatures, the
temperature during the fire, the residual compressive
strength of heavily damaged concrete, and the solution for
rehabilitation. In the large-scale fire tests, the researchers
were unable to determine the postfire effect on the concrete
structure, the moment-rotation-temperature characteristics,
rotational stiffness, and fixity factor in the semirigid
connections.

Concerning the computer simulations and analytical
models, the researchers were unable to determine the
thermal behaviour of the beam-to-column connection at
high temperatures. The researchers were unable to use the
result of the fire resistance test on the precast connection
elements to explain the thermal effect of HGSC by con-
sidering the concrete spalling and exposure to tempera-
tures >600°C. The researchers were also unable to
determine the fire performance of bearing pads and bolts
at elevated temperatures. Regarding the assessment and
rehabilitation of fire-damaged precast concrete, no
comprehensive research has been carried out on the
precast concrete beam-to-column connections.

4, Issues

4.1. The Effect of Fire on Semirigid Concrete Beam-to-Column
Connections. Unlike the effect of fire on steel structures, the
fire effect on semirigid concrete beam-to-column connec-
tions has not been extensively explained. There is an urgent
need to understand the moment-rotation-temperature
characteristics of semirigid concrete beam-to-column con-
nections at elevated temperatures. Currently, the focus to
ensure fire protection of mechanical connection is only
given in the design stage. However, designers are very
concerned with the thermal behaviour of the semirigid
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concrete beam-to-column connections under severe fire
conditions. The continuously increasing rotation at the joint,
diminishing moment capacity, small cross section, and
material deterioration reduced the capability of connections
to preserve a structure’s integrity, strength, energy dissi-
pation, stiffness, and ductility.

As mentioned earlier, this review paper is concerned
with whether the effects of fire on rigid connections and
semirigid connections are comparable. A rigid connection is
a frame system that can resist moment and is constructed
using a monolithic concrete cast in place with the continuity
of top reinforcement in a ductile connection at the support,
whereas, in semirigid connection, joint flexibility is taken
into account. The method for constructing semirigid con-
nections is different from that used for rigid connections.
Hidden concrete corbels have precast elements such as
bearing pads, dowel bars, and grout between the joints. The
dry, semidry, and wet methods can be used to construct
semirigid connections and take into consideration the effect
of fire on these elements. Two of the most common types of
semirigid connections (welded plate connection and billet
connection) are constructed using separate elements.

Depending on the flexural stiffness of the connection, the
maximum elastic bending moment of semirigid connection
occurs at the support or midspan (provided that the
semirigid end connections have the same flexural stiffness
capacity) between the pinned and rigid support beam and
permits a reduction in the beam material. The optimum
connection allows just enough end rotation to balance be-
tween the end moment and midspan moment. Exposure to
severe fire will cause changes in the bending moment
diagram.

4.2. The Effect of Fire on Pinned Concrete Beam-to-Column
Connections. There is currently no detailed description of
the effect of fire on pinned concrete beam-to-column
connections. Previous studies focused on the effect of fire on
the bottom surface of precast members such as hollow-core
slab [69, 77-79], prestressed girder [80], and prestressed
beam [81-83] that have simple connections. Although
concrete exhibits good performance under compression, its
performance under tension is not satisfactory. Concrete
must be able to resist the tensile stress caused by fire and the
bending force from applied loads that can cause cracking
and, ultimately, failure.

Determination of the effect of fire on pinned connections
must take into consideration two factors, the installation of a
precast beam with a pinned joint condition without a
moment at the support and the simply supported precast
roof beam with no slab. Both connections have a small
stiffness that can be classified as pinned. However, the lit-
erature review showed that the interlocking effects of infill
grouting and shear friction could cause the development of
small moments of resistance, which rapidly disappear during
service and make the connection “pinned.”

The high temperature during a fire may cause midspan
deflection and overturn precast beams, as have been ob-
served in real fire incidents [23, 25, 26]. This reaction allows
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for rotation at the end of the beam. It is critical to understand
the effect of midspan rotation, beam overturning, and beam
end rotation on beam support and precast elements such as
bearing pad, dowel bar, and the grout between the joints. The
concrete at the edge of the corbel and the top of the column
may spall and expose the steel reinforcements to high
temperatures, which consequently reduce the strength of the
reinforcements and prevent the pinned connection from
transferring the shear and axial force.

4.3. The Effect of Fire on Precast Connection Classification.
The classification of precast beam connections depends on
the value of the beam’s moment of resistance and relative
pin-beam end rotation in the moment-rotation curve. A
severe fire can reduce the material strength and cross section
of a structure. These changes affect the values of modulus of
elasticity and moment of inertia of the structure, which in
turn reduce the moment capacity, rotational capacity, ro-
tational stiffness, and fixity factor of semirigid connections.

