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ABSTRACT

To investigate the post-fire seismic behaviour of reinforced concrete (RC) frames with different column-to-beam
bending capacity ratios, four specimens were fabricated, which included a strong-beam-weak-column frame and
a strong-column-weak-beam frame either under room temperature or after being exposed to fire. The fire test
was conducted in a furnace chamber, followed by quasi-static tests under a low-frequency cyclic load. The crack
patterns, hysteretic loops, plastic hinges, and failure modes were investigated in the loading process. The in-
fluence of two factors, i.e., the fire exposure and the column-to-beam bending capacity ratio, on the mechanical
performance, ductility, stiffness degradation, and energy dissipation was compared and analysed. The experi-
mental results indicated that the ultimate bearing capacity, the stiffness, the ductility factor, and the energy
dissipation capacity of the RC frames decreased after fire exposure. The bearing capacity of the strong-beam-
weak-column frame decreased even more seriously. Although the yielding displacements of the post-fire frames
increased, their ultimate displacements decreased. In addition, the strong-column-weak-beam frame under room
temperature failed in the form of beam-end plastic hinging, while after being exposed to fire, the failure mode

changed to shear-bond failure in column.

1. Introduction

Reinforced concrete (RC) frame structures constructed prior to
1980s generally do not meet the requirements of seismic design code in
mainland China [1] due to the deficient design which only took gravity
loads into consideration and ignored the lateral actions such as earth-
quake and winds. For instance, some old buildings were designed as
sub-standard RC frames with strong beams but weak columns, which
might result in harmful brittle failures such as joint shearing and
column hinging. In addition, building fire is one of the most frequent
disasters that will happen in RC buildings. Although the post-fire RC
frames can generally be retrofitted using proper strengthening techni-
ques such as enlarging of joint area with newly cast concrete [2] and
fibre reinforced cementitious composites [3-5], adhesive bonding or
near surface mouting [6] of fibre reinforced polymers (FRP), bonding or
anchoring of steel plates [7-9], etc. they may encounter an earthquake
attack in their subsequent post-fire service life thus fail and even col-
lapse. Therefore, for these sub-standard RC frames, not only the re-
searches on their residual bearing capacity is necessary, but also those
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focusing on their post-fire seismic performance is of great significance.

Most existing studies mainly focused on the post-fire performance of
concrete/steel materials and RC members rather than the behaviour of
RC structures. Numerous investigations were conducted to study the
residual mechanical properties of concrete and reinforcing steel, as well
as the bond-slip of steel-concrete interface after exposure to fire. It was
found that the compressive strength and elasticity modulus of concrete
[10,11], the deformability, yield strength and ultimate strength of re-
inforcing steel [12,13], as well as the steel-concrete bond strength
[14,15] would be affected significantly by high temperatures. Similarly,
as regarding to studies on the residual post-fire mechanical perfor-
mance of RC beams [16-18], columns [19,20] and slabs [21,22], re-
searchers found that the bearing capacity of these RC members were
deteriorated by elevated temperatures, and the deterioration increased
with fire exposure time.

However, although there are many research findings on the post-fire
mechanical properties of RC beams, columns and slabs, the structural
response of a statically indeterminate frame structure in fire is much
different from and more complicated than those of a single beam,
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(b) removing process of slab and orthogonal beams

Fig. 1. General view of the spatial RC frames before being cut to planar frames.

column or slab, thus cannot be deduced by the research outcomes of
these structural members. Firstly, the temperature caused by fire does
not distribute uniformly between different frame components, resulting
in the increasing inconsistency of stress distribution. Vecchio and Sato
[23] tested three RC portal frames under combinations of thermal and
mechanical loads, and found that thermal loads resulted in significant
stress thus lead to concentrated damage in local regions. Law et al. [24]
developed a methodology for defining a family of possible heating re-
gimes to an RC frame using the concept of travelling fires, and found in
addition to the influence of uneven heating and temperature fields,
strong interactions exist among heated members and their adjoining
unheated members in a frame under fire, due to thermal expansion and
large deformation of the heated members. Secondly, in the investiga-
tion of beams, columns and slabs, the standard fire test [25] following
ISO 834 temperature curve has been the predominant means, which
always suffers the problem of using isolated single members under
unrealistic temperature-time curves to simulate real structural perfor-
mance in a realistic fire. To overcome this shortcoming, researchers
developed non-standard fire tests [26,27] for large-scale structural
members and structures. A “crudeness framework” [26] was also pro-
posed to categorize fire tests with respect to the levels of complexities of
both the fire and the structural models used in testing, and the tests
close to the diagonal line connecting the standard fire test and the real
fire was considered as the most defensible from a consistent crudeness
perspective.

