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Abstract: The application of recycled aggregate concrete (RAC) has developed rapidly in recent years.
But how to evaluate the residual properties of RAC after the fires is more beneficial to the further
popularization and application of RAC. This paper presents the residual properties of RAC and steel
reinforced recycled aggregate concrete (SRRAC) components after exposure to elevated temperature.
A total of 176 specimens (120 rectangular prisms specimens, 24 SRRAC short columns and 32 SRRAC
beams) were designed and tested after exposure to elevated temperature. The parameters were
considered in the test, including replacement percentage of recycled coarse aggregate (0%, 30%, 50%,
70% and 100%) and exposure to different temperatures (20, 200, 400, 600 and 800 degrees centigrade).
According to the test results, heat damage and residual properties of specimens were analyzed in
detail, such as surface change, mass loss, bearing capacity degradation, stiffness degradation, ductility
and energy dissipation of specimens under the elevated temperature. The results showed that a series
of significant physical phenomena occurred on the surface of RAC and SRRAC components after
exposure to elevated temperature, such as the color changed from green-grey to gray-white, chapped
on the concrete surface after 400 degrees centigrade and the mass loss of concrete is less than 10%.
The degradation of mechanical properties degenerated significantly with the increase of temperature,
such as the strength of RAC, and compressive capacity, bending capacity, shear capacity and stiffness
of SRRAC components, among that, the degradation of the strength of RAC was most obvious, up
to 26%. The ductility and energy dissipation of SRRAC components were insignificant affected by
the elevated temperature. Mass loss ratio, peak deformation and bearing capacity showed a slight
increase trend with the increase of replacement percentage. But the stiffness showed significant
fluctuation when replacement percentage was 70% to 100%. And the ductility and energy dissipation
showed significant fluctuation when replacement percentage was 30% to 70%.

Keywords: recycled aggregate concrete (RAC); steel reinforced recycled aggregate concrete (SRRAC);
elevated temperature; residual properties

1. Introduction

Demolished concrete is used to make RAC, which has the advantages of being energy-saving and
environment-friendly. Moreover, the steel reinforced concrete (SRC) structure has the advantages of
high bearing load capacity and good seismic performance. And SRC can combined with the RAC [1–3]
to form the SRRAC structure. SRRAC meets the development direction of modern architecture,
which has many advantages, such as being energy-saving and environment-friendly, sustainable
development, having good mechanical performance. Therefore, SRRAC has broad application
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prospects. However, the porosity of recycled aggregate is higher than that of natural aggregate [4]. And
the coarse aggregate surface in RAC attaches the cement-based or mortar, and its initial defects are more
than natural aggregate, thus, those will affect the mechanical properties of RAC [5,6]. Therefore, many
studies were carried out by scholars for RAC. The results show that inferior waste concrete reduces the
quality of recycled coarse aggregate and consequently reduces the strength of RAC [7]. The mechanical
properties of RAC can be improved by Polyvinyl alcohol (PVA) after soaking in polyvinyl alcohol
solution, which the optimum concentration of PVA solution is 10% [8]. The compressive strength
of RAC increases when cement is replaced by fly ash [9]. Recycled fine aggregate with demolished
concrete has little effect on the mechanical properties of RAC, when the replacement percentage is less
than 30% [10]. Meanwhile, Choi, Won Chang et al. [11] conclude that the compressive strength of RAC
columns meets the American Certification Institute (ACI) design criteria. Butler, L. et al. [12] consider
that the bond strength of RAC is 9 to 19% lower than natural aggregate concrete. Xiao, J. et al. [13]
conclude that the seismic performance of recycled concrete frame structure is reduced with the increase
of replacement percentage.

