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Abstract: In order to improve installation efficiency, construction quality and reduce the cost of monolithic
precast concrete frame structures, precast concrete columns reinforced by efficient reinforcement have been
proposed in recent years. Their static and seismic behaviors generally meet design expectations, while, to the
authors’ best knowledge, their fire resistance has not been properly studied. In this paper, results from fire
resistance experiments on full-scale precast concrete columns reinforced by efficient reinforcement under
standard fire exposure conditions are presented. The effect of reinforcement forms, load intensity and fire
conditions on the fire resistance of the precast concrete columns has been studied. The test results show that fire
resistance of the connection zone of the precast concrete column is higher than that of the non-connection zone.
The test results also show that precast concrete columns reinforced by cluster reinforcement have a higher fire
resistance than columns reinforced by large-diameter reinforcement. On the basis of the test results and the
calculation methods current in use, a simplified approach that considers the effect of cross-sectional area
reduction and temperature difference caused by spalling is proposed to predict fire resistance of precast concrete

columns reinforced by efficient reinforcement.
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1 Introduction

Compared with the traditional cast-in-situ construction method, precast concrete construction has been
increasingly used in the world due to its remarkable advantages of shortening construction period, stable and
reliable quality, less resource consumption, less environmental impact and less labor-intensive. The monolithic
precast concrete structures based on the design concept of emulating cast-in-place has been widely used in high-
rise buildings in seismic and non-seismic areas because of their enhanced integrity. However, the traditional
approaches of reinforcing precast concrete components require dense reinforcement at connections, resulting in
difficulties for arranging reinforcement in, e.g., beam-column joints, pouring and compacting concrete. Thus,
the installation efficiency of the components is low and it is difficult to ensure the quality of installation. To
address the above issues, some researchers proposed a "efficient reinforcement"l"- 21 design concept for precast
concrete components, by which large diameter (4 > 25mm ) steel bars instead of medium diameter steel ones are
arranged at the corner of a column section and jointed with grouted splice sleeve connections (see Fig. 1a).
Alternatively, small diameter reinforcing bars are arranged in cluster at the corner of the column section with
longitudinal rebar lapping in grout-filled ducts that are surrounded by confining spiral stirrups (see Fig. 1¢). The
design approaches were to reduce the number of longitudinal rebar joints and increase the spacing of longitudinal
reinforcement. The approaches ultimately reduced the cost by improving the installation efficiency and
construction quality of the monolithic precast concrete frame structures. An illustration of the above
reinforcements is shown in Fig. 1. In order to promote the use of this new type of precast concrete columns in

practical design, it is critically important to have a good understanding of its service performance under various



disastrous loading conditions. In the past few years, extensive experimental studies have been carried out!!-4l.

Preliminary research results have shown that the precast concrete columns reinforced by efficient reinforcement
have good static and seismic performance at room temperature. However, investigations on their fire resistance
are hardly found and are required urgently.
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(a) Precast concrete column with large-  (b) Precast concrete column with normal (c) Precast concrete column with
diameter rebars and sleeve grouting reinforcement and sleeve grouting cluster reinforcement and constrained
connections connections grouting-anchor connections

Figure 1 Precast concrete columns with normal reinforcement and efficient reinforcement

Fire is one of the most common, dangerous and destructive disasters among many other disasters that
endanger engineering structures. Fire can easily cause material deterioration, component damage, structural
failure and even collapse. As the main load bearing components of a building structure, the performance of
columns under fire has a significant impact on the fire safety of the whole building. Therefore, the study of fire
resistance of columns is very important. In the past decades, researchers have carried out many experimental
studies on the fire resistance of reinforced concrete columns, e.g., the work by Liel’l, Dotreppe!®), Kodur7-],
AL 1 Wyll2-141 Tanl!s: 161 Rodrigues!!”), Shah!'8], Rush!™], and Buch?l. Previous experimental studies
suggested that the load ratio, cross-section dimensions, slenderness ratio, concrete strength, aggregate type,
longitudinal reinforcement ratio, confining reinforcement, eccentricity and fire scenario were the main
parameters that influence fire resistance of reinforced concrete columns. Dotreppe et al.l® conducted extensive
parametric studies on the fire resistance of reinforced concrete columns with normal reinforcement through
experiments. The results showed that columns with reinforcing bars of large diameter (25mm) had led to fire
resistances appreciably smaller than the expected. Such unfavorable results have not been observed when
reinforcing bars of 12 and 16 mm in diameter were used. Additional tests on columns having large diameter
reinforcing bars were required to understand the influence of the diameter on the performance of the columns.
Similarly, Martins et al.?!! have experimentally determined that the use of a large diameter (25mm) for
reinforcing bars could counteract the beneficial effect on the fire resistance provided by increasing the
reinforcement ratio. Park et al.??! studied the influence of some parameters on temperature distributions and
spalling of high strength concrete (HSC) columns under fire through experiments. The results show that with
the same reinforcement ratio and ambient temperature, the temperature within the column is higher and spalling
of the HSC columns is more likely to occur if the diameter of the distributed reinforcing bars is smaller. Kodur
et al.l”l and Raut et al.?] tested the fire resistance of HSC columns. Their results show that the fire resistance of
HSC columns is lower than that of normal strength concrete columns because of severe spalling of high strength
concrete under fire. The provision of cross ties and closer tie spacing has a significant beneficial effect on the
fire resistance of HSC columns.

