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Abstract: In order to measure the effect of iron tailings sand replacing natural sand on the fire re-
sistance of concrete beams, five full-scale iron tailings sand concrete (ITSC) beams and two natural
sand concrete (NSC) beams were conducted to fire testing under dead load and rising temperature
conditions. The section temperature field, mid-span displacement, failure form, and fire resistance
limit of ITSC beams under fire were analyzed. The main influence factors included different ISTC
strengths (C30 and C40) and constraints. The analysis results were compared with those of NSC
beams. The results show that the complete replacement of natural sand with iron tailings sand had
little influence on the temperature field of concrete and reinforcement in simply supported beams
and continuous beams under fire. The fire endurance of the ITSC simply supported beams was sim-
ilar to that of NSC simply supported beams. When exposed to fire, the higher the strength of the
ITSC, the better the fire resistance of the beam. The fire endurance of continuous beams was higher
than that of simply supported beams. On the basis of the analysis of the fire resistance performance,
it was found that iron tailings sand can replace natural sand to formulate concrete beams.

Keywords: under fire; ITSC beam; NSC beam; temperature field; fire endurance; fire resistance

1. Introduction

With the increasing frequency of building fires, the loss of people’s lives, property,
and other direct or indirect economic losses caused by fires has sharply increased. The
research on the fire resistance of building structures and components has attracted wide-
spread attention [1-8]. Fire will cause buildings’ material properties and the structure’s
overall performance to decline [2]. The reinforced concrete beam is an important horizon-
tal load-bearing member of the structure and is also one of the most damaged members
under fire. Its fire resistance significantly impacts the fire safety of the whole structure
[3,4].

At present, many researchers have conducted a large amount of experimental and
theoretical research on reinforced concrete beams under and after fire. For reinforced con-
crete members, the failure process at high temperature and the degradation of mechanical
properties after high temperature are often closely related to the high-temperature burst-
ing and spalling of concrete [5-7]. Dwaika [9] studied the fire resistance of six reinforced
concrete beams with different concrete strengths, boundary conditions, temperature rise
processes, and load ratios. The results show that the fire resistance of high-strength con-
crete beams was lower than that of ordinary concrete beams, and its cracking was more
serious. The strength and load level of concrete have a significant impact on the fire re-
sistance of reinforced concrete beams. Choi [10] studied the influence of concrete strength
and cover thickness on the fire resistance of beams by conducting fire tests on four ordi-
nary and high-strength concrete simply supported beams. The results show that the con-
crete strength had no influence on the distribution of the temperature field of the beam
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section. Before the concrete burst, there were essentially no vertical deflection changes of
ordinary concrete beams and high-strength concrete beams. After the concrete burst, the
vertical deflection of high-strength concrete beams increased significantly. Gao [11] estab-
lished a 3D finite element analysis model in order to accurately predict the section tem-
perature field and mechanical behavior of reinforced concrete beams under fire. The
model focused on the bond slip between reinforcement and concrete that was previously
ignored, being able to analyze the distribution and change of internal stress of reinforce-
ment and concrete under fire more accurately. Oz Bolta [12] established a nonlinear finite
element model to study the bending resistance of reinforced concrete beams in the process
of temperature rise. Through experimental comparison, it was concluded that the model
can better predict the load deformation curve of reinforced concrete beams under fire, as
well as the temperature field distribution of the beam section and the bending failure form
of the beam normal section.

Iron tailings sand (ITS) is the waste after iron ore beneficiation [13]. Iron tailings sand
can be used to replace natural sand in the process of making concrete [14,15]. The appli-
cation of iron tailing sand concrete (ITSC) in engineering not only solves the shortage of
natural sand for concrete, but also realizes the reuse of iron tailings and solves the harm
of tailings [16-18]. Up until now, many scholars have made many achievements in the
research on the material properties of ITSC [18-26]. It has been shown that [17-23] the
workability and durability requirements of concrete can be met by adjusting the mix ratio
of ITSC, controlling the amount of admixture, and adding fly ash and mineral powder.
Shettima [25] and Duan [26] studied the effect of ITSC content on the mechanical proper-
ties of concrete. The compressive strength and splitting strength of concrete increased at
first and then decreased with the increase in the substitution rate of ITS. The elastic mod-
ulus and water absorption increased with the substitution rate of ITS. The drying shrink-
age, fluidity, impermeability, and corrosion resistance decreased with the substitution
rate of iron tailing sand. However, it was shown that [27,28] part of the components of
ITSC will decompose in a high-temperature environment, and its mass loss was about
12% when the temperature reached 900 °C, resulting in its unstable properties in the high-
temperature environment. There may be hidden dangers in the construction industry’s
direct application of ITSC. Therefore, the research on fire resistance of ITSC beam has en-
gineering application value for its design.