Reis, Nuno et al. [14] suggest that the stiffness and cracking load of RAC slabs are slightly
lower than those of natural aggregate concrete. According to the literature [15–17], the content
of recycled coarse aggregate has an insignificant effect on the flexural or shear properties of RAC
beams. Secondly, in order to improve the utilization ratio of RAC in high-rise and super-high-rise
buildings, a large number of scholars pay attention to the structure of SRRAC. The results show that
the flexural strength [18,19] and shear strength [20] of SRRAC beams are similar to those of SRC beams.
SRRAC frame has good seismic performance [21], and the seismic performance of SRRAC components
decreases in varying degrees with the replacement percentage of recycled aggregate increases [22–24].
The seismic performance of three beam–column joints with ordinary concrete is similar to the RAC, for
which the replacement percentage of the specimens is 30% [25]. The SRRAC structure can be used in
high-rise and super-high-rise buildings after reasonable preparation and design.

Fire is one of the major hazards that can affect engineering structures. It is necessary to study the
fire behavior of RAC structures. The results show that the residual performance of RAC after exposure
to elevated temperature is optimal level when replacement percentage is 50% [26]. The performance
of RAC is similar to ordinary concrete after exposure to elevated temperature [27,28]. With the
increase of elevated temperature, the elastic modulus of RAC decreases [29]. And its compressive
strength increases slightly at first under the temperature of 400 degrees centigrade and then decreases
with the temperature increases [30]. The ductility and cracking performance of RAC are improved
after exposure to elevated temperature when the steel fibers are added [31]. Meanwhile, the energy
dissipation and anti-spalling properties of RAC can improve by the rubber powder [32]. The increase
of RAC strength can improve its impact behaviors when the temperature is lower than 500 degrees
centigrade. RAC strength has an insignificant effect on the impact behaviors when the temperature is
greater than 500 degrees centigrade [33].

In conclusion, research on the residual properties of SRRAC components after exposure to elevated
temperature is limited. So that it needs to be further studied. A total of 176 specimens (120 rectangular
prisms specimens, 24 SRRAC short columns and 32 SRRAC beams) were designed and tested after
exposure to elevated temperature. The parameters were considered in the test, like replacement
percentage of recycled coarse aggregate (0%, 30%, 50%, 70% and 100%) and exposure to different
temperatures (20, 200, 400, 600 and 800 degrees centigrade). Residual properties of RAC and SRRAC
were analyzed to provide reference for further research and the engineering application of SRRAC.

2. Experimental Work

A total of 176 recycled concrete specimens were designed and fabricated, including 120 rectangular
prisms specimens (40 groups, three in each group), 24 SRRAC short columns and 32 SRRAC beams.
The beam specimens were divided into the bending beam and the shear beam, and the corresponding
shear span-to-depth ratios were 2 and 1.2, respectively. The dimensions of rectangular prisms
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specimens were 150 mm × 150 mm × 300 mm. Section size of SRRAC beams and columns was
shown in Figure 1.

Figure 1. The section of steel reinforced recycled aggregate concrete (SRRAC) beam and column.
(a) Beam section; (b) Column section.

2.1. Test Materials

All of the test materials are from Nanning, Guangxi, China. The materials were used in the test,
such as 32.5R Portland cement of Guangxi conch brand, natural river sand, urban water, recycled coarse
aggregate and natural gravel. Recycled coarse aggregate is derived from waste concrete specimens in
laboratory, and it can be obtained after mechanical crushing, cleaning and sieving of waste concrete.
Recycled and natural coarse aggregate were screened under the same conditions. Particle sizes range
from 5 mm to 20 mm and continuously graded. The bulk density and water absorption ratio are
1432 kg/m3 and 3.27%, respectively. The reference value of mix proportion design is to be r = 0%. Total
mass of coarse aggregate remains constant, and only changes the ratio of recycled and natural coarse
aggregate. Meanwhile, other materials remain constant. The mix proportion of concrete is shown in
Table 1. Section steel is I10 of Q235. And the diameter of the stirrup bar of the columns and beams is
6 mm, and the steel bars is HPB300. The diameter of longitudinal bar (HRB335) of the columns and
beams is 12 mm and 14 mm, respectively. And the detail of SRRAC beam section and column section
was showed in Figure 1.

