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This paper presents an investigation on residual properties and axial bearing capacity
of steel reinforced recycled aggregate concrete (SRRC) column exposed to elevated
temperature. 48 specimens were designed for the static loading test after high
temperature exposure. The variables include replacement ratios, designed temperature,
target duration, thicknesses of concrete cover, steel ratios and stirrup spacing. From
this test, the mass loss ratio and stress load-deformation curve were obtained, and the
influences of various parameters on residual bearing capacity were analyzed. ABAQUS
was used to calculate the temperature field of specimens to get temperature damage
distribution on the cross section concrete. Based on the results from testing and
the finite element analysis, a method of calculating the residual bearing capacity of
SRRC columns under axial compression after high temperature was presented. It
is shown that the bearing capacity of specimens reduced as the heated time and
exposure temperature increased while it decreased as the cover thickness and steel
ratio decreased. The ductility increased with the increase of steel ratio and stirrup ratio
but the opposite result appears if the temperature and coverage of concrete increased.
The initial damage value increased as the temperature and fire duration increased; with
the increasing of replacement ratio and the decreasing of temperature, the temperature
of the cross section would increase gradually. Finally, comprehensive experimental
research and numerical simulation analysis results show that the calculation results are
in good agreement with the experimental results.

Keywords: structural steel reinforced, recycled aggregate concrete column, fire test, static test, axial
compression, bearing capacity

INTRODUCTION

With the advancement of modernization, old buildings are gradually replaced by new ones, which
leads to a number of construction waste. In order to solve this problem, scientific researchers
proposed the use of recycled aggregate concrete, using waste aggregate in new buildings again
(Shatarat et al., 2019), which not only alleviates the overexploitation of natural resources, but also
protects the environment (Yaragal et al., 2016; Zhu et al.,, 2018). Research suggests that recycled
aggregate concrete has good mechanical properties and deformation capacity, and can be used in
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building structures, although it has some problems such as
brittleness and dispersion of mechanical properties (Xiao et al.,
2012; Marques et al., 2013; Ashish and Saini, 2018; Murali et al.,
2018; Shatarat et al., 2018).

Various measures have been taken in order to improve the
mechanical properties of recycled aggregate concrete members
(Tabsh and Abdelfatah, 2009; Gonzélez Fonteboa et al., 2011;
Saha and Rajasekaran, 2016; Djelloul et al., 2018; Marthong et al.,
2018). Compared with ordinary reinforced concrete structure,
steel reinforcement can effectively improve the bearing capacity
and deformation capacity. Therefore, a number of studies were
carried out about the application prospects of steel reinforced
recycled aggregate concrete (SRRC) members (Chen et al.,
2014a,b) worldwide.

Previous research works have been conducted on the
interface slip performance of SRRC columns, the flexural
and shear properties of SRRC beams, the axial compression,
eccentric compression properties and seismic performance of
SRRC columns (Ma et al, 2015). Results show that the
confining effect of steel reinforcement significantly improves
the mechanical properties of recycled aggregate concrete, even
if recycled aggregate concrete has mechanical defects with
conventional concrete. Therefore, the mechanical properties of
SRRC structures and conventional steel reinforced concrete
(SRQC) structures are similar and the SRRC structures which
are reasonably designed can be used in engineering widely
(Liu et al., 2019).

With the increase of building height and urban population,
fire hazards are more serious. In view of the high temperature
post-stress performance of different types of members, relevant
experimental studies have been carried out by researchers.
Previous studies have shown that the load-carrying capacity
and stiffness of conventional SRC members subjected to high
temperature can be reduced. This is influenced by many factors
such as the size of the elements, loading mechanisms, duration of
exposure and furnace settings (Marques et al., 2013).

The materials properties of recycled aggregated makes the
behavior of SRRC structures more random under extreme
conditions. Studies have been conducted on mechanical
properties of recycled concrete materials under high temperature
by Zega and Di Maio (2009), revealing that the strength of the
recycled aggregate concrete material is seriously degraded due
to the high temperature and the strength decreased as the test
temperature increased. The fire resistance will directly affect
the popularization and application of SRRC structures and
the improvement in fire resistance is in great demand. It is
necessary to carry out research on the performance of SRRC
structures after fire with the further research and the needs of
engineering applications.

TEST PROGRAM

Specimen Detail

A total of 48 specimens of solid-bulb steel recycled aggregate
concrete axial compression columns were designed and
manufactured in the test. Specimen designation is illustrated

as follows. Each label started with SRRAC for specimens,
respectively, which was followed by a dash. Each of these letters
was followed by a number that was used to specify the value of
the given parameter. The dash was followed by a subsequent
number [i.e., 0, 30, 50, 70, or 100 (in percent)] that was used
to indicate the replacement ratio of the recycled aggregate.
The following number (i.e., 20, 200, 300, 400, 500, 600, 700, or
800) were used to represent the test parameters, namely, the
maximum temperature during the test, respectively. In addition,
the number “20” indicates that the experimental conditions are
at normal temperature. Finally, the last number in the specimen
designation (i.e., 1, 2, 3, 4, or 5) were used to distinguish five
nominally identical specimens.