However, most of the experimental studies were carried out on cast-in-situ reinforced concrete columns
that normally had smaller cross-sections and reinforcing rebar diameter (< 25 mm), which failed to consider the



complex mechanical properties of the connection zone under elevated temperature. At present, to the authors’
best knowledge, experimental studies on the behavior of grouted sleeve connection at elevated temperatures are
very limited* 2, and the study on constrained grouting-anchor connections at elevated temperatures has not
been reported. Moreover, most of the experimental studies have been carried out on the performance of steel bar
connections subjected to uniformly elevated temperature, which cannot represent the real state of stresses of the
steel bar connections in the precast concrete columns. Due to the structural complexity of the connections of a
column, where considerable proportion of high-strength grouting materials are injected into and the thickness of
concrete cover of grouting sleeve is much smaller than that of the longitudinal reinforcements, fire resistance
tests are required to assess the likelihood of failure occurring in the zone.

Based on the past standard fire tests, fire resistance ratings of reinforced concrete columns, which are
usually based on the dimensions of the columns and the cover of the reinforcement, have been documented in
various building codes. In addition, some of the codes!?®?71 and published research!'® 2% 21 have provided simple
calculation methods for estimating fire resistance of reinforced concrete columns. Although these calculation
methods consider many factors, they do not take into account the impact of efficient reinforcement and the
influence of grouting connections of a precast concrete column. Thus, whether they can be applied to precast
concrete columns reinforced by efficient reinforcement with confidence remains to be studied. In view of the
above discussions, an experimental study on full scale precast concrete columns reinforced by efficient
reinforcement under standard fire exposure conditions is reported in this paper. The test variables include
reinforcement forms, load intensity and fire conditions. Data from the tests are utilized next to study the fire
response of precast concrete columns reinforced by efficient reinforcement, i.e., by studying the spalling and
failure modes, thermal responses, structural responses and fire resistance of the columns. Fire resistance
calculated from the design formulas currently in use for reinforced concrete columns are compared with the new
test results to evaluate the applicability of the existing approaches to precast concrete columns reinforced by
efficient reinforcement. Finally, based on Eurocode 2, a simplified approach considering concrete spalling for
calculating fire resistance of precast concrete columns reinforced by efficient reinforcement is proposed and

validated by the experimental data.

2 Experimental study on fire resistance of precast concrete columns

2.1 Description of the specimens

The experimental program consists of conducting fire resistance tests on six precast concrete columns with
efficient reinforcement. The research parameters include the forms of efficient reinforcement, the design load
ratio and the locations of fire exposure, as shown in Table 1, where the fire on column C-B and D-B are extended
well above the connection zone, while the fire on column C-M and D-M are localized in the vicinity of the
connection zones, as indicated by the red vertical lines (Fig. 2). The design load ratio of the columns is defined
as the ratio of the actual applied load to the bearing capacity calculated according to the Chinese Design Codes
B39 (GB 50010-2010).



Table 1 Main parameters of the tested columns

Longitudinal steel bars

Efficient Col Design Test load Fi Fire
reinforcement o " Numberand Reinforcement Concrete  (Actual) load 5 ooC FITC CXPOSUIE . istance
forms reference . ratio (kN) location (min)
diameter (mm) ratio cover (mm) “
Cluster
) C-B1 16 C 14 1.54% 30 0.70(0.40) 2447 Extended 124
reinforcement
C-B2 16 C 14 1.54% 30 0.57(0.32) 1986 Extended 172
C-M 16C 14 1.54% 30 0.70(0.40) 2484 Local >133
Large-diameter
D-B1 4C28 1.54% 50 0.70(0.41) 2447 Extended 91
reinforcement
D-B2 4 C28 1.54% 50 0.57(0.33) 1986 Extended 140
D-M 4 C28 1.54% 50 0.70(0.41) 2484 Local 145

All the test specimens have identical geometry of a nominal height 3.84 m and a 400 mm X 400 mm cross-
section (Fig. 2). There are two parts of the columns, i.e., Part A and Part B (Figs. 2~3). Part A is the precast
concrete columns to be tested. Part B provides support to Part A through the anchorage bars as shown in Fig.
2(a) and (b), respectively, which are used to simulate beam-column joints in practical engineering design. The
length of Part B is designed to be 1400 mm for the local fire exposure scenario, which is mainly for the
convenience of observing the failure process of the connection zone in the fire test. In order to facilitate the
installation and loading of the specimens, steel plates of 600 mmX*560 mm*10 mm are welded at both ends of
the specimens.

The selection of connections was influenced by the form of efficient reinforcement. A new type of grouting-
anchor connection was adopted for cluster reinforcement in the columns, and spiral stirrups were used to enhance
the performance of the connections (Figs. 1~2). The heights of the connection zone of the columns with cluster
reinforcement and large-diameter reinforcing rebar were 480 mm and 500 mm, respectively. The concrete cover
of the grouting sleeves was 33mm, resulting in a concrete cover of 50mm for the longitudinal reinforcement.
The average distance from the centers of steel bars to the nearest fire-exposed surface was 64mm for all the
columns. For the columns reinforced with large-diameter steel bars, the axis distance to the nearest fire-exposed
surface was 64 mm (Fig. 2(g)), and for the columns reinforced with cluster steel bars, the axis distances of the
individual bars to the nearest fire exposed surfaces were either 37 or 90 mm (Fig. 2(e)).

