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1. Introduction 

 

Due to some favorable characteristics, including great 

stiffness, high bearing capacity and outstanding 

deformability, steel reinforced concrete (SRC) structures 

have been currently used in high-rise and large-span 

structures (Chu et al. 2018, Hajjar 2002). Nevertheless, the 

construction of traditional cast-in-place SRC structures 

involve the construction procedures both of reinforced 

concrete (RC) structures and steel structures, which is 

complex when SRC structures are applied in conventional 

multiple-story buildings. Meanwhile, precast concrete (PC) 

structures have been widely applied due to the high 

efficiency and controllable construction quality, which can 

be a solution to the problem of wasted resources for on-site 

construction (Kurama et al. 2018). In order to combine the 

advantages of PC structures and cast-in-place SRC 

structures, many researchers have proposed entirely precast 

SRC structures to facilitate the construction process of 

traditional SRC structures (Kim et al. 2013). In their 

structural system, entirely precast vertical members which 

are large in dimensions with heavy dead-weight are used, 
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which will lead to an extra cost for employing special large 

vehicles and cranes in the process of transportation and 

installation. Furthermore, it might be difficult to ensure the 

structural integrity of beam-column joint area. 

In order to solve the problems aforementioned, partially 

precast SRC members were proposed as an alternative 

method which can reduce the dead-weight of vertical 

precast SRC members, such as columns and shear walls. As 

shown in Fig. 1, the authors have proposed an innovative 

partially precast steel reinforced concrete (PPSRC) 

structure, in which structural components are composed of 

PPSRC columns, PPSRC beams, PPSRC joints and steel-

concrete composite slabs. In the PPSRC frame system, 

beam members (PPSRC beam) can be fabricated by a 

precast high-strength U-shape shell and a cast-in-place 

beam core, and the mechanical behavior of PPSRC beams 

has been investigated by the authors (Yang et al. 2016). As 

for the vertical structural members, two kinds of innovative 

precast SRC columns, namely the hollow precast steel 

reinforced concrete (HPSRC) column and partially precast 

steel reinforced concrete (PPSRC) column, are introduced 

here. In the PPSRC column, the precast outer-part cast 

using steel fiber reinforced reactive powder concrete (RPC) 

can be prefabricated in workshop for better curing, and the 

cast-in-place column core can be cast together with the 

PPSRC beam core and slabs using conventional concrete on 

construction site to enhance the structural integrity and to 
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Abstract.  This paper presents an experimental work on the post-fire behavior of two kinds of innovative composite stub columns 

under eccentric compression. The partially precast steel reinforced concrete (PPSRC) column is composed of a precast outer-part 

cast using steel fiber reinforced reactive powder concrete (RPC) and a cast-in-place inner-part cast using conventional concrete. 

Based on the PPSRC column, the hollow precast steel reinforced concrete (HPSRC) column has a hollow column core. With the 

aim to investigate the post-fire performance of these composite columns, six stub column specimens, including three HPSRC stub 

columns and three PPSRC stub columns, were exposed to the ISO834 standard fire. Then, the cooling specimens and a control 

specimen unexposed to fire were eccentrically loaded to explore the residual capacity. The test parameters include the section shape, 

concrete strength of inner-part, eccentricity ratio and heating time. The test results indicated that the precast RPC shell could 

effectively confine the steel shape and longitudinal reinforcements after fire, and the PPSRC stub columns experienced lower core 

temperature in fire and exhibited higher post-fire residual strength as compared with the HPSRC stub columns due to the insulating 

effect of core concrete. The residual capacity increased with the increasing of inner concrete strength and with the decreasing of 

heating time and load eccentricity. Based on the test results, a FEA model was established to simulate the temperature field of test 

specimens, and the predicted results agreed well with the test results. 
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save the consumption of expensive RPC. In the HPSRC 

column, the core area is kept hollow to further reduce the 

column deadweight, meanwhile, the HPSRC column can be 

regarded as the formwork of inner-part of PPSRC column 

on site. Although the mechanical and seismic behavior of 

PPSRC and HPSRC columns has been conducted by the 

authors, the post-fire performance of these composite 

columns needs to be further explored (Yang et al. 2018). 

