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Abstract: In this paper, the radial deformation of fiber reinforced self-compacting concrete (SCC) pipes

under cyclic fire conditions is studied. A series of experimental study on the temperature fields and

radial deformation properties of steel mesh, polypropylene fiber (PP fiber) and macro steel fiber (SF)

reinforced SCC pipes subjected to fire is carried out. A novel method for measuring the deformation of

pipes under high temperature has been proposed. The results indicate that both micro PP fiber and

macro SF are effective in decreasing the temperature difference and reducing the radial deformation in

each thermal cycle. A significant positive synergistic effect on decreasing the residual radial

deformation can be achieved by combined use of macro SF and micro PP fiber. The elastic theory is

used to estimate the elastic portion in the total radial deformation, and the elastic radial deformation is

about 22.3% of the maximum radial deformation in the first thermal cycle. Based on the elastic



calculation and observed experimental results, a simplified method for estimating the maximum radial

deformation in the first thermal cycle is proposed.
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1. Introduction

Fiber reinforced concrete (FRC) has been increasingly used in many civil engineering structures
such as high-rise buildings, bridges, highway and pipes™™. Fire accidents in pipe for underground
structure like pipe gallery (for gas, heat, electricity and communication) lead to high heating rates and
the temperatures often exceeding 1000 “C, which may result in severe damage to concrete. Usually the

underground structure is connected to other facilities, wherever a fire breaks out, it spreads rapidly to
another location. Therefore studies on the FRC pipe members under the fire condition become more
and more important, as it is directly related to the safety of the structures and human lives.

Numerous studies™% were conducted on the physical, mechanical behavior and fire properties of
concrete or FRC, and they are mainly concentrated on the mechanical strength, toughness and the
microstructure change before or after high temperature. The macro steel fiber (SF) reinforced concrete
shows higher flexural toughness and ultimate load before high temperatures, but micro polypropylene
fiber (PP Fiber) does not show a clear effect on the mechanical properties of concrete™. Some
investigationst*® **! focus on the mechanical behavior of the FRC pipe elements and find that the steel
and synthetic fibers reinforced concrete pipes seem to be economical and effective alternatives to the
classically-reinforced-concrete pipes.

Some scholars focus on the spalling behavior of concrete or FRC under high temperature &%,
In order to reduce the risk of concrete spalling and enhance the high-temperature resistance ability, PP
fiber and SF are added into concrete. Bangi™ points out that the addition of PP fiber is very effective in
mitigation of spalling and addition of steel fibers plays some role in pore pressure reduction at
relatively higher pressures in deeper regions of concrete. In addition, the composed use of PP fiber and
SF shows a clear positive effect on the pore pressure reduction subjected to fire™ and better
mechanical properties during and after exposure to elevated temperatures compared to plain and mono-

fiber mixtures™.



The fire resistance of aboveground FRC structure members (slabs™”, columns™, corbels®™ and
beams®?) (heat transfer flows multidirectionally) is investigated in previous studies. But the
consequences can be extremely destructive and dangerous if a fire occurs in underground structures
(heat transfer always flows in one direction), especially for a pipe member, because the enclosed space
hinders the dissipation of heat and smokel®. Several tests have been developed to investigate the
thermal and mechanical behavior of FRC specimen during and after high temperature exposure,
including the stress and strain, thermal expansion or cracking and spalling behavior %%, However,
they are carried out in the electrical furnace, which offers a relatively uniform temperature distribution
around the structural members. The temperature field under fire of underground structures is much
more severe than that in electrical furnaces. Also, the study on the behavior of underground FRC
structure member under fire, especially on the radial deformation of pipe element subjected to fire, is
still very limited. One of the key challenges is the difficulty of the acquisition of the deformation data
under the fire condition due to the low working temperature of commonly used linear variable
differential transformer (LVDT, traditionally metallic based LVDT-usually only up to 85 C).
Therefore, a new type of high-temperature LVDT (HTLVDT), which can measure the deformation
under the temperature up to 1200 ‘C, has been invented for investigating the deformation under high
temperature.

The pipe members may experience many prolonged cycles of high temperatures. The objectives of
fire-resistant FRC pipe member under fire include a number of issues such as the heat-transfer
mechanisms, spalling behavior, cracking and smoke spread, manufacturing and material properties >
21 However, it is not intended in this study to present a complete knowledge of every aspect of the
FRC pipe.

