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A B S T R A C T

Fire disasters occurring in underground structures generally result in severe damage. In order to investigate the
fire performance of typical underground structures, a large-scale fire test on a three-span frame structure was
carried out. The tested model was loaded both by vertical and horizontal earth pressures. The applied tem-
perature history, representing the time-dependent fire load, was determined by simulations of fire scenarios in
the underground structure with the help of the software FDS. The paper contains test results of the temperature
of the air in the furnace, the concrete and the steel bars in the structural model, and the state of deformation of
the model. Apparent phenomena, such as cracking and spalling, were observed throughout the whole testing
process. The results show that a very dangerous situation of the underground structure exposed to fire may occur
during the cooling process. Curling of the top slab was observed during the heating process. More attention in
fire-resistance design must be paid to the columns. The fire test results are useful for validation of numerical
models and for further fire-resistance research of underground structures.

1. Introduction

Fire disasters in underground structures have generally resulted in
severe damage of structures [17,5,10,30]. As indicated by performance-
based fire resistance design, research results for ground structures
cannot directly be used for underground structures, because of different
fire scenarios and of different restraint conditions and loads [4,9,7,2].

During the last decades, a large number of simulations of structures
subjected to fire, using the Finite Element Method (FEM), were reported
in the literature [13,18]. In particular, fire scenarios, i.e. temperature
fields to which the underground structures were assumed to be sub-
jected and their performance under the resulting temperature loads,
were thoroughly investigated. Savov et al. [22] have studied the be-
havior of shallow tunnels, subjected to fire loads, by simulating the
structure with the “beam-spring” model. Concrete spalling of the tunnel
lining was simulated and its influence on the collapse of the structure
was analyzed, considering the failure mechanism of beams, modeled by
the FEM. This permitted prediction of the failure mode of the tunnel
structure. Ring et al. [19] have simulated the behavior of underground
tunnels subjected to various fire scenarios, considering different

material parameters and structural models. They have performed re-
search of the spalling problem and on the effect of load-induced thermal
strains (LITS). Amouzandeh [1] has carried out a series of FE simula-
tions, including treatment of the burning process of fire in tunnels by
means of CFD (Computational Fluid Dynamics) and analyses of the
structural performance. Their calculations and analyses revealed that
the fire resistance of the tunnel with a circular cross-section is greater
than the one of tunnels with a rectangular cross-section. Zeiml et al.
[29] have investigated the safety of an underground frame structure
subjected to fire, with the help of the FEM.

Due to the complexity of fire tests and the constraints of the test
facilities, the number of large-scale fire tests is relatively small. Most of
such tests on underground structures refer to tunnels. Yan et al. [25,26]
carried out full-scale experiments to investigate the damage of the
lining of a reinforced concrete (RC) metro shield TBM tunnel subjected
to the standard ISO834 fire curve. Yasuda et al. [28] conducted full-
scale tests on composite segments of a shield tunnel, with different
methods of fire protection, subjected to a fire according to the standard
RABT fire curve, which was assumed as the temperature history of
tunnel fires. Spalling of concrete was observed during the experiment,
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as deep as 60mm in case of no fire protection on the surface. These fire
tests were all based on standard fire curves, which may not allow
realistic simulations of a real fire. Thus, such tests may not reveal the
real structural performance.

As for underground frame structures, only few research results were
reported in the literature. Park et al. [17] have performed a series of in
situ investigations on the Daegu station, South Korea, which was da-
maged in a fire, in 2003. The damage degree of concrete was recorded
and evaluated in detail. Jiang et al. [8] have carried out a series of in-
situ tests of a concrete culvert. Based on these tests, they proposed a
procedure for repair. Li et al. [10] reported on the repair of a frame in a
structural underground passage, which suffered from a severe fire dis-
aster, based on the results from an in-situ investigation. The structural
properties before and after the repair were compared and analyzed.
Annerel et al. [3] carried out five tests on slab-column substructures in
order to investigate the influence of the fire load on the punching shear
resistance of the slab-column connection. The test results have shown
that the column and the slab-column joint experience an increased
amount of spalling, which greatly increases the danger of punching
shear failure of the structure. Ring et al. [21,20] have performed fire
tests on four large-scale RC frame structures. The fire load was based on
the standard RABT fire curve. After the tests, they analyzed the struc-
tural performance with different numerical models. However, only
vertical earth pressure of the underground structures was considered,
which does not represent the real loading of underground structures.
The literature review has shown that the structural performance of
underground frame structures, subjected to fire tests on the structural
level, was often not thoroughly investigated. Thus, in order to better
understand the behavior of underground structures, subjected to com-
plex combinations of mechanical and fire loads, further research is
necessary.