Fire can be regarded as a significant hazard during the 

service period of building structures, and it is an essential 

requirement of any building design to maintain structural 

integrity during fire attack. In the past decades, many 

researchers have explored the fire and post-fire behavior of 

composite columns (Ye et al. 2019, Zhou and Han 2018, 

Chen et al. 2018, Tang 2017, 2018, Ukanwa et al. 2017, 

Won et al. 2016, Han et al. 2015, 2016, Leong et al. 2016, 

Espinos et al. 2014, Zaharia and Dubina 2014), never-

theless, most of the aforementioned researches concentrated 

on the fire performance of concrete filled steel tube (CFST) 

columns, in which steel reinforcements were exposed to the 

elevated temperature directly, and the fire performance of 

SRC columns has seldom been investigated. Han et al. 

(2015) explored the behavior of SRC columns after 

exposure to fire, and the test result indicated that the tested 

SRC columns behaved in a relatively ductile manner under 

fire. Nevertheless, in their study, the concrete types and 

strength grades along the cross section were uniform. Zhou 

and Han (2018) investigated the behavior of concrete-

encased CFST columns under full-range fire including 

heating phase and cooling phase, but in their research, the 

inner tube was cast using high-strength concrete and the 

outer concrete was conventional normal-weight concrete, 

which is different from the proposed PPSRC and HPSRC 

columns in design philosophy. In the proposed columns, 

steel fiber reinforced reactive powder concrete is applied in 

the outer part to enhance the load-bearing capacity and 

durability, but reactive powder concrete may be more 

vulnerable to fire-induced spalling owing to the 

lowpermeability which may cause a rapid loss of concrete 

cover during the fire (Abdulraheem and Kadhum 2018). 

 

 

Meanwhile, the effects of cast-in-place conventional 

concrete of PPSRC columns and hollow core of HPSRC 

columns on the heat transfer should be further investigated. 

Set against the aforementioned background, a series of 

tests were carried out on the representative specimens of 

building assemblies to investigate their behavior after 

exposure to the ISO834 standard fire. This paper presents 

the test results of three HPSRC stub columns and three 

PPSRC stub columns exposed to standard fires for different 

fire duration and then subjected to eccentric compression 

test after cooling. Compared with the PPSRC control stub 

column unexposed to fire, the effects of section shape, 

concrete strength of inner-part, eccentricity ratio and 

heating time on residual strength and deformability were 

critically investigated. On the basis of test results, 

corresponding finite element analysis (FEA) models of 

PPSRC columns and HPSRC columns were established to 

simulate the temperature distribution. 

 

 

2. Experimental program 
 

2.1 Specimen design 
 

Three HPSRC stub columns and four PPSRC stub 

columns were designed and fabricated. All seven specimens 

had the same sectional dimensions except for the HPSRC 

specimens with a hollow core, and the key parameters were 

summarized in Table 1. Both the height and width of 

column cross section were 300 mm, and the entire column 

height was 1540 mm including a bottom steel plate with a 

thickness of 20 mm. The steel shape of all specimens was 

cruciform, which was welded by two HN175×90×5×8 steel 

of Q235 grade per the Chinese codes. For each part of the 

steel shape, the total height of steel flange and web were 90 

mm and 175 mm, respectively, and the thickness of steel 

flange and web were 8 mm and 5 mm, respectively. For the 

steel reinforcements, all specimens were reinforced by 12 

hot-rolled ribbed steel bars with a diameter of 20 mm of 

HRB400 grade per the Chinese codes. For the stirrups, all 

 

 

 

 

Fig. 1 General view of PPSRC structure 
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specimens were confined by continuous rectangle stirrups 

with a diameter of 8 mm of HPB300 grade per the Chinese 

codes, and the spacing of adjacent stirrups was 65 mm. In 

order to avoid the local compressive failure, corbels were 

designed in the column top and bottom, and dense stirrups 

were arranged in the corbels. The design details can be 

found in Fig. 2. 

In this research, all PPSRC specimens were fabricated 

by two steps, namely the precast step and cast-in-place step. 