Table 1. Mix proportions of recycled concrete.

r/% Cement/kg Water/kg Sand/kg Natural Gravel/kg Recycled Coarse Aggregate/kg

0 500 215 532 1129 0
30 500 215 532 790.3 338.7
50 500 215 532 564.5 564.5
70 500 215 532 338.7 790.3

100 500 215 532 0 1129

2.2. High-Temperature Installation and Loading System

As showed in Figure 2, RX-45-9 industrial box-type resistance furnace (Detianli Electric Furnace
Manufacturer Co., Ltd., Jinan, China) was used for the high-temperature installation. And its maximum
temperature can reach 950 degrees centigrade. The target temperature was set separately for batch
heating based on the design of the specimen. In order to uniformly distribute the temperature inside
the specimen, the temperature in high-temperature installation was constant for one hour when the
furnace temperature raised to the target temperature. And then, open the furnace door and let the
specimens fall to room temperature under natural conditions. The temperature in the test furnace
was recorded during the test. The heating curves was showed in Figure 3. After the specimens fall
to room temperature, the test block and column specimens were loaded by RMT-201 test machine
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(Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan, China) which is showed
in Figure 4a. Displacement control loading was adopted in the test. And the loading ratio was about
0.01 mm/s. The load-deformation curve was obtained by the acquisition system of installation. On
the other hand, beam specimens were loaded by two points symmetrically. And the specimens were
tested under the displacement–force mixed control. Before the pre-estimation of the ultimate load,
force control was used in the test, and its step length and holding time for each level are 10 kN and 5
min, respectively. Then, when the specimen was approaching the ultimate load, displacement control
loading was applied until the specimen was destroyed. And its displacement gradient was 0.5 mm.
The loading installation was showed in Figure 4b.

Figure 2. High-temperature installation.

Figure 3. Heating curves.

Figure 4. Loading installation. (a) Loading installation for block and column; (b) Loading installation
for beam.
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3. Test Results

3.1. Surface Change

A series of physical and chemical reactions had occurred in recycled concrete under elevated
temperature. The phenomenon (color change, cracking and spalling on concrete surface) appeared
in rectangular prisms specimens, SRRAC columns and SRRAC beams. The physical phenomena of
different specimens are basically similar. The color on the concrete surface changes from shallow
to deeper as the temperature rises. When T is at 200 degrees centigrade to 400 degrees centigrade,
the color on the concrete surface is green-grey and there are no visible cracks. And when T is at 600
degrees centigrade, the color on the concrete surface is brown-grey, and irregular micro-cracks can be
found on the concrete surface. When T is at 800 degrees centigrade, the color on the concrete surface
is gray-white, and the spalling phenomenon can be seen on the concrete surface. Concrete surface is
green-grey due to the hydration reaction to form a little Ca(OH)2. And then, the hydration products
of concrete (C3S2H3) decompose into CaO as the temperature rises, and CaO is gray-white when it
contains impurities [34]. Figure 5 shows apparent morphology of rectangular prisms specimens after
exposure to elevated temperature.

Figure 5. Apparent morphology of specimen after elevated temperature.

3.2. Mass Loss

The mass loss of concrete can be found at specimens after exposure to elevated temperature. Mass
loss ratio (βm) is defined to reflect this physical change. Mass loss ratio is to be βm = (M − MT)/M ×
100%. And M is the mass of specimens before exposure to elevated temperature; MT is the mass of
specimens after exposure to elevated temperature.

Mass loss ratio of specimens after exposure to different elevated temperature is shown in Figure 6.
As showed in Figure 6, the βm increase as the elevated temperature increases. The βm increases
fastest when T is at 200 degrees centigrade to 400 degrees centigrade. Because the amount of water
in the concrete evaporates and most of the combustible are burned at the ignition point, when the
temperature reaches 200 degrees centigrade. Meanwhile, a large amount of white fog leaks out
of the resistance furnace when the temperature reaches at 200 degrees centigrade to 400 degrees
centigrade. This phenomenon shows that the moisture in the concrete evaporates most significant at
200 degrees centigrade to 400 degrees centigrade. Mass loss ratio of specimens grows slowly when
the temperature is greater than 600 degrees centigrade. Because the moisture and combustible are
completely evaporated or burned when the temperature rises to a certain extent. Therefore, mass loss
ratio of specimens tends to be stable.