Although many researchers have conducted a large amount of research on the fire
resistance of natural sand concrete (NSC) beams and the mechanical properties of ITSC at
high temperature, the research on the fire resistance of reinforced concrete beams using
ITS instead of NS has not been reported. Moreover, reinforced concrete beams are an im-
portant structural member bearing vertical load. It may be seriously damaged compo-
nents under fire. It is necessary to study the fire resistance of reinforced concrete beams
made with ITS. Compared with the ordinary NSC beam, fire tests were carried out ac-
cording to the international standard ISO834 heating curve. The beams’ cross-section tem-
perature field, mid-span displacement, fire resistance limit, and failure form were ob-
tained under the fire. The effects of different ISTC strength (C30 and C40) and different
constraint conditions on the fire resistance of the beam were analyzed systematically. It
provided a basis for fire resistance optimization design, post-fire repair, and reinforce-
ment of ITSC beams, as well as theoretical and technical support for the large-scale engi-
neering application of iron tailings sand concrete.
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2. Experiment Design
2.1. Specimen Design

In this experiment, the bending performance tests of five full-scale ITSC beams and
two NSC beams with different concrete strengths and different constraints were carried
out under fire. Three were simply supported beams and four were continuous beams. The
simply supported beams and continuous beams lengths were 4100 mm and 7700 mm,
respectively, and the section size was 200 mm x 400 mm. The dimensions and reinforce-
ment of the beam are shown in Figure 1. The serial number of the continuous beam is
represented by “CB”, the number of the simply supported beam is represented by “SSB”,
the iron tailings sand concrete is represented by “ITSC”, and the natural sand concrete is
represented by “NSC”. To compare the fire resistance of continuous beams under differ-
ent fire conditions, CB-1 is subjected to double span fire, while CB-4 is subjected to single
span fire. The design parameters of specimens are shown in Table 1. On the basis of the
NSC mixing ratio, the ITSC mixing ratio was kept unchanged. The dosage of admixture
and concrete sand ratio were adjusted to make the mixing material workability meet the
requirements. The final concrete mixing ratio is shown in Table 2. In order to reduce the
influence of moisture on fire resistance of beams, test beams were placed in a dry and
ventilated place for 90 days after 28 days of curing. The measured compressive strength
of C30 NSC was 32.26 MPa, and the measured compressive strengths of C30 and C40 ITSC
was 31.98 MPa, and 39.86 MPa, respectively.

Table 1. Design parameters of beams.

Serial Concrete Iron Tailings Fired Applied Fire Exposure
Number Strength Sand Content/% Condition Dead Load/kN Time/min
SSB-1 ITSCC30 100% - 108 93
SSB-2 ITSCC40 100% - 110 106
SSB-3 NSCC30 0 - 108 92
CB-1 ITSCC30 100% Double span 108 120
CB-2 ITSCC40 100% Double span 110 120
CB-3 NSCC30 0 Double span 108 120
CB-4 ITSCC30 100% Single span 108 120
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Figure 1. Arrangements of rebars for beams: (a) Simply supported beam; (b) Continuous beam.

Table 2. Mix proportion of concrete.

Natural Iron Tailings

Water Reducing Water

Concrete Cement/ Fly Ash/ Mineral Powder/ Crushed Stone/ Water/ .
Strength Sand/ Sand/ Kg/m® Kg/m’ Kg/m’ Kg/m? Kg/m’ Agent/ Binder
Kg/m? Kg/m? Kg/m? Ratio
PC30 840.5 0 214 60 75 997 170.5 7.00 0.51
ITCC30 0 701 271 76 95 1108 215.9 9.35 0.51
ITC40 0 572 320 90 112 1026 203.5 11.00 0.41

