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Abstract

This paper describes an experimental study of axially loaded, fire-exposed, rectangular reinforced
concrete (RC) columns repaired with post-compressed steel plates. Seven RC columns with identical
section dimensions and reinforcement details were fabricated and tested. Six of them were exposed to
a four-hour fire load according to the 1ISO 834 Standard. After one month of cooling, five of the fire-
exposed columns were installed with precambered steel plates which were then post-compressed by a
method newly developed by the authors. All columns were tested under axial compression to
determine their ultimate load capacity, deformation and ductility. The effects of steel plate thickness,
initial precamber displacements and preloading level on the ultimate load capacity of repaired RC
columns were investigated. The test results show that up to 72% of the original capacity of the axial
load-carrying capacity of fire-exposed columns repaired with post-compressed steel plates can be
restored. Furthermore, the repaired specimens show better ductility and post-peak deformability. An
analytical model was adopted to predict the ultimate axial load capacity of fire-exposed columns
repaired with post-compressed steel plates. Comparison of the theoretical and experimental results
reveals that the analytical model can accurately predict the ultimate axial load capacity of the repaired

columns.
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Introduction

It is well known that fires cause great loss of life and property damage in the world. In 2011, public
fire departments in the United States (US) responded to 1,389,500 fires, which caused about 3005
deaths, 17,500 injuries and property damage of 12 billion US dollars. In addition, 484,500 were
structural fires, accounting for 35% of all fires, which increased by 0.5% compared to last year (Karter.
2012). Hence, to improve the safety of structures after fire exposure, there is a growing need to
provide measures for post-fire repair of structural components.

When reinforced concrete (RC) columns acting as a primary load-bearing system in a building are
exposed to a fire, it is more economical to repair the columns than to rebuild them to restore the
original designed capacity. In the past two decades, many studies have been conducted to investigate
the fire resistance of RC columns and their post-fire residual strength, stiffness and deformation
(Bisby et al. 2004; Chen et al. 2009; Chowdhury et al. 2007; Han et al. 2009; Han et al. 2006; Kodur et
al. 2006; 2009; Lie et al. 1996; Tao et al. 2011; Wu et al. 2007; Wu and Xu 2009; Xu and Wu 2009;
Yaqub and Bailey 2011). Jau and Huang (2008) studied the fire resistance behavior of RC corner
columns with 2-hour to 4-hour asymmetric fire loading under axial loading and biaxial bending. The
relationship among the fire exposure time, steel ratio and thickness of cover was investigated. Kodur
et al. (1998; 2003; 2004) and Raut and Kodur (2011) studied the fire resistance behavior of high
strength concrete columns and high strength concrete-filled steel columns. A numerical model was
proposed to evaluate the performance of high strength concrete columns exposed to fire. Many
significant parameters were considered in this model, such as section dimensions, fiber reinforcement,
column height, concrete strength and aggregate type. Han et al. (2001; 2002; 2003; 2004) and Han and
Huo (2003) tested a large number of fire-exposed concrete-filled steel tubular columns. They
developed a corresponding mathematical model for predicting the fire resistance and the fire
protection thickness of the concrete-filled steel tubular columns.

Although extensive experimental and theoretical studies have been conducted to investigate the fire

resistance of RC columns, only a few studies focused on repairing the fire-damaged RC columns. The
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compressive strength of fire-exposed concrete-filled steel tubular columns repaired with fibre-
reinforced polymer (FRP) wraps was investigated (Tao and Han 2007; Tao et al. 2007). The test
results demonstrated that the FRP confinement can increase the axial load-carrying capacity and
stiffness of fire-exposed columns, but the strength of fire-exposed columns was not fully restored due
to the long fire exposure time (> 180 minutes). For circular columns, the axial load-carrying capacities
of the FRP-strengthened short and slender columns can be restored, respectively, to 61.2% and 34.5%
of the original designed capacity; for square columns, the axial load-carrying capacities of the FRP-
strengthened short and slender columns can be enhanced, respectively, to 46.6% and 28.4% of the
original designed capacity. Lin et al. (1995) adopted a recast concrete method to repair fire-damaged
RC columns. The repair work involved removing surface layers of concrete cover, surface cleaning
and patching using specially designed concrete. The test results showed that most repaired columns
could recover their original capacity or develop a capacity even higher than those of unheated columns.