The focus of this paper is given to investigating the fiber effect on the temperature field of pipe
section and radial deformation behavior in the self-compacting concrete (SCC) pipe members during
one and two cyclic fire loading. The steel mesh, micro PP fiber and macro SF, as well as the combined
use of PP fiber and SF are employed in this study. Influence of steel mesh, mono fiber and hybrid
fibers on the temperature-time relationship, temperature difference, maximum radial deformation and
residual radial deformation of the pipes are investigated. In addition, the relationships between the
radial deformation and the temperature, the radial deformation and the temperature difference of the

pipes are also studied. In order to estimate portion of the elastic radial deformation compared to the
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total radial deformation and to evaluate the maximum radial deformation, a simplified method is

suggested based on the elastic calculation and observed experimental results.

2. Experimental program

2.1. Materials

The base mix design of the concrete without fiber reinforcement is illustrated in Table 1. The

concrete is made with PeIl 42.5R Portland cement and class C fly ash. The coarse aggregates are

crushed limestone gravel, with a particle size between 5 and 12 mm. The fine aggregates are natural

river sand and have fineness modulus of 2.46, with a particle size of 0-5 mm. The PP fiber and SF are

added into the concrete, see Fig. 1. The parameters of different fibers are illustrated in Table 2.

Table 1 Base mixture proportion of plain concrete (kg/m®)

Fine aggregate Coarse aggregate
Cement Flyash Water  Superplasticizer Water/Binder
(0-5 mm) (5-12 mm)

500 100 764 764 222 3.5 0.37

Table 2 Properties of steel fiber and polypropylene fiber

. . Tensile Pieces for per Melting

Fiber Length (mm)  Diameter(mm) stress(MPa) kilogram Point(‘C)
PP fiber 15 0.03 400 2x107 165
SF 35 0.55 1200 15000 1500

(@) (b)
Fig. 1 Fibers used in this study (a) Micro PP fiber; (b) Macro steel fiber.

2.2. Pipe specimens and test setup



Nine concrete pipes are prepared for the tests. The inner radius of the FRC pipe is 200 mm, the

outer radius is 250 mm, and the thickness is 50 mm. The fiber dosages for the specimens and the slump

flow are shown in Table 3. The slump flow tests are carried out according to EFNARC 2002/, In

Table 3, RC refers to the self-compacting concrete pipe specimen without any fiber but with steel mesh

reinforcement. The steel mesh with a reinforcement ratio of 0.4% is used. The steel mesh is produced

by hot-rolled rebar, with a diameter of 6 mm and bar spacing 15 cm. PP1 means specimen with

1kg/m®of PP fiber; HF403 implies the specimen hybrid with 40 kg/m*® SF and 3 kg/m® PP fiber. The

specimens are cast in a steel mold. After demolding, the specimens are moved to the curing room at a

temperature of 202 “C and humidity of about 95% for 28 days.

Table 3 Fiber dosages, slump flow and compressive strength of FRC

Specimen PP fiber(kg/m®)  SF(kg/m°) Slump flow(cm) Compressive stress(MPa)
RC 0 0 68 43.6
PP1 1 0 55 38.9
PP3 3 0 39 37.6
SF40 0 40 64 48.2
SF85 0 55 62 475
SF70 0 70 59 45.9
HF403 3 40 37 38.1
HF552 2 55 48 41.9
HF701 1 70 52 42.6

The test set-up is shown in Fig. 2. The cross-section of the specimens and measuring position are
shown in Fig. 2a. As shown in Fig. 2b, the pipe specimen is set up on the platform through which the
gas fire can be led into the pipe. The end of each pipe is fixed with a pedestal. The temperatures of the

gas and the different layers of the pipe are measured by a high temperature thermocouple, and the
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radial deformations of the pipe in four directions are measured by the self-designed HTLVDT. The
invented HTLVDT is characterized by using a chrome nickel steel bar with low heat-conductive
parameter and low heat expansion parameters as an extending section of the traditional metallic
LVDT™). The average value of the four HTLVDT is adopted as the radial deformation for the pipes.
The section of the measured points is 600 mm from the exit of the gas line. The test set up is illustrated

in Fig. 3.
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Fig. 2 (a) Cross-section of the specimen and measuring position; (b) Vertical section of the testing

set-up and measuring position.
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Fig. 3 Test set-up.

The temperature - time (T-t) curve is the precondition for analyzing the temperature field and can



significantly reflect the deformation performance of the pipe under fire. Literature % demonstrates that
the T-t curves in tunnels are usually more severe than those T-t curves mainly used in buildings such as
ISO 8348 and EN 136374 and so on. Thus, the two-circle thermal test is carried out based on
guideline UNI EN 13216-1: 20065, The thermal cycle of the pipe is controlled by the gas temperature
and is divided into two similar stages. As shown in Fig. 4, the heating rate is 100 C/min, the
temperature of the gas increases up to 1000 ‘C in 10 mins, after that it remains stable about 30 mins at
1000 C, then it falls down naturally to room temperature. The second cycle is the same as the first one.