Type-K thermocouples of 3 mm thick were installed at the middle height of the connection zone and the
precast columns to measure the temperature of the steel bars and the concrete. Detailed arrangement and

numbering system of the thermocouples are shown in Fig. 2(e)~(h).
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Figure 2 The elevation, cross-section details and thermocouple arrangement of the specimens (mm)
2.2 Specimen preparation

The reinforcement cages of Part A were tied firstly as designed. The steel cages were then accurately
positioned in the formwork and the end plates were welded (Fig. 3(a)~(b)). Four 80 mm diameter steel tubes
were temporally installed longitudinally to form four pockets at the positions to provide entries of the starter
bars of Part B (Fig. 3(a)). The tubes were removed after completion of concrete casting. For the joints with large
diameter steel reinforcement, four grouting sleeves were installed to the lower end of Part A (Fig. 3(b)). Two
grouting holes were reserved by embedding two steel tubes of diameter 20 mm at the upper and lower ends of

the reserved pockets or grouting sleeve. Finally, thermocouples were installed (Fig. 3(c)) before casting concrete.



(a) Reinforcement cage and anchorage (b) Reinforcement cage and anchorage (c) Thermocouples

rebars of column C-B rebars of column D-B installation

Figure 3 Construction of the columns

After concrete casting, the concrete was cured for 15 days before assembling the parts. The assembly
process is as follows: (a) The contact surfaces of both Parts A and B were treated to enhance their connection
performance (Fig. 4(a)). (b) The starter bars of Part B were inserted into the respective reserved pockets or
grouting sleeves in Part A of the precast column (Fig. 4(b)). (c) The gaps on the two sides and the bottom surfaces
of the connection were sealed with high-strength grouting material at a depth of about 20 mm, while the gap on
the top surface remained open (Fig. 4(c)) and (d) Grouting the pockets and sleeves was done 12 hours after
sealing the gaps. A grouting machine was used to inject the grouting materials through the grouting inlet hole
near the lower edge (Fig. 4(d)) and overflow was allowed from the grout extraction outlet hole near the upper
edge. The inlet hole, the extraction hole and the remaining unsealed joint gap were finally sealed with grouting
materials after overflow had been observed from all of them.

(a) Surface roughening (b) Assembling (c) Sealing edge (d) Grouting

Figure 4 Assembly process

All columns were fabricated from one batch of concrete, having a design compressive strength of 40 MPa.
The mix proportions per cubic meter of concrete, were 360 kg of cement, 140 kg of water, 850 kg of sand, 1045
kg of stone and 5 kg of water-reducing agent. In addition, all the precast concrete columns used UJOIN-108
high-strength and non-shrinkage grouting material which met the requirements of Chinese Technical Standard
(311, UJOIN-108 is a dry powder composed of cement as the basic material, with fine aggregate and concrete
admixture and other materials. It was manufactured by Wuhan Sanyuan construction materials Ltd, and has good
fluidity, early-strength, high-strength and micro-expansion properties after mixing with water. All fire resistance
tests were completed within 75-100 days after concrete casting. The average cubic compressive strengths of
concrete and grouting material at the time of the fire test (75 days) were 46.4 MPa and 96.4 MPa, respectively.
The steel bars used in the test were hot rolled ribbed steel bars with yield strength of 400 MPa (HRB400).
Independent tensile tests showed that the yield strength of the 14 mm and 28 mm diameter longitudinal steel
bars were 510 MPa and 464 MPa, respectively, and their respective ultimate strength were 625 MPa and 605



MPa. The yield strength of the stirrups was 423 MPa, and the ultimate strength was 576 MPa.

2.3 Test apparatus and procedure

The fire tests were carried out using a multi-functional fire test furnace at Jangsu Key Laboratory of
Structural Engineering in China. The fire test furnace is composed of a heating chamber, an automatic fire control
system, a fuel supply system, a loading apparatus, a data collection system and a high temperature camera device.
The internal height of the furnace is 3.3m, and the floor area is 3mx2m. The furnace is capable of simulating
temperatures up to 1200 °C by using liquefied petroleum gas (LPG) as fuel and has a maximum loading capacity
of 4000 kN. More details of the fire test furnaces can be seen in the literature!l?]. The fire test setup in this paper
is shown in Fig. 5 and Fig. 6.

Loading frame

Hydraulic jack—» Hinged support

End condition —
(Hinged, Fixed)

Foundation

Figure 5 Fire test setup




Figure 6 Details of the furnace

The precast column was installed in the furnace by bolting the end plates to the support and the loading
head, respectively. For precast columns C-B1, C-B2, D-B1 and D-B2, since global instability was considered,
the supporting conditions at the ends were both hinged, and the length of the columns exposed to fire was
3000mm. For precast columns C-M and D-M, since the tests were to study the failure strength of the connections,
both ends of the columns were fixed and the length of the columns exposed to fire was shortened to minimize
the occurrence of buckling before failure of the connections. However, due to the limitation of the test conditions,
only the lower end was fixed and the upper end remained hinged. All the columns were loaded axially by a
hydraulic jack at the top of the loading head.