On the other hand, studies on the structural aspect, i.e. the post-fire
residual load-bearing capacity of RC frames, also have been carried out.
Raouffardand and Nishiyama [28] investigated the fire and post-fire
responses of a two-story moment resisting RC frame, the results showed
that the mid-span deflection could considerably recovered due to the
strength recovery of the reinforcement, and the bearing capacity re-
duction caused by fire damage was up to 30%. Zhang et al. [29] tested
nine post-fire RC frames under static loads, the results showed that the
effects of fire temperature on the mechanical properties of the frame
was larger than the fire load. Furthermore, the bearing capacity de-
creased to 57.3% when the temperature exceeded 1000 °C. Xia et al.
[30] proposed a fibre element model based on ABAQUS to analyse the
residual bearing capacity of three-dimensional (3D) RC frames after fire
exposure, the numerical model considers the distribution of non-uni-
form temperature in the cross-sections of structural members and the
changing of mechanical properties of materials damaged by fire.

However, studies on the post-fire seismic performance of RC frames
are still very limited. Kamath, Sharma and Shah [31,32] designed a set
of full-scale push-over and cyclic loading tests on seismically damaged
RC frames subsequently exposed to fire, the hysteretic response and
envelope curves were analysed to assess the residual seismic capacity.
The results showed that temperature distribution throughout the
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compartment was non-uniform and the pre-damage level affected the
rise in temperatures in the structural elements; moreover, there was no
large strength and stiffness degradation, no permanent drifts and sign of
collapse, thus the frame could withstand the mechanical damage and
subsequent fire without collapse. Xiao et al. [33] tested four single-span
and single-story frames under low-frequency cyclic loads after being
exposed to fire, the hysteretic behaviour, the stiffness degradation and
energy dissipation were investigated; the post-fire seismic performance
were also examined based on the fire test results. It was found that after
a fire attack, the difference in stiffness degradations of beams and
columns in an RC frame could transform the seismic failure mode from
a strong-column-weak-beam failure into a strong-beam-weak-column
one, which performed unsatisfactorily under cyclic loads.

In the aforementioned investigations for the post-fire seismic per-
formance of RC frames, planar frames were usually used for the fire
tests, which were rather different from the realistic fire scenarios of 3D
spatial frames in engineering practice. The 3D frames in real structures
are always with slabs and orthogonal beams. This discrepancy might
cause serious deficiency and unreliability, i.e., the experimental results
could not reflect the actual conditions. In light of this situation, an
experimental study will be reported in this paper, for which slabs and
orthogonal beams will be taken into consideration in the fire test, and
cyclical loading test will be employed to investigate the post-fire
seismic performance of RC frames with different section sizes of beam
and column components.

2. Experimental program
2.1. Specimen details

In order to simplify the calculation and stress analysis, the analysis
of a standard planar frame was usually used to replace that of a spatial
RC frame. In this study, a 3D frame were firstly adopted to simulate the
fire response of a real frame structure under fire. Due to the very limited
test setup, planar frames were then isolated from the 3D frame to
conduct the cyclic loading test.

Two 1/2 scaled spatial RC frames with slabs (as shown in Fig. 1(a))
were fabricated: one was unfired and employed as a reference, the other
was fired in a furnace and then placed for weeks until all temperatures
reached ambient to investigate the post-fire behaviour. Two planar
frames were then cut off from the unfired and fired spatial frames for
the subsequent cyclic loading test, by removing the whole slab and
orthogonal beams, as shown in Fig. 1(b). During the removing process,
none micro cracks and deflection were found, thus the influence of the
cutting work to the mechanical behaviour of the test frames was ig-
nored. The planar frames cut from the unfired spatial frame were
named as SBF and SCF, while those cut from the fire-damaged one were
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Table 1
Design parameters of specimens.
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Specimen Fired or not Sectional size (mm) Reinforcement Bending capacity (kN-m) n= Mc Type of frame
My,
Column Beam Column Beam Column (M,) Beam (M)
SBF Unfired 250 x 250 150 x 350 8D16 3D16 56.0 85.2 0.7 Strong-Beam
SBET Fired 250 x 250 150 x 350 8D16 3D16 56.0 85.2 0.7 Strong-Beam
SCF Unfired 250 x 250 120 x 250 8D16 2D14 56.0 35.2 1.6 Strong-Column
SCFT Fired 250 x 250 120 x 250 8D16 2D14 56.0 35.2 1.6 Strong-Column

named as SBFT and SCFT, where the first three letters “SBF” represent
“Strong-Beam Frame”, the “SCF” represents “Strong-Column Frame”,
and the last letter “T” indicates exposure to elevated temperature.