In addition, the tests were carried out without mechanical load but only with dead load of the specimen.
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Fig.4. Temperature - time curve.

3. Experimental results and theoretical analysis

3.1. Experimental results

3.1.1 Effect of fibers on the compressive strength



In order to investigate the effect of the fibers on the compressive strength, uniaxial compression test
is carried out on prism specimens of 150x150x300 mm. The mean values of the compressive strength
of 3 specimens after 28 days are given and compared in Table 3. It can be concluded that the
compressive strength decreases by a maximum of 13.8% by the addition of PP fibers.

3.1.2 Effect of fibers on temperature difference (A1) of the pipe cross section during two thermal cycles

The temperature-time curves of the heated gas, the inside layer, the middle layer and the outside layer
of the steel mesh reinforced self-compacting concrete (RC) pipes, SF, PP fiber and hybrid fiber
reinforced concrete pipes are illustrated in Fig.5, Fig.8 and Fig.9. In the thermal cycles, the temperature
decreases from the inside layer to the outside layer gradually during the heating and the natural cooling
stages. Furthermore, the temperatures of the inside layer, the middle layer and the outside layer reach
the maximum value at the beginning of the decrease in the gas temperature.
3.1.2.1 Effect of PP fiber on the temperature difference (A1) of SCC pipe

The peak values of temperature difference (At) in the first thermal cycle between the inside layer and
the outside layer of RC, PP1 and PP3 are 307, 343 and 311 ‘C, respectively. In the second thermal
process, the peak values of Ar are 311, 364 and 307 °C, respectively. Compared with PP3, the
maximum At of PP1 decreased by 10.3% in the first thermal cycle and decreased by 18.6% in the
second thermal cycle. This illustrates that with the increasing of PP fiber content, the At between the
inside and outside layer is reduced. It is due to the melting of PP fibers, a connected network is
constituted and the network is more permeable than the concrete matrix*4. The role of PP fibers is to
create a connected network for the transfer of thermal fluids (See Fig. 6). It is known to all that heat
transfer is classified into various mechanisms, such as thermal conduction, thermal convection and
thermal radiation. When PP fibers are melted under high temperature, the thermal conduction
mechanism will be changed to thermal convection in the continuous microchannels. In addition, the
more microchannels in the matrix under high temperature field, the faster the thermal convection will

be. Therefore, the temperature difference of PP3 is smaller than that in PP1.

During the two thermal cycles of PP1 specimen, the maximum temperature difference (A1) between

the inside and outside layer is higher than that of RC, due to the thermal conductivity coefficient of PP

fibers and the air-filled pores are lower than that of steel mesh. (4; is about 54 W/m'C, Aciypropylene iS



about 0.24W/m‘C, 1, is about 0.024 W/m°C). However, with the increase of PP fiber content (from

1kg/m® to 3kg/m®), the maximum A of PP3 is close to that of RC. The results indicate that micro PP

fibers are effective in decreasing the temperature difference of SCC pipes.
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Fig. 5 Temperature-time curves of the heated gas, the inside layer, middle layer and outside layer

of the PP fiber reinforced pipes (a) RC; (b) PP1; (c) PP3.

As illustrated in Fig.5, there is a plateau on the temperature-time curve of the middle layer during 18

- 27 min. For example, the middle layer temperature rise of RC specimen exhibits the plateau during

18-25 min which starts above 100 ‘C and ends at 106.7 °C, with the heated gas temperature varying

from 986.6 to 1009.2 “C. This platform implies a delay of temperature increase caused by the water

evaporation in concrete (see Fig. 7), which is an energy-consuming and transformation progress.

Fig. 7 Water evaporation.

3.1.2.2 Effect of SF on the temperature difference (A1) of SCC pipe
It also can be found in Fig.8 that the temperature reduces from the inside layer to the outside layer

gradually across the pipe section. In the two thermal cycles, the temperature of inside layer reaches its
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peak value at the beginning of the decrease in the gas temperature, as shown in Fig. 8a), 8b) and 8¢c),
and the variations of the pipe’s temperatures lag behind the variation of the gas temperature.

In the first thermal cycle, the maximum temperature difference At between the inside layer and the
outside layer of SF40, SF55 and SF70 is 338, 318 and 279 ‘C, respectively. In the second cycle, the
maximum At of SF40, SF55 and SF70 is 351, 323 and 279 C, respectively.