It is possible to reduce the moment-rotation curve from
close to that in Plot 1 (rigid connection with no rotation) and
approach the curve in Plot 2 (pinned connection with no
moment resistance) (refer to Figure 1). In this case, semirigid
is an intermediary behaviour between fully rigid and perfect
pinned connections that partially transmits the stress and
has a certain degree of rotational stiffness. When this
happens, the primary concern is the overall structural
building analysis. The connection, whether it is designed as a
rigid, semirigid, and pinned connection, requires a different
shear force and bending moment diagram during the
structural design. Structures with insufficient reinforced
design may fail.

4.4. Fire Test on Semirigid and Pinned Connections. There is a
degree of uncertainty in the fire tests used for semirigid and
pinned concrete beam-to-column connections. Most large-
scale fire tests for monolithic concrete beam-to-column
connection use a cantilever beam setup and a furnace or gas
burner at the joint area. The tests adopted the concept of an
ideal beam-to-column connection under no lateral ther-
mally induced thrust and no moment redistribution influ-
ence by removing the midsection of the reinforced concrete
beam and turning it into two separate reinforced concrete
cantilever beams [22]. This raises the question of whether
similar fire test methods can be used for semirigid and
pinned connections.

In Figure 1, the moment at the semirigid connection is
smaller than the moment at the rigid connection, while the
pinned connection produces minimal moment resistance.
For this reason, the cantilever beam method may be
suitable for semirigid connections with a certain degree of
moment reduction. The simply supported method is more
suitable for pinned connections because of the significant
rotation at the beam end. Previous studies have used a
similar method on hollow-core slabs [69, 77-79], pre-
stressed girders [80], and prestressed beams [81-83] with
simple connections. Fire tests must consider the essential
criteria of the beam-to-column connections, including
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connection stiffness, transfer of force between members,
restoring force characteristics, and equivalent or superior
serviceability, durability, and fire safety.

Fire tests on semirigid and pinned connections must
consider the effect of the reduced scale of specimens. A
review of the literature shows that the specimens for rigid
connections are one-half to one-third smaller than the
actual structure. Also, the issues surrounding the tests,
including the different types of precast beam-to-column
connection (corbel, hidden-corbel, bolted endplate), effects
of loading (static or cyclic), the inclusion of reinforcement,
and differences in concrete properties, must be taken into
account.

Another concern with fire tests is the residual strength
methods used to determine the effect of fire on semirigid and
pinned concrete beam-to-column connections. Previous
studies applied a static or cyclic load to the beam-to-column
connection specimens and exposed the specimens to a fire in
a large-scale furnace. The custom-made large-scale furnace
used in beam-to-column connection tests is different from
the standard large-scale furnace and not readily available.
Thus, there is a need to develop alternative testing methods.
In the past, the residual strength methods were employed to
investigate the postfire behaviour of concrete at elevated
temperatures. Standard size concrete cube specimens were
prepared and burned in the furnace without a load. Simi-
larly, the specimens for beam-to-column connection were
burned in a normal large-scale furnace and separately tested
under standard static or cyclic loading.

4.5. Rehabilitation of Fire-Damaged Semirigid and Pinned
Connections. At present, there is no in-depth investigation
and description of rehabilitation of fire-damaged semirigid
and pinned concrete beam-to-column connections. In this
regard, three critical factors must be taken into consider-
ation: (1) rehabilitation of fire-damaged precast concrete
structure, (2) rehabilitation of precast concrete elements,
and (3) performance of the postrehabilitated precast con-
nection. The fire-damaged precast structure will be repaired,
strengthened, partially demolished, or completely demol-
ished and reconstructed.

Table 5 presents a summary of the assessment and re-
habilitation of fire-damaged concrete structures. Most
studies focused on the connections and joints between
precast structures. The semirigid and pinned connections are
connected by vertical and horizontal components, while the
precast elements are protruding reinforcements, bearing
pads, grouts, bolts, and welds. The methods for rehabilitating
normal structures are different from those for rehabilitating
precast structures.

The precast elements of precast structures damaged in a
fire must be rehabilitated. Engineers must understand the
possible failure modes and the critical aspect of the joints
because different materials react differently during a fire
depending on the exposure temperature. The rehabilitation
of fire-damaged elements has to be done using suitable
alternative materials and methods, and this includes the
design, installation, and monitoring process. The
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rehabilitated precast beam-to-column connections must be
assessed to determine the performance under static or cyclic
loading. After completing the rehabilitation process, engi-
neers must make sure that the load-bearing capacity is
adequate for future use.

5. Challenges

Precast pinned connections are seldom used in regions
with high seismic activity because they cannot carry
lateral and seismic loads in high-rise buildings. However,
they are often used in low-rise buildings. The continuity
between the beam and the column in the connection area
can improve the performance behaviour of the pinned
joint as it acts as a rigid or semirigid connection. Pre-
viously, most fire tests were conducted on rigid concrete
connections under cyclic loading. Fire tests and computer
simulations of semirigid and pinned precast concrete
connections under cyclic loading are a challenging task as
they have to take into account exposure temperature, type
of connection, construction method, and material
properties.