2.2. Loading Scheme and Heating System

The experiment was carried out in the fire laboratory of North China University of
Science and Technology. All the test beams were subjected to the standard fire test under
the condition of dead load-heating. In the test, the bottom surface and two sides of the
beam were under fire. The beam ends were simply supported. The concentrated load was
applied to the middle trisection in the beam span. The hydraulic jack equipped with a
voltage regulator was used to load the test beam to the predetermined load and keep it
constant. According to the European standard EC4 [29], the predetermined dead load ap-
plied by simply supported beams was 0.7 times ultimate load (considering the reduction
factor of the load effect under fire), the same predetermined load was applied to continu-
ous beams and simply supported beams with the same strength, as can be seen in Table
1. The load was measured by the pressure sensor. The furnace was heated according to
the ISO834 standard heating curve. The fire resistance limit criterion was that the speci-
men deflection reached 1/20 of the calculated span [30]. After the specimens reached the
fire resistance limit, they were unloaded and cooled naturally to room temperature. The
test loading device is shown in Figures 2 and 3.
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Figure 2. Test equipment: 1 —longitudinal reaction steel beam; 2-hydraulic jack; 3 —pressure sensor;
4—loading steel beam; 5—test beam; 6 —steel bearing; 7—furnace wall; (a)— continuous beam load-
ing device (b)—simply supported beam loading device.
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Figure 3. A full view of test equipment.

2.3. Measuring Point Arrangement

The embedded thermocouples were used to measure the temperature field of the re-
inforcement and concrete at different location of the beam cross section. Two sections of
the mid-span and the loading point were selected to arrange the thermocouple. The 11
concrete temperature measurement points were arranged along the horizontal and verti-
cal directions for each section. In each section, the temperature of the longitudinal bars at
the both top and bottom of the beam was measured. The stirrup was arranged with a
temperature measurement point along the middle of the four sides. The measuring points
are shown in Figure 4. The vertical displacement of the beam was measured by a wire
displacement meter arranged at the top of the beam. The displacement measuring points
were correspondingly arranged at the loading points support and in the mid-span of the
beam. The specific measuring points were arranged as shown in Figure 5.
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Figure 4. Arrangements of temperature measuring points: (a) Schematic diagram of measuring
points; (b) real map of measuring points.
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Figure 5. Arrangements of displacement transducers of beams: (a) Simply supported beam; (b)
Continuous beam.

3. Experiment Result
3.1. Experimental Phenomenon

The test beam was loaded in stages at room temperature, and each stage was loaded
with 20 kN for five minutes. After it was added to the predetermined load, the heating
fire test was carried out according to the ISO834 heating curve until the test beam reached
the fire resistance limit or 120 min. In the fire test process, the ITSC beam test was essen-
tially the same as the NSC beam. After 10 min of ignition, water vapor appeared on the
interface between the test beam and the furnace lid. The water vapor increased gradually
with the increase in temperature. A water trace was formed on the top of the beam. With
the progress of the fire test, the watermarks on the top of the beam gradually decreased
and finally disappeared. To simulate the influence of the floor on the side of the beam
subjected to fire, the furnace cover was used to clamp the top of the beam at the height of
100 mm to form a fire-free zone. When the furnace cover was opened after the test, it was
observed that there was an apparent waterlogging line between the fire area and the non-
fire area on the side of the beam. The non-fire area of the ITSC beam was dark grey, and
the fire area was greyish yellow. The non-fire area of the NSC beam was grey, and the fire
area was grey-white, as shown in Figure 6.

(a) (b)
Figure 6. Water stain drawing of beam side: (a) ITSC beam; (b) NSC beam.
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The simply supported beams reached the fire resistance limit in the firing process,
and the test beams were hoisted after the cease-fire. The failure mode of the simply sup-
ported beams are shown in Figure 7, and the simply supported beams had cracks on the
fire surface. The cracks were distributed in a network. The surface was bulging and loos-
ening. There was a sizeable residual flexure deformation after cooling to room tempera-
ture.

The continuous beams did not reach the fire resistance limit after being exposed to
fire for 120 min. After natural cooling of the continuous beams, static load tests were car-
ried out until the continuous beams were destroyed. In the static load test, the step-load
was applied at a rate of 20 kN controlled by displacement of 0.5 mm/min until the contin-
uous beams were damaged. The failure forms of the continuous beam are shown in Figure
8. The continuous beams maintained good integrity under the fire for 120 min. There was
only a slight burst occurred in the middle of the span. After cooling, there was a large
recovery of bending deformation. In the static load test, there was few new main crack
growing in the pure bending section. The width of the original main crack gradually in-
creased until the failure.
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Figure 8. Failure modes of CB after fire: (a) CB-1; (b) CB-2; (c) CB-3; (d) CB-4.