However, no matter whether an FRP wrap or recast concrete is used to repair fire-exposed RC
columns, the effects of preexisting loads on stress-lagging between the concrete core and the new
jacket have yet to be determined. Ersoy et al. (1993), Takeuti et al. (2008), Giménez et al. (2009) and
Su and Wang (2012) experimentally studied the effects of pre-existing loads on the strengthening
efficiency. Their test results demonstrated that the stress-lagging effects can significantly reduce the
ultimate axial load capacity of strengthened columns. Meanwhile, Tao and Han (2007) noted that FRP
composites were more effective in enhancing the load-carrying capacity of fire-damaged circular
columns than were square ones. Wang and Su (2012a; 2012b) conducted experimental and theoretical
studies on the performance of preloaded RC columns strengthened with precambered steel plates
under eccentric compression loads. In this approach, precambered steel plates were bolted to the RC
column. Because the plates were slightly longer than the clear height of the column, progressive
tightening of the anchor bolts could generate a thrust on the beam supports by means of arching action.
Their results proved that precambered steel plates could actively share the existing axial loads with the

original column. Stress relief in the original concrete column and post-stress developed in the steel
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plates can alleviate the stress-lagging and displacement incompatibility problems. Nonetheless, as an
economical and simple strengthening method, steel jacketing that is executed by attaching steel plates
or angles onto the concrete has not been thoroughly studied for repairing fire-damaged RC columns.

In this study, precambered steel plates together with the post-decompression method were employed
to strengthen fire-exposed preloaded RC columns. An experimental study was conducted to
investigate the axial strength, post-peak deformability, ductility and internal load distributions between
the concrete and the steel plates of plate-strengthened RC columns. The effectiveness of this repair
method on the fire-exposed RC columns was examined. Finally, an analytical model with the
consideration of the stress lagging effects was presented to predict the ultimate axial load capacity of

fire-exposed RC columns repaired with post-compressed steel plates.

Experimental program

Test specimens

Seven specimens, namely FSC1 to FSC7, were fabricated and tested. The RC details of all specimens
were identical. The RC cross sections were 300 mm x 250 mm, and the clear height of column was
850 mm. Six high-yield deformed bars with diameter 12 mm (T12) were arranged as the vertical
reinforcement, and the mild steel round bars with diameter 6 mm (R6) were adopted as the transverse
reinforcement, which were applied throughout the height of the column with spacing 80 mm. All of
the specimens had the same concrete cover of 40 mm. To prevent local failure during the load test,
both ends of the specimens were slightly enlarged and properly reinforced, as shown in Fig. 1.

The design data of the specimens are summarized in Table 1. Specimen FSC1 was a control column
with no repair measures and no fire load, while Specimen FSC2 was a control column exposed to fire
without any repair measures. They were used to demonstrate the structural performance of an RC
column and a fire-exposed RC column prior to repair. The rest of the specimens were repaired by
precambered steel plates with a thickness (t,) of either 6 mm or 8 mm. The precamber at the middle

height (o) of columns (as shown in Figure 1) varied from 6 mm to 14 mm. All of the repaired columns
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were subjected to a preloading level (P) before flattening the precambered steel plates, which ranged

from 0.21 to 0.27 of the ultimate axial load capacities of Specimen FSC1.

Material properties

The concrete has an aggregate-to-cement ratio of 4.10 and a water-to-cement ratio of 0.45 by weight.
The mix incorporated 10 mm coarse aggregates, and the slump value was approximately 65 mm. For
each specimen, four 150 mm x 150 mm x 150 mm concrete cubes and four @150 mm x 300 mm
cylinders were cast, and compressive tests were performed to obtain the compressive strengths on the

28th day and the fire test day, as shown in Table 1.

Two types of high-yield deformed bars and two types of mild steel round bars were used in this
study. Three 500-mm-long samples were taken from each type of reinforcement. Tensile tests were
conducted to obtain the yield strength and Young’s modulus of these samples. To determine the
material properties of the steel plates, six 500 mm x 50 mm strips were taken from 6-mm-thick and 8-
mm-thick steel plates for tensile tests. The material properties of the steel reinforcements and steel

plates are summarized in Table 2.