Full-scale fire tests are expensive and difficult to realize. This has
motivated the development of the theory of scaled fire tests. McGuire
et al. [12] have proposed a theory of heat conduction in scaled tests,
and they have developed a design method, based on changing the time
of fire exposition instead of changing the temperature field. An em-
pirical time-scale coefficient was suggested and validated by a series of
small scaled tests. O'Connor and Silcock [14] have proposed a complete
design system of scaled tests based on the results of McGuire. The re-
sults corroborated the theoretical research of scaled tests. They have
shown that, due to the “membrane effect”, the temperature field of the
scaled models is lower than expected. In order to solve this problem,
O'Connor et al. [15,16] and his team proposed a design method, which
was then verified by experimental results. However, this method has
some limitations: (1) the temperature curve of the air needs to be ad-
justed to be consistent with the test; (2) the temperature gradient is
greater in the scaled tests than in reality; (3) the scaled tests and the
resulting theory are not applicable to investigate the process of spalling;
(4) since the temperature curve for the fire of the scaled test must in-
crease sharply in the early phase, the requirements for the heating
equipment are very high. They cannot be met even if the scale factor is
greater than it should actually be. According to the literature review,
there is no generally accepted theory for scaled fire tests and, conse-
quently, no technology for scaled fire tests of reinforced concrete
members. Most of the scaled tests were carried out on scaled models of
real fire scenarios, which have proved to be acceptable.

In this paper, a comprehensive experimental study on the structural
performance of a large-scale substructure of an underground subway
station, simultaneously subjected to bidirectional loading and fire, is
presented. The test procedure, the measurement systems and corre-
spond test results were illustrated and discussed, after which conclu-
sions for fire performance of large-scale specimen were proposed.

2. A typical underground station and typical fire scenarios

2.1. Topography

The underground structure investigated in this project is a typical
subway station. It consists of a two-story three-span RC structure, as
shown in Fig. 1. The internal span of the selected subway station is
20.7 m with two columns in between. The size of the columns is
1.2 m×0.8m. The internal height of the station hall layer, i.e. the
upper story of the underground station in Fig. 1, is 5.95m and that of
the platform layer, i.e. the lower story of the underground station in
Fig. 1, is 6.19m. The substructure, investigated in the fire test, is a
large-scale model of the station hall layer, which is a one-layer, three-
span RC frame. As regards the station hall layer, the thickness of the top
slab is 0.85m, the one of the bottom slab is 0.9m, and the one of the
lateral wall is 0.7m.

2.2. Vertical and horizontal earth pressures

At first, the mechanical loading, acting on the subway station, i.e.
the vertical and the horizontal earth pressure, are determined in order
to study the structural performance. The depth from the ground surface
to the top slab of the underground subway station is set as 3.5 m.
According to the building codes Standard for Metro design [24] and
Eurocode 2 [6], the vertical and the horizontal earth pressure, re-
presenting the main action on the subway station, are determined on
the basis of the following regulations:

(1) According to the load standards, the effective traffic load on the
ground is 20 kN/m.

(2) The pedestrian load on the station hall layer and the platform layer
is given as 4 kN/m.

(3) The thickness of the earth layer on top of the structure is given as
3.5m, and the specific gravity of the soil is 19 kN/m3. The average
coefficient of the earth pressure at rest is chosen as 0.3.

(4) The ground water level is assumed as 0.5m and the specific gravity
of water is 9.8 kN/m3. The water pressure and the earth pressure
are calculated separately.

The load combination factor for dead load is 1.35 and that for live
load is 1.4. The total combined loads for the two-layer station are
shown in Table1.