3.2. Fracture Distribution and Failure Characteristics

Figure 9 shows the crack, burst, and damage of the simply supported beams after fire.
The shadow represents the burst area. The number represents the maximun crack width
of the beam after the fire in millimeters. The letters N and S represent the north and south
sides of the beam, and E and W represent the east and west ends of the beam, respectively.
It can be seen from Figure 9 that concrete bursting and spalling of different sizes occurred
on the side of the simply supported beams. The spalling position was mainly located at
the lower part of the mid-span pure bending section. In particular, large blocks of concrete
in the upper part of the north support of the beam SSB-2 burst and fell, mainly due to the
increase in concrete strength, the decrease in permeability and the greater steam pressure.
The vertical cracks on the side of the simply supported beams were sparse and mainly
distributed in the mid-span pure bending section. According to Table 3, after reaching the
fire resistance limit, the maximum crack width of the pure bending section of beam SSB-
1 and beam SSB-3 with low concrete strength were 13 mm and 14 mm, respectively. How-
ever, the maximum crack width of the pure bending section of beam SSB-2 with high con-
crete strength was decreased to 8 mm.

Figure 10 indicates that the crack development and failure pattern of the continuous
beams under static load test failure form after the fire. As can be seen from the figure, with
the increasing of load, the cracks under the fire of the pure bending section gradually
developed upward, and the crack width increased gradually. Then, cracks appeared in
the upper part of the middle bearing and gradually developed downward. Finally, the
concrete in the compression area of the pure bending section was crushed, and the con-
tinuous beams were destroyed. The maximum crack widths of the continuous beams are
shown in Table 4. It can be seen that the maximum crack widths of the single-span fire
CB-4 beam and CB-2 beam with high concrete strength were small at 9mm and 8mm,
respectively.

Table 3. Statistics of simply supported beam test results under fire.

Serial Number Iron Tailings Sand Content Crack Width/mm Fire Endurance/min
SSB-1 100% 13 93
SSB-2 100% 8 106
SSB-3 0 14 92
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Figure 9. crack, burst and damage of the simply supported beam under fire: (a) SSB-1; (b) SSB-2;
(c) SSB-3.
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Table 4. Statistics of continuous beam test results after fire.

Serial Iron Tailings Maximum Maximum Crack Residual Bearing
Number Sand Content Deflection/mm Width/mm Capacity/kN
CB-1 100% 60 16 268
CB-2 100% 52 8 278
CB-3 0 56 15 265
CB-4 100% 55 9 260
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Figure 10. Crack development and failure pattern of the continuous beam under static load test
failure after the fire: (a) CB-1; (b)CB-2; (c) CB-3; (d) CB-4.

3.3. Temperature of Concrete and Reinforcement in the Beam

The measured furnace temperature curves of SSB-1, CB-1, and CB-4 beams were com-
pared with the ISO834 standard heating curve shown in Figure 11. It can be seen that the
fire heating curves of each test beams had the same heating trend as the standard heating
curve, and the temperatures were similar.

1200

1000 I IR s

800

£ 600}/
<l

400 f .

200 : SSB-1

0 i L L L L L L
0 20 40 60 80 100 120
t/min

Figure 11. The time history curves of furnace temperature.

Figure 12 shows the time history curves of concrete temperature at different heights
of the mid-span section of the test beam under fire. According to the temperature distri-
bution of the six groups of measuring points in the figure, it can be seen that the concrete
temperature in both the ITSC beam and the NSC beam increased nonlinearly. The tem-
perature field in the beam was non-uniformed because the ITSC was a thermal inert ma-
terial. The concrete temperature in the beam decreased gradually along the beam height.
The closer it is to the fire surface, the faster the temperature increased, with the tempera-
ture rise curve being convex. When the temperature reached 100 °C, part of the water in
the beam evaporated and absorbed heat. Therefore, a temperature lag plateau would ap-
pear at about 100 °C.