Large-scale furnace and fire exposure

A large-scale furnace was built for full-scale fire tests on column, wall and floor elements at the Fire
Laboratory of RED Fire and Facade Consultants Limited in Hong Kong, as shown in Fig. 2(a). The
heat was provided by eight gas burners, with four burners on each side. The temperature of the
concrete was monitored by K-type thermocouples that were located at various cross sections, as shown
in Fig. 3. The column was exposed to fire following the 1ISO834 standard temperature-time curve (1SO
1975) for four hours, as plotted in Fig. 4.

T =345log,, (8t +1)+T, (1)

where T is the fire temperature (°C), t is the time in minutes and Ty is the environmental temperature.
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Setup for the axial compression test

The compression test was conducted at the Structural Laboratory of South China University of
Technology. Loading was applied by a 15,000 kN hydraulic actuator. The upper head of the specimen
was connected to a hydraulic jack, and the lower end of the specimen was connected to the strong
floor, as shown in Fig. 2(b). All the plate-strengthened RC columns were subjected to preloading Py =
640 kN (which is about 50% of the axial load capacity of the fire control specimen) before
strengthening, except Specimen FSC4 which adopted preloading Pp = 830 kN. For plate-strengthened
specimens, the axial load was applied under force control with a loading rate at 2 KN per second. After
tightening the bolts and flattening the precambered plates, the applied load was changed to
displacement control with a displacement rate of 0.008 mm per second. The test was terminated when

the post-peak load reached 75% of the peak load.

Instrumentation

To measure the axial shortening of the columns, two linear variable displacement transducers (LVDTYS)
with a stroke of 30 mm were set symmetrically at opposite sides of the column. In each specimen, the
strains in the steel plates were measured using electrical resistance linear strain gauges (TML Type
FLA-5-11-3L, Tokyo Sokki Kenkyujo Co., Ltd.). Sixteen strain gauges were attached to the steel
plates at four different sections along the height. The strains measured were then used to identify the
failure mode and to investigate the axial load distributions in the specimens. The arrangement of

LVDTs and strain gauges are depicted in Fig. 5.

Test procedure

The specimen was installed vertically in the furnace approximately one month after concrete casting.
The fire procedure was under time control. After the specimen had been forced-air cooled to room
temperature, the specimen was taken out of the furnace and stored in the laboratory for one month to
ensure that the residual strength of the concrete would be minimized at the time of the axial load tests.

Fig. 6 shows the cracks and spalls of the concrete after the fire test. To avoid local buckling of steel

6
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plates, the cement mortar was used to repair the spalled concrete before installing the steel plates, as
shown in Fig.7(a).

To control the initial precamber of the steel plates, two stainless steel rods with a diameter equal to
the initial precamber were inserted and fixed between the concrete and steel plates at the middle height
of the column. The bolts at both ends of the column were then tightened to generate the designed
initial precamber profile. The gaps between the steel angles and the concrete at the bottom and top of
the steel plates were filled with an injection plaster, forming a layer of bedding between the steel
angles and the concrete, as shown in Fig. 7(b). The injection plaster was composed of plaster,
potassium sulfate and water with a proportion of 37.5: 1 : 15, by weight.

When the applied compression reached the preloading level, the post-stress procedure (Su and
Wang 2012) was adopted to avoid warping or buckling of steel plates during the decompression of the
RC column by flattening the precambered steel plates. Fig. 8(a) shows the post-stress procedure in
detail, which can be divided into the following steps: Steps (i & ii), bolts at the mid-height are
tightened, thus, the buckling mode of the precambered plates is changed to higher modes; Step (iii),
the plates are flattened by tightening the other bolts; and in Steps (iv & v), to achieve a more evenly
distributed internal stress in the plates, all the bolts are slightly loosened and re-fastened again. Fig.
8(b) and (c) show the post-stress procedure from Step (i) to Step (iii) and the strengthening details of

Specimen FSC6, respectively.

Test results and evaluation

Concrete temperature distribution

Figs. 9(a) and 9(b) show the concrete temperature at various depths of the mid-height cross section (B-
B). As shown in Fig. 9(a), after exposure to the 1SO-834 standard fire for four hours, the concrete
temperature 15 mm from the surface reached 955 °C, which was 77.5% and 143.0% greater than the

concrete temperature at 70 mm (538 °C) and 125 mm (393 °C) from surface, respectively. As shown



191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

in Fig. 9(b), after exposure to the fire for four hours, the concrete temperature at 50 mm from surface
was 622 °C, which was 27.5% greater than the concrete temperature at 100 mm (487 °C) from surface.