According to the current seismic design code in mainland China [1],
the ratio between the bending moments on the column and beam end
sections of frame joints (7 = M./M;) should be greater than 1.3 for
Grade III frames, which are suitable for the majority proportion of
frame structures in mainland China. The specimens SBF and SBFT were
identical in dimension and reinforcement configuration, and they were
in Strong-Beam-Weak-Column forms (the column-to-beam bending ca-
pacity ratio n = 0.7 <« 1.3) and employed as benchmarks representing
the sub-standard frames according to pre-1980s design codes in main-
land China. Whereas the other two specimens SCF and SCFT were
identical in dimension and reinforcement, and they were in Strong-
Column-Weak-Beam forms (y = 1.6 > 1.3) and representing the
standard RC frames following the current Chinese seismic code [1]. The
information of the four planar RC frames is presented in Table 1.

As is shown in Fig. 2(a)-(c), the length and height of the planar RC
frames were 2350 mm and 1800 mm, respectively. The cross-sectional
size was 150 mm X 350 mm for the beams in SBF and SBFT, and
120 mm X 250 mm for those in SCF and SCFT; and the column size was
250 mm x 250 mm for all. The longitudinal reinforcement used in the
columns was 8D16, corresponding to a reinforcement ratio of 2.57%.
For the RC beams in SBF and SBFT, longitudinal reinforcements of
3D16 were placed at both the top and bottom sides, corresponding to a
reinforcement ratio of 2.02%; while for those in SCF and SCFT, the top
and bottom longitudinal reinforcements were 2D14, corresponding to a
reinforcement ratio of 1.03%. The transverse reinforcements in the
columns were a closed rectangular tie plus two unclosed ties, with a
diameter of 6 mm and a spacing of 150 mm centre to centre (i.e., R6-
150). While those in the RC beams were a closed rectangular tie of R6-
150. The reinforcement details of beam-column connection region for
all the frames are shown in Fig. 2(d)-(e), where the hook length of the
135° hooked stirrup was 75mm based on the requirements of the
seismic design code in mainland China. In addition, according to this
code, the 90° hooked anchorage length of the deformed bar should be
greater than 15d (where d was the diameter of the longitudinal re-
inforcement), thus the 90° hooked anchorage length of the beam
longitudinal rebar in SBF and SBFT was 240 mm while that in SCF and
SCFT was 210 mm. Similarly, the 90° hooked anchorage length of the
column longitudinal rebar for all the specimens was 200 mm according
to the seismic design code, where it cannot be less than 12d. The cross-
sectional dimensions and the reinforcement details for all the ortho-
gonal beam were the same as the beams in SCF and SCFT, as shown in
Fig. 2(g). The steel rebars in the floor slab were two-way two-layer with
R6-150 as shown in Fig. 2(f) & (g). The thickness of the concrete cover
was 15 mm with half of the figures compared to a full-scale specimen.
The notations ‘D’ and ‘R’ denote the high-yield steel deformed bars and
the mild steel round bars.

2.2. Material properties

Commercial ready-mixed concrete was chosen to cast all the spe-
cimens, and the mix proportion was shown in Table 2. Three concrete
prisms with dimensions of 100 mm x 100 mm X 300 mm were cast and
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tested to obtain the material properties; the tested average compressive
strength was 43.9 MPa.

Three bar samples with a length of 500 mm were taken from each
type of reinforcements for tension tests to obtain the mechanical
properties, as shown in Table 3.

2.3. Test set-up and instrumentation

This experimental study includes a fire test and a low-cyclic lateral
loading test. The furnace chamber for the fire test has a floor area of
4000 mm X 3000 mm and a height of 1800 mm, as shown in Fig. 3(a).
The spatial RC frame was placed in the furnace entirely with columns
heated on all side faces, beams heated on tensile soffit and two side
faces, and slab heated on the bottom face, respectively. To simulate the
real stress condition of the RC structure in the target environment, a
uniformly distributed load of 1kN/m? provided by mass blocks was
imposed on the top surface of slab as illustrated in Fig. 3(b). The scale
factor was 1/2, corresponding to a live load of office and residential
buildings (2kN/m?) defined by the Chinese design code [1]. The
schematic diagram of fire test is shown in Fig. 3(c), which exhibits the
conceptual areas of the flames. Besides, a total of 15 WRNK-162S
thermocouples were installed in the beam mid-span section and the
column section to calibrate the temperature distribution under fire
exposure, as shown in Fig. 3(d), where D represents the distance be-
tween the thermocouple and the bottom surface of the beam, or the
outside surface of the column. For instance, D245 denotes that the
distance between thermocouple and the beam bottom surface is
245 mm, and D100 represents that the distance between thermocouple
and the column outside surface is 100 mm.