The test procedure was based on the specifications of GB/T 9978331 \which is the Chinese version of ISO
834-1341. About an hour before the start of the fire test, the column to be tested was loaded gradually up to the
design load that was maintained for 15 minutes. The design load was monitored with a controlled fluctuation of
5% during the entire test. The fire test followed ISO-834 standard fire curve (Fig. 7(a)). The temperature inside
the furnace and the column were measured by the temperature acquisition instrument. The axial displacement of
the top end of the column was measured by LVDT. When the hydraulic jack failed to maintain the load, or the
columns contracted axially by 0.01h mm (h is the initial height, in millimeter) or the rate of contraction reached
0.003h mm/min, it was considered as a sign of failure of the column and the test was terminated. The recorded
time from the start of fire to the above mentioned failure was taken as the fire resistance time of the column.

3 Experimental results and discussions

3.1 Failure process and failure mode

3.1.1 Precast concrete columns with cluster reinforcement
During the test, the entire process from initial temperature rise to failure was monitored by the fire-proof
camera in the furnace and spalling of concrete was recorded. Except for column C-M, severe spalling occurred
in all other columns. Table 2 gives the time and the furnace temperature when spalling started.
Table2 Spalling progression in precast concrete columns
Precast column C-B1 C-B2 C-M D-B1 D-B2 D-M
Spalling time (mins) 7 9 - 7 8 6
Furnace temp. (°C) 620 670 - 620 650 600




1200 - T ——1S0-834 standard curve
1000 -
800 [
N Short time flameout =
@ 2
5 600 —I1S0-834 © '
© —C-BI o !
o —C-B2 g' '
£ 400 ' !
IS —cCM 5 ) .
) D-B1 [ ' rapid
— ' ; '
200 ——D-B2 ,heating . . '
—DM /stage continuous heating stage , failure
0 L ! ! | + ':' N
60 _ . 120 180 - ?
Time(min) Time
(a) Furnace temperature (b) Different heating stages

Figure 7 Furnace temperature and different heating stages

Column C-B1 began to spall explosively at the initial rapid heating stage (Fig. 7(b)). The spalling process
lasted about 24 minutes. During the continuous heating stage, the temperature of the concrete and the steel bars
continued to rise, and the deformation of the column gradually changes from small axial elongation to axial
contraction. After 114 minutes under fire, there were obvious vertical cracks near the middle height of the column
(Fig. 8). After 124 minutes under fire, accompanied by a loud noise, concrete crushing occurred on the concave
side of the column, resulting in significant local collapse. The longitudinal steel bars were then buckled outward
with increased lateral deflection. The applied load could not be maintained any longer, hence, the fire resistance
of the column was reached. The failure process of column C-B2 was similar to that of column C-B1. For C-M,
the equipment malfunctioned at 133 minutes, so that the test stopped and the column did not fail.

2018-09-

(a) Column C-B1 (b) Column C-B2
Figure 8 Spalling and vertical cracking of the precast concrete columns with cluster reinforcement

Figs. 9-10 show the photos of columns C-B1 and C-B2 after testing, respectively. It can be seen that failure
occurred in the middle height of the column. Concrete spalling in the failure zone is obviously more extensive
than that in the connection zone. The progressive spalling in the connection zone usually reached the stirrups at
the most. Other notable phenomena were that some of the locally buckled steel bars appeared very dark in color,
which indicated that the steel bars were under fire without fire protection. Thus, it can be argued that the spalling
of concrete cover of the steel bars occurred in the early stage of temperature rise, causing rapid temperature rise
of the unprotected part. Because of stiffness softening of the longitudinal steel bars, local instability occurred
first, which further led to the early collapse of the column.

Only minor surface spalling was found in column C-M (Fig. 11(a)), which was not expected for this batch
of specimens. The column was placed in the unignited furnace overnight after several minutes of repeated
heating (furnace temperature < 600 °C). Because the preheating effect, the moisture content of the column was
reduced and the probability of explosive spalling was significantly reduced in the next day's test. In addition, it
was found that horizontal cracks occurred along the grouting seam of column C-M (Fig. 11(c)). Other columns



had similar crack patterns.

(a) Local buckling (b) General view (c) Surface spalling
Figure 9 Column C-B1 after testing

(a) Local buckling (b) General view (c) Surface spalling
Figure 10 Column C-B2 after testing

(a) Slight spalling (b) General view  (c) Cracking at the seam
Figure 11 Column C-M after testing

3.1.2 Precast concrete columns with large-diameter reinforcement

Figs. 12-14 show column D-B1, D-B2 and D-M, respectively, after testing. It can be seen that failure of
columns D-B1 and D-B2 occurred at 2/3 and half of the column height, respectively. Some stirrups were
disintegrated and fell off. Part of the buckled longitudinal bars spanned 2-3 times the stirrup spacing, and the
concrete cover almost completely spalled. In addition, one of the four longitudinal bars was darker in color with
surface damage and shorter buckling length, which was obviously different from the other three (Fig. 12). This
was attributed to a long-time exposure to fire due to the explosive spalling of the concrete cover which appeared



to have accelerated the failure of the column.

The failure of column D-M occurred above the connection zone though the thickness of the concrete cover
of the grouted sleeves was thinner. The spalling in the non-connection zone was more severe, where some
stirrups were pulled off due to the long fire exposure time.