Figs. 9(c) and 9(d) show the concrete temperature at various heights for the same distance from the
concrete surface. As shown in Fig. 9(c), after exposure to the fire for four hours, the concrete
temperatures were 477 °C, 513 °C and 444 °C at Sections A-A, B-B and C-C, respectively. As shown
in Fig. 9(d), after exposure to the fire for four hours, the concrete temperatures were 417 °C, 471 °C
and 412 °C at Sections A-A, B-B and C-C, respectively. The fire test results show that smaller
distances from the concrete surface can lead to higher concrete temperatures, while the concrete

temperature at the same concrete depth was evenly distributed along the column height.

Strength analysis

Compared with the post-fire control column (FSC2), the repaired specimens show various degrees of
strengthening from 18.9% to 74.0%, which are summarized in Table 3. The ultimate load capacities of
Specimens FSC3, FSC4, FSC5, FSC6 and FSC7 were increased by 74.0%, 31.7%, 18.9%, 52.3% and
68.2%, respectively. Compared with the ultimate load capacity of the control column (FSC1), the
ultimate load capacities of Specimens FSC3, FSC4, FSC5, FSC6 and FSC7 are restored up to 72.2%,

54.7%, 49.3%, 63.2% and 69.8%, respectively.

Fig. 10(a) shows the effects of fire on the ultimate load capacity of RC columns. Compared with the
control column FSC1 (Pe=3085 kN), the ultimate load capacity of Specimen FSC2 decreased by
58.5%. Fig. 10(b) shows the effects of the plate thickness (t;) on the ultimate load capacity (Pexp)
under the same preloading level and initial precamber. Compared with Specimen FSC2 (t, = 0 mm),
the ultimate load capacities of Specimens FSC3 (t, = 8 mm) and FSC6 (t, = 6 mm) increased by
74.0% and 52.3%, respectively. Fig. 10(c) shows the effects of the initial precamber (J) on the
ultimate load capacity. The ultimate load capacity of Specimen FSC7 with 6 = 14 mm was 2153 kN,
which was 41.5% and 10.4% larger than the ultimate load capacities of Specimens FSC5 (6 = 6 mm)

and FSC6 (0 = 10 mm), respectively. Because a larger initial precamber could generate a greater post-
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compressive force in the steel plates, a greater preloading in the original RC column could therefore be
transferred to the steel plates. The reduction in the strain incompatibility between the steel plates and
concrete enhanced the ultimate load capacity of FSC7. Fig. 10(d) shows the effects of preloading level
(Ppr) on the ultimate load capacity (Pexp). Compared with Specimen FSC6 (Pp = 640 kN), the ultimate
load capacity of Specimen FSC4 (P, = 830 kN) decreased by 15.7%. It is because the higher
preloading in Specimen FSC4 leading to larger locked in axial stress in the concrete. Hence, the steel
plate strength utilisation coefficient (y) defined in Equation (11) is lower than that of Specimen FSC6.
The results clearly demonstrate that the use of thicker plates or increasing the initial precamber of

plates can achieve a significantly higher ultimate load capacity.

Crack patterns and failure modes

The concrete crack patterns of all of the specimens were quite similar after load tests. The initial
concrete cracks usually occurred at the mid-height of the columns and then propagated in the vertical
direction. With an increasing applied load, the major cracks were extended, and the concrete was
spalled, as shown in Fig. 11. Judging from the readings of the strain gauges attached to the steel plates,
the failure modes of specimens were identified. To avoid plate local buckling, the bolt spacing of 180
mm was adopted so that the critical buckling stress was larger than the yield stress of steel plates.
According to the strain readings, once the concrete crushing occurred, the steel plates reached their
yield strength rapidly because the resistance force originally provided by the concrete was changed to

that provided by the steel plates.

Deformation and Ductility
The deformability factor (1), which is defined in Equation (2) by De Luca et al. (2011), was adopted to
evaluate the deformation performance of the repaired columns.