In the precast step, the outer-part was prefabricated, which 

was composed of a cruciform steel shape, longitudinal steel 

bars, continuous rectangle stirrups and steel reinforced 

reactive powder concrete, and in this step, tear plates were 

assembled between the adjacent steel flanges by means of 

dot welding to be the inner formwork of RPC and to 

improve the bonding behavior. To further improve the 

bonding performance between the steel shape, inner 

concrete and outer concrete, some high-strength bolts were 

installed through the drilled holes on steel flanges. Because 

the bolt head was in the outer concrete and the bolt rear was 

in the inner concrete, the deformation of steel shape, inner 

 

 

 

 

concrete and outer concrete could be compatible. In the 

cast-in-place step, the concrete of column core was cast 

using conventional concrete to save the consumption of 

expensive RPC. The construction of HPSRC specimens 

only involve the first step aforementioned. 

 

2.2 Material properties 
 

The applied RPC was designed as C100 grade, 

indicating that the compressive strength was around 100 

MPa, and the matrix compositions are displayed in Table 2. 

A 2% volume incorporation of steel fiber is used in RPC 

and the mechanical properties of applied steel fiber are 

shown in Table 3. The strength grades of inner conventional 

concrete were designed with three different levels, namely 

C30, C50 and C100, respectively. A number of RPC and 

concrete prisms with dimensions of 150 mm×150 mm×300 

mm were prepared and tested in axial compression at the 

same time as the column tests. The measured average 

compressive strength of RPC coupons was 96.8 MPa, 

andthose of conventional concrete coupons were 24.3 MPa, 

Table 1 Test matrix 

Specimen ID b×h /mm 
Steel reinforcements Concrete 

e/h t /min 
Steel shape (ρss) Steel bar (ρsl) Stirrup (ρs) fc, out /MPa fc, in /MPa 

HPSRC-1 300×300 2 HN175×90×5×8 (4.94%) 4 20 (1.39%) 8@65 (1.14%) 96.8 - 0.2 120 

HPSRC-2 300×300 2 HN175×90×5×8 (4.94%) 4 20 (1.39%) 8@65 (1.14%) 96.8 - 0.4 120 

HPSRC-3 300×300 2 HN175×90×5×8 (4.94%) 4 20 (1.39%) 8@65 (1.14%) 96.8 - 0.6 120 

PPSRC-1 300×300 2 HN175×90×5×8 (4.94%) 4 20 (1.39%) 8@65 (1.14%) 96.8 23.1 0.2 120 

PPSRC-2 300×300 2 HN175×90×5×8 (4.94%) 4 20 (1.39%) 8@65 (1.14%) 96.8 23.1 0.2 150 

PPSRC-3 300×300 2 HN175×90×5×8 (4.94%) 4 20 (1.39%) 8@65 (1.14%) 96.8 96.8 0.2 120 

PPSRC-4 300×300 2 HN175×90×5×8 (4.94%) 4 20 (1.39%) 8@65 (1.14%) 96.8 23.1 0.2 0 
 

*ρss is steel shape ratio, ρsl is longitudinal reinforcement ratio, ρs is volumetric stirrup ratio, fc, out is compressive strength of outer-part 

concrete, fc, in is compressive strength of inner-part concrete, e/h is eccentricity ratio, t is time of fire exposure 

 

 

 

Fig. 2 Test specimens 
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Table 3 Material properties of steel fiber 

Type Length /mm Diameter /mm Tensile strength /MPa 

Straight 13.0 0.2 2850 
 

 

 

Table 4 Material properties of steel reinforcements 

Reinforcements Type Grade fy /MPa fu /MPa 

Transverse 8 HPB300 405.3 542.3 

Longitudinal 20 HRB400 460.5 603.8 

Steel shape 
Web 

Q235 
275.4 396.8 

Flange 309.3 436.5 
 

 

 

47.6 MPa and 96.8 MPa of C30, C50 and C100 grade, 

respectively. The mechanical properties of steel reinforce-

ments were recorded in Table 4. 

 

2.3 Test device and instrumentation 
 

The tests were conducted in the State Key Laboratory of 

Subtropical Building Sciencein South China University of 

Technology, P.R. China. As shown in Fig. 3(a), the test 

system consisted of a gas furnace, which was used to heat 

the test specimens, a steel reaction frame and a hydraulic 

jack of 1800 kN in bearing capacity. The gas furnace is 

composed of an automatic fire control system and a heating 

chamber, of which the interior faces’ area is 4000 mm×3000 

mm and the height is 1500 mm. The temperature in the 

chamber was measured by eight thermocouples distributed 

uniformly in the furnace room. Because all specimens 

 

 

 

 

applied high-performance outer part and were medium-

scale, the design axial capacities of test specimens were 

much greater than that of the loading apparatus. Therefore, 

the effect of axial load was ignored and all specimens were 

heated without axial compression. 