Fig. 1. Cross-section of a typical subway station.
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2.3. Simulations of the most unfavorable fire scenario

Firstly, fire scenarios in underground structures are studied in order
to be able to investigate the structural performance in case of fire dis-
asters. The typical “two layers, two columns” subway station, as shown
in Fig. 2, is modeled on the basis of the actual topography, as illustrated
in Fig. 1, by FDS [11], which is widely used in fire simulations.

The simulated fire scenarios are designed based on the frequency
and the potential damage of fire accidents. Determination of these
scenarios makes use of the following information:

(1) The mechanical ventilation and the automatic sprinkler devices are
considered. There are outlets every 3m on both sides of the plat-
form layer. The ventilation velocity is set as 2.5 m/s according to
the code.

(2) The heat release rate of the fire in the subway station is 5MW [27].
(3) The fire source is assumed to be in the middle of the platform layer,

in the middle of the station hall layer, and on the train, respectively.
(4) The simulation time is set as 120mins, which is the same as the

minimum requirement of the fire resistance time for underground
structures, proposed by the Standard for Metro Design [24].

According to the simulation results from different fire scenarios, the
highest temperature of the air was obtained by assuming the fire source
in the middle of the platform layer. This was regarded as the most
unfavorable fire scenario. The corresponding time-dependent tem-
perature curve, see Fig. 3, was taken as the fire curve for the fire test.

3. Test setup

3.1. Scaled model of the substructure

A model of the substructure of the station hall layer of the subway
station in Fig. 1 was investigated. The tested model represents the
substructure at the reduced scale of 1:4, considering the dimensions of
the furnace. Defining =C 1/4 as the geometric scale factor, the ratios
for N dimensional parameters is Cn.

(1) The width of the model was 5.26m. Its height was 1.88m. Limited

by the dimensions of the furnace and the laboratory, the length of
the model was 1.2 m.

(2) The dimensions of the top slab and of the walls of the substructure
were calculated on the basis of the scale factor, equal to one fourth
of the corresponding actual dimensions of the station hall layer.

(3) The dimensions of the columns and of the bottom slab of the model
were determined on the basis of the equivalent stiffness principle.
The columns in the station mainly take the vertical loads while
barely carrying bending moments. Therefore, the equivalent com-
pressive stiffness, K , calculated by Eq. (1), was considered to be the
key factor for determining the size of the columns,

=K EA
L (1)

where E and A denote the elastic modulus and the cross-sectional area
of the column, respectively, and L is the length of the investigated
substructure.

Since the material properties and the reinforcement ratio of the
tested model were chosen to be the same as for the structure, their
elastic moduli are the same. The distance between the columns in the
longitudinal direction of the subway station is 7.5 m. Thus, it should be
1.875m in the model, considering the scale factor =C 1/4. However,
the length of the model was set as 1.2m, because of space limitations of
the testing facilities. The original dimensions of the columns in the
subway station are 1.2m×0.8m, whereas the dimensions in the model
are 0.24m×0.16m, considering the scale factor =C 1/4 and the
equivalent compressive rigidity, i.e.

=
× ×

=
×K E C C E(1.2 )(0.8 )

1.875
(0.24 0.16)

1.2 (2)

(4) The influence of the platform layer on the stiffness of the station
hall layer is accounted for by adjusting the thickness of the bottom
slab of the substructure considered. By setting the thickness equal
to 0.76m, the values of the inner forces of the substructure are close
to those of the whole structure, subjected to the mechanical
loading. Since the scale factor is =C 1/4, the thickness of the
bottom slab of the model is 0.19m. The geometric dimensions of
the model are shown in Fig. 4.

The reinforcement ratio of the tested model is the same as the one of
the real structure. The type of the steel bars is HRB 400, and the
thickness of the concrete cover is 30mm.

(1) The reinforcement of the top slab is 14@120 for the top and
bottom layers in the cross-section and 12@150 for the top and
bottom layers in the direction perpendicular to the cross-section.

(2) The reinforcement of the bottom slab is 12@100 for the layers in
the cross-section and 10@150 for the ones perpendicular to it.

(3) The reinforcement of the walls is 14@100 for the layers in the

Table 1
Loads acting on the subway station.