Compared with SF40, the maximum At between the inside layer and outside of SF55 and SF70
decreased by 5.9% and 17.4% in the first cycle, and for the second cycle, the decrement is 8.0% and
17.7%, respectively. It demonstrates that with the increase of SF content, the maximum At between
inside layer and outside layer decreases significantly, because the thermal conductivity of SF are much
higher than that of concrete (Aconcrete 1S @about 1.0-2.0 W/m‘C). For RC, the steel content is equivalent to
62 kg/m®, the measured maximum Ar is 307°C in first thermal cycle. It can be seen that the
reinforcement degree of RC specimen is between SF55 and SF70, and the measured At (307 °C) of RC
is also between SF55 (318 °C) and SF70 (279 °C). In addition, the same conclusion can be drawn in
the second thermal cycle. This is what was expected, it means the test results confirm with above

analyses.
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Fig. 8 Temperature-time curves of the heated gas, the inside layer, the middle layer and the
outside layer of the SF reinforced pipes (a) SF40; (b) SF55; (c) SF70.
3.1.2.3 Effect of hybrid fibers on the temperature difference (A7) of SCC pipe

For hybrid fiber reinforced pipe specimens in Fig.9, the At between the inside layer and outside

layer of HF403, HF552 and HF701 is 349, 295 and 242 °C, for respectively. In the second thermal test,
the At is 319, 297 and 281°C, respectively. With the increasing of SF content (from 40 to 70 kg/m®)

and decreasing of PP fiber content (from 3 to 1 kg/m®), the maximum A+ decreases.
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Moreover, in terms of the maximum At between the inside and outside layers, HF403 is smaller
than SF40 meanwhile HF552 is smaller than SF55. In addition, the maximum Ay of HF701 is smaller
than that of SF70 and PP1 in both thermal cycles. It can be traced back to that the high content of
hybrid fibers may provide a more uniform temperature field under fire than that of the mono SF and PP

fiber.
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Fig. 9 Temperature-time curves of the heated gas, the inside layer, the middle layer and the

outside layer of the hybrid fiber reinforced pipes (a) HF403; (b) HF552; (c) HF701.

3.1.3 Effect of different fibers on the radial deformation of SCC pipes
3.1.3.1 Effect of PP fiber on the radial deformation (d;) of SCC pipes

Fig. 10 shows the comparison of the radial deformation-time curves of SCC pipes reinforced with
PP fiber and steel mesh. It can be seen that the radial deformation (d,) of PP fiber reinforced pipes
increases more rapidly than that of steel mesh reinforced pipes during the first heating process. The
maximum d, of the pipe is equal to its first peak value at about 40 min. It means that d, reaches the

maximum at the beginning of the decrease in the gas temperature (about 1000 C).

The maximum d, (01, dme are the maximum d, of the pipes in the first and second thermal cycle
respectively) and residual d, (d;1, J» are the d, of the pipes at the end of first (210 mins) and second (420
mins) thermal cycle respectively) of the pipes are listed in Table 4. Compared with RC pipe, in the first
thermal cycle, the J,,; of PP1 and PP3 are increased by 51.8% and 18.8%, respectively. It can be seen
that with the increasing of PP fiber content, the J,,; of the pipe decreases. During the second thermal
cycle, the J,,, of PP1 and PP3 pipes is 2.14 mm and 1.67 mm, respectively. These two values are 65.9%
and 65.3% higher than the corresponding values of the peak radial deformation (d,) in the first cycle.
It is observed that the maximum d, can be decreased by the addition of PP fiber. Indeed, there is
another point worth mentioning here, the d,,, of PP3 is 45.2% higher than that of steel mesh reinforced
pipes. It means that the steel mesh (steel ratio of 0.4%) used in this test possesses a better confining
ability of radial expansion than that of 3 kg/m® PP fiber.

At the end of the first cooling stage (at 210 min), the J,; of the PP3 pipe is 0.32 mm, which is 28.9%
less than that of the PP1 and 5.9% less than that of RC specimen, respectively. After the second thermal
cycle, the 6, of PP1 and PP3 is accumulated to 0.91 mm and 0.86 mm, respectively. With the
increasing of PP fiber content, the &, of the pipe is also decreased. It means that the PP fiber has a
positive effect in reducing the residual radial deformation. Indeed, PP3 shows a higher d,, than that of
RC pipes. The results illustrate that the restraining effect of 3 kg/m® PP fiber on the residual
deformation is less than that of the steel mesh. There may be two reasons: the first is that the micro PP
fiber as a non-structural material can hardly restrain the deformation after cracking; the second reason
is that most of the PP fibers are melt during the two thermal cycles.
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After two thermal cycles, J,, of PP1 and PP3 is about 2.0 folds and 2.7 folds of &,, respectively.