The temperature inside the gas furnace was controlled 

by gas burners, and four K-type (nickel chromium-nickel 

silicon) thermocouples of 3 mm in diameter were mounted 

at the mid-height of specimens to monitor the temperature 

development at different locations. As shown in Fig. 4(a), 

thermocouples T1 and T2 were mounted in concrete, and 

thermocouples T3 and T4 were installed on the surface of 

steel shape. For HPSRC specimens, the thermocouple T3 

was eliminated due to the hollow core. 

All post-fire specimens were tested under eccentric 

compression with different load eccentricities. As shown in 

Fig. 3(b), the compressive load was applied by a 

compression machine with a maximum bearing capacity of 

18000 kN. Before the specimens were loaded, knife edge 

plates were placed on the column top and bottom to provide 

the required end eccentricity. Five linear variable displace-

ment transducers (LVDTs) were applied along the column 

height to measure the lateral deflections of test specimens. 

As illustrated in Fig. 4(b), five strain foils were mounted on 

the east surface of each specimen to monitor the strains of 

mid-height cross section. 
 

2.4 Test procedure 
 

As shown in Fig. 3(a), before heated, the corbels of 

columns were jacketed by fire-resistant coating and then 

wrapped by fire-resistant cotton to ensure the corbels 

arestrong enough in the post-fire eccentric loading, 

 

 

 

Table 2 Mix proportions of RPC 

P.O. Cement Mineral powder Fly ash Silica fume River sand Quartz sand Super plasticizer Steel fiber W/B 

1 0.1 0.2 0.15 0.8 0.5 0.003 0.2 0.22 
 

*The ratio of steel fiber is volume ratio, and ratios of other components are weight ratios 

  

(a) Gas furnace (b) Static loading device 

Fig. 3 Test devices 
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indicating that only the mid-part of test columns was 

exposed to fire. During the heating process, the heating 

protocol was controlled by computer to ensure that the 

average temperature of the thermocouples in the gas furnace 

at different positions could agree with the ISO-834 standard 

temperature-time relationship. The elevated temperature 

lasted for 120 mins and 150 mins for different specimens. 

When the columns were heated to the target fire exposure 

time, the furnace chamber was opened 24 hours later. The 

columns were lifted out of the chamber and then cooled 

down gradually by the ambient air. 

After cooled down, all specimens were eccentrically 

loaded to failure on a compression device, and the peak 

load for each column during the eccentric compression test 

stage was regarded as the post-fire residual capacity. The 

load was applied, using displacement control, at a loading 

rate of 0.005 mm per second before the specimens reached 

the corresponding peak loads and at a loading rate of 0.003 

mm per second after the peak loads reached. Finally, the test 

terminated when the vertical load fell by more than 25% of 

the maximum experienced load or the lateral deflection was 

too large. The eccentric compression test of the control 

specimen PPSRC-4 followed the same test procedure. 
 

 

 

 

 

 

 

 

3. Results and discussions of specimens after 
high temperatures 
 

3.1 Test phenomenon and crack patterns 
 

Because there was no high-temperature camera system 

in the gas furnace, the test observations and crack patterns 

of specimens subjected to fire condition were recorded 

when the specimens cooled down. As shown in Fig. 5, 

generally, all specimens kept intact without obvious 

deformation. In the most specimens, the color of column 

surfaces became greyish white after fire, and in few 

specimens, the surface color exhibited dark brown, 

indicating that these surfaces were near to the burner. 

Meanwhile, no explosive spalling was found in the precast 

RPC outer shell of all specimens due to the applied steel 

fibers, although decarbonization could be captured in some 

steel fibers near the column surface. Additionally, abundant 

temperature-induced cracks were observed on the column 

surface, and the width of some large cracks exceeded 1mm. 
 

3.2 Temperature versus time relationships 
 

The temperature variation in the internal cross section of 

test specimens was monitored by four thermocouples during 

the test process, and the results are plotted in Fig. 6. 