Figure 6d shows that the mean of βm in each group at the same elevated temperature. According
to the Figure 6d, mass loss ratio of rectangular prisms specimens increases the most significant. Mass
loss ratio of SRRAC beams increase the least. Figure 6e shows that the mean of mass loss ratio of similar
specimens at the same replacement percentage. According to the Figure 6e, mass loss ratio increases
with replacement percentage increases. Meanwhile, mass loss ratio of replacement percentage at 100%
is about 1.4 times that of the replacement percentage at 0%. Because a lot of old cement paste attach on
the surface of recycled coarse aggregate. And then, more water is absorbed by the old cement paste
during the stirring process. Therefore, the more recycled coarse aggregate has, the more the moisture
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of recycled concrete absorbs. Thus, water evaporation increased in recycled concrete after exposure to
elevated temperature, and its mass loss ratio increases.

Figure 6. Mass loss ratio of specimens. (a) rectangular prisms specimens; (b) columns; (c) beams;
(d) The influence of temperature on different components; (e) The influence of replacement percentage
on different components

3.3. Failure Mode

3.3.1. Failure Mode of Rectangular Prisms Specimens

The interior of RAC has changed after exposure to elevated temperature, so that the failure
process and mode of RAC are also different. The difference is more obvious with the temperature
increases. The failure modes of the specimens before 400 degrees centigrade are similar to those at
room temperature. These show that a few short vertical micro-cracks can be found in the middle of the
specimen. As the development of stress, the cracks extend gradually toward the slope. Finally, one
or two obvious oblique edge crack or crack zone is formed when the oblique edge crack penetrated
specimen. After 400 degrees centigrade, the initial damage of concrete is serious due to the effect of
high temperature. After the action of external force, many cracks appeared and accompanied debris
falling, and a wider cracks zone is clearly visible. Typical failure modes of the specimen are shown in
Figure 7 after exposure to different temperatures.

Figure 7. Typical failure mode of recycled aggregate concrete (RAC).

3.3.2. Failure Mode of SRRAC Columns

It is found that the failure process and failure mode of SRRAC columns are mainly related to the
highest temperature after observing the loading process of SRRAC columns under axial compression.
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The failure process and mode of specimens at different replacement percentage are similar to each other
at the same temperature. The failure process of specimens presents elastic stage, crack stage and failure
stage. The mode and failure process of specimens after exposure to elevated temperature are as follows:
The higher the temperature is, the earlier the crack appears and penetrates. The failure mechanism
of the specimen is different from that of the room temperature specimen when the temperature is
higher than 500 degrees centigrade. It is not the crushing failure of edge concrete. But the concrete
cover falls off, then SRRAC columns damage in advance before reaching the peak load. The higher
the temperature is, the earlier the concrete falls off. The failure modes of the specimen are shown in
Figure 8.

Figure 8. The failure modes of column specimen.

3.3.3. Failure Mode of SRRAC Beams

Failure modes of SRRAC beams after exposure to elevated temperature is the same as those at
room temperature, which reflects shear-baroclinic failure, bond failure and bending failure. SRRAC
beams with shear span-to-depth ratios of 1.2 show shear-baroclinic failure. SRRAC beams with shear
span-to-depth ratios of 2.0 show shear-baroclinic, bond failure and bending failure.

Shear-baroclinic failure is as follows: Vertical cracks can be seen in the mid span and develop
slowly upward when the external load is between 0.13 Pu and 0.35 Pu. The oblique crack appears
between the loading point and the support when the external load is between 0.3 Pu and 0.6 Pu. And
then, oblique cracks increase and widen, the oblique concrete zones crushed, then the specimens
were destroyed.

The bending failure process is as follows: Vertical cracks can be seen in the mid span when the
external load is between 0.23 Pu and 0.3 Pu. And vertical cracks increase and developed when the
external load is between 0.45 Pu and 0.5 Pu. The oblique crack appears between the loading point and
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the support when the external load is between 0.5 Pu and 0.6 Pu. Vertical cracks develop faster when
the external load is at 0.75 Pu. Finally, the concrete is crushed, then the specimen is destroyed.