The section size and the steel distribution form are shown
in Figure 1, of which the section steel section specification
is 110, I12. The paper initially provides a summary of the
experimental program, including specimen properties and the
testing procedure. Following this, the results of the experimental
program are presented. Finally, a detailed discussion on the
results of the experimental study is provided: where the influence
of the replacement percentage of recycled aggregates (0, 30,
50, 70, 100%), the maximum temperature during the test (the
maximum temperature at room temperature, 200, 300, 400, 500,
600, 700, 800°C), the constant heating time (10, 60, 180 min), the
thickness of cover concrete (30, 40, 50 mm), the steel ratio (4.41,
5.59%), the spacing of stirrups (100, 150 mm), and the length
of the side of the stirrups (160, 180, 200 mm). Details of these
specimens are given in Table 1.

Materials

(a) Ordinary Portland cement with a 28-day compressive
strength of 32.5 MPa.

(b) Well-graded small and medium-size river sand.

(c) Mixing water with urban tap water.

(d) Two types of coarse aggregate: crushed rock aggregate
(CRA) and recycled crushed rock aggregate (RCRA). They
all had a maximum size of 20 mm and a minimum size
of 5 mm. The crushed waste concrete was collected from
concrete blocks produced in the laboratory with a target
strength of 30 MPa.

All recycled aggregate concrete were produced by jaw crusher,
which was then sieved and cleaned under the same conditions
as the natural coarse aggregate.

As shown in Table 2, the test water-cement ratio was 0.43
and the sand ratio was 32%. Shaped steel and structural steel
reinforcement were used in the SRC columns. Three different
types of shaped steel were selected, as well as two types of
steel rebar, whose manufacturer supplied properties and is
summarized in Table 3. Steel coupons were preserved for tensile
test after having experienced high temperature with columns.

Instrumentation and Testing

Heat treatment of specimens was carried out in a RX3-45-
9 electric oven, which has an automated device to control
the temperature rising rate and all the specimens which
were exposed to fire on its four surfaces (upright placing)
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FIGURE 1 | Section size and steel layout of specimens. (A) C = 160, (B) C = 180, (C) C = 200.

in the furnace. According to the equipment’s performance
parameter, the heating rate was 10°C/min, when it reached
the target temperature for each group of specimens, the
temperature would be automatically constant. The rated power
of the machine was 45 kW, the maximum temperature that
can be reached 950°C. Considering the effects of maximum
temperature and target duration separately, samples were heated
in batches to obtain different temperature fields. In addition,
the flame-retardant coating was brushed in the upper and
lower ends and the end 80 mm of the specimen before
heating to simulate the heating of beam column joints in
actual fire. As provided in Figure 2A. It can be seen from
Figure 2A that the temperature curves of 600 and 800°C
have a sudden drop, which is caused by an unexpected power
failure during the test. There was no thermocouple in the
specimen, so the heating curve was collected according to the
temperature in the furnace.

Test Setup and Loading Process

After being exposed to high temperatures, specimens were then
cooled naturally to room temperature in the opened furnace.
The RMT-201 rock and concrete mechanical test system was
used to carry out static loading test on the specimens after high
temperature, and axial pressure was applied on the specimens.
The loading rate was 0.0l mm/s and the load-deformation
curve of the specimen was obtained by the data logger of
the device itself.

TEST RESULTS AND DISCUSSION

Phenomenon After Elevated

Temperatures
Compared with the reference specimen, a color change was
witnessed on the surface of the specimens after fire. The unheated
specimen (T = 20°C) was gray white beige with no crack on
the surface; when T = 200°C, the specimen was darker and
greenish gray with no crack on the surface of the concrete; when
T =500°C, the specimen became taupe and a crack appeared on
the concrete. As the temperature rose, the color of the concrete
gradually turned dark and a small amount of temperature crack
appeared on the concrete surface. When T = 800°C, the specimen
turned ash black and concrete peeling appeared on the surface
and the width and depth of the crack developed wider. The cracks
of the concrete and the exterior color of specimens after elevated
temperatures were illustrated in Figure 3.

In the heating process, water vapor started at about 300°C and
last about 40 min. Damage observations of specimens varied from
different target temperatures as presented in Table 4.

Mass Loss Ratio

Generally, after a building is exposed to a fire, by digging a
certain amount of concrete on the surface of the fired and unfired
components, the concrete loss on ignition is calculated. Based
on the amount of loss on concrete, the highest fire temperature
experienced by a structural member can be estimated.
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TABLE 1 | Design parameters of specimens.

TABLE 2 | Mix proportions and strength of recycled aggregate concrete.