A=A, /A, (2)
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in which 4, is the axial shortening at the ultimate load and 4; is the axial shortening at the failure load,
which is equal to 75% of the ultimate load. The deformability factors of specimens were calculated,
and the results, ranging from 1.12 (Specimen FSC1) to 1.73 (Specimen FSC3), are summarized in
Table 3. Compared with the control column, the deformability factor of the post-fire control column
(FSC2) was 1.19, an increase of only 6.3%. However, the deformability factors of Specimens FSC3,
FSC4, FSC5, FSC6 and FSC7 were increased by 54.5%, 39.3%, 19.6%, 38.4% and 34.8%,
respectively. Thus, the plate thickness plays an important role in increasing the deformability of the

repaired columns.

The displacement ductility factor () is introduced to evaluate the ductility performance of the
repaired columns, which is defined as the ratio of the axial shortening at the ultimate load (4,) to the
notional yield displacement (4,) (Su et al. 2010), thus

n=A,/A, 3)

As shown in Table 3, the displacement ductility factors range from 1.09 (for Specimen FSC1) to
2.21 (for Specimen FSC3). Compared with the control column, the displacement ductility factor of the
post-fire control column (FSC2) was 1.42, increased by 30.3%. Compared with Specimen FSC5 (0 = 6
mm), the displacement ductility factors of Specimens FSC6 (6 = 10 mm) and FSC7 (6 = 14 mm) were
increased by 20.8% and 21.4%, respectively. The difference of the displacement ductility factors
between Specimens FSC6 and FSC7 was only 0.6%. It is because the plate strength utilization
coefficients (y) of Specimens FSC6 (y = 0.90) and FSC7 (y = 0.99) were quite similar, while their
coefficients were much higher than that of Specimen FSC5 (y = 0.68). Using thicker plates (t, = 8 mm)
for Specimen FSC3 instead of thinner plates (t, = 6 mm) for Specimen FSC6, the displacement
ductility factor of FSC3 was increased by 5.7 %. Compared with Specimen FSC6 (Pp = 640 kN), the
displacement ductility factor of Specimen FSC4 (Pp = 830 kN) was slightly increased by 1.0%. Hence,
using a larger initial precamber (which led to higher plate strength utilization) and thicker steel plates
could effectively improve the displacement ductility, while the effect of the preloading level on the

displacement ductility was relatively small.

10
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Distribution of axial forces between steel plates and concrete

The distribution of loads between the original RC column and the steel plates is a key issue in this
study. Sixteen strain gauges were pasted at four different sections on the steel plates to evaluate this
distribution, as shown in Fig. 5. The load distributions of strengthened columns FSC3, FSC4, FSC5,
FSC6 and FSC7 at three different loading stages including (i) the preloading (after tightening the
bolts), (ii) 75% of the peak load and (iii) the peak load are summarized in Table 4. These figures show
that the axial load was almost uniformly distributed across the height of the plates. For Specimen
FSC3, the largest variation in the axial load distribution was only 55 kN when the load reached 75% of
the peak load. For Specimen FSC4, the largest axial load variation was 84 kN, which occurred
between Section 1 and Section 3 at the peak loading stage. For Specimens FSC5 and FSC6, the largest
axial load variations were 77 kN and 67 kN, respectively. For Specimen FSC7, the largest variation
was 89 kN, which occurred between Section 1 and Section 2 at 75% of the ultimate load. These results
suggest that the proposed post-stress procedure is an effective means to achieve axial load sharing

between the original column and the additional steel plates.

Analytical model
Residual strength of concrete and steel bars
It is well known that compressive strength of concrete would vary according to the fire exposure time.

The residual strength of concrete (f,’) may be estimated by Equation (4) (Tan and Yao, 2003).
fC’I’ = ﬂC x fC’ (4)
where f;’ is the cylinder compressive strength of concrete, and f. is the strength reduction factor for

concrete, which can be determined by Equation (5) (Dotreppe et al., 1997).

B, = £ 5)
J1+(0.3A%%t,)"

11
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in which A, is the cross sectional area of RC column in m?, tso is the 1SO 834 fire exposure time in

hours, and  is the factor to account for spalling of concrete, which can be obtained by Equation (6).

1-0.3t t,.~ <0.5hour
L :{ 1SO ( 1SO ) (6)

0.85  (t, >0.5hour)

The residual strength of steel bars (fs,”) can be determined by Equation (7) (Lie, 1992).

T
—
fs.y _ 900 In(—1750) (7)
f (M) (600°C <T <1000°C)
YT 240

f [L.0+ (0<T <600°C)

where fs, is the yield strength of steel reinforcement, and T is the temperature of steel bar.