!
|

(a) Crush and buckling (b) General view (c) Long time exposure
Figure 12 Column D-B1 after testing

(a) Spalling and buckling (b) General view (c) Stirrups failure
Figure 13 Column D-B2 after testing

(a) Local buckling and stirrups failure (b) General view (c) Surface spalling
Figure 14 Column D-M after testing

3.1.3 Comparisons of the two precast concrete columns reinforced by efficient reinforcement
By comparing the failure modes of the precast concrete columns with cluster reinforcement and those with



large-diameter reinforcement when they had extended length exposed to fire, it can be seen that the two types of
precast columns failed at similar locations. The failure occurred in a region where the stirrups were less dense
and was outside of the connection zone of the column, while only surface explosive spalling of the concrete
cover was found in the column where the stirrups were dense (including the connection zone). This demonstrated
that the use of densified stirrups had enhanced the confinement of the concrete core and the longitudinal
reinforcement, so that spalling was reduced and the fire resistance of the densified part was improved.
Concerning the damage on the section at the location of failure, the precast concrete columns with large-diameter
rebar reinforcement had more serious damage than those with cluster reinforcement. There are two possible
reasons for this. On the one hand, the depth of spalling induced by the fire on the damaged sections was virtually
the same as the thickness of the concrete cover. Thus, the precast concrete columns with large-diameter
reinforcement, which had thicker concrete cover, experienced greater damage on the cross-sections of the
columns. On the other hand, compared with the new configuration of confining reinforcement in the precast
concrete columns with cluster reinforcement, the traditional arrangement of stirrups had smaller confining effect
on the columns with large-diameter rebar reinforcement. As a result, when failure occurred, the stirrups were

disintegrated, the buckling length of the longitudinal reinforcement was longer and the concrete core was crushed.
3.2 Thermal response

Fig. 15 shows the average furnace temperature and the temperatures at various depths into the concrete and
of the steel rebar for different columns in the fire tests. It can be seen that the measured furnace temperature
follows closely with the specified ISO-834 standard temperature-time curve over most of the time. Some
fluctuations in the furnace temperature, when column C-B1 and D-B2 were tested, were mainly caused by several
short-term flameouts due to equipment malfunction. The temperature measurement of column D-M in the first
35 minutes was not available due to an unexpected malfunction of the temperature collector.
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Figure 15 Measured temperatures as a function of time at furnace and various depths in precast columns

The temperature curves recorded by each of the thermal couples (TC) in Fig. 15 show that the measured
temperature decreases significantly with the increase of depth from the surface, which was due to the low
concrete thermal conductivity that caused a slow rate of heat transfer!®?l. For all the tested columns, the rate of
temperature rise in concrete was slowed down at around 100 °C. This phenomenon has been reported by many
authors!® 81 and can be mainly attributed to the evaporation of free water in concrete, which consumes a large
amount of heat. In addition, the temperature of the steel bars in some of the columns appears to rise faster at
certain times, e.g., TC1 at 18 minutes for column C-B1 and at 15 minutes for column D-B2. This phenomenon
was mainly caused by the fire-induced concrete spalling, which reduced the thickness of the protective concrete
layer of the steel bars and accelerated the temperature rise.

After 90 minutes under fire, the average temperature of the longitudinal steel bars of the columns with
large-diameter reinforcement was about 560 °C. In this case, the distances from the centers of the 4 large
diameter steel bars to their respective nearest fire-exposed surfaces were the same and equal to 64mm. For the
columns with cluster rebar reinforcement, the minimum and maximum distances from the individual steel bars
to their nearest fire-exposed surfaces were 37 mm and 90 mm, respectively. The measured average temperatures
at these locations were, respectively, 560 °C and 230 °C. When the columns failed, the respective temperatures
at the above mentioned locations were about 650 °C for the columns with large diameter rebar reinforcement,
and 700 °C and 340 °C for the columns with cluster rebar reinforcement. It can be seen that the average
temperature of all the longitudinal steel bars of the columns with cluster reinforcement is significantly lower
than that of the columns with large diameter reinforcement. The temperature of some of the steel rebar in the
cluster reinforcement remained below 400 °C up to the point of failure, which had enhanced the fire resistance
of the columns because these steel rebars nearly retained its full strength at a temperature below 400 °C.

As can be seen from Fig. 15(b) (d) and (f), the curves in dark yellow (TC5) and navy blue (TC6) show that
during the heating process, the maximum difference of the sleeves’ surface temperature was about 150~200 °C
and the respective heating time was about 45~65 min, though the steel had a very high thermal conductivity.
This suggests that the temperature distribution on the cross sections of the grouted sleeves is not uniform as a
results of the temperature difference on the sleeve surfaces, which is mainly because the much lower temperature
of the concrete around the part of the sleeve surfaces that are away from the fire-exposed surfaces of the columns
and dissipate some of the heat from the sleeves.