Specimen r*/% C*mm s*mm p*/% a*mm t*/min T*/°C
SRRAC-0-20-1 0 180 100  4.41 40 0 20
SRRAC-0-20-2 0 180 150 4.41 40 0 20
SRRAC-0-20-3 0 180 100  5.59 40 0 20
SRRAC-0-20-4 0 160 100 4.41 30 0 20
SRRAC-0-20-5 0 200 100 4.41 50 0 20
SRRAC-0-200 0 180 100 4.41 40 60 200
SRRAC-0-300 0 180 100 4.41 40 60 300
SRRAC-0-400 0 180 100 4.41 40 60 400
SRRAC-0-500 0 180 100 4.41 40 60 500
SRRAC-0-600-1 0 180 100 4.41 40 60 600
SRRAC-0-600-2 0 180 150  4.41 40 60 600
SRRAC-0-600-3 0 180 100  5.59 40 60 600
SRRAC-0-600-4 0 160 100 4.41 30 60 600
SRRAC-0-600-5 0 200 100 4.41 50 60 600
SRRAC-0-600-6 0 180 100 4.41 40 10 600
SRRAC-0-600-7 0 180 100 4.41 40 180 600
SRRAC-0-700 0 180 100 4.41 40 60 700
SRRAC-0-800 0 180 100 441 40 60 800
SRRAC-30-20 30 180 100 4.41 40 0 20
SRRAC-30-400 30 180 100 4.41 40 60 400
SRRAC-30-600-1 30 180 100 4.41 40 60 600
SRRAC-30-600-2 30 180 100 4.41 40 10 600
SRRAC-30-600-3 30 180 100 4.41 40 180 600
SRRAC-30-800 30 180 100 4.41 40 60 800
SRRAC-70-20 70 180 100 4.41 40 0 20
SRRAC-70-400 70 180 100 4.41 40 60 400
SRRAC-70-600-1 70 180 100 4.41 40 60 600
SRRAC-70-600-2 70 180 100 4.41 40 10 600
SRRAC-70-600-3 70 180 100 4.41 40 180 600
SRRAC-70-800 70 180 100 4.41 40 60 800
SRRAC-100-20-1 100 180 100 4.41 40 0 20
SRRAC-100-20-2 100 180 150  4.41 40 0 20
SRRAC-100-20-3 100 180 100  5.59 40 0 20
SRRAC-100-20-4 100 160 100 4.41 30 0 20
SRRAC-100-20-5 100 200 100 4.41 50 0 20
SRRAC-100-200 100 180 100  4.41 40 60 200
SRRAC-100-300 100 180 100 4.41 40 60 300
SRRAC-100-400 100 180 100 4.41 40 60 400
SRRAC-100-500 100 180 100 4.41 40 60 500
SRRAC-100-600-1 100 180 100 4.41 40 60 600
SRRAC-100-600-2 150 180 100 4.41 40 60 600
SRRAC-100-600-3 100 180 100  5.59 40 60 600
SRRAC-100-600-4 100 160 100 4.41 30 60 600
SRRAC-100-600-5 100 200 100 4.41 50 60 600
SRRAC-100-600-6 100 180 100 4.41 40 10 600

SRRAC-100-600-7 100 180 100
SRRAC-100-700 100 180 100
SRRAC-100-800 100 180 100

4.41 40 180 600
4.41 40 60 700
4.41 40 60 800

r* is the replacement rate of recycled coarse aggregate; C* is the length of the
section side; s* is the spacing of the stirrups; p* is the section steel content,
p* = Vs/V, Vs is the volume of section steel, V is the total volume of the specimen;
a* is the thickness of the longitudinal rebar protective layer; t* is the constant
temperature time; T* is the highest temperature rise in the test.

R (%) Water-cement Cement Water Sand CRA RCRA f¢,
ratio (kg) (kg) (kg) (kg) (kg) (MPa)
0 0.43 500 215 532 1129 0 43.92
30 0.43 500 215 532  790.3 338.7 42.65
50 0.43 500 215 532 5645 5645 4591
70 0.43 500 215 532 3387 790.3 46.22
100 0.43 500 215 532 0 1129 48.67
TABLE 3 | Steel mechanical properties at different temperature.
Temperature (°C)  Strength (MPa) 110 112 ¢12 $6
20 fy 31846 296.21 260.97 361.77
fu 423.81 358.4  373.76  482.36
200 fy 324.73 — 278.66  384.38
fu 416.78 - 378.18  482.36
400 fy 338.70 — 266.55  379.31
fu 425.61 — 377.13  482.36
600 fy 317.18 299.33 27424 346.70
fu 42432 349.16 37818 467.19
800 fy 266.18 — 24549  361.27
fu 380.12 - 331.63 437.14

By measuring the weight of specimens before and after
fire treatment, mass loss ratio (I) is acquired. The calculating
formulas is:

W — Wy
I=——— (1)
w
where I is ignition loss of specimens, W is the weight of
specimens before temperature exposures and Wy is the weight
after fire treatment.

Figure 2B shows the ignition loss of the test pieces at
different temperatures. It can be seen from the figure that the
ignition loss of the test piece is between 1.5 and 8.0%, which
is mainly related to the replacement ratio and the maximum
temperature. Ignition loss increased with the increase of either
replacement ratio or target temperature. The main reason for
this phenomenon is that when concrete is subjected to high
temperature, the hydrates generated by cement hydration will
decompose and lose crystal water. When the replacement rate is
higher, more cement and mortar are required, and at the same
time, waste cement slurry is attached to the surface of the recycled
aggregate, which results in greater loss of crystal water. The macro
performance is that the higher the substitution rate, the greater
the loss on ignition.

Destruction Morphology and
Load-Displacement Curve

Test observation showed that recycled steel-reinforced
concrete columns and ordinary steel-concrete columns
shared similar failure appearance that was mainly affected
by target temperatures.

The failure process and failure appearance were only
significantly affected by target temperatures. The load-
displacement curves all include elastic stage, crack stage and
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FIGURE 2 | Heating curves and ignition loss of specimens. (A) Heating curves, (B) Ignition loss of specimens.
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FIGURE 3 | Peak load failure appearance and exterior color of specimens after elevated temperatures. (A) 20°C, (B) 200°C, (C) 300°C, (D) 400°C, (E) 500°C, (F)

TABLE 4 | Phenomenon and failure process of specimens.