All the planar RC frames were tested under low-cyclic lateral loads
in a reaction frame, and the general arrangement of the test setup is
shown in Fig. 4. A preloading with approximately 10% of the estimated
yielding strength was imposed on the horizontal beam to eliminate the
initial stresses in the specimens and the possible malfunction or error of
the instrument and data acquisition system. Each jack was installed in
the same plane with the RC frame, and the loading protocol of the re-
versed cyclic loading test is shown in Fig. 5. The horizontal cyclic load
was supplied by a 500kN MTS actuator, and the selected loading
scheme consisted of two phases. The first phase was load-controlled and
with one cycle per level, then the yielding displacement (4,) was re-
corded when the frame began to yield. The second phase of loading was
displacement-controlled, composed of applying incremental multiples
of the yielding displacement (4,) until the test was terminated, with
three loading cycles per ductility level. Besides, both columns were
imposed an axial load of 270 kN at the top surfaces by two hydraulic
jacks on the rigid distribution beam, which represented the gravity load
and kept constant throughout the test. Furthermore, a movable slip
roller was adopted between the reaction frame and the hydraulic jacks
to reflect the boundary conditions and simulate the slipping bearing at
the beam-column junction. A total of nine strain gauges were attached
in the critical regions to obtain the strain values in longitudinal tensile
reinforcements, stirrups and concrete. Three linear variable differential
transducers (LVDTs) were placed at the mid-span of the beam, the half-
height of the column, and the mid-span of the base beam to measure the
longitudinal deformations along the loading direction. All
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Fig. 2. Dimensions and reinforcement details (dimensions in mm).

measurements of load cells, displacement transducers and strain gauges

were recorded by a computer data logger.

3. Results and discussion of the fire experiment

3.1. Thermal response

As can be seen from Fig. 6(a), the furnace temperature curve was
lower than the ISO834 temperature curve due to two major reasons: (1)
the heat insulation capacity of the slab plate was not enough due to the
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Fig. 2. (continued)

Table 2
Mix proportions of the concrete.

Sample Specification Unit weight (kg/ Mixture ratio
m?)
Cement P.O. 42.5 286 1.00
Fine aggregates Medium sands 747 2.61
Coarse aggregates  Particle sizes 1075 3.76
(2-25 mm)
Water Purified water 175 0.61
Additives LX-3 6.07 0.02
Fly ash Grade II 71 0.25
Note:

(1) Cement: P.O. 42.5 (Chinese cement grading system) ordinary Portland ce-
ment from Jinfeng City, and 28 d compressive strength of the cement paste is
42.5 MPa.

(2) Fly ash: Grade II (Chinese fly ash grading system) fly ash of Jiangsu
Huawang brand.

(3) Additives: LX-3 produced by Longxi Co., Shanghai city, China.

Table 3
Mechanical properties of reinforcement.

Sample Diameter (mm) Yield strength (MPa) Ultimate strength (MPa)
R6 6 413.4 510.2
D14 14 589.9 701.7
D16 16 484.0 597.3
D20 20 446.5 582.3

insufficient thickness (60 mm); (2) the insufficient heating capacity
caused by the limitation of the furnace equipment such as gas burners
and exhaust system. It should be noted that the role of fire in this study
is to supply a high temperature scenario, cause permanent damage and
degradation to concrete and steel materials, thus investigate the
thermal response of an actual RC frame and then the post-fire seismic
performance. So it was neither a real fire nor a standard test, and the
defensibility of this non-standard fire test can be verified by the “cru-
deness framework” [26]. Despite the differences between this actual
fire test and the pre-determined ISO834 standard curve, the tempera-
ture field can be collected by the embed thermocouples, then the
strength loss of concrete and reinforcement can be estimated under this
specific condition.

It was also evident that the temperatures at the beam mid-span
section A (as shown in Fig. 3) of SBFT and SCFT decrease as the increase
of the embedded depth (for instance, D10 > D25 > D45 >
D145 > D245). As shown in Fig. 6(a), the temperature value at D10 is
690 °C, which is close to that of the furnace (746 °C) at the time of
flameout. Simultaneously the temperature at D245 is much lower
(317 °C). As for the temperature of SCFT at beam mid-span (as shown in
Fig. 6(b)), the value at D10 was 684 °C and presents a negligible dif-
ference of 6 °C compared with that in SBFT (690 °C), which indicates a
satisfactory homogeneity of temperature in the furnace. The tempera-
ture at D100 was 337 °C and lower than that at D10.

The temperature-time curves at the column section B (as shown in
Fig. 3(c)) is illustrated in Fig. 6(c), whose temperature also decreases
with the increasing embedded depth. Besides, the temperature at D10
in the column of SCFT was 606 °C, which exhibits a large difference
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compared to those at beam mid-span (690 °C in SBFT and 684 °C in
SCFT), this phenomenon indicates that despite the homogeneous tem-
perature in the furnace, the thermal distribution still has some dis-
crepancy in different component.

According to the highest temperatures collected in the fire test and
the existing research outcomes in literature [10-12] about the residual
mechanical properties of concrete and steel materials, the reduction
factor of yield strength of the longitudinal rebars near the fired surface
was about f,"/f, = 0.88 (where f, and f," are the yield strength under
ambient temperature and after fire, respectively). The reduction factors
of concrete compressive strength at D10 of the beam mid-span of SCFT
and SBFT, and the column half-height were 0.33, 0.33 and 0.44 re-
spectively, which indicates the concrete cover almost lost all of its
strength. While the reduction factors at D100 were 0.84, 0.71 and 0.87
respectively, which indicates a slight material degradation inside the
beam and column members.