3.3 Structural response and fire resistance

The measured axial deformation of the precast concrete columns with time is shown in Fig. 16. It can be
seen that the axial deformation of the columns under fire exposure can be divided into three stages: (1) small
expansion, (2) gradual contraction and (3) abrupt shortening. In the early stage of heating, the thermal strain
causes expansion of the column. All the tested columns underwent small axial expansion with a maximum of 1

mm registered in column C-M. As the temperature rises, the strength and elastic modulus of the concrete,



grouting material and steel decreased, which leads to increased instantaneous stress-dependent strains. The creep
and transient state strains becomes more and more significant at higher temperature, and gradual contraction of
the column starts. By comparing the axial deformations of columns C-B1 and D-B1, and columns C-B2 and D-
B2, it can be seen that the contraction of the columns with cluster reinforcement is larger than that with large-
diameter reinforcement. The maximum contraction of 8.6mm was measured in column C-B2. When the bearing

capacity of the column was lower than the applied load, the column failed, accompanied with significant

deformation.
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Figure 16 Measured axial deformations of the precast column as a function of time

The fire resistance of precast concrete columns C-B1, C-B2, D-B1, D-B2 and D-M from the tests are 124
min, 172 min, 91 min, 140 min and 145 min, respectively, while that of column C-M exceeds 133 min. It can be
seen that the load ratio, form of efficient reinforcement and fire conditions are important factors that affect fire
resistance of the precast concrete columns. As expected, the higher the load level is, the lower the fire resistance
will be. From the comparisons between C-M and C-B1, column D-M and D-B1, which have similar
characteristics except that they were subjected to different fire conditions, it can be seen that the fire resistance
of the precast concrete columns with local fire exposure is obviously higher than those exposed to fire over an
extended length. This further illustrates that the fire resistance of the connection zone of the precast columns is
higher than that of the non-connection zone. From the comparisons of columns C-B1 with D-B1 and columns
C-B2 with D-B2, of which the form of efficient reinforcement is the only variables, it can be seen that the fire
resistance of the precast concrete columns reinforced by cluster reinforcement is 23% and 36% higher than that
of those reinforced by large-diameter reinforcement at a design load ratios of 0.57 and 0.70, respectively. This
enhanced fire resistance is mainly due to that (a) the bundle-shaped longitudinal rebar of the cluster
reinforcement occupied a wider area than the single large-diameter rebar on the cross section of the column. The
steel bars farther into the concrete section have lower temperature and less reduction in strength due to better
fire protection, which contributes positively to the bearing capacity of the column; and (b) the damage on the
cross-sections of the columns with large-diameter reinforcement, as mentioned above, is more severe than that
of the columns with cluster reinforcement due to the fire-induced spalling and the configuration of stirrups,
which reduces the bearing capacity of the column.

4 Applicability analysis of the simplified approach for calculating fire resistance of precast
concrete columns reinforced by efficient reinforcement

4.1 Comparison and analysis of existing methods without considering concrete spalling

The fire resistance of the above tested precast concrete columns with efficient reinforcement was evaluated
using the formulas presented in Eurocode 21261, DBJ/T 15-8127] and Kodur?"],

Eurocode 21?61 provides analytical formula for calculating fire resistance of reinforced concrete columns
subjected to a standard fire exposure, in which number and location of longitudinal steel bars, load ratio, column



cross-sectional size, thickness of concrete cover and effective length were taken into account, as follows:

1%:120((1%,7ﬁ+Ra+R,+Rb+Rn)/120)l'8 (1-a)
where
(1+ )
R, ,=83| I- 1-b
" { *085/a, ) 1o (o)
R, =1.60(a—30),R, =9.60(5-1, ) (1)

(1d)

n

R - 0 for n =4(corner bars only)
12 forn>4

inwhich, R is fire resistance; 4 1s a reduction factor for the design load level in a fire situation, @ denotes
mechanical reinforcement ratio at normal temperature conditions, ¢ is the coefficient for compressive strength;

a is the axis distance to the longitudinal steel bars (mm), 25mm <a<80mm ; [ . is the effective length of

o.fi
a column under fire conditions, 2m < I, , <6m; R,=0.095", b'=41 (b + h) for rectangular cross-sections
or the diameter of circular cross-sections, 200mm<5'<450mm, £ <1.5b; n is the number of longitudinal
steel bars.

DBIJ/T 15-812 provides a simplified formula for calculating fire resistance of reinforced concrete columns
with rectangular cross-section based on numerical simulations and parametric regression. The formula also takes
into account the influence of load ratio, effective length, cross-sectional size and reinforcement ratio. In addition,

the formula is applicable to columns subjected to a bi-eccentric axial force, as following:

R, =B.B.BuBB.B, (2-a)

where
ﬁﬂ=c,u2+czu+c3 (2-b)
B, =c,L+cg, B, =c,b+c, (2-c)
hY  (h
Braw =S (EJ TG (z) TG (2-d)
B.=c,e +c,e’ +eetey, (2-e)
ﬂp =GP+ C (2-f)

in which, R, denotes fire resistance; ¢ is the load ratio, 0.2< 1 <0.7; L is the effective length of the
column, 2m<L<4m ; h and b are the height and width of the column section, respectively,
0.3m<b<0.6m, b<h<0.6m; e is eccentricity, 0.0<e<2.0; p is the longitudinal reinforcement
ratio, 1% < p <3%; The value of coefficient ¢, ~ ¢, are shown in DBJ/T?7],

Based on the numerical simulations and parametric studies, Kodur?®! proposed the following simplified
formula for evaluating fire resistance of reinforced concrete columns under biaxial bending, in which the effects
of fire-induced spalling, 1-, 2-, 3-, or 4-sided fire exposure, bi-eccentric loading and design fire scenarios were
taken into account, as following:

R=C,[8xk, xk, x(30~(S, +5)x(L,~0.2)) ] (3)
in which, R is the fire resistance; ksh = kec X ksp , k, isaconstant based on the load eccentricity, load ratio
and slenderness ratio; ksp is a constant associated with spalling, % =1, when perm=>10"""m?, where perm is
the intrinsic permeability of concrete (m?); k,, = [log( perm) + 20] / 2.75, for rectangular columns when

perm<10""m? (with no polypropylene fibers); C,, k., S

p» Sp and L, are calculated from literature!?’.