Water
pressure
(kN)

Earth pressure
(kN)

Live load
(kN)

Combined load
(kN)

Top slab 28.42 55.18 20 140.86
Top of the wall 28.42 36.4188 13.2 106
Bottom of the wall 168.462 117.5882 13.2 404.6
Bottom slab 168.462 227.4

Fig. 2. Model of the investigated subway station (perspective drawing obtained
from FDS).
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Fig. 3. Simulated temperature curve for the investigated subway station.
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cross-section and 10@150 for the ones perpendicular to the cross-
section.

For all the slabs and walls, the stirrups are chosen as 6@
150×200 for the vicinity at the ends of the members and as 6@
300×200 for the middle part of the members, as shown in Fig. 5.

(4) The reinforcement in the columns is ten bars of 12, as shown in
Fig. 5.

3.2. Material properties

The concrete used for the tested model is normal concrete. Table 2
contains details of the concrete mix.

Material tests were conducted on the concrete samples, produced
together with the RC frame model, in order to obtain the material
properties before and after the large-scale fire test. The material tests
were carried out according to the requirements by the Standard of
Testing of Mechanical Properties of Ordinary Concrete [23]. The average
value of the elastic modulus of concrete at room temperature is
2.57×104 MPa and the average value of the compressive strength is
36.5 MPa.

The steel bars used in the model of the RC frame were HRB 400 12
and 14. Both the strength and the elastic modulus of these two types

(a) layout (b) 3D illustration

Fig. 4. Geometric dimensions of the tested structure (mm).

Fig. 5. Reinforcement of the tested structure (mm).

Table 2
Mix of the employed concrete.

Mix Content (kg/m3)

Cement (42.5 PO) 249
Water (normal) 176
Sand 1 (middle size) 306
Sand 2 (middle size) 458
Grave stone (5–25mm) 1013
Fly ash (Level II) 70
Additive (ZK 904-3) 6.01
Mineral powder (S95) 95

Table 3
Material properties of the steel bars.

Diameter Yield stress
(MPa)

Ultimate strength
(MPa)

Elastic modulus
(MPa)

12 531.9 646.4 19.3× 104

14 530.2 666.3 19.7× 104
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of steel bars were tested with 8 specimens. Average values of the
strength and of the elastic modulus are listed in Table 3.

3.3. Test procedure

The fire test consists of three steps: (1) proportional loading of the
vertical and the horizontal earth pressures at room temperature, (2)
thermal loading according to the time-dependent temperature history,
and (3) removal of the thermal loading. The mechanical loads are kept
constant during the last two steps.

The aim of the first step is to simulate the mechanical state of the
subway station at service conditions. The actual distribution of the
pressure loads is rather complicated. Therefore, the external pressures
are replaced by three sets of point loads, P1, P2, and P3, see Fig. 6. The
resulting internal stresses are mechanically similar to the ones resulting
from the real pressure distribution in the model. The values of the three
sets of point loads are listed in Table 4.

The test setup is illustrated in Fig. 7. The model of the substructure
was placed sidelong on the top of the furnace. The load acting on the
top slab simulates the vertical earth pressure. It was applied by three
hydraulic jacks acting at six load points, and the reactions were carried
by four hinge supports on the bottom slab. The load acting on the lat-
eral slab simulates the horizontal earth pressure. It was applied by one
hydraulic jack acting at two load points on the right wall, while the
reactions were carried by two hinge supports on the left wall, see also
Fig. 6. During heating, the top of the model was covered. The data
acquisition system recorded the test results. The bottom slab of the
model was protected by a fire-resistant cotton as is the case in real fire
conditions of underground stations.

After setup of the RC frame in the furnace and check of the whole
equipment and of the functioning of the measurement devices, the
loading process was started. It lasted half an hour. The hydraulic jacks
were monitored such that the load was applied in the form of nine steps
until the designed load was reached, see Table 4. During this process,
the displacements and the strains of the steel bars were recorded.

After termination of the mechanical loading process, the fire dis-
aster was simulated without changing the mechanical loading. The fire
load, which was described in Section 2.3, was applied. The fire lasted
for 2 h. The temperature in the furnace and the one of the members,
their displacements, and the strains of steel bars were recorded during
this process.