The unrecovered d, is increased due to the crack propagation during the thermal process. For steel mesh

reinforced RC pipe, the residual d; is about 40% of the maximum d, in each cycle. For PP fiber

reinforced pipe, the ratio of residual d, to the maximum d, is between 31.7% and 34.9% for the first

thermal cycle and 42.5% to 51.5% for second thermal cycle, respectively.
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Fig.10 Comparison of the radial deformation-time curves of PP fiber reinforced and RC specimen.

Table 4. Maximum radial deformation and residual radial deformation of the pipe specimens mm

Plpe 6m1 5rl (sz 5r2
RC 0.85 0.34 1.15 0.45
PP1 1.29 0.45 2.14 0.91
PP3 1.01 0.32 1.67 0.86
SF40 0.81 0.35 111 0.50
SF55 0.77 0.32 1.06 0.49
SF70 0.70 0.33 0.99 0.44
HF403 0.86 0.27 1.09 0.37
HF552 0.88 0.35 1.28 0.50
HF701 0.80 0.28 1.10 0.36

Note: dm1, dm2 are the maximum d, in the first and second thermal cycle, respectively; i1, dr2 are the d, of the pipes at the end of first

(210 mins) and second (420 mins) thermal cycle respectively.

3.1.3.2 Effect of SF on the radial deformation (d,) of SCC pipes

Fig. 11 shows the relationship between the radial deformation (d;) and time of SCC pipes reinforced

with SF and steel mesh. In the first thermal process, the d; increases rapidly during the first 30 mins for

each cycle. The pipes of SF40, SF55 and SF70 show the similar increasing trend. The d, of RC, SF40,
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SF55, and SF70 reaches the maximum within 40 mins (at about 1000 ‘C). Compared with RC specimen
(0.85mm), the maximum d, in first thermal process (J.,;) of SF40 (0.81 mm), SF55 (0.77 mm) and
SF70 (0.70 mm) decreased by 4.7%, 9.4% and 17.6%, respectively. During the naturally cooling stage,
the d, decreases gradually; and the d, of the steel mesh reinforced (RC) pipe recovers more rapidly than
the pipes with steel fibers. At the end of the first thermal stage, there exists a residual radial
deformation (d;1) between 0.32 mm to 0.35 mm for all the RC and SF reinforced SCC pipes.

At the end of the second thermal cycle, the J,, of RC is 1.15 mm, which is 35.3% higher than that
(dmy1) in the first stage. In addition, this value (d.,) is 3.5%, 7.8% and 13.9% larger than that of SF40,
SF55 and SF70, respectively. It means that the maximum d, can be decreased by the addition of steel
fibers. It is due to the fact that, the d, includes both the elastic radial deformation and the plastic radial
deformation, and the plastic radial deformation can be reduced by adding the SF for its excellent crack
restriction ability.

After the second thermal cycle, the residual d, (d,, is between 0.44 mm to 0.50 mm) is accumulated to
a higher level than that of the first thermal cycle (¢, is between 0.32 mm to 0.35 mm), where d, is
about 41.6% - 47.1% of the J,,;. For the second cycle, the value of ((J,) /(dm2)) is in the range between
44.4% and 46.2%.

From Table 4 it can be concluded that with the increasing of SF content, the residual d, of the pipe is
decreased. Compared with RC specimen, the J,, of SF40 and SF55 are increased by 11.1% and 8.9%
respectively. However, the pipe specimen SF70 has the similar J,, with RC pipe (steel ratio of 0.4%). It
means 70 kg/m® SF show a significant effect in reducing the residual radial deformation by limiting

crack propagation and having a higher stiffness.
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Fig.11 Comparison of radial deformation-time curves of SF reinforced and steel mesh reinforced pipe.
3.1.3.3 Effect of hybrid fiber on the radial deformation (d;) of SCC pipes

Fig. 12 shows the comparison of the radial deformation-time curves of hybrid fiber reinforced and
steel mesh reinforced RC pipe. The ascending branch of radial deformation (d,) and time curves of
hybrid fiber reinforced pipes and steel mesh pipes are very close to each other during the first heating
process.

The first maximum radial deformation (J,,;) of HF403 (0.86 mm) is nearly equal to that of RC
specimen (dy,1= 0.85 mm). However, compared with RC pipe, the peak value of first radial deformation
of HF701 (6y= 0.80 mm) decreased by 5.9%. Moreover during the second thermal cycle, the
maximum d, of HF403 (J,, =1.09 mm) and HF701 (5, =1.10 mm) is smaller than that of RC specimen
(dm2 =1.15 mm). This demonstrates that the hybrid fiber reinforced pipes posses better d, restriction
ability than that of RC pipe. Moreover, the reduction of radial deformation can be mainly attributed to
the addition of steel fibers.