Thethermocouple T4, which located near the longitudinal 
 

 

 

  

(a) Layout of thermocouples (b) Layout of LVDTs and strain foils 

Fig. 4 Layout of gauges 

    

(a) HPSRC-1 (b) PPSRC-1 (c) PPSRC-2 (d) PPSRC-3 

Fig. 5 Crack patterns after fire 
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reinforcement, recorded the highest temperature in all 

thermocouples due to its 2-sides exposure to fire, and the 

thermocouple T2, which was installed at the center of cross 

section, recorded the lowest temperature due to the high 

thermal capacity and low thermal conductivity of concrete, 

which slowed down the heat penetration to the inner 

concrete layer. Meanwhile, the trends in Fig. 6 indicated 

that a temperature plateau could be observed at approximate 

100°C, indicating the rise rate of temperature in the 

columns slowed down, which was more striking in the 

thermocouples located far away from the column surface. 

This temperature plateau could be primarily attributed to a 

large amount energy consumption through the water 

evaporation in concrete. In this research, the humidity of 

applied concrete was not measured and ignored in the above 

analysis. In future works, the effect of concrete humidity on 

the temperature distribution of these two composite 

columns will be explored. 

As indicated in Fig. 6, when the heating process 

stopped, all measured temperatures did not descend 

immediately, and the time when the temperature fell 

occurred later in the inner column layer. A review of the 

measured temperatures showed that the entire cross section 

has not been completely cooled down at 60 mins after the 

heating process terminated. In this period, only the outer 

concrete was in the cooling phase, whereas the measured 

temperature by thermocouples T2 and T3 elevated at a low 

rate, and this phenomenon could be attributed to the 

insulation or thermal hysteresis effect of inner concrete. 

 

 

Table 5 records the measured highest temperature which 

the specimens experienced. It can be seen from Table 5 that 

the temperature in the column core remained low 

throughout the fire duration due to the insulation effect of 

concrete, especially in PPSRC specimens. The measured 

temperatures by thermocouples T1 and T2 of PPSRC 

specimens and HPSRC specimens were similar at the early 

heating process, but HPSRC specimens suffered higher 

temperature at the points T1 and T2 than PPSRC specimens 

after heated for 60 mins owing to the heat convection and 

radiation in the hollow core. As shown in Table 5, by the 

comparison of specimens PPSRC-1 and PPSRC-2, it can be 

concluded that the measured temperature increased with the 

increasing of heating time, and by the comparison of 

specimens PPSRC-1 and PPSRC-3, it can be seen that the 

strength of inner concrete did not affect the temperature 

distribution and development obviously. 

 

 

4. FE modelling of temperature field 
 
The commercial FEA program ABAQUS software was 

applied here to establish the analytical model for 

temperature field prediction. Descriptions on the thermal 

properties for steel and concrete at high temperatures, 

element type, and other modelling techniques are 

introduced subsequently. 

Thermal properties of steel reinforcements and inner 

concrete, including thermal conductivity, specific heat, and 

  

(a) HPSRC-1, HPSRC-2, HPSRC-3 (b) PPSRC-1 
 

  

(c) PPSRC-2 (d) PPSRC-3 

Fig. 6 Measured and predicted temperatures with time 

116



 

Post-fire test of precast steel reinforced concrete stub columns under eccentric compression 

 

 

 

 

thermal expansion proposed by Eurocode 4 were adopted in 

this paper. For the thermal properties of reactive powder 

concrete, the thermal conductivity, specific heat, and 

thermal expansion proposed by Zheng et al. (2014) were 

applied here, as shown in Table 6. 

The heat transfer 8-node brick element (DC3D8) was 

used for modelling concrete and steel shape, and the 2-node 

link element (DC1D2) was used for modelling steel 

reinforcements, including longitudinal rebar and stirrups. 

Because the corbels of specimens were coated by fire-

resistant cotton, the corbels were not subjected to fire in the 

proposed FEA model, and the rest part was subjected to 4-

sides fire. The thermal boundary conditions were defined 

according to the recommendations in Eurocode 4, as 

 

 

 

 

illustrated in Fig. 7(a). According to Eurocode 4, a constant 

convective heat transfer coefficient of 25 W/(m2°C) was 

taken for the fire exposed edges and the corresponding 

thermal emissivity was taken as 0.7 for concrete surface. 

Tie constraint was adopted to simulate the interfaces 

between steel reinforcements, concrete and steel shape. 