3.2. Experimental phenomena under fire

At the beginning of the fire test (¢t = 15min), a small amount of
water stains appeared on the slab surface, where the temperature was
about 50°C. With continuous increasing of the temperature
(t = 30 min), a large amount of water stains and water vapour emerged.
When t = 50 min, most of the moisture on the slab surface has evapo-
rated, and the surface temperature reached 120 °C. The slab surface
temperature was about 230 °C at the flameout (t = 140 min). Then the
specimens were cooled naturally by air cooling via convection, as
shown in Fig. 7(a). A large number of micro cracks appeared in the
surface of all the components of the frame, and a large extent concrete
spalling from the slab bottom surface, which caused the exposure of
steel bars, as shown in Fig. 7(b) & (c). The concrete spalling also in-
creased the deflection of slab and made it concave significantly with
annular cracks on the top surface along the periphery, as shown in
Fig. 7(d). Since the floor slab and orthogonal beams in this study was
only used to simulate the real structures in a fire, thus the slab spalling
will not be further discussed hereafter. On the other hand, the de-
formation of the beam and column components were negligible.

4. Results and discussions of the quasi-static cyclic loading test

In this section, based on the mechanical test of the unfired control
specimens and the post-fire specimens, the comparisons of failure
modes, distribution of cracks, force-displacement hysteretic response,
secant stiffness, bearing capacity, ductility and energy dissipation ca-
pacity will be investigated.
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4.1. Failure modes

Table 4 and Fig. 8 summarizes the failure modes of all the speci-
mens. For the sub-standard frame tested under room temperature, i.e.,
SBF, the damage pattern of column shear occurred as shown in
Fig. 8(a). The first diagonal crack appeared in the joint zone at a load of
90 kN (corresponding to a drift of 0.34%), followed by more cracks
occurring on the beam and column surfaces close to the joint zone as
loading progressed. These additional cracks finally developed into X-
shaped cracks. At the displacement-controlled stage, a large number of
diagonal cracks emerged not only in the beam potential plastic hinging
zone, but also in the column potential plastic hinging zone. At a drift of
2.67%, a diagonal crack with a width of 2 mm appeared at the column
face due to the shear force caused by the horizontal cyclical load,
concrete in the shear-compression zone crushed. The test was termi-
nated when the drift reached 3.20%, and the width of the main
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(c) The slab bottom after fire
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(b) The spatial RC frame after fire exposure
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Fig. 7. View of the RC frames after fire (dimensions in mm).

Table 4

Failure modes, ultimate loads, and ductility factors.
Specimen Fired or not Failure mode P, (kN) Ay (mm) A, (mm) u=A4/4, K. (kN/mm)
SBF Unfired Column-end shear failure 262.0 21.6 56.4 2.6 12.2
SBFT Fired Column shear-bond failure 164.5 (—37%) 24.9 43.6 1.8 (—33%) 6.6 (—45%)
SCF Unfired Beam-end plastic hinging 191.7 20.4 58.9 2.9 9.4
SCFT Fired Column shear-bond failure 154.2 (—20%) 34.0 59.1 1.8 (—39%) 4.6 (—51%)

Note: The figures in the parentheses are the reduction percentages of the parameters of the post-fire frames compared to their unfired counterparts.

diagonal crack was 10 mm, which leads to the shear failure of column.

As can be seen in Fig. 8(b), there is a substantial difference between
the post-fire sub-standard frame SBFT (where the column shear-bond
failure occurred) and its unfired counterpart SBF in terms of failure
mode. The first diagonal crack was observed on the column surface at
the loading level of 60 kN (corresponding to a drift of 0.47%) and on
the beam surface at the loading level of 90 kN (a drift of 0.84%), re-
spectively. Dozens of cracks appeared near the edges of both columns
along longitudinal rebars with the rising of the loads, and the increasing
crack width leads to the peeling of concrete cover at a drift of 2.13%.
Finally, SBFT failed at a drift of 3.47% due to a combination effect of
compression and shear, the concrete in shear-compression crushed ac-
companied with spalling of concrete cover. The change of failure mode
shifting from column shear failure in SBF to column shear-bond failure
in SBFT may be caused by the strength degradation of concrete after
fire, which may make the column transformed from tension-controlled
bending to compression-controlled bending condition.

For the unfired standard frame SCF, the first flexural crack emerged
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on the beam surface at a load of 120kN (a drift of 0.77%), then diag-
onal shear cracks appeared as the cycle load increased to 160 kN.
Furthermore, at a drift of 3.20%, wide flexural and diagonal cracks
developed in the beam-end due to the bending moment and shear
caused by the cyclic force. Finally, as shown in Fig. 8(c), SCF failed in
the form of beam-end plastic hinging at a drift of 4.41%, corresponding
to a loading level of 146 kN. This failure mode exhibited a satisfactory
ductility and energy dissipation capacity.