Typical examples are used here to compare the above simplified calculation methods. Fig. 17 shows the



fire resistance of reinforced square concrete columns against some of the influential factors. The initial design
of the columns are as follows. The side length of the square columns is 400 mm; the reinforcement ratio is 0.0154;
the concrete cover thickness is 48 mm; the load ratio is 0.4; the effective length is 3 m and the columns are
centrally loaded. The intrinsic permeability of the concrete is more than 10"'7m?. In the following parametric
study, all the above parameters are fixed to the designed values except one of them, each time, is allowed to vary.
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Figure17 Comparison of simplified calculation methods for fire resistance of reinforced concrete columns

It can be seen from Fig. 17 that the fire resistances calculated from the three simplified calculation methods
for varying effective lengths, varying reinforcement ratios and small eccentricity are close to each other. For
different load ratios, cross-sectional size and concrete cover thickness, the calculated results of Eurocode 2 and
Kodur’s approach are very close, but less so when compared with those of DBJ/T 15-81. Except that the
thickness of concrete cover is not considered in DBJ/T 15-81, the calculated fire resistance of DBJ/T 15-81 is
more sensitive to the load ratio and cross-sectional size than the Eurocode 2 and Kodur’s approaches.

Table 3 shows the comparison of the fire resistance calculated by the above three methods with the test
results. It is worthwhile to mention that when using Kodur’s formula, two different intrinsic permeability of

21 were considered because the values of them were not clearly

concrete, i.e., perm=10"%m? and perm=10""m?l
given, and the concrete spalling phenomena occurred in the test were taken into account. The two sets of results
are denoted by z.1 kodur and 2 Kodur, respectively. As can be seen from Table 3, the predicted results of Eurocode
2 and DBJ/T 15-81 are generally not conservative, mainly because they do not consider the impact of severe
spalling of the tested columns. Kodur’s approach takes into account the impact of fire-induced spalling, but the
results are affected by concrete permeability, as shown by the two sets of results relative to the two different
permeability.

In addition, the DBJ/T 15-81 and Kodur’s formulas are almost identical in predicting fire resistance of the
two types of precast concrete columns, because they do not consider the form of reinforcements. In contrast,
Eurocode 2 takes into account the adverse effect of placing only four longitudinal steel bars at the corners on the
fire resistance of the concrete columns, so that the predicted fire resistance of the columns with large-diameter
reinforcement are smaller than that of the columns with cluster reinforcement. However, the impact of cluster
reinforcement on the fire resistance of concrete columns was not properly considered yet in practical design. The
comparisons in Table 3 show that the three existing simplified calculation methods have some limitations in



predicting fire resistance of precast concrete columns reinforced by efficient reinforcement.

Table 3 Comparison of measured and predicted fire resistance of the precast concrete columns

Fire resistance (min)

Ratios
Precast Calculated
Columns Test, Eurocode2, DBJ/T15 Kodur, Kodur, teEC2 tc,DBJ tc1,Kodur 12, Kodur
i teEC2 -81,¢.pBJ fe1,Kodur 12, Kodur [t [t [t [t
C-BI 124 199 150 158 82 1.60 1.21 1.27 0.66
C-B2 172 216 186 178 93 1.26 1.08 1.03 0.54
C-M >133 241 200 179 93 - - - -
D-B1 91 171 146 155 81 1.88 1.60 1.70 0.89
D-B2 140 187 181 175 91 1.34 1.29 1.25 0.65
D-M 145 210 194 177 92 1.45 1.34 1.22 0.64
Average 1.50 1.31 1.30 0.68
Standard deviation 0.22 0.17 0.22 0.12

4.2 A new simplified approach for calculating fire resistance considering concrete spalling

In order to consider the influence of concrete spalling more accurately on the fire behavior of the columns,
and to consider the contribution of different longitudinal reinforcement methods to the bearing capacity of the
columns under elevated temperatures, a simplified method based on Eurocode 2 and considering concrete
spalling in calculating load bearing capacity of reinforced concrete columns subjected to fire is proposed. The
applicability of the new approach to precast concrete columns reinforced by efficient reinforcement is also
discussed.

Eurocode 21 provides the “Zone method” for the design of structural members subjected to a standard fire
exposure, which is particularly suitable for column design. For a cross-section of a reinforced concrete column
exposed to fire, the calculation process using the “Zone method” is summarized below for a square section

subjected all round fire: (
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Figure 18 Division and reduction of a column cross-section exposed to fire

a). The cross-section damaged by fire is represented by a reduced cross-section ignoring the damaged zone
of thickness a; at all the sides exposed to fire (see Fig. 18). Point M is the geometric center of the cross-section.
It is used to determine the reduced compressive strength of the reduced cross section.

b). Each side of M is divided into n parallel zones of equal thickness, where n>3 (see Fig. 18). The
temperature at the centers of each zones is calculated and the reduction factor of compressive strength of the
zones, kc(6;) are determined. The mean reduction coefficient kcm of the cross-section is calculated by



(1- 02/n

ko = Zk Q) (4)
Subsequently, the width of the damaged zone a;, of the column is calculated as
_ kc,m 1.3
a, =w|1-(—2) (5)
k. (6y)

c). After the reduced cross-section and the reduced strength of the cross-section and rebar are determined,
the fire resistance calculated from the reduced columns under the room temperature is the fire resistance of the
original columns subjected to fire.