According to some references, fibers can significantly 

enhance the spalling resistance of high performance 

concrete (Han et al. 2005). During the heating process, no 

obvious explosive spalling was captured in the precast RPC 

due to the application of steel fibers, therefore, the effect of 

explosive spalling was ignored in the proposed FEA model. 

The above-described FEA model was validated by 

comparing the temperature variation with time predicted 

Table 5 Test results 

ID t /min Gauge Th /°C Th-p /°C td /min Td-p /min μ Nr /kN 

HPSRC-1 120 

1 491.2 470.7 142 158 

2.71 2378.8 2 406.1 416.7 170 182 

4 664.7 675.3 132 140 

HPSRC-2 120 

1 498.1 470.7 142 158 

3.60 1400.3 2 410.6 416.7 165 182 

4 645.9 675.3 134 140 

HPSRC-3 120 

1 427.7 470.7 147 158 

3.19 949.7 2 387.9 416.7 168 182 

4 632.1 675.3 133 140 

PPSRC-1 120 

1 301.3 355.7 141 154 

3.35 2873.0 
2 206.9 355.9 217 204 

3 217.5 339.3 189 196 

4 604.2 708.9 133 130 

PPSRC-2 150 

1 416.3 444.9 189 218 

3.32 2520.0 
2 356.1 422.9 248 240 

3 375.2 420.8 214 242 

4 700.9 800.6 164 161 

PPSRC-3 120 

1 301.3 352.3 136 143 

3.60 3060.3 
2 202.3 349.2 230 200 

3 224.5 265.4 196 212 

4 586.4 709.4 132 132 

PPSRC-4 0 - -  -  3.63 4697.7 
 

*t is time of fire exposure; Th is measured highest temperature which specimen experienced; td is real time 

when measured temperature declined; Th-p is predicted highest temperature which specimen experienced; 

td-p is predicted time when temperature declined; μ is ductility ratio, μ = Δu / Δy, where parameters will be 

explained later in this paper; Nr is tested residual capacity 

Table 6 Thermal properties of RPC 

Thermal conductivity 

/(W/(m·°C)) 

Specificheat 

/(J/(kg·°C)) 

Thermalexpansion 

/(m/(m·°C)) 

𝜆𝑐 = 1.44 + 1.85 𝑒𝑥𝑝(
−𝑇

242.95
) 𝑐𝑐  =

{
 
 

 
 
950                                       20°𝐶 ≤ 𝑇 ≤ 100°𝐶
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2
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1300                                    600°𝐶 < 𝑇 ≤ 900°𝐶
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from the developed model with the tested columns, as 

plotted in Fig. 6. Generally, the predicted temperature 

development agreed well with the measured results, but 

some difference could be found in the figure due to the 

water evaporation and thermal resistance between the steel 

shape and concrete, which did not be considered in the 

model for simplification. In the future, these details will be 

considered in the refined FEA model and a sensitivity study 

will be conducted to verify the simplification. Meanwhile, 

the highest temperature which specimens experienced 

occurred after the heating process stopped both in predicted 

and measured results, especially in the inner concrete layer, 

indicating that the column core was still heated even the 

temperature of environment began to descend, which might 

lead to inner damage. 

The predicted temperature contours of test specimens 

were shown in Figs.7(b)-(e), in which the temperature 

contour of the specimen PPSRC-2 was drew at 150 mins 

from heating and the other contours were drew at 120 mins 

from heating. As shown in Fig. 7, it can be concluded that 

all the contours were rounded rectangles and close to circles 

near the column core. Meanwhile, the temperature at 

column corner was higher than that at column center at the 

same section height,indicating that the column corner might 

be more vulnerable in post-fire behavior. 

 

 

5. Results and discussions of the eccentric 
loading test 
 

5.1 Failure modes 
 

The crack patterns and failure modes of post-fire tests 

were illustrated in Fig. 8, in which all photos were taken 

from the east side of test specimens, and the directions of 

surfaces were illustrated in Fig. 3(b). There were two 

typical types of failure modes occurred in PPSRC and 

HPSRC columns according to different eccentricity ratios, 

which were tension-controlled failure and compression-

controlled failure. 