However, the damage pattern of the post-fire standard frame SCFT
changed substantially and became the column shear-bond failure, as
shown in Fig. 8(d). Compared with SCF, the load of SCFT corresponding
to the first crack decreased to 45 kN (corresponding to a drift of 0.49%)
after the 140-min exposure of fire, and the location of the first crack
was observed at the beam-end surface. Then cracks appeared in the
columns and their length, width and number propagated constantly as
the loading progressed. In addition, compared with the value of former
cycle load, an obvious lower load was detected when the column
reached the same displacement, which known as strength degradation.
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Fig. 8. The failure modes of RC frames.

Finally, SCFT failed in the columns due to a combination effect of
compression and shear, the concrete in shear-compression crushed ac-
companied with spalling of concrete cover. The test was terminated at a
drift of 4.41%, corresponding to a load of 109kN, as the bearing ca-
pacity significantly declined.

Fig. 8(e) summarizes the most seriously damaged parts (i.e. plastic
hinges) of all the four specimens at the ultimate limit state. It is evident
that the locations of failure were significantly changed due to fire ex-
posure. For the frame SBF, the shear failure zone were mainly located at
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the column ends adjacent to the joint cores, while for the post-fire
frame SBFT, the failure transferred to the whole length of columns and
it was a brittle shear-bond failure. Similarly, the plastic hinging failure
located at the beam ends of SCF shifted to the shear-bond failure in the
whole length of columns in SCFT. The variations in the location and
range of failure can be attributed as the main factors that changed the
seismic performance of the fire-damaged frames.
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Fig. 9. Force-displacement hysteretic responses.

4.2. Hysteretic behaviour of specimens

Since the force-displacement hysteretic response under cyclic
loading reflects both the energy dissipation efficiency and ductility
ability, it is the most significant characteristic for the evaluation of the
seismic performance of a structural component. Therefore, the curves of
force—displacement (and drift) hysteretic response are shown in Fig. 9
to investigate the seismic performances of all the specimens. The four
graphs illustrate how the bearing capacity of the unfired and post-fire
specimens changed at different drift. As for the specimens with strong
beams, i.e., SBF and SBFT, there were substantial differences in not only
the ultimate loads and drift, but also the energy dissipation capacity.
Compared to the unfired SBF, the post-fire SBFT exhibited a much lower
load value under a certain drift, and the hysteretic loops show re-
markable pinching and considerable stiffness and strength degradation
as the increasing of drift. As for the unfired specimen SCF with strong
columns, there is no noticeable pinching in the hysteretic loops due to
the ductile failure mode of beam-end plastic hinging, the ultimate load
and stiffness are significantly larger than those of the post-fire specimen
SCFT. The largest difference is in the areas of hysteretic loops per cycle,
where the post-fire specimens had a serious degradation. In conclusion,
all of these results indicate that the fire exposure decreased the seismic
performance of RC frames to a certain degree.

4.3. Envelope curves

For all the specimens, the maximum load in the first cycle of each
ductility level was recorded and plotted against the corresponding drift
(see Fig. 10), which forms the force-displacement envelope curve of the
tested frame in the displacement-controlled phase and can be used to
investigate the development of the bearing capacity with the increasing
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Fig. 10. Comparison of force-displacement envelope curves.

displacements. It is evident from Fig. 10 that the ultimate loads of the
post-fire frames SBFT (164.5kN) and SCFT (154.2kN) showed a
downward trend compared with their unfired counterparts SBF
(262kN) and SCF (191.7 kN). Therefore, the reduction of the loading
capacities of SBFT and SCFT were 37% and 20% compared to those of
SBF and SCF, respectively, which indicates the bearing capacity de-
creased dramatically after exposure to fire. Furthermore, although the
frames with strong beams (SBF & SBFT) exhibited a higher bearing
capacity under the same drift when compared to those with strong
columns (SCF & SCFT), they showed a much lower ultimate deform-
ability. Overall, the sub-standard frames with strong beams but weak
columns (which unsatisfied the current seismic design code) showed
more strength loss and smaller ductility after being exposed to fire.
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The definition of yielding deformation (displacement, rotation or
curvature) always faced a difficulty since the force-displacement rela-
tion of RC components may not show a well-defined yielding point. To
solve this problem and quantitatively analyse the ductility factor of the
RC frames, an idealized bilinear force-displacement curve based on
reduced stiffness equivalent elasto-plastic theory [34,35] was in-
troduced according to the shape of the envelope curves (see Fig. 11).
The non-linear elastic behaviour before the first yielding or 0.75 P,, is
due to the cracking in the case of reinforced concrete. The intersecting
point of the two branches was adopted to determine the yielding point
(Py, Ay) of the specimens, where the ascending branch connecting the
coordinate origin and the point (0.75P,, 4,1) on the envelope curve.
The slope of this equivalent ascending branch is termed as the
equivalent elastic stiffness (K.) and employed to calibrate the stiffness
of the frame under a static loading. When considering the definition of
the ultimate deformation, it should be recognized that most structures
have some capacities for deformation beyond the peak of the for-
ce—displacement relation without a significant reduction in strength,
thus it would be reasonable to recognize part of this post-peak de-
formability. Therefore, the point on the post peak branch (where
P = 0.8P,) was defined as the failure point, corresponding to the ulti-
mate displacement (4,,).