Tmax (°C)  Specimen shape after high temperature Load when initial crack occurs The load value of the crack penetrates and
the concrete peels off
20 — Initial crack occurred around 0.85Nu, in the Near peak load
middle of the test piece
200~400  Specimen is darker and greenish gray with no crack Initial crack occurred around 0.7Nu, in the Around 0.9Nu
on the surface of the concrete middle of the test piece
500~600  Specimen became taupe and crack appeared of The initial crack occurred at around Around 0.8Nu, the protective layer of concrete
the concrete. As the temperature rose, the color of 0.4Nu~0.6Nu,at the foot of the test piece. is flake-like and peel out.
concrete gradually turned dark and a small amount
of temperature crack appear on the concrete
surface
700~800  The concrete is grayish black, there are a lot of The initial crack occurred at around Around 0.8Nu, the protective layer of concrete

temperature cracks, the surface is peeled, and the
corners of the concrete peel off.

0.3Nu~0.4Nu,at the foot of the test piece

is flake-like and peel out.

failure stage. The specimens morphology and axial compression
failure process after high temperature are listed in Table 4. In
general, the specimens experienced more and earlier damage
at higher temperature. When the target temperature was over
500°C, premature concrete spalling happened in addition to
corner damage, which indicates the ineffective contribution of
cover concrete to bearing capacity. This phenomenon indicates
that the concrete at the protective layer of the steel bar does not

contribute significantly to the bearing capacity of the specimen
under this condition. The damage form of each test piece is
shown in Figure 3.

Figure 4 is the axial load-displacement process curve during
the loading of the test pieces. The flattening of the curve is due to
the combination of rising section stiffness and peak load. Some
specimens experienced elastic phase, stiffness strengthening
phase, elastoplastic phase, descending phase and residual phase
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FIGURE 4 | Load-deformation curves of specimens. (A) r = 0%, (B) r = 100%, (C) r = 30%, (D) r = 70%, (E) r = 0%, Tmax = 20°C, (F) r = 30%, Tmax = 20°C,
(G) r = 0%, Trmax = 600°C, (H) r = 100%, Tmax = 600°C, () r = 30%, 70%, Tmax = 600°C.

during the stress process. The characteristics of each stage are as
follows:

(1)
)

3)

Elastic stage. Both steel and concrete experienced elastic
deformation in coordination and no damage was exhibited.
The elastoplastic stage. Before peak load was reached,
concrete damage was observed and the load-displacement
curve exhibited nonlinear characteristics with stiffness
reducing. In this stage, debonding gaps were also
observed, which indicated debonding and slipping between
concrete and steel.

Stiffness strengthening stage. Some of the specimens under
target temperature over 600°C exhibited re-increasing
stiffness in the end of the elastoplastic stage under peak
load was reached. In this paper, this was named as stiffness
strengthening. One of the most possible reasons was
evaporation of large amount of free water in internal

4

()

void which led to space in the concrete. This allowed the
concrete to be compacted in the loading test so that the
strength could be increased.

Post-peak stage. After peak load was reached, the damage
of cover concrete disabled its load capability. However,
specimens with higher target temperatures exhibited
higher ductility, which indicated insignificant influence of
fire treatment on deformation capability of SRRC.
Residual stage. This was the last phase in loading when
load capacity had reached to the lowest level and exhibited
inconsiderable variation as deformation increased. The
load was mainly undertaken by the steel and the concrete
in the core area.

According to the test load-displacement whole process curve
obtained by the test, the characteristic parameters including the
peak load, the axial compression stiffness, the damage value and

Frontiers in Materials | www.frontiersin.org

August 2020 | Volume 7 | Article 187


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Chen et al.

Mechanics Properties of SRRC Columns

the ductility coefficient can be obtained, as shown in Table 5. It
can be seen from the table that, similar to ordinary SRC columns,
the bearing capacity and axial compression stiffness of the SRC
after high temperature have different degrees of degradation.

MECHANICAL PERFORMANCE
DEGRADATION ANALYSIS

Residual Bearing Capacity

The ratio of the residual bearing capacity Ny(Tmax) of the
specimens after different temperatures to the bearing capacity Ny
of the specimens which were under the normal temperature in
the same condition taken as the characteristic parameter.

Figure 5A shows the effect of temperature on the residual
bearing capacity. It can be seen from the figure that when
Trmax < 400°C, the residual bearing capacity changed slightly,
it was about 0.8 Ny. When Tmax > 400°C, the residual
bearing capacity gradually decreased with the increase of
temperature. When Tpx = 600°C, the residual bearing capacity
was (0.63~0.68) Ny. When Trax = 600°C, the residual bearing
capacity was (0.63~0.68) Ny; while Ty = 800°C, its value
was only (0.49~0.51) N,. Degradation law of residual bearing
capacity of steel recycled aggregate concrete columns with
temperature after high temperature were similar to that of

ordinary SRC columns. From the results, the replacement ratio
had no significant effect on the remaining bearing capacity.

Figure 5B shows the effect of different constant temperature
times on the residual bearing capacity of the specimen after
heating to 600°C. It can be seen from the figure that as
the constant temperature time increased, the residual bearing
capacity showed a downward trend. The temperature of constant
temperature 10 min and constant temperature 60 min were close
to each other. This was because the temperature rise process was
slower in this test, so the effect of constant temperature time
was not significant in a short time. But for the specimens with
a constant temperature of 180 min, the residual bearing capacity
decreased significantly. The law reflected by this phenomenon
of SRRCS was similar to that of ordinary reinforced concrete
columns. The change of the replacement ratio had little effect on
the residual bearing capacity.