Specimens HPSRC-1, HPSRC-2, PPSRC-1, PPSRC-2, 

PPSRC-3 and PPSRC-4 with low and medium eccentricity 

ratios suffered the compression-controlled failure. The 

failure process of these specimens could be divided into 

three stages. In the first stage, cracks in both compression 

and tension sides occurred, and these cracks continued to 

emerge and developed as the load increasing. The second 

stage began with the propagating and widening of these 

existing cracks, and many wide cracks formed in the 

compression area. In the final stage, the RPC shell in the 

compression side reached the corresponding ultimate 

compressive strain and began to crush and the load dropped 

 

(a) Boundary condition 
 

  

(b) Predicted temperature contour of HPSRC specimens (c) Predicted temperature contour of PPSRC-1 
 

  

(d) Predicted temperature contour of PPSRC-2 (e) Predicted temperature contour of PPSRC-3 

Fig. 7 FEA modelling 
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rapidly. 

The specimen HPSRC-3 with the highest eccentricity 

ratio suffered the tension-controlled failure. During the test 

process, compared with other specimens, more severer 

cracks could be captured in the tension area. As the load 

increased, these cracks began to converge and then 

developed as main cracks, and numerous steel fibers were 

observed to be pulled out from the RPC matrix, while few 

visible cracks were observed in the compression area. 

Finally, as shown in Fig. 8(d), a major tensile crack 

suddenly formed and then the RPC in compression area 

began to split and the load dropped rapidly. 

Generally, the larger crushing area and severer tensile 

cracks could be found in the specimens with longer heating 

process due to the severer inner damage. Some specimens 

were broken after test, and slight buckling of longitudinal 

reinforcements was found but the steel flanges still could be 

effectively confined without buckling. 

 

5.2 Load-deflection curves 
 

The load-lateral deflection curves of all specimens are 

plotted in Fig. 9. It can be concluded from Fig. 9 that all 

specimens were in elastic stage before loaded to 0.5Nr, 

where Nr is the maximum residual capacity, and then the 

curves deviated from linear stage due to inner damage. 

When the specimens reached the corresponding maximum 

residual capacities, the curves suffered sudden drops due to 

the crushing of fire-damaged RPC shell. Nevertheless, the 

steel shape and inner confined concrete could effectively 

enhance the deformability and bear the post-peak load, all 

fire-damaged specimens behaved in a ductile manner after 

the peak loads reached. 

By the comparison between the residual capacities of 

specimens HPSRC-1, HPSRC-2 and HPSRC-3, it can be 

concluded that the residual capacity increased with the 

decreasing of load eccentricity, and it is reasonable because 

 

 

the higher load eccentricity could lead to the higher 

additional bending moment. It can be also concluded that 

the failure mode changed from tension-controlled failure to 

compression-controlled failure with the decreasing of 

eccentricity ratio. By the comparison between the residual 

capacities of specimens PPSRC-1, PPSRC-2 and PPSRC-4, 

it can be concluded that the residual capacity increased with 

the decreasing of heating time. It is reasonable since the 

longer heating time induced more severe damage in test 

specimens. Meanwhile, by the comparison between the 

residual capacities of specimens HPSRC-1, PPSRC-1 and 

PPSRC-3, it can be found that the residual capacity 

increased with the increasing of inner concrete strength. 

 

5.3 Ductility 
 

Ductility is a basic index used to evaluate the 

deformability of structural members. Based on the load-

lateral deflection curves shown in Fig. 9, the ductility ratio 

could be determined as the result of the deflection of 

ultimate point Δu divided by the deflection of yielding point 

Δy. Δu was defined as the lateral deflection of column when 

the load descended to 75% of the experienced maximum 

load in failure stage or the lateral deflection was too large. 

Δy was determined from the load-lateral deflection curves 

and based on an equal energy method. As illustrated in Fig. 

10, a secant was made to intersect the load-lateral deflection 

curve at point A to ensure the shadow area A1 equals to the 

shadow area A2, and the projection of point B onto the 

curve was regarded as the yield point (Park 1988). The 

calculated ductility ratios of test specimens are recorded in 

Table 5. It can be seen from Table 5 that the ductility ratio 

increased with the decreasing of heating time and with the 

increasing of inner concrete strength and eccentricity ratio, 

except for the specimen HPSRC-3 with a high eccentricity 

ratio. The reason is that the test process of HPSRC-3 ended 

due to the visible severe damage and large deflection rather 

    

(a) HPSRC-1 (b) HPSRC-2 (c) HPSRC-3 (d) HPSRC-3 (South side) 
 

    

(e) PPSRC-1 (f) PPSRC-2 (g) PPSRC-3 (h) PPSRC-4 

Fig. 8 Failure modes and crack patterns 
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Fig. 9 Load-deflection curves 
 

 

 

 

than the sudden load drop, indicating that the ductility ratio 

of HPSRC-3 could be higher than that of HPSRC-2 with a 

medium eccentricity ratio if it could be loaded further. 