Ductility is a significant parameter to assess the seismic perfor-
mance and usually expressed in terms of ductility factor (i), which is
computed as the ratio of the ultimate displacement (4,) to the yielding
displacement (4,), as shown in Eq. (1).

(€8]

The ultimate loads, yielding and ultimate displacements, ductility
factors, and equivalent elastic stiffness of all the four specimens were
computed from the envelope curves, which were listed in Table 4. The
results showed that there is remarkable difference between the unfired
and the post-fire frames in the ultimate loads, ductility and stiffness. An
obvious decrease in the ultimate loads (P,) can be found for the post-
fire frames compared with their unfired counterparts, the reduction
percentages for SBFT and SCFT were 37% and 20%, respectively. In
addition, the yielding displacements of the post-fire frames showed a
substantial growth compared with their unfired counterparts (increased
from 21.6 mm to 24.9 mm for SBFT, and from 20.4 mm to 34.0 mm for
SCFT, respectively); the ultimate displacement exhibited a serious de-
gradation for the frame with strong beams (decreased from 56.4 mm to
43.6 mm for SBFT), and remained at the same level for that with strong
columns (increased from 58.9 mm to 59.1 mm for SCFT). There was
significant degradation in the ductility factors (u) of the post-fire
frames, and the reduction percentages for SBFT and SCFT were 33%
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viscous damping coefficient.

and 39%, respectively. And the degradation in the equivalent elastic
stiffness (K.) was even more serious, and the reduction percentages for
SBFT and SCFT were 45% and 51%, respectively.

4.4. Cyclic stiffness degradation

As shown in Fig. 12, the cyclic secant stiffness can be represented by
the slope of peak-to-peak stiffness at different hysteretic loops, as given
by Eq. (2). To investigate and compare the degradation of the cyclic
stiffness of all the frames, only the cyclic secant stiffness of the first
reverse cycle in each ductility level is considered herein:

F - F

ki= L "1
i Di+ — Di_

(2
where k; is the cyclic secant stiffness in each cycle. F;* and F;” are the
peak loads at the positive and the negative loading directions, while
D;" and D;~ are the displacements corresponding to the peak loads F;*
and F;~, respectively.

Fig. 13 shows the development of the cyclic secant stiffness of all the
specimens at increasing drift. As can be seen, the cyclic secant stiffness
decreased with the increase of displacement, and the degradation of
cyclic stiffness might be caused by concrete cracking and the formation
of plastic hinges. In addition, there was a large degradation in cyclic
stiffness between SBFT and SBF due to the effect of fire exposure (de-
creased from 5.3 kN/mm to 2.4 KN/mm at a drift of 3.2%); while as for
SCF and SCFT, despite the large degradation in cyclic stiffness in the
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Fig. 13. Comparison of the degradation of peak-to-peak secant stiffness.
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initial stage of loading, the difference became less significant after the
drift was greater than 3.2% (decreased from 3.9 kN/mm to 3.3 kN/mm
at a drift of 3.2%). Furthermore, the cyclic stiffness of SBF and SBFT
were larger than those of SCF and SCFT under the same stage of de-
formation. In conclusion, all these phenomena indicate that the cyclic
stiffness would be degraded seriously after the frames being exposed to
fire.

4.5. Energy dissipation

Energy dissipation capacity is one of the most important parameter
to evaluate the seismic performance of a structure. It means the ability
of a structure or component to consume seismic energy through its own
plastic deformation under earthquake. Based on the analysis of the
experimental phenomena and data, it is found that the total energy
dissipation of an RC structure is composed of three main aspects - the
energy dissipated by the reinforcement, the friction of concrete cracks,
and the formation of new concrete cracks [36]. The per cycle energy
dissipation can be calculated by the area enclosed by a complete hys-
teretic loop and the coordinate axes in the force-displacement hys-
teretic curves as shown in Fig. 12, of which the background was sha-
dowed with double line grille. The cumulative energy dissipation can be
computed through the summation of areas enclosed by each hysteretic
loops [37]. The development of the cumulative energies of all the
specimens is presented in Fig. 14, and the energy per cycle for all the
specimens is also given in Fig. 15.