At the end of the first naturally cooling stage (210 mins), the residual d, of the HF403 (6,,=0.27
mm) and HF701 (6,;=0.28 mm) is less than that of RC specimen (5,;=0.34 mm). The J;,, the residual d,
at the end of the second naturally cooling stage (420 mins), of HF403 and HF701 is accumulated to
0.37 mm and 0.36 mm, respectively. Both J,; and J,, of hybrid fiber reinforced pipes are lower than
those of steel mesh RC pipes, SF and PP fiber reinforced pipes. However, the pipes with mono fibers

(SF or PP fiber) show a higher J,, than that of RC. The results show that the composites use of SF and
17



PP fibers demonstrates the positive hybrid effect on restricting the residual d, of SCC pipes, especially
in the second thermal cycle.

Compared with the residual d; in the first thermal cycle (J,,), J,, of HF403 and HF701 are increased
by 37.0% and 28.6% after two thermal cycles, respectively. The J,; is about 31.4% -35.0% of the
maximum radial deformation (dy) in the first thermal cycle, and for the second thermal cycle, the
percentage of d,,/dmy i in the range between 32.7% and 33.9%. In both cycles, this percentage range of

the hybrid fiber reinforced pipe is lower than that of the mono fiber reinforced pipe.
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Fig.12 Comparison of the radial deformation - time curves of hybrid fiber reinforced and steel

mesh reinforced pipe.

3.2. Radial deformation — temperature and radial deformation - temperature difference relationships
Fig. 13 shows the relationship between the radial deformation (d;) and the temperature of the middle

layer of the HF403 pipe. The d, experiences two cycles along with the change of the temperature. In the

first heating cycle, when the temperature of the middle layer reaches its highest value (point B,

154.8 °C, 0.78 mm) the radial deformation does not achieve the maximum value (at point A, 145.8 C,
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0.86 mm). Similarly, in the second thermal cycle, the maximum radial deformation (point C, 218.1 C,

1.09 mm) also does not coincide with the highest temperature (point D, 228.1 °C, 0.96 mm). Fig. 14

shows the relationship between the radial deformation of the pipe and the temperature difference (At)

between the inside layer and the outside layer of the HF403 pipe. In the two thermal processes, the d,

reaches the maximum when the At reaches the highest value [point E (352.5 C, 0.86 mm) for the first

and point F (330.5 ‘C, 1.09 mm) for the second cycle]. Similar phenomenon can be found in other

specimens as well. Combined with Fig.13 and Fig. 14, it can be seen that the temperature difference

has a stronger effect on the radial deformation than that of the temperature for SCC pipes, and the

temperature difference is the major influence factor for the radial deformation.
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Fig. 13 Radial deformation-temperature curve.  Fig. 14 Radial deformation-temperature difference

curve.

3.3. Simplified calculation method of the radial deformation under the thermal

As mentioned in the introduction, one of the purposes of this work is to explore a simplified

calculation method for estimating the portion of the elastic radial deformation in the total radial
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deformation. The total radial deformation includes two parts: the elastic radial deformation, and the

plastic radial deformation. A closed-form analytical solution with differential equation for non-elastic

state is very complicated and tedious for engineering practice.

From the experimental results, the maximum d, of the pipes increases with the number of cycles,

but the major portion of the d, develops during the first thermal cycle (the average value of d,y; /92 IS

0.70), so it is reasonable to evaluate the maximum d, in the first cycle. In order to analyze the maximum

d; of the pipe specimens in the first thermal cycle, the elastic radial deformation should be firstly

evaluated, and then its proportion in total deformation will be analyzed. Assuming that in the stable

phase of the gas temperature, the thermal stress of the pipe can be calculated according to the plane

strain problem based on the elasticity theory. Parameter a and b are the radius of the inside layer and

outside layer of the concrete pipe, respectively; T, and T, are the temperatures change of the pipe inside

and pipe outside layers, respectively and E, ¢ and ¢ are the elastic modulus after first thermal

exposure, the Poisson’s ratio and the thermal expansion coefficient, respectively. Additionally, the

thermal expansion coefficient of concrete is tested according to the Standard AASHTO T 336-11F°,

For the temperature stress of the thin-shell cylinder in two-dimensional temperature field, the

expressions in the polar coordinates are given as follows:

Radial stress:

InE b—2—1
:_EO!(Ta—Tb)(_r_r2 ) Eqgn.(2)
r 2(1-u) Inb b:_l
a 3’
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Hoop stress:

| b 1 b* 1
5 Eal-T) M Ean @)
’ 2(1_/”) |n9 biz_l
a a?
The radial strain (&, ) is given in equations (3):
2
6 =82 0, - L)+ @ T Eqn. (3)
where
InE In2 Eqn. (4)
T=T,—F+1,—L an-
b a
In—= In—=
a b

Replace Eqgns.(1), (2) and (4) in (3), & can be obtained. The radial deformation J. is calculated in
Egn.(5) :
5, :J:grdr . Eqn. (5)

The elastic modulus, the Poisson’s ratio and the thermal expansion coefficient are listed in Table 5.