Generally, all specimens exhibited satisfactory deforma-

bility even being fire-damaged. 
 

5.4 Strain analysis 
 

With the aim to verify the plane section assumption, a 

set of strain gauges were installed along the height of 

column cross section, and the arrangements of strain gauges 

were illustrated in Fig. 4(b). Fig. 11 shows the strain 

distribution curves of test specimens, and the result agreed 

well with the assumption, in which strain was distributed 

linearly along the column height during the test process. It 

also can be concluded from Fig. 11 that the tensile strains of 

specimens HPSRC-1, HPSRC-2, PPSRC-1, PPSRC-3 and 

PPSRC-4 did not exceed the tensile yield strain of 

 

Fig. 10 Definition of ductility ratio 
 

 

 

 

longitudinal steel reinforcements, indicating that these 

specimens suffered compression-controlled failures. 

 

 

6. Conclusions 
 

This paper presents an experimental research on two 

innovative composite columns, namely the hollow precast 

steel reinforced concrete (HPSRC) column and partially 

precast steel reinforced concrete (PPSRC) column. A total 

of six stub column specimens were exposed to the ISO834 

standard fire and then were eccentrically loaded with 

another control specimen without exposure to fire, focusing 

on the influence of test parameters of section shape, 

concrete strength of inner-part, eccentricity ratio and 

heating time. Based on the test results, FEA models were 

established through ABAQUS to explore the temperature 

distribution. Within the limitations of this paper, the 

   

(a) HPSRC-1 (b) HPSRC-2 (c) HPSRC-3 
 

   

(d) PPSRC-1 (e) PPSRC-3 (f) PPSRC-4 

Fig. 11 Strains along the column height 
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Post-fire test of precast steel reinforced concrete stub columns under eccentric compression 

following conclusions can be drawn: 
 

● After fire, all specimens kept intact without obvious 

deformation. No explosive spalling was found in the 

precast RPC outer shell of all specimens due to the 

applied steel fibers, although decarbonization could 

be captured in some steel fibers near the column 

surface. Meanwhile, abundant temperature-induced 

cracks were observed on the concrete surface 

without spallation. The PPSRC columns experienced 

lower core temperature in fire as compared with the 

HPSRC columns due to the insulating effect of core 

concrete. 

● Heat transfer analysis was carried out by the FEA 

model in ABAQUS to predict the temperature 

distribution of cross-section, and this model was 

validated through the measured temperature obtained 

from the tests. It can be concluded that all 

temperature contours were rounded rectangles and 

close to circles near the column core. Meanwhile, the 

temperature at column corner was higher than that at 

column center at the same section height, indicating 

that the column corner might be more vulnerable in 

post-fire behavior. In the current FEA model, the 

water evaporation and thermal resistance between 

the steel shape and concrete did not be considered 

for simplification. In the future, these details will be 

considered in the refined FEA model and a 

sensitivity study will be conducted to verify the 

simplification. 

● There were two types of failure modes occurred in 

PPSRC and HPSRC specimens according to 

different eccentricity ratios, which were tension-

controlled failure and compression-controlled 

failure. The specimens with low and medium 

eccentricity ratios suffered the compression-

controlled failure, and the specimen with the highest 

eccentricity ratio suffered the tension-controlled 

failure, which could be verified by sectional strain 

analysis. Some specimens were broken after test, and 

slight buckling of the longitudinal reinforcements 

was found but the steel flanges still could be 

effectively confined without buckling. 

● The residual capacity of PPSRC and HPSRC 

specimens increased with the decreasing of heating 

time and eccentricity ratio, and with the increasing 

of inner concrete strength. The ductility of test 

specimens follow the similar trends, except for the 

eccentricity ratio. The ductility and deformability 

enhanced with the increasing of eccentricity ratio. 
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