As for the energy dissipation of all the specimens, there was a
slightly growth before the drift reached 0.8%. However, the cumulative
energy for each specimen became larger and larger when the drift was
greater than 0.8%, the energy values of SBF, SCF, SBFT and SCFT were
22,425, 19,105, 12,110, and 8217 kN'mm at a drift of 3.2%, respec-
tively. The post-fire specimens dissipated less energy with respect to
their corresponding unfired counterparts up to —46% and —57% for
SBFT and SCFT under the same drift of 3.2%. Furthermore, please note
that the reduction rate of cumulative energy for SCFT was greater than
that for SBFT, since the effect of fire altered the failure mode of SCF
from ductile beam-end plastic hinging to brittle column plastic hinging.
The pinching phenomenon of the hysteretic curve for SCFT as shown in
Fig. 9(d) also proved this conclusion. Moreover, as is shown in Fig. 15,
although the energy dissipations of the post-fire specimens (SBFT &
SCFT) grew steadily, they were only about a half of those of their un-
fired counterparts (SBF & SCF).

In addition, the energy dissipation capacity of a structure in earth-
quake can be judged by the equivalent viscous damping coefficient ({.)
[38], which is calculated by Eq. (3).
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Fig. 14. Cumulative energy dissipation.
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where E; represents the energy dissipation for cycle i and is equal to the
double-line hatched area Sapcg enclosed by the hysteretic loop, as il-
lustrated in Fig. 12. The triangle areas of Sxopy and Sxocu represent the
elastic energy stored in an equivalent linear elastic system under static
situation.

The equivalent viscous damping coefficient represents the energy
dissipation capacity of each cycle normalized to the energy dissipation
of an equivalent elastic cycle, which provides a satisfactory standard for
pinching quantification comparison. The development of the equivalent
viscous damping coefficient with the drift for all the specimens is shown
in Fig. 16. The curves show that all specimens exhibited two stages in
the loading process: (1) when the drift is smaller than 1.8%, despite
some initial fluctuation, there is slight difference between the equiva-
lent viscous damping coefficients ({.) of the specimens, and their
magnitudes were basically near 0.06; (2) when the drift is greater than
1.8%, the ¢, of SCF dramatically increased to 0.15 at a drift of 3.8%,
whereas the increases for the (. of the rest specimens (SCFT, SBF and
SBFT) were not so significant.

In summary, the energy dissipation capacity of the unfired frames
increased with the rise of loading displacement, while the post-fired
frames exhibited a much smaller increase when compared to their un-
fired counterparts. The energy dissipation capacity of all the RC frames
severely decreased after being exposed to fire, especially for the spe-
cimen SCFT.
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Fig. 16. Equivalent viscous damping coefficient versus drift chart.
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5. Conclusions

A series of tests were conducted to investigate the seismic perfor-
mance of post-fire RC frames with different column-to-beam bending
capacity ratios. The main outcomes can be summarized as following:

(1) In the fire test, the temperatures collected by thermocouples de-
creased with the increase of embedded depth at the same cross
section. Profound cracks appeared on the concrete surface of all
components of the RC frames. Meanwhile, concrete spalling from
the slab bottom surface caused the exposure of steel reinforcements.
Three different failure modes were observed in the test: (a) The
brittle shear failure in the column with a main diagonal crack for
the specimen SBF, which is a result of the shear force caused by the
horizontal cyclical load; (b) The ductile beam-end plastic hinging
failure for the specimen SCF, as a result of the yielding of long-
itudinal reinforcements under bending moment caused by the cy-
clical load; (c) The brittle column shear-bond failure for the post-
fire specimens SBFT and SCFT, as a result of the shear-compression
crush caused by a combination effect of both shear and compression
forces. It is noted that the failure mode of the strong-column-weak-
beam frame that failed in the form of beam-end ductile failure
under room temperature transferred to the brittle column shear-
bond failure after being exposed to fire.

The hysteretic loops for the post-fire RC frames were not as full as
the corresponding unfired frames and it showed remarkable
pinching, which indicates that the seismic performance of the
specimens decreased after exposure to fire.

The external load corresponding to the first diagonal crack, the
yielding and peak loads of the specimens exhibited a noticeable
reduction after exposing to fire, especially for the specimen SBFT. In
addition, the secant stiffness decreased with the increase of dis-
placement, and the post-fire specimens showed higher stiffness
degradation.

Despite the yielding displacements for the post-fire specimens in-
creased to a large extent, there was little difference in the ultimate
displacements, so the ductility factor of the post-fire frames de-
clined considerably.

The post-fire specimens dissipated less energy with respect to their
corresponding unfired specimens. In addition, the energy dissipa-
tion capacity of the unfired specimens increased with the rise of
loading displacement, while the post-fire specimens displayed a
smaller increase.

Due to the limitation of experimental specimens, the studies on the
structural response and fire resistance of damaged RC frames at
elevated temperature were not conducted in this study, and should
be further investigated in future researches.
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