The third process consisted of simulating the cooling procedure
within the framework of a fire disaster in underground structures.
During this process the mechanical loading stayed the same. The fire
was stopped and, consequently, the temperature of the air in the

furnace was decreasing. This lasted for half an hour. During this pro-
cess, the temperature inside the furnace, the one of the concrete and of
the steel bars, the strains of the steel bars, the displacements of the
structure, and the amount of spalling of the concrete cover were mea-
sured.

Thereafter, the loading system was removed from the structure.

3.4. Measurements

3.4.1. Measurement of temperature
The temperature fields of the furnace and of the structure are cri-

tical parameters in the fire test. The temperature of the air in the fur-
nace and the one of the concrete and the steel bars of the model were
measured. The furnace was heated by 8 burner nozzles, placed sym-
metrically with respect to the longitudinal axis, to achieve a uniform
temperature field. Thermal couples used to record the air temperature
in the furnace were also placed symmetrically with respect to the
longitudinal axis in the middle of each span of the top slab, to allow for
a comparison of measurement results. Considering the complexity of
the fire tests, at least two groups of thermal couples were arranged to
ensure the integrity of the measured data.

Based on the described measurement concept, three K-type ther-
mocouples were placed close to the inner surface of the top slab in order
to record the air temperature inside the furnace. They are designated as
TA37, TA38 and TA39, see Fig. 8.

In order to measure the temperature of the concrete, several groups
of thermal couples were installed at different locations of the structure.
There are either five or seven thermal couples in each group. They are
distributed equally along the thickness of the monitored plate.

(1) There are six monitored locations on the top slab, and in total there
are 28 couples along the depth of the slab, designated as TC1 to
TC28, as shown in Fig. 9. A designation such as “5a” means that
there are five thermal couples at this location along the thickness of
the slab.

(2) The temperature of the bottom slab is not expected to change sig-
nificantly as it is covered by a fire-resistant surface. One thermal
couple, designated as TC34, was installed at the geometric center of
this slab in order to prove this assumption.

(3) Because of the symmetrical layout of the columns with respect to
the longitudinal axis, the temperature of the concrete is only
measured in the right column, with one thermal couple (TC35) at
the center of the cross-section.

(4) The temperature at the geometric center of the right wall is mea-
sured with five thermal couples, equally distributed along the
thickness of the wall.

To ensure that the thermal couples are placed at the designated
locations, they were precast into concrete blocks and placed within the
steel frame before concreting, see Fig. 10.

The temperature of the steel bars was measured by sensors precast
into the concrete, at the depth of the concrete cover. Since the members
were reinforced symmetrically, there were two values of the tempera-
ture of the steel bars for one position, namely, the temperature of the
steel bars of the outer layer (referring to the steel bars distant from the
surface exposed to the fire) and the temperature of the steel bars of the
inner layer (meaning the steel bars close to the surface exposed to the
fire). Altogether, there were 36 thermal couples: fourteen at the top slab
along the middle of each span and on top of the columns and walls;
fourteen at the bottom slab along the middle of each span and at the
bottom of the columns and walls; two on each wall and two on each
column, placed at mid-height.

3.4.2. Measurement of displacements
The displacements of the model were monitored with YHD-100

Linear Variable Differential Transformers (LVDT) throughout the

Fig. 6. Loading system.

Table 4
Mechanical loads applied to the structure.

P1 (kN) P2 (kN) P3 (kN)

192.0 151.2 120.0
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testing process. The test results were automatically collected by an HP
data acquisition system and recorded via a R-232 connection line.
Considering the symmetry and the deformation characteristics of the
model, the displacement sensors were mainly arranged at the top slab
and the right wall. There were twenty-nine locations at the top slab
(Fig. 11(a)), with nineteen points on the central line to measure the
vertical displacement of the top slab in the width direction. Four sen-
sors, designated as WY-F-41, WY-F-42, WY-F-43, and WY-F-44, were
placed on the bottom slab, at the same positions as WY-C-1, WY-C-19,
WY-C-20, and WY-C-26 on the top slab. Eleven sensors were placed on
the right wall, see Fig. 11(b), and five sensors were placed on the left
wall, designated as WY-LW-45, WY-LW-46, WY-LW-47, WY-LW-48, and
WY-LW-49, at the same positions as WY-RW-30, WY-RW-33, WY-RW-
36, WY-RW-37, and WY-RW-39 on the right wall.