Using the modified simplified approach, the reduction of the cross-sectional area and the change of

temperature distribution caused by fire-induced spalling are considered. Wu et al.3!

studied explosive spalling
of high strength concrete under high temperature, and proposed a regression formula of temperature difference
at the central axis of a rectangular reinforced concrete column due to spalling (which was also adopted by DBJ/T
15-81). This paper adopts the same assumption that adopted by Wu et al.’% i.e., assumes that the concrete cover
of the columns will be completely spalled out after reaching a certain heating time. Thus, the following formula

is used to calculate the temperature difference due to spalling:

ST = (466.69—0.36¢)e 355702 (60 min < ¢ <180 min) (6)

In which, x is the shortest distance between a point on the axis of the cross-section and the spalling surface
(mm). ¢ is the heating time (min). &7 (°C) is the temperature difference due to spalling at distance x. Thus, the
temperature of a point on the cross section after spalling is equal to the calculated temperature of the point
without considering spalling plus the temperature difference due to spalling. The simplified approach proposed
by Kodurl*®! for predicting temperature in reinforced concrete members exposed to standard fire is used here to
calculate the temperature distribution on the cross section of the columns without considering spalling. It should
be noted that the modified simplified approach applies only for standard fire exposure, when the fire resistance
time is between 1-3 hrs and concrete spalling is limited within the concrete cover.

Using the above methods, the load bearing capacity of the precast concrete columns reinforced by efficient
reinforcement in this paper is calculated. Table 4 shows the comparison between the calculated results from the

above new method and the experimental results of this paper and other publications!”-%-37]

. The average ratio and
variation coefficient of the predictions to the experimental results are 1.09 and 0.17, respectively. It can be seen
that combining the Zone method with consideration of concrete spalling, the predicted results have good

agreement with the test ones.

Table 4 Comparison of measured and predicted bearing capacity of the precast concrete columns and

HSC columns
Main bars Concrete Calculated
Fire
Precast ~ Section size Number & Yield Concrete Concrete End . Testload bearing  Ratio
resistance
Columns (mmXmm) Diameter strength cover Strength (MPa)  conditions (min) Nt (KN)  capacity — No/M:
, min
(mm)  (MPa) (mm) Ja Je Ne(kN)
C-Bl 400%x400 16C 14 510 30 46.4 - PP 124 2447 2703 1.10
C-B2 400%x400 16C 14 510 30 46.4 - PP 172 1986 1896 0.95

C-M 400%x400 16C 14 510 30 46.4 - FP >133 2484 - -



D-Bl 400%x400 4 (C28 464 50 46.4 - PP 91 2447 2436 1.00

D-B2 400x400 4 (C28 464 50 46.4 - PP 140 1986 1750 0.88
D-M 400%x400 4 (C28 464 50 46.4 - FP 145 2484 1956 0.79
HS2-4 406x406 8C25 400 50 - 114 FF 146 4567 4696 1.03
HS2-5 406x406 8C25 400 50 - 114 FF 108 5373 5693 1.06
HS2-6 406%406 8C25 400 50 - 114 FF 142 3546 4799 1.35
HSC3 406x406 8C25 414 48 - 96 FF 104 4919 5722 1.16
HS4 406%406 8C25 400 48 - 89.6 PP 145 2934 4266 1.45
HS6 406x406 8C25 400 48 - 96 FF 104 4919 5710 1.16

Jfewand f¢ denotes characteristic value of cubic and cylinder compressive strength of concrete, respectively.

5 Concluding remarks

An experimental study on the fire resistance of precast concrete columns reinforced by efficient
reinforcement has been presented in this paper. A new calculation method, which considers the reduction in
cross-sectional area and the temperature difference due to explosive spalling, has been proposed in combination
with the use of the “Zone method” in Eurocode 2. From the experiments, comparisons and analyses of the results,
the following conclusions can be drawn.

(1) The connection zone of a precast concrete columns has a higher fire resistance than that of other part of the
column, and the failure always occurs first in the non-connection zone.

(2) The form of efficient reinforcement and load ratio have a marked influence on the deformations and fire
resistance of precast concrete columns. When the longitudinal reinforcement ratio is the same, the fire
resistance of precast concrete columns reinforced by cluster reinforcement is higher than that reinforced by
large-diameter reinforcement.

(3) Fire induced spalling in concrete significantly affects thermal responses of the columns and leads to reduced
fire resistance. Precast concrete columns reinforced by large-diameter reinforcement are more likely to
suffer from severe concrete spalling and stirrups failure, as they normally have thicker concrete cover. It is
recommended that the stirrups should be densified along the full length of the columns.

(4) The predictions from the simplified calculation methods currently in use overestimate the fire resistance of
columns reinforced by efficient reinforcement, which fail to fully consider the influence of the form of the
longitudinal reinforcements and the influence of concrete spalling.

(5) The new calculation method, proposed by this paper, offers improved predictions to the fire resistance of
columns with efficient reinforcement.
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