Figure 13 shows the time history curves of the temperature of stirrups and longitu-
dinal reinforcement in the test beams under fire. According to the temperature distribu-
tion of five groups of measuring points in the figure, the temperature distribution law of
reinforcement in the ITSC beams was similar to that in the NSC beams. Affected by the
heat absorption by water evaporation, the longitudinal and stirrup temperature curves
near the top of the beam produced a temperature lag plateau at about 100 °C. The longi-
tudinal reinforcement near the bottom of the beam and the stirrups close to the bottom
and middle of the beam increased faster as they were closer to the fire surface.
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Figure 12. Time history curves of concrete temperature inside specimens: (a) SSB-1; (b) SSB-2; (c)
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Figure 13. Time history curves of rebar temperature inside specimens: (a) SSB-1; (b) SSB-2; (c) SSB-
3; (d) CB-1; (e) CB-2; (f) CB-3; (g) CB-4.

3.4. Deformation after Being Subject to Fire

Figure 14 shows the vertical mid-span displacement of the test beam under fire as a
function of time. It can be seen from the diagram that the deflection of the test beam under
fire was the result of the combined action of load and temperature. The simply supported
beam produced downward bending deformation under the action of high temperature.
However, the bending deflection of the continuous beam was not apparent. As shown in
Figure 14a, the mid-span displacement curve in the simply supported beam was divided
into two segments, at rough 70 min. Before 70 min, the stiffness of the simply supported
beam did not clearly deteriorate. The mid-span displacement in the span increased line-
arly with time. The increasing rate was slow. When the temperature exceeded 70 min, it
can be seen from Figure 13 that the temperature of tensile longitudinal bars was close to
550 °C, the strength and stiffness of reinforcement are degraded. The increasing rate of
the mid-span displacement increased significantly, showing a non-linear development
trend. The continuous beam is a statically indeterminate structure with redundant con-
straints. The internal force redistribution would occur due to the decreased stiffness of the
concrete in the firing process. The mid-span displacement of the continuous beam devel-
oped approximately linearly over the 120 min under fire and did not fail.
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Figure 14. Increase in mid-span displacement with time for specimens exposed to fire: (a) SSB; (b)
CB.

3.5. Fire Endurance and Residual Bearing Capacity

The failure criterion is that the mid-span displacement of the beam reached 1/20 of
the calculated span and the beam was unable to continue to bear the vertical load under
the fire circumstances [30]. The fire endurance of the simply supported beams are shown
in Table 3. Because the fire endurance of the ITSC beam SSB-1 was 1.7% higher than that
of the NSC beam, the ITS can replace NS completely. The fire endurance of the C40 beam
SSB-2 is higher than that of the C30 beam SSB-1 by 14%. The higher the strength of ITSC,
the higher the fire endurance.

The continuous beam did not reach the fire endurance after being exposed to fire for
120 min. The static load test was carried out until the continuous beams were destroyed
after the continuous beams naturally cooled, The residual bearing capacity of the contin-
uous beams are shown in Table 4. After being exposed to fire for 120 min, the influence
factors such as ITC instead of NS, and single or full span fire on the residual bearing ca-
pacity was not taken into account. The residual bearing capacity of the C40 beam CB-2 is
higher than that of the C30 beam CB-1 by 3.7%.

4. Discussion

Taking the ITS instead of the NS as the point of focus, and taking the concrete
strength of ITS and the restraint conditions of beams as parameters, the performance of
seven test beams after being exposed to fire were analyzed as follows:

(1) Using the iron tailings sand instead of the natural sand. As it is illustrated in Fig-
ures 7-10, the test phenomena, the failure forms and the crack distribution were essen-
tially very similar during the fire based on the comparison between NSC beams (SSB-3,
CB-3) and ITSC beams (SSB-1, CB-1) with the same strength. The reason for the color
change and beam cracking was the physical dehydration of cement mortar [31] and the
interior change of concrete under fire [32]. The temperature rise under fire caused more
cracks on the surface of the beam, and the cement mortar was seriously dehydrated
[27,28]. It can be seen from Table 3 that the fire endurance (93 min) of SSB-1 beams was
similar to that of SSB-3 beams (92 min). When reaching the fire endurance, the maximum
crack width (13 mm) of SSB-1 beams was 7.67% lower than that of SSB-3 beams (14 mm).
It can be implied from Table 4 that the residual bearing capacity (268 kN) of CB-1 beams
after being exposed to fire for 120 min was similar to that of CB-2 beams (265 kN), and the
maximum bending deformation and maximum crack width at failure increased by 7.14%
and 6.67%, respectively, under failure. It can be seen from Figures 12 and 13 that under
the standard heating condition, the temperature field distribution and temperature
change of concrete and reinforcement were likely to be the same, as reported by Choi and
Gao [10,11]. Although iron tailings sand replace natural sand wholly, the concrete strength
does not change. The fire resistance limit, temperature field of concrete and reinforcement,
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residual bearing capacity after fire, and crack width of beams under fire are similar [31].
Therefore, it is possible for the iron tailings sand to replace natural sand in terms of its
benefits with regard to fire resistance limit, temperature field of concrete, and reinforce-
ment of beams.

(2) Concrete strength of ITSC. The effect of ISTC strength on the fire resistance of RC
beams can be illustrated by comparing the fire resistance limit [30]. It can be seen from
Table 3 that the fire resistance limit (106 min) of the SSB-2 beam was 14% (13 min) higher
than that of the SSB-1 fire resistance limit (93 min) when the concrete strength of ITSC
increased from C30 to C40. According to reference [9], this can be mainly attributed to the
faster degradation of strength properties of C30 ISTC. As can be seen from Table 4, after
being exposed to fire for 120 min, the residual bearing capacity of the CB-2 beam was 3.7%
higher than that of beam CB-1, and the maximum bending deflection at a failure was re-
duced by 13.3%. Therefore, similar to NSC, the higher the strength of ITSC, the better the
fire resistance of the beam, on basis of the analysis of fire resistance limit and residual
bearing capacity after fire [33].

(3) Restraint conditions. The mid-span displacements of CB-1 and CB-2 beams were
only 43 mm and 38 mm after being exposed to fire for 120 min. These two beams meet the
requirement of fire endurance. This can be attributed to the fact that the continuous beam
has redundant constraints. The continuous beam is affected by redundant constraints un-
der predetermined load and temperature in cases of fire with the internal force redistri-
bution [34]. As shown in Figure 14 and Table 4, after exposure to fire for 120 min, the
residual bearing capacity (268 kN) of full-span fire CB-1 beams was similar to that of sin-
gle-span fire CB-4 beams (260 kN). The maximum bending deflection and maximum crack
width increased by 9.1% and 77.8%, respectively. The effect of the redundant constraint
and single-span exposed to fire enhanced fire resistance and contributed to sustaining
burnout conditions [9]. Therefore, the fire endurance of the ITSC continuous beam was
higher than that of the simply supported beam, and the fire resistance of the single-span
continuous beam exposed to fire was superior to that of the double-span continuous beam
under the same circumstances.

5. Conclusions

Standard fire tests were carried out on five full-scale ITSC beams and two NSC beams
under the condition of dead load and rising temperature. The effects of ITS instead of NS,
the concrete strength of ITS, and the restraint conditions on fire resistance were studied.
The following conclusions were obtained:

(1) The complete replacement of NS with ITC had little influence on the temperature
field of concrete and reinforcement in simply supported beams and continuous beams
under fire. The temperature curves of concrete, longitudinal reinforcement, and stirrups
near the top of the ITSC beams produced a temperature lag platform at about 100°C.

(2) The fire endurance of the ITSC simply supported beams was similar to that of the
NSC simply supported beams. When exposed to fire, the higher the strength of the ITSC,
the better the fire resistance of the beam. The fire endurance of the C40 ITSC simply sup-
ported beam was 14% (13 min) higher than that of the C30 ITSC simply supported beam.

(3) The C40 and C30 ITSC continuous beams was able to meet the requirement of
120min, and the residual bearing capacity of continuous beams was similar after 120 min
of fire. The fire endurance of continuous beams was higher than that of simply supported
beams. The fire resistance of single-span ITSC continuous beams exposed to fire was su-
perior to that of double-span ITSC continuous beams under the same circumstances.

In conclusion, on the basis of the analysis of the fire resistance performance of ISTC
beams and NSC beams in terms of temperature field of concrete and reinforcement, failure
mode and fire resistance limit, iron tailings sand can replace natural sand to formulate
concrete beams.
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