Bond failure process is as follows: Longitudinal bonding crack was found near the compressive
zone of section steel on the outside flange when the external load is at 0.65 Pu. Finally, the concrete
to the outside of the bonding crack is split, then the specimen is destroyed. The failure modes of
some specimens are shown in Figure 9. The BBi-j, SAi-j and SBi-j are used to represent corresponding
pictures. And SA is shearing beam, and its span-to-depth ratio is 2.0; BB mean bending beam, and its
span-to-depth ratio is 1.2. And i and j are replacement percentage and temperature, respectively.

Figure 9. The failure modes of beam specimens.

3.4. Load-Displacement Curve Analysis

3.4.1. Load-Displacement Curve of Rectangular Prisms Specimens

Load-displacement curves of RAC test block was showed in Figure 10. The data in Figure 10
are the mean values of three identical test blocks in each group. According to Figure 10, the shape of
the load-displacement curve of RAC exposure to elevated temperature is similar to that of ordinary
concrete. And with the increase of temperature, the peak load of the curve decreases gradually, the
peak displacement increases gradually, the descending stage of the curve becomes gentle and the
whole curve becomes more and more flat. The effect of temperature on peak load is more and more
significant when replacement percentage increases. Specimens in the elastic stage are no crack in
the concrete surface, then, the specimens were brittle failure after the load exceeds the elastic limit.
The peak displacement gradually increases as the temperature rises. The maximum peak displacement
of RAC reaches 3.5 mm when the temperature is 800 degrees centigrade.
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Figure 10. Load-displacement curve of rectangular prisms specimens.

3.4.2. Load-Displacement Curve of SRRAC Columns

According to Figure 11, as the temperature increase, the axial load-displacement curve of the
SRRAC columns tends to be flat, and the value of the peak point gradually decreases. Loading process
of SRRAC columns mainly includes elastic stage, elastic–plastic stage, stiffness strengthening stage,
descending stage and residual stage. The characteristics of each stage are as follows:

During the elastic stage, the elastic deformation of the section steel and concrete is coordinated,
and there is no crack in the concrete surface.

The elastic–plastic stage of specimens is as follows: The cracks on the concrete surface emerge and
develop continuously after the load exceeds the elastic limit. And then, section steel and longitudinal
reinforcement yield gradually. The load-displacement curve at this stage is nonlinear. And bond cracks
appear at this stage, therefore, the bond slip between section steel and concrete is more obvious.

The stiffness strengthening stage of specimens is as follows: The load-displacement curve of the
specimen appears obvious curvature rising stage before reaching the elastic limit when the exposure
temperature of specimen is greater than 600 degrees centigrade. Because the evaporation of free water
in the internal void of concrete makes the concrete loose. The loose concrete becomes dense with the
increase of compressive load during the loading process. Therefore, the stiffness of the specimen has
been improved.

During the descending stage of specimens, the bearing capacity of the specimen decreases
obviously after exceeding the limit load.

The residual stage of specimens is as follows: The load decreases gently with the increase of
displacement. The longitudinal reinforcement and concrete cover have basically not provided bearing
capacity at all. Residual strength is provided by section steel and core-concrete.



Appl. Sci. 2018, 8, 2377 10 of 18

Figure 11. Load-displacement curve of SRRAC columns.

3.4.3. Load-Deflection Curve of SRRAC Beams

The measured load-deflection curve of SRRAC beams is showed in Figure 12. According to the
Figure 12, SRRAC beams have undergone three stages: elastic stage, elastic–plastic stage and failure
stage. Early loading of SRRAC beams is elastic stage. And it is elastic–plastic stage after cracking.
Then, the specimen experienced the failure stage after the peak load.

Figure 12. Load–deflection curves.

4. Residual Properties Analysis

In order to analyze the residual properties of RAC and SRRAC components after exposure
to elevated temperature, many mechanical performance parameters can be obtained by the
load-displacement curve of RAC and SRRAC components, such as bearing capacity, peak deformation,
secant stiffness, displacement ductility factors and energy dissipation factor.
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The mean performance index of all specimens is obtained at the same temperature and different
replacement percentage for comparative analysis the residual properties of different components. And
residual properties coefficient (βN, β∆, βK, βµ and βη) can be calculated by normalization based on a
performance index at room temperature. Similarly, replacement percentage coefficient (αN, α∆, αK, αµ

and αη) can be calculated by normalization based on replacement percentage at 0%.