Ultimate load capacity of repaired columns
Su and Wang (2012) proposed a theoretical model to predict the ultimate axial load capacity of RC
column strengthened with post-compressed steel plates. The theory of this method is similar to the
principle of pre-stressed concrete. The amount of post-compressed plate forces induced is controlled
by the initial precamber of the precambered plates. The ultimate axial load capacity (Ppre) of the plate-
repaired column is expressed as

P.=085Af, +Af, +27A f 8)
where As and A, are the cross-sectional area of longitudinal reinforcement and steel plates respectively,
foy 1s the yield strength of steel plates, and y is the plate strength utilisation coefficient, which can be

estimated as

Ep (gco _gc,ps)
V= fpy
1

(60 —¢

c,ps < Spy)

©)

(¢

co

Ecps 2 spy)

where E; is Young’s moduli of steel plates, ¢ is the concrete compressive strain corresponding to .,
epy 1S the yield strain of the steel plates, and & ps is the concrete strain at the post-stressing stage, which

can be determined from Equation (10),

12
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2A ¥,

where Es is Young’s moduli of longitudinal reinforcement, Py, is the preloading, and &, s is the strain

of steel plate when the precambered plate was flattened, which can be determined by Equation (11),

(76) . 2K, K.,
AL )(2K K )1/ (E,A) (11)

rc, pl p rc, pl

gp,ps = [(

where Ly is the clear height of the RC column under preloading (Pp), J is the initial precamber at the
mid-height of the plate, and K, and K are the axial stiffnesses of a steel plate and RC column

respectively, which can be determined from Equation (12) and Equation (13), respectively.

Krc pl = ECAC
’ L
rc, pl (12)
K — EPAP
P L
P (13)

where L, is the length of the steel plate.

Fire resistance requirements for repaired columns
Due to the use of steel plates, fire protection of the structural steel should be a concern. A common fire
protection for repaired columns is to box in using gypsum wallboard, as shown in Fig.12. The fire
resistance of the repaired columns protected by gypsum wallboard can be determined by Equation (14)
(ASCE/SEI/SFPE 2007).
KW

R=16(—>)"" (14)
where R is the fire resistance in minutes, h is the thickness of gypsum wallboard in mm, D is the
heated perimeter in mm, and W' is the weight of steel and gypsum wallboard protection per foot length

in kg/m, which can be determined by Equation (15) (ASCE/SEI/SFPE 2007).

W' =W +0.0008hD (15)

13
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where W is the average weight of the steel in kg/m.

Comparison between the predicted and experimental results

Using Equations (8) to (13), the ultimate axial load capacity of repaired columns was evaluated. The
predicted axial load capacity (Ppre) Of the specimens is listed in Table 3. It is noted that the strain of
concrete corresponding to the peak load (ec) was taken as 0.002 in the calculation. Comparing the
theoretical and experimental axial load capacities reveals that the analytical model is generally able to
conservatively estimate the axial load capacity of fire-exposed RC columns repaired with post-

compressed steel plates with an average underestimation of 12%.

Conclusions

This paper presents a study on the axial strengthening of fire-exposed RC columns using post-

compressed steel plates under axial compression loading. The main findings of this study can be

summarized as follows:

(1) The axial load-carry capacity of RC columns with a cross section of 300 mm x 250 mm can
decrease drastically when the columns are subjected to a four-hour fire load. The concrete
temperature increases sharply in the concrete cover near the concrete surface.

(2) Compared with the test results of Tao and Han (2007), the proposed repairing method by post-
compressed steel plates is more effective in restoring the axial load-carrying capacity of fire-
exposed concrete rectangular columns than FRP wraps.

(3) Test results show that the axial load-carrying capacity of four-hour fire-exposed columns repaired
with post-compressed steel plates can restore up to 72% of the original ultimate load level. If
thicker steel plates were used, the strength of these columns could increase further.

(4) The experimental results show that post-compressed precambered steel plates can share the
existing axial load in the original column. Stress-lagging effects can be alleviated by controlling

the initial precambered profile of the steel plates.
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(5) External steel plates can considerably enhance the axial strength and the deformation capacity of
plate-strengthened columns under axial compression loading.

(6) Thicker steel plates and a larger initial precamber can enhance the ultimate load capacity of
columns. The use of a larger plate thickness can also improve the axial deformation capacity of
columns significantly.