To measure the relative rotations of the slabs and the walls, three
precast blocks were placed in the vicinity of three corners of the
structure, see Fig. 11(c). The precast blocks were assumed to be rigid,
rotating together with the model. Thus, the measured rotations of the
blocks represent the rotations of the slabs relative to the axis of the
walls. Two LVDTs were placed at each measured corner. The difference
of the measured displacements, divided by the distance between the
two LVDTs, gives the rotation angle of the corner. Six LVDTs were

designated from ZJ-1 to ZJ-6, see Fig. 11(c).
In addition to the temperature, the displacements, and the rotations,

all apparent phenomena including water evaporation, cracking and
spalling of the concrete, and the color change of the model were re-
corded by cameras. After the experiment, the final depth of spalling and
the width of the cracks were measured. Their locations were recorded.

4. Experimental results and discussion

4.1. Material properties

Degradation of the material properties of the used concrete, in-
cluding its elastic modulus and compressive strength, were in-
vestigated. Six concrete cubes with the dimensions
150mm×150mm×300mm were tested before the fire test. Another
six samples were tested after being exposed to the fire together with the
large-scale structure model. The color of the six specimens exposed to
the fire turned gray, and quite a lot of pores were observed on the

Model structure 

Hinge support 

Fire inside the 
specimen 

Hydraulic jack 

Data acquisition 
system 

Furnace cover 

Fig. 7. Test setup of the frame in the furnace.

Fig. 8. Thermal couples close to the inner surface of the top slab.
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Fig. 9. Location of the thermal couples on the top slab.

Fig. 10. Precast concrete blocks with thermal couples.
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surface after cooling. However, no spalling of the cubes was observed.
The average decrease of the weight of the specimens after exposi-

tion to the fire was 6.51%. The elastic modulus and the compressive
strength of the concrete decreased significantly, see Table 5.

 (a) displacement sensors at the top slab 

(b) displacement sensors at the right wall 

(c) displacement sensors in the vicinity of the corners  
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Fig. 11. Displacement sensors.

Table 5
Average material properties of concrete before and after the fire.

Concrete specimens Properties Before the fire After the fire

150mm×150mm×300mm Elastic modulus
(MPa)

2.57× 104 1.11× 104

Compressive
strength (MPa)

36.5 22
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Fig. 12. Air temperature in the furnace.
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4.2. Temperature measurement

4.2.1. Temperature of the air in the furnace
The measured evolution of the temperature of the air in the furnace

is shown in Fig. 12. The measured temperature curve generally agrees
quite well with the designed evolution of the temperature. The tem-
perature of the air rises quite fast within the first ten minutes of the test,
reaching around 600 °C.

The designed fire scenario was realized quite well for the right span
(TA37). One of the burning nozzles on the left side turned out of work
during the fire test, which resulted in an air temperature slightly lower
than that on the other side (TA39). This has proved that the

arrangement for placing the thermal sensors was reasonable.

4.2.2. Temperature of concrete
The evolution of the temperature of concrete at different depths of

the right span, the middle span, and the left span of the top slab is
shown in Fig. 13.

The temperature distribution along the height of the top slab and
the temperature evolution at the same depth of the three spans of the
top slab will be discussed in the following.

(1) Temperature distribution along the height of the top slab

The evolution of the temperature distribution along the height of
the right span of the top slab is shown in Fig. 14.

(1) The temperature of the concrete first increased and then decreased.
The decrease in the cooling part of the test began with a delay
compared to the decrease of the temperature of the air in the fur-
nace. Due to thermal inertia of the concrete, its temperature was
still increasing for a while after termination of the heating process.
This supports the conclusion that the highest temperature inside the
structure is obtained after the peak of the temperature of the fire in
this test.