4.1. Bearing Capacity Degradation

Figure 13 shows the degradation on bearing capacity of specimens after exposure to different
elevated temperature. As seen from Figure 13a–d, compressive strength of test blocks after high
temperature is deeply downtrend as the temperature ascend. The bearing capacity decreases by
about 18% in the scope from 200 degrees centigrade to 400 degrees centigrade. And bearing capacity
decreases by 48% when exposure to elevated temperature is at 600 degrees centigrade. Meanwhile,
bearing capacity decreased by 74% when exposure to elevated temperature is at 800 degrees centigrade.

Figure 13. Bearing capacity degradation. (a) rectangular prisms specimens; (b) columns; (c) bending
beams; (d) shear beams; (e) The influence of temperature; (f) The influence of replacement percentage.

After exposure to elevated temperature, the evaporation of free water and bound water in concrete
leads to internal cracks. And then, the structure of hardened cement paste is crisp pine. The thermal
performance of the coarse aggregate and concrete is inconsistent. Therefore, internal cracks continue
to develop due to uncoordinated thermal expansion and syneresis micro-deformation. And then, the
interface between aggregate and cement paste is further loosened when the temperature is above
700 degrees centigrade. Then, the pore size of cement slurry increases further. The crack between
aggregate and slurry expands rapidly, the crack width increases. Therefore, the strength of concrete
decreases. It can be proved by the scanning electron microscope (SEM) test in the literature [35].

As seen from Figure 13e, the bearing capacity of SRRAC components decreases significantly,
especially with higher exposure to elevated temperature. However, the amplitude of reduction is
slower than the test block. The law of bearing capacity degradation of the bending beam and the shear
beam is basically the same. The bearing capacity is degraded slowly when T is less than 400 degrees
centigrade. The degradation rate speeds up when T is greater than 400 degrees centigrade. Bearing
capacity degradation rate is about 30% when T is 600 degrees centigrade. Its value is equaled to 50% of
the rectangular prism specimens. The law of bearing capacity degradation of SRRAC columns under
compression is similar to the prism block. And the degradation rate of SRRAC column is slower than
that of rectangular prisms specimens, when T is greater than 400 degrees centigrade. The bearing
capacity degradation of compression components is more serious than that of flexural components
after exposure to the same elevated temperature. The βN of compressive components is about 11%
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to 22% smaller than that of flexural components in the scope from 200 degrees centigrade to 600
degrees centigrade.

As seen from Figure 13f, the replacement percentage of recycled coarse aggregate has an
insignificant effect on RAC test blocks and SRRAC components after exposure to elevated temperature.
As the increase of replacement percentage, the variation ranges of the bearing capacity of prism
test block, compression column, bending beam and shear beam are 1~16%, 1~4%, 2~1% and 6~10%,
respectively. Generally speaking, the bearing capacity of specimens increases slightly with the increase
in the replacement percentage. Free water in concrete evaporates at elevated temperature action to
form pore. And then, the bearing capacity of concrete falls. However, the surface of recycled coarse
aggregate is rough and porous, which can hold water firmly and reduce the evaporation of free water.
So bearing capacity of RAC degenerates slower than ordinary concrete. In conclusion, after exposure
to elevated temperature, the bearing capacity of SRRAC components is slightly better than that of
ordinary steel reinforced concrete components.

4.2. Stiffness Degradation

The law of secant stiffness degradation of specimens is shown in Figure 14. And secant stiffness
is the secant modulus at 0.4 Np. As seen from Figure 14a–e, the laws of stiffness degradation of the
specimens are similar to that of bearing capacity. But the degradation of stiffness is larger than that
of bearing capacity. The bending stiffness of the beam deteriorated most slowly. Bending stiffness
degradation rate is about 49%, when T is 600 degrees centigrade. The axial compressive stiffness of the
prism test block deteriorated most rapidly. The axial compressive stiffness degradation rate is about
70% when T is 600 degrees centigrade. And the axial compressive stiffness degradation rate is about
88% when T is 800 degrees centigrade. According to the degradation trend, the stiffness degradation
rate of SRRAC components under axial compression is larger than that of the flexural components after
exposure to elevated temperature. Stiffness degradation coefficient (βK) of compression components
is about 5~21% less than that of the flexural member when T is at 200 degrees centigrade to 600
degrees centigrade.