(7) An analytical model to predict the ultimate axial load capacity of fire-exposed columns repaired
with post-compressed steel plates was described. The comparison between the theoretical and
experimental results indicates that the model adopted can accurately predict the ultimate axial

load capacity of plate-repaired columns.
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Table 1. Summary of’the material anq geometry properties for repair works
Specimen (|\f/C|uF’>Sa) (;jispa) (I\];Tﬁ;) (I{Z’tpa) (n%?%) (mtin) (n:?n) (mém) (Eﬁi)
FSC1 53.2 483 | 541 | 488 | 850 - - - -
FSC2 53.2 483 | 541 | 488 | 850 240 - - -
FSC3 52.4 465 | 52.8 | 46.7 | 850 240 8 10 640
FSC4 52.4 465 | 52.8 | 46.7 | 850 240 6 10 830
FSC5 54.2 478 | 547 | 478 | 850 240 6 6 640
FSC6 54.2 478 | 547 | 478 | 850 240 6 10 640
FSC7 54.9 463 | 549 | 463 | 850 240 6 14 640

Note: fe is the concrete cube compression strength on the 28th day;
f.s is the concrete cylinder compression strength on the 28th day;
fouy is the concrete cube compression strength on the fire test day;
fe is the concrete cylinder compression strength on the fire test day.

Table 2. Material properties of reinforcements and steel plates

Steel Plate

Thickness f,p (MPa) E, (GPa)
6 mm 329 209
8 mm 322 195

Reinforcement bars

Specimen f, (MPa) E; (GPa)
T12 516 198
T16 507 196
R6 464 186
R8 437 187

Table 3. Summary of deformability and ductility factors, axial load capacities and
Specimen (rﬁryn) (rﬁrun) (nf]rfn) ' ! (IID(KID) (iKle) ol Pon
FSC1 2.55 2.77 3.11 1.12 1.09 3085 3020 1.02
FSC2 4.77 6.75 8.03 1.19 1.42 1280 1012 1.26
FSC3 3.53 7.79 13.41 1.73 2.21 2227 1911 1.17
FSC4 2.77 5.85 9.13 1.56 2.11 1686 1479 1.14
FSC5 5.22 6.99 9.36 1.34 1.73 1522 1490 1.02
FSC6 3.48 7.27 11.28 1.55 2.09 1950 1738 1.12
FSC7 3.39 7.13 10.78 1.51 2.10 2153 1913 1.13
Mean - - - - - - - 1.12

predicted values
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494

495 Table 4. Internal load distributions of strengthened columns
FSC3 FSC4
Ppc I:)rc Ppc I:)rc Ppc I:)rc Ppc I:)rc Ppc I:)rc Ppc I:)rc
1 388 | 252 977 693 | 1305 | 922 | 363 | 467 | 593 | 672 743 943
2 379 | 261 966 704 | 1313 | 914 | 361 | 469 | 608 | 657 720 966
3 411 | 229 | 1021 | 649 | 1332 | 895 | 344 | 486 | 577 | 688 659 1027
4 404 | 236 | 973 697 | 1321 | 906 | 381 | 449 | 584 | 681 707 979
FSC5 FSC6
1 296 | 344 | 616 524 | 845 675 | 336 | 274 | 766 | 697 955 995
2 271 | 369 | 617 523 864 656 | 361 | 279 | 779 | 684 | 964 986
3 324 | 316 | 637 503 922 598 | 344 | 296 | 797 | 666 | 1015 935
4 311 | 329 | 661 479 915 605 | 342 | 298 | 811 | 652 | 1022 928
FSC7
1 380 | 260 | 867 | 747 | 1185 | 96g |NOte: Ppc is the axial compressive load
of steel plates in kN;
2 389 | 251 956 658 | 1233 | 920 . i .
Py is the axial compressive load
3 412 | 228 | 871 | 743 | 1262 | 891 of RC column in kN.
4 344 | 296 913 701 | 1201 | 952

496

497 A List of Figure Captions
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Figure 10. Axial compression-shortening curves of the specimens: (a) Effects of fire exposure; (b)
Effects of plate thickness; (c) Effects of initial precamber; (d) Effects of preloading level
Figure 11. Crack patterns and failure mode

Figure 12. Repaired columns fire protected by gypsum wallboard
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