(2) Those thermal couples, which were close to the surface exposed to
the fire, recorded a fast increase of the temperature during the
heating process and a fast decrease of the temperature during the
cooling process. This is attributed to the large thermal gradient at
these positions, leading to a fast temperature change according to
the theory of thermal conduction.

(2) Temperature evolution of the three spans of the top slab
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Fig. 13. Concrete temperature at different depths of the top slab (TC4, TC5,
TC10, TC14, TC15 were broken).
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Fig. 15. Temperature evolution at the same depth (30mm) of the three spans.
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The evolution of the temperature at the left span, the middle span,
and the right span of the top slab, at the same depth, i.e. 30mm away
from the fire-exposed surface, are compared in Fig. 15.

Comparing the three temperature curves, it is seen that

(1) The temperature in the right span is the highest while that in the
left span is the lowest, which follows the same trend as that of the
air in the furnace.

(2) There is a “plateau” of the temperature curve of the concrete at a
temperature of 100–115 °C. This is the consequence of the eva-
poration of the water inside the material and of adsorption of the
heat of concrete until all of the free water is evaporated.

The temperature evolution in the wall at depths of 0mm, 35mm,
70mm, 105mm, and 140mm, counted from the surface exposed to the
fire, is shown in Fig. 16. The temperature evolution in the geometric
center of the column is shown in Fig. 17.

At the same depth, the temperature in the column increases faster
than that in the walls, see Figs. 15–17, since the columns are heated
from four sides. The increase of the temperature in the right column
after termination of heating, i.e., after 120 mins, see Fig. 17, may be
caused by spalling of the column right after the beginning of the cooling
process.

4.2.3. Temperature in the steel bars
Fig. 18 shows the measured temperature evolution in the steel bars

of the top slab, including the steel bars of the inner and the outer layers.
The steel bars of the inner layer are close to the surface that is exposed
to the fire. Fig. 19 refers to the measured temperature evolution in the
steel bars in the right wall. Fig. 20 shows the monitored temperature

evolution of the steel bars in the columns.
After two hours of fire exposition, the temperature in the steel bars

of the inner layer, which are close to the surface that is exposed to the
fire, was nearly by 100 °C higher than that in the bars of the outer layer,
see Figs. 18 and 19. The temperature of the latter shows no significant
rise during the first hour. Later on, the temperature slightly increased to
no higher than 100 °C. Even 30 mins after the beginning of the cooling
process, the temperature in the steel bars of the outer layer was still
increasing, while the temperature in the steel bars close to the fire-
exposed surface exhibited only 10 mins of delay and then began to
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Fig. 16. Concrete temperature in the wall.
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Fig. 19. Temperature evolution in the steel bars of the wall.
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decrease, see Figs. 18 and 19.
During the first 90 mins of heating, the temperature of the steel bars

in the right column was nearly the same as the one of the steel bars in
the left column. After 90 mins, the temperature recorded by TS33 of the
right column increased much faster than the temperature recorded by
the other three sensors. After 120 mins of heating, it was nearly 50 °C
higher than that of the left column. This can be explained by cracking of
concrete before spalling.

4.3. Displacements measurements

4.3.1. Displacements of the slabs
During the loading and heating process, the whole structure ex-

perienced a rigid body motion. To account for it, the overall horizontal
movement was firstly determined by means of the displacement sen-
sors. It was subtracted from the measured results. Fig. 21 shows the
displacements of the three spans of the top slab, and Fig. 22 illustrates
the displacements of the right wall.

The diagrams in Figs. 21 and 22 can be interpreted as follows:

(1) In the early period of heating (0–30 mins), when the thermal ex-
pansion of the concrete is insignificant and the material properties
only begin to degenerate moderately in the heating process, the
mid-span displacement of all slabs tends to increase in the loading
direction.

(2) In the later period of the heating (30–120 mins), the mid-span
displacements of the three spans of the top slab are only slightly
increasing, while that of the right wall is increasing moderately
with increasing heating time.

(3) Spalling occurred 10 mins after the start of cooling. It led to a slight
jump in the mid-span displacement curves for both the top slab and
the right wall.