Figure 5C shows the influence of the thickness of the steel
reinforced cover concrete on the residual bearing capacity. As
the thickness of concrete cover increases, the residual bearing
capacity gradually increases. However, through the experiment,
we can conclude that when the thickness of the concrete cover
is smaller, the change of the residual bearing capacity is more
significant with the increase of the thickness. This is because the
greater the thickness of the protective layer, the lower the internal
temperature of the test piece, which plays a significant role in
protecting the core concrete and steel.

TABLE 5 | Mechanical performance index of specimens.

No. Ny*/kN EA*/kN Do* [Thd No. Nu/kN EA/kN Do n

SRRAC-0-20-1 1476.53 318.68 — 2.27 SRRAC-100-20-1 1480.87 291.35 — 1.93
SRRAC-0-20-2 1356.30 259.76 — 1.69 SRRAC-100-20-2 1435.68 259.06 — 1.38
SRRAC-0-20-3 1456.16 326.36 — 1.47 SRRAC-100-20-3 1472.42 311.00 — 1.72
SRRAC-0-20-4 1239.20 286.07 — 1.41 SRRAC-100-20-4 1206.89 273.78 . 2.01
SRRAC-0-20-5 1639.35 373.93 — 1.98 SRRAC-100-20-5 1659.15 363.04 — 1.58
SRRAC-0-200 1199.76 269.04 0.16 1.75 SRRAC-100-200 11956.62 244.79 0.16 1.92
SRRAC-0-300 1180.65 242.55 0.24 0.82 SRRAC-100-300 1229.94 241.33 0.17 1.37
SRRAC-0-400 1166.46 213.94 0.33 1.27 SRRAC-100-400 1287.87 208.53 0.28 1.21
SRRAC-0-500 991.29 162.44 0.49 1.71 SRRAC-100-500 1125.60 150.66 0.48 1.68
SRRAC-0-600-1 933.69 114.20 0.64 1.68 SRRAC-100-600-1 963.15 112.59 0.61 1.75
SRRAC-0-600-2 885.66 118.93 0.63 2.00 SRRAC-100-600-2 872.46 103.60 0.64 1.78
SRRAC-0-600-3 956.74 117.30 0.64 1.51 SRRAC-100-600-3 999.12 122.77 0.61 1.60
SRRAC-0-600-4 740.25 88.60 0.69 1.70 SRRAC-100-600-4 696.30 856.97 0.69 1.94
SRRAC-0-600-5 1093.89 140.23 0.62 2.09 SRRAC-100-600-5 1124.91 140.00 0.61 1.82
SRRAC-0-600-6 964.84 118.83 0.63 1.54 SRRAC-100-600-6 990.48 131.85 0.55 1.16
SRRAC-0-600-7 843.93 104.80 0.67 1.62 SRRAC-100-600-7 862.71 111.05 0.62 0.92
SRRAC-0-700 835.14 79.74 0.75 1.78 SRRAC-100-700 837.09 63.74 0.78 1.74
SRRAC-0-800 729.54 60.61 0.81 1.76 SRRAC-100-800 747.33 45.87 0.84 217
SRRAC-30-20 1444.36 331.62 - 1.36 SRRAC-70-20 1433.93 302.49 — 2.23
SRRAC-30-400 1130.91 199.65 0.40 1.90 SRRAC-70-400 1262.37 220.94 0.27 1.21
SRRAC-30-600-1 949.05 110.29 0.67 1.84 SRRAC-70-600-1 970.71 114.56 0.62 1.68
SRRAC-30-600-2 945.06 123.14 0.63 2.08 SRRAC-70-600-2 952.20 120.97 0.60 1.74
SRRAC-30-600-3 842.79 104.16 0.69 1.80 SRRAC-70-600-3 854.58 91.45 0.70 1.62
SRRAC-30-800 734.25 46.00 0.86 0.89 SRRAC-70-800 702.93 42.42 0.86 1.02

Nu* is the peak load; EA* is the axial compression stiffness of the initial elastic phase; Dp* is the damage value at the initial loading, w* is the displacement ductility

coefficient.
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FIGURE 5 | Effect of the influencing factors on bearing capacity and ductility. (A) Effect of temperature on bearing capacity. (B) Effect of fire duration on bearing
capacity. (C) Effect of cover concrete thickness on bearing capacity. (D) Effect of steel ratio on bearing capacity. (E) Effect of temperature on ductility. (F) Effect of fire
duration on ductility. (G) Effect of cover thickness on ductility. (H) Effect of steel ratio on ductility.

The residual bearing capacity of the recycled SRC specimens
with the aggregate replacement rate of 100% and the ordinary
SRC specimens with the replacement ratio of 0% were compared
in Figure 5D. It can be seen from the figure that the residual
bearing capacity increased as the steel content increased. While
in the same steel ratio, the former residual bearing capacity was
higher than the latter.

Ductility
The displacement ductility coefficient is used to reflect the
inelastic deformation ability of the member and its expression is:

2

where A, is the ultimate displacement, and the displacement
value corresponding to the peak load falling to 85% is taken; Ay
is the yield displacement.

Refer to the Universal Yield Moment Method by Guo (2014)
to determine the Y point as the yield point and the corresponding
displacement as the yield displacement Ay; U point is the
limit point, and the corresponding displacement is the limit
displacement A,,.

Table 5 lists the displacement ductility coefficient values
of each test piece calculated according to Eq. (2). Figure 5E
indicating the effect of the highest temperature on the
displacement ductility coefficient of the specimens. It can be
seen from the figure that with the increase of temperature,
the displacement ductility coefficient of the specimen generally
decreased first and then increases. When the temperature was
300°C, the displacement ductility coefficient was the smallest

value, which means that the ductility of the component was the
worst at this temperature.