Design for Deconstruction (DfD) is an increasingly
popular concept in civil engineering because the compo-
nents of DfD buildings can be reused as a second life at the
end of the service life of the first building. Similarly, Pre-
fabricated Prefinished Volumetric Construction (PPVC) is a
new, advanced modular construction technology that fa-
cilitates higher productivity in the construction industry.
Although the design takes fire protection into account
(concrete cover and drywall partition), the effect of fire on
the connection between the beam and the column is still
unknown. There is a need to perform large-scale fire tests
and computer simulations on the actual specimens, which
take into account the event of a fire during installation and
service.

The most recent technologies in beam-to-column con-
nection are prefabricated bolted beam-to-column connec-
tion, steel beam-to-column connection, beam-to-column
welded connection, dry-type high-strength bolt connection,
and exterior reinforced concrete column and steel con-
nection. Another type of connection used in the construc-
tion industry is the composite connection, where the steel
beam is cast with the concrete. Tests should be carried out to
understand the effect of fire on the new connection tech-
nologies, especially steel structures, to ensure that the entire
structure is fire resistant. These tests should aim to provide a
better understanding of the interaction between the bending
moment and axial load in the heated internal joint after the
loss of the column.

With the availability of the different types of beam-to-
column connections, the design of the systems, including
connections, beams, and columns, should be standardised
to ensure a reliable precast construction system. The use of
standard components can reduce manufacturing cost,
production error, or erection error. Standardisation can
also reduce inconsistencies and improve quality and
manufacturing efficiency.
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6. Conclusions

The global precast concrete market is forecast to grow in the
future. The precast industry is currently undergoing rapid
expansion because of its high production efficiency, better
product quality, and low labour intensity. The design of a
structure must meet the fire safety requirement for precast
buildings to keep pace with the rapid progress. Design
engineers must consider accidental actions, including the
effects of fire. Beam-to-column connections are the most
important connections in precast skeletal frames. Exposure
to an extreme fire produces destructive forces within the
beam-to-column connections that cause structural deteri-
oration, as observed in the recent fire accidents throughout
the globe. The following conclusions are drawn from the
review of precast concrete beam-to-column connections
under fire conditions:

(1) Precast concrete beam-to-column connections are
classified (rigid, semirigid, and pinned) using the
moment-rotation relationship beam-line method
and connection classification system.

(2) The moment-rotation-temperature relationships for
precast concrete beam-to-column connection are
influenced by the effects of fire on the reinforced
concrete structure, including deflection, cracking,
spalling, loss of stiffness and strength, and rein-
forcement strength loss.

(3) The change in the properties of concrete structure as
a result of exposure to high temperatures affects the
moment capacity, rotational capacity, rotational
stiffness, and fixity factor of the semirigid
connections.

(4) The case studies of fire effect on precast structures
showed that the beam-to-column connections sus-
tained severe damage. Some of the main structural
members were not able to carry the applied load and
collapsed. Their load-bearing capacity was consid-
erably compromised, making them unusable. These
studies explored the possibility of rehabilitating the
structures by repairing or demolishing and re-
building the main structures.

(5) Several studies investigated the effect of fire on
precast concrete beam-to-column connections. The
different sources of heat used in large-scale fire tests
are natural fire, large-scale furnace, small-scale
furnace, gas burner, and FCP. The tests were con-
ducted on the cantilever and simply supported
beams. Among the investigated parameters are the
first crack, displacement, toughness of the joints, and
fire protection.

(6) The fire resistance of connection elements (bearing
pad, grout, bolt, and weld) is a critical parameter in
the design of precast connections. The tensile
properties of half-grouted sleeve connections were
directly affected by temperature. The quality of
metal-to-metal contact determines the strength of
the welded connections. Alternative materials
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fabricated from styrene-butadiene latex-modified
cement mortar, polymeric fibres, and lightweight
aggregates (vermiculite) can be used as bearing pads
due to the excellent compression strength and low
elasticity modulus of the materials. High-strength
bolt connections play a critical role in the initial
structural stiffness and have a strong influence on the
dynamic response of a structure.

(7) The main issues faced by the researchers are the lack
of research conducted on the effect of fire on
semirigid and pinned concrete beam-to-column
connections, the effect of fire on the precast con-
nection classification, the level of uncertainty in fire
tests, and the insufficient understanding of the
method for rehabilitating fire-damaged connections.

(8) The challenges faced by current researchers are the
inadequate procedure for performing fire tests and
computer simulations of semirigid and pinned
precast concrete connections under cyclic loading.
New fire tests and computer simulations must be
developed to complement the concepts of DfD and
PPVC. There is also a need to standardise the design
of connection systems to achieve a feasible precast
construction system.
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