4.3.2. Rotations of the corners
The rotations of the corners were determined indirectly by means of

the displacements of the two precast sensors. Fig. 23 shows the rota-
tions of the three monitored corners, where Angle 1 and Angle 2 denote
the rotations of the two corners of the top slab, while Angle 3 denotes
the rotation of the right-hand corner of the bottom slab, see Fig. 11.

The diagrams in Fig. 23 can be interpreted as follows:

(1) Angle 1 shows a slight increase at the very beginning of the heating
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process and then decreases with heating time due to the thermal
expansion. There is a small jump when spalling of concrete occurs
and a slight recovery during the cooling process.

(2) Angle 2 illustrates an increase from a negative to a positive angle
after a small decrease at the beginning of the heating time. It is
affected by the bending of the top slab and the thermal expansion of
the right wall.

(3) Angle 3 is the rotation of the right-hand corner of the bottom slab. It
does not experience a significant change during the heating process.
The jump after spalling of the concrete is small.

4.3.3. Curling of the slab
Since there were no restraints on the top slab along the longitudinal

direction of the station model, curling of the top slab was also expected
to occur as the temperature increases. It was recorded during the fire
test by comparing the measured displacements of two points at dis-
tances of 240mm and 500mm from the middle line in the longitudinal
direction of the top slab. The displacements of these two points during
the loading process are shown in Fig. 24(a), and the ones during the
heating process are illustrated in Fig. 24(b). It is seen that curling did
not occur during the loading process as the displacements of these two
parts are almost same. However, significant curling was monitored
during the heating process, indicated by the difference of the measured
displacements of these two points.

4.4. Spalling and cracks

During the heating process, no spalling was detected. However, at
the beginning of the cooling process, seven minutes after termination of
the heating process, a loud sound of spalling was noticed. It referred to

the right column. Spalling occurred at the bottom and the right surface
of the right column, see Fig. 25. The concrete cover of these two parts
was spalling and the inner reinforcement layers were exposed. The
spalling depth was up to 60mm. Fig. 26 shows the two largest concrete
blocks found under the structure in the furnace.

Spalling did not occur at the end of the left column and in the slabs
of the structure. This corroborates the conclusion that the weakest lo-
cation of frame underground structures is the middle part of the col-
umns rather than the vicinity close to its two ends.

The locations of all visible cracks were identified after the experi-
ment and their widths were measured. Since this was done after the
cooling process, most of the cracks were closed. Thus, only the dis-
tribution and the lengths of the cracks, shown in Fig. 27, are discussed
herein.

Fig. 27 shows that most of the surface exposed to the fire was
cracked. The cracks in the top slab were concentrated around the area
connected to the columns and the walls. This suggests the conclusion
that the cracks resulted from large stress concentrations caused by the
restraint of thermal deformations.

(1) The columns were subjected to increased compressive loading,
leading to an increase of cracking and even spalling.

(2) The non-uniform air temperature seems to be the reason for severe
spalling of the column on the right side.

5. Conclusions

This paper has dealt with the description of the setup of and the
results from a large-scale fire test on a substructure of a typical subway
station. The test results are considered to be useful for theoretical and
numerical research. The main conclusions are as follows:

(1) Due to the thermal inertia of concrete, the temperature in the
concrete is still increasing for a while after termination of the
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Fig. 25. Spalling of the right column after the fire.

Fig. 26. Big concrete blocks found in the furnace.
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heating process. The highest temperature inside the structure in this
test occurs after termination of this process.

(2) The most seriously fire-affected members of underground structures
are the columns. They are subjected to the fire at four sides and,
thus, the temperature inside the column is increasing fast.
Moreover, they bear a high intensity of compressive loading, which
may indirectly lead to increased cracking. This suggests that the
columns need more attention in fire-resistance design.

(3) During the heating process all slabs experienced a thermal expan-
sion. While the increase of the deformations of the top slab during
the heating process was relatively small, the increase of the de-
formations of the lateral slab during this process was significant.

(4) Since the slab does not have lateral restraints, curling occurred
during the heating process.

(5) In the test, the actual fire curve was used instead of a scaled fire
curve. The consequence of using the actual fire curve needs to be
further studied by means of experimental tests or numerical simu-
lations. This paper gives the results of only one large-scale fire test,
more experimental tests will be necessary in the future research.
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