Figure 5F shows the effect of different constant temperature
time on the displacement ductility coefficient after the maximum
temperature of the experiment was 600°C. It can be seen
from the figure as the constant temperature time increases, the
displacement ductility decreases. The increase in the constant
temperature time leads to an increase in the depth of concrete
damage, which reduces the strength of the steel and thus
the ductility. With the increase of constant temperature, the
uncured cement clinker gradually decreases, and the continuous
evaporation of water in the cement slurry makes the strength of
the concrete gradually decrease.

Figure 5G shows the effect of the thickness of the SRC
protective layer on the displacement ductility coefficient. It can
be seen from the figure that as the thickness of the protective
layer increased, the displacement ductility decreased first and
then increased. This was because when the protective layer was
thin, the displacement ductility was mainly affected by the steel
content of the test pieces. For test pieces of the same side length,
the steel content decreased as the thickness of the protective
layer increased, thereby reducing ductility. However, when the
protective layer was thick, the ductility was mainly affected by the
degree of deterioration of the core concrete of the test pieces; the
ductility of the test pieces increased as the relative deterioration
of the concrete in the core zone decreased.

It can be seen from Figure 5H that the influence of the steel
content on the displacement ductility coefficient was that the steel
content was higher and the ductility was better but the effect
of the replacement ratio was not obvious. The main reason for
this phenomenon is that with the increase of steel content, the
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restraining effect of section steel on the concrete in the core area
is enhanced, and the brittleness of the recycled aggregate concrete
is improved. The increase in the steel content also increases the
axial deformation capacity of the reinforcing member.

DAMAGE

In order to quantitatively describe the damage degree of the
specimen after high temperature and the damage development
process during the loading process, according to the theory of
continuous damage mechanics (Chen et al., 2018a,b; Yan et al,,
2019), the damage field variable D is introduced to describe the
damage degree of the specimen after fire.
S*

D=1 S (3)
S and S*, respectively, indicated the area size before and after
the damage in the n-direction of the normal of the unit. D was
the local damage mechanics variable relative to the n-direction;
When D = 0, it means lossless state, when D = 1, it means
complete destruction. Since ¢ - S = ¢* - §*, 0, and ¢* were the
effective stresses in the n-direction before and after the damage,

respectively. According to the strain equivalent hypothesis, there
is the following formula:
*
D= l—E— (4)
Ey
Where Ej is the elastic modulus under lossless condition; E* is
the effective secant modulus after damage.

Due to the effect of high temperature, each test piece produced
different degrees of initial damage before loading. The initial
damage value Dy was listed in Table 5. It can be seen from
the table that as the temperature increased and the fire time
increased, the initial damage value of test pieces gradually
increased. This is because the increase in temperature and fire
specimens will cause the combined water in the concrete material
and the loss of water in the hydrate, and at the same time
the chemical bonds in most of the cementitious substances
are destroyed, exacerbating the deterioration of the concrete.
When Tpax = 200°C, the value of Dy was about 0.16; When
Tmax = 600°C, it was 0.55~0.70; When Tmax = 800°C, the
value reached 0.81~0.86. During the loading process, as the
load increased, the degree of damage of test pieces continued to
increase. According to the measured load-deformation curve, the
damage evolution process of each specimen at t. = 60 min and
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B =180 mm at different temperatures can be obtained, as shown
in Figure 6.

The four diagrams of Figure 6 are the damage evolution
process of the specimens with the replacement rates of 0, 100,
30, and 70%, respectively. It can be seen from Figure 6 that
due to the presence of initial damage, damage development
tended to slow as the highest temperature rises during the test.
Determine the average strain € according to the measured load-
deformation curve of the test pieces. When the average strain
¢ was less than 0.002, the test pieces were in the elastic stage,
there was basically free from damage and the D value was close
to zero. When the average strain &€ was between 0.002 and 0.004,
the damage begins to occur at a slower rate. When the average
strain e was between 0.004 and 0.012, the maximum experimental
temperature did not exceed 600°C, the damage value increased
rapidly, mainly manifested by the rapid extension of concrete
cracks and concrete flaking. However, for the test pieces with the
experimental temperature higher than 600°C, the damage value
first decreased and then rose, which means that test pieces entered
the stiffness strengthening stage. When the average strain € was

more than 0.012, the samples entered the residual phase, and the
damage value D gradually became stable.

TEMPERATURE FIELD OF SECTIONS

In order to better reveal the temperature field distribution
in the section of the recycled steel concrete column after
high temperature, the ABAQUS finite element software was
used to numerically simulate the temperature field of the
recycled steel concrete column under fire. The component
was exposed to fire on four sides, so the upper and lower
surfaces were adiabatic surfaces. The temperature was applied
according to the rising-temperature curve in the furnace and
the room temperature was usually set as 20°C. The boundary
condition was a third type of boundary and the influence of the
reinforcement on the temperature field was ignored. Steel and
recycled aggregate concrete used 8-node continuous diffusion
three-dimensional solid heat conduction unit DC3D8, regardless
of the contact thermal resistance between the two sections. The
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thermal conductivity and specific heat capacity of steel were
calculated using the European standard En 1994-1-2 (2004)
formula, the mass density was 7850 kg/m>. The mass density,
thermal conductivity and specific heat capacity of recycled
aggregate concrete were calculated according to Huang (2006);
the convective heat transfer coefficient was 25W/m?°C and the
comprehensive radiation coefficient was taken as 0.5.