Table 5 Elastic modulus, Poisson’s ratio and thermal expansion coefficient of the concrete, and

temperature change of the pipes

Specimen E(GPa) u o (10°-1C™h T.(C) To('C)
PC 8.88 0.2 7.52 405.3 98.1
PP1 6.72 0.2 7.16 420.8 78.1
PP3 6.62 0.2 5.89 401.8 91.1
SF40 9.28 0.2 7.21 399.6 81.9
SF55 8.87 0.2 7.73 437.1 99.4
SF70 8.44 0.2 6.96 368.0 88.6
HF403 7.15 0.2 5.57 430.5 81.4
HF552 8.60 0.2 6.05 374.4 79.5
HF701 8.51 0.2 6.99 315.4 733
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The elastic radial deformation and measured radial deformations of the first thermal stage are listed in

Table 6, it can be seen that the calculated elastic radial deformation (d;) is 15.5 - 25.9% of the

maximum radial deformations in the first thermal cycle (J.,;). The average elastic radial deformation

(6c) is 22.3% of the maximum radial deformation in the first thermal cycle (J.,,) of all the specimens.

The average o, of the first thermal process was about 0.333 mm (see Table 6). Furthermore the

elastic radial deformation (J.) is more than a half of the average J,, in the first thermal cycle for all the

pipes (. /0,1= 0.582). The standard deviation (S.D.) of d; /6, is 0.054, which is very small. It means

the proportion of elastic radial deformation can be predicted stable.

Based on the observed experimental results and the elastic calculation, a simplified method for

estimating the maximum radial deformation of fiber reinforced SCC pipe members for engineering

practice is suggested in Eqgn. (6).

5., =¢(2.325, +0.333) Eqn. (6)

where ¢ is the fiber effect coefficient, according to the fitting analysis result (R*= 0.92), ¢ is 1.0,

1.5, 1.0 and 1.2 for the pipes reinforced with steel mesh, PP fiber, SF and hybrid fibers, respectively.

Table 6. Measured and theoretical calculated radial deformations of the pipes

Pipes Measured values Calculated values

5ml (mm) 5m2 (mm) 5r1(mm) 5r2(mm) 50 (mm) 50 /5m1 5(: /5m2 5(: /5r1 5(: /5r2
RC 0.85 1.15 0.34 0.45 0.22 0.259 0.191 0.647 0.489
PP1 1.29 2.14 0.45 0.91 0.2 0.155 0.093 0.444 0.220
PP3 1.01 1.67 0.32 0.86 0.17 0.168 0.102 0.531 0.198
SF40 0.81 1.11 0.35 0.5 0.2 0.247 0.180 0.571 0.400
SF55 0.77 1.06 0.32 0.49 0.24 0.312 0.226 0.750 0.490
SF70 0.7 0.99 0.33 0.44 0.18 0.257 0.182 0.545 0.409
HF403 0.86 1.09 0.27 0.37 0.16 0.186 0.147 0.593 0.432
HF701 0.8 11 0.28 0.36 0.16 0.200 0.145 0571 0.444

Average 0.886 1.289 0.333 0.548 0.191 0.223 0.158 0.582 0.385
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S.D. 0.186 0.403 0.055 0.215 0.029 0.054 0.045 0.089 0.114

In the second thermal cycle, the d, is increased compared with that in the first cycle, because the

inelastic deformation and the crack development of concrete become stronger than that in the first

thermal cycle. Thus, the average of J. /oy, is decreased to 15.8%. In addition, the average J,, is 0.548

mm, which is 2.87 times as much as the average J., and the S.D. of d. /6, is a little larger than that of J,

/6,1, which may be caused by the different crack restriction effect of the fibers during the second

thermal cycle.

4. Conclusions

The experimental and analytical results have led to the following conclusions:

® The temperature difference has stronger influence on the radial deformation than that of the
temperature for SCC pipes. The experimental results demonstrate that the radial deformation
reaches the maximum when the temperature difference reaches the maximum. However, the

maximum radial deformation and the maximum temperature do not happen at the same time.