The reinforced fully-recycled aggregate concrete column
specimens that four-sided fire were designed as Bian (2012)
(section size of the test piece was 450 mm X 450 mm, height was
3640 mm, [[Au Query:]]longitudinal reinforcement was 8B20,
stirrup was A10 @ 150, concrete strength was C30, the rate
of coarse aggregate replacement was 100%; the heating process
used the ISO 843 (1980) standard heating curve and the heating
time was 120 min. The cross-sectional form, measurement point
arrangement and temperature field were shown in Figure 7A and
the common concrete columns that in Han and Song (2012) to
ventilate the model of the specimens (section size of the test piece
was 300 mm x 300 mm, height was 3810 mm, longitudinal ribs
were 4B18, and profile steel was HE200B. The heating process
adopted the ISO 843 standard heating curve and the heating
time was 160 min. The cross-section form, measurement point
arrangement and temperature field were shown in Figure 7B.)
The comparison curves between the calculated results and the
experimental results were shown in Figures 7C,D, respectively.
It can be seen from the figure that the numerical calculation
results were in good agreement with the experimental results so
the model can be used to analyze the temperature field of steel
residual concrete columns.

The above models were used to calculate 22 typical specimen
sections of temperature fields and the cross-section measurement
points were arranged as shown in Figure 7E, where point 1
was the position of the longitudinal reinforcement, point 2 was
the edge of the steel flange and point 3 was the geometric
center of section.

The maximum temperature of each measuring point is shown
in Table 6. As can be seen from the table, the temperature at
measurement point 1 (at the longitudinal rib) is much higher
than the temperature at measurement point 2 (at the edge of the
steel flange) and measurement point 3 (at the geometric center
of the cross section) due to the closer to the specimen surface.
The temperature between point 2 and measurement point 3
is relatively close, which indicates that the existence of section
steel has a great influence on the temperature of the section.
The maximum cross-section temperature gradually increased
with the increase of the maximum temperature while gradually
decreased with the increase of the replacement ratio.

PREDICTION OF RESIDUAL BEARING
CAPACITY

Basic Assumption

The calculation was carried out on ultimate axial bearing
capacity of steel-recycled aggregate concrete after exposure to
high temperature. The section temperature field of the members

TABLE 6 | The highest temperature of different measure point.

No. Tmax/°C /% T/°C
Test point1 Test point2 Test point 3

SRRACO0-400 400 0 324.79 215.08 200.54
SRRACO0-600-1 600 0 565.81 479.10 469.76
SRRACO0-800 800 0 762.41 646.37 636.38
SRRAC30-400 400 30 324.69 211.54 197.17
SRRAC30-600-1 600 30 564.05 471.70 462.41
SRRAC30-800 800 30 758.76 634.36 624.61
SRRAC70-400 400 70 324.73 207.97 193.84
SRRAC70-600-1 600 70 562.00 463.43 454.29
SRRAC70-800 800 70 753.99 620.24 610.89
SRRAC100-400 400 100 322.98 202.21 188.07
SRRAC100-600-1 600 100 559.08 453.72 444.50
SRRAC100-800 800 100 748.42 605.63 596.40
SRRACO0-600-3 600 0 564.31 499.66 484.93
SRRAC100-600-3 600 100 558.49 480.64 466.22
SRRACO0-600-4 600 0 569.38 516.04 507.51
SRRAC100-600-4 600 100 563.70 489.16 497.62
SRRACO0-600-5 600 0 562.98 441.22 431.52
SRRAC100-600-5 600 100 557.78 417.48 408.35
SRRACO0-600-6 600 0 536.51 419.79 407.50
SRRAC100-600-6 600 100 528.12 396.35 384.78
SRRACO0-600-7 600 0 589.46 558.74 555.54
SRRAC100-600-7 600 100 585.12 539.09 535.29

under different heating curves was calculated by finite element
software and the following basic assumptions were made:

(1) The steel and steel Dbars have a uniform
temperature distribution.
(2) The steel is coordinated with the deformation

of the concrete.

(3) Regardless of the contribution of the cover concrete of
the steel bar to the bearing capacity, it is considered that
the inner edge of the stirrup is the control point of the
section failure. In the limit state, the concrete protective
layer of the steel bar does not reach the peak stress, and
the contribution of the concrete to the bearing capacity is
neglected because the concrete is seriously damaged after
high temperature.

(4) In the limit state, except for the protective layer, the
compressive strength of the concrete at different points of
the cross section is not the same but they all reach their
respective compressive strength, and the shaped steels and
steel bars reach the yield strength.

Residual Bearing Capacity Calculation

After fire treatment, the concrete strength f. was unevenly
distributed along the section and the axial force of the concrete
part is reached when the limit state is reached.

N, = ffAﬁ (x, y) dxdy (5)
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Where: f.(x,y) is the concrete strength distribution function of
the section. It is difficult to obtain f.(x,y) due to the uncertainty
of the actual fire heating curve, the variability of the structural
space and the variability of the thermal properties of the material.

According to the actual temperature field, the f.(x,y) function
was distributed as a slightly convex curved truncated pyramid.
To simplify the calculation, the cross section of the f.(x,y)
distribution was approximately equivalent to the equivalent

A y B
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FIGURE 8 | Equivalent section. (A) Cross section equal strength curve.(B) Actual
(D) Truncated quadrilateral pyramid. (E) Prismatic equivalent section diagram.
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section of the linear truncated quadrilateral pyramid, as shown
in Figure 8.
As can be seen from Figure 8,

Ne = HAfC (x, ) dxdy ~ fo (Ti) Ac + [fe (Tur) = fe (T1)]
x [; (brhi+bsha) + é (brha + bfhf)] ~f2 (Tir) Aa (6)

Where, T; and Ty were the highest temperatures in Zones
I and II, respectively, fc(T;) was the compressive strength
of recycled aggregate concrete in Zone I, MPa, using the
compressive strength value of recycled aggregate concrete
corresponding to T, which was obtained by literature in
Cai and Cai (2000), MPa; fc(T;) was the compressive
strength of recycled aggregate concrete in Zone II, taking the
strength value of recycled aggregate concrete corresponding
to Ty, MPa; A. was the net cross-sectional area of the
concrete, mm?; A, was the full-section area of the shaped
steel, mm?. by was the cross-sectional width of the concrete
surrounded by the inner surface of the stirrup, mm; h; was
the height of the concrete section surrounded by the inner
surface of the stirrup, mm; by was the width of the profiled
steel flange, mm; h, was the height of the section of the
profiled steel, mm.

According to the principle of load equivalent, the equivalent
section of the truncated quadrangular pyramid was further
equivalent to the equivalent section of the prism, as shown in
Figure 8, the following formula:

N ~ fo (Ty) (bihr — A) + [fe (Ti) — fe (T1)]

1 1
X |:§ (b[h] + bfha) + g (blha + bth)]

_fc (TH) Aa =fc*Ac (7)
Replace f.* in the above formula with k.f:
& =kdfe (8)

ke = {fe (T) (bh—As) + [fe (T) —fe (D]
E (bh+bsh,) + é (bha + bfh)] ~f: (T)Au} /fA: (9)

Where f*. was the compressive strength of the prismatic
equivalent section concrete, MPa; f. was the compressive
strength of recycled aggregate concrete at room temperature,
MPa; k. was the concrete strength reduction factor.

According to the superposition principle, the calculation
formula of the normal section bearing capacity of the axially
compressed members of steel-reinforced concrete was obtained.

Nu (1) = o [kfehe +fy (D A+ £, (DA (10)
Where f/y(Tmax) was the compressive yield strength of the
steel bar after high temperature, corresponding to the highest
temperature experienced by the position of the steel bar, MPa;

J

f a(Tmax) was the compressive yield strength of the shaped steel

after high temperature, corresponding to the highest temperature
experienced by the position of the steel, MPa; ¢ was the stability
factor, refer to GB50010-2010 (2010) “Concrete Structure Design
Specification.”

Calculate the test piece in this paper using Eq. (10) and
compare it with the measured value of the test. The comparison
results are shown in Figure 9. As can be seen from the figure,
the average of the ratio of the calculated value to the measured
value is 0.995, the variance was 0.0134, and the coefficient of
variation was 0.1163. The experimental value agreed well with the
calculated value.

CONCLUSION

The effects of replacement ratio, temperature, heated time,
thicknesses of cover concrete, steel ratios and stirrup spacing
on residual bearing strength of SRRC column after elevated
temperatures were investigated. The specimens were designed
and tested under static loading. From the experimental
investigated, the following conclusions can be drawn:

(1) Under the test conditions of this article, the mass loss
rate of the test piece is 1.5-8.0%, and it increases as
the temperature and replacement ratio increase. Higher
substitution rate means more cement and mortar, and the
increase of temperature accelerates the decomposition of
hydrate in cement and loses the crystal water. Therefore,
the increase in burning loss rate is a result of the combined
effect of substitution rate and temperature.

(2) The failure process of the SRRC column after high
temperature includes the elastic stage, the stiffness
strengthening section, the elastoplastic stage, the
descending stage and the residual stage, which are
similar to those of ordinary SRC columns.

(3) The residual bearing strength of the SRRC column after
high temperature increases as the thickness of the cover
concrete and the steel ratio increase. This is because the
greater the thickness of the protective layer, the lower
the internal temperature of the test piece, which plays a
significant role in protecting the core concrete and steel.
Furthermore, the test temperature and heated time can
aggrandize the damage value of specimens. The main
cause of high temperature damage to components is the
severe damage to concrete microstructure. The increase in
temperature and heating time will lead to the loss of bound
water in the concrete material and water in the hydrate, and
small voids appear in the material, thereby exacerbating the
deterioration of the concrete.

(4) As the temperature and the thickness of cover concrete
increase, the ductility decreases first and then increases.
Whats more, the ductility decreases as the heated time
increases and it increases as the steel ratio increases. The
increase in the fire time leads to an increase in the depth
of concrete damage, which reduces the strength of the steel
and thus the ductility.

(5) The cross-section temperature decreases with the increase
of the replacement ratio, but it increases gradually with
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the increase of temperature. The section steel has a
great influence on the temperature distribution of the
cross section of test pieces. This is because the thermal
conductivity coefficients of steel and concrete are different.
The smaller the heat capacity of the steel, the faster the
heat conduction in the cross section. At the same time, the
section steel in the concrete occupies a larger section. The
section steel will absorb a lot of heat in the concrete.

(6) The calculation method of the residual bearing
capacity of the SRRC column after high temperature is
proposed and the calculated results agree well with the
experimental results.
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