® The test results indicate that the inclusion of PP fiber and SF reduces the temperature difference
At between the inside layer and outside layer significantly, and the higher fiber content leads to a

more uniform temperature field in the pipes than that of pipes with lower fiber content.

® The addition of micro PP fiber and macro SF plays some roles in reducing the radial deformation
in the SCC pipes exposed to fire. Compared with the mono fiber, the composed use of micro PP
fiber and SF indicates the positive hybrid effect on the residual radial deformation reduction of the

SCC pipes subjected to fire.

® The test results show that the calculated elastic radial deformation is between 15.5% and 25.9%

(with an average value of 22.3%) of the total radial deformation of the SCC pipes in the first
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thermal cycle. A simplified method for estimating the maximum radial deformation in the first

thermal cycle of fiber reinforced SCC pipe members for engineering practice is suggested.
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Table 1. Base mixture proportion of plain concrete (kg/m®)

Fine aggregate

Coarse aggregate

Cement Fly ash Water  Superplasticizer Water/Binder
(0-5 mm) (5-12 mm)
500 100 764 764 222 3.5 0.37
Table 2. Properties of steel fiber and polypropylene fiber
Fiber Length (mm)  Diameter(mm) str-(la—:sn(sl\i/llga) Pi(la(ci:a;gf&rn? o Pl\éliil:?g)
PP fiber 15 0.03 400 2x10" 165
SF 35 0.55 1200 15000 1500
Table 3. Fiber dosages, slump flow and compressive strength of FRC
Specimen PP fiber(kg/m®)  SF(kg/m°) Slump flow(cm) Compressive stress(MPa)
RC 0 0 68 436
PPl 1 0 55 38.9
PP3 3 0 39 37.6
SF40 0 40 64 48.2
SFS5 0 55 62 475
SF70 0 70 59 45.9
HF403 3 40 37 38.1
HF552 2 55 48 41.9
HF701 1 70 52 42.6
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Table 4. Maximum radial deformation and residual radial deformation of the pipe specimens mm

Plpe 5m1 5r1 5m2 6r2
RC 0.85 0.34 1.15 0.45
PP1 1.29 0.45 2.14 0.91
PP3 1.01 0.32 1.67 0.86
SF40 0.81 0.35 111 0.50
SF55 0.77 0.32 1.06 0.49
SF70 0.70 0.33 0.99 0.44
HF403 0.86 0.27 1.09 0.37
HF552 0.88 0.35 1.28 0.50
HF701 0.80 0.28 1.10 0.36

Note: dm1, dmz are the maximum d; in the first and second thermal cycle, respectively; dr1, dro are the d; of the pipes at the end of first

(210 mins) and second (420 mins) thermal cycle respectively.

Table 5. Elastic modulus, Poisson’s ratio and thermal expansion coefficient of the concrete, and

temperature change of the pipes

Specimen E(GPa) u o (10°-°CY T.(C) Tp(C)
PC 8.88 0.2 7.52 405.3 98.1
PP1 6.72 0.2 7.16 420.8 78.1
PP3 6.62 0.2 5.89 401.8 91.1
SF40 9.28 0.2 7.21 399.6 81.9
SF55 8.87 0.2 7.73 437.1 99.4
SF70 8.44 0.2 6.96 368.0 88.6
HF403 7.15 0.2 5.57 430.5 81.4
HF552 8.60 0.2 6.05 3744 79.5
HF701 8.51 0.2 6.99 3154 73.3

Table 6. Measured and theoretical calculated radial deformations of the pipes

Pipes Measured values Calculated values

5m1 (mm) 5m2 (mm) 5r1(mm) 5r2(mm) 50 (mm) 50 /5m1 5c /5m2 5c /5r1 5c /5r2
RC 0.85 1.15 0.34 0.45 0.22 0.259 0.191 0.647 0.489
PP1 1.29 2.14 0.45 0.91 0.2 0.155 0.093 0.444 0.220
PP3 1.01 1.67 0.32 0.86 0.17 0.168 0.102 0.531 0.198
SF40 0.81 1.11 0.35 0.5 0.2 0.247 0.180 0.571 0.400
SF55 0.77 1.06 0.32 0.49 0.24 0.312 0.226 0.750 0.490
SF70 0.7 0.99 0.33 0.44 0.18 0.257 0.182 0.545 0.409
HF403 0.86 1.09 0.27 0.37 0.16 0.186 0.147 0.593 0.432
HF701 0.8 1.1 0.28 0.36 0.16 0.200 0.145 0.571 0.444
Average 0.886 1.289 0.333 0.548 0.191 0.223 0.158 0.582 0.385
S.D. 0.186 0.403 0.055 0.215 0.029 0.054 0.045 0.089 0.114
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