Figure 14. Stiffness degradation. (a) rectangular prisms specimens; (b) columns; (c) bending beams; (d)
shear beams; (e) The influence of temperature; (f) The influence of replacement percentage.

As seen in Figure 14f, the stiffness of each component after exposure to elevated temperature is
an insignificantly affected by the replacement percentage. As replacement percentage increases, the
variation ranges of the axial compression stiffness of prism test block and column, flexural rigidity and
shear rigidity of beams are −5~8%, −7~−3%, −3~2% and −14~−2%, respectively. In general, stiffness
of a component has a slight descent trend after exposure to elevated temperature with replacement
percentage increases. The cause of stiffness degradation of RAC and SRRAC is similar to that of
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bearing capacity degradation. Both are caused by the evaporation of free water in RAC and bond
failure between the cement slurry and aggregate. And the failure mechanism of the RAC after exposure
to elevated temperature is basically similar to that of ordinary concrete.

4.3. Peak Deformation

The law of peak deformation of specimens is shown in Figure 15. The peak deformation is
the axial deformation corresponding to the peak load for test blocks and columns or the mid span
deflection corresponding to the peak load for beams. As seen from Figure 15, peak deformation is
insignificant affected by high temperature when T is less than or equal to 400 degrees centigrade.
The peak deformation of the test block, column and shear beam increases rapidly with temperature
increases when T is higher than 400 degrees centigrade. The peak deformation of the test block is about
2.26 times that of the room temperature. But the peak deformation of bending beams is less affected by
temperature. Its peak deformation is approximately 1.24 times that of the room temperature when T is
equal to 600 degrees centigrade. The increase of peak deformation is related to the increase of porosity
inside concrete after exposure to elevated temperature.

Figure 15. Deformation corresponding to the peak load. (a) rectangular prisms specimens; (b)
columns; (c) bending beams; (d) shear beams; (e) The influence of temperature; (f) The influence
of replacement percentage.

According to Figure 15f, the effect of replacement percentage on peak deformation of different
components is different. The peak deformation linearly increases as the replacement percentage
increases for a test block. And when the replacement percentage is 100%, the peak deformation is
about 1.22 times that of replacement percentage at 0%. The peak deformation of the bending beams
and shear beams increases first and then decreases. And those maximum increment is 39% and 32%,
respectively. However, the replacement percentage has an insignificant effect on the peak deformation
of axial compression column. And its peak deformation only decreases by 4% when the replacement
percentage is 70%.

4.4. Ductility

Ductility (µ = ∆u/∆y) is calculated according to the load-deformation curve. And ∆u is the value
of deflection at 0.85 times Np, and the maximum deformation is taken to be ∆u when the load falls
below 0.85 Np. ∆y is the value of initial yield deformation and calculated by the equivalent energy
method. As shown in Figure 16, the dimension of OAB is equal to the dimension of YUB.



Appl. Sci. 2018, 8, 2377 14 of 18

Figure 16. The sketch of energy equivalent method.

Figure 17 shows the displacement ductility factor of each component after exposure to different
elevated temperature. As seen from Figure 17a–e, the displacement ductility coefficient of each
component fluctuated slightly up or down as exposure to elevated temperature rises. Generally
speaking, the ductility factor of the four types specimens decreases with increasing temperature when
T is between 200 degrees centigrade and 400 degrees centigrade. When T is equal to 400 degrees
centigrade, the displacement ductility factor of test block, column, bending beam and shear beam
decrease by 10%, 28%, 44% and 31%, respectively. The displacement ductility factor of each component
varies from −25% to 4% when T is higher than 400 degrees centigrade.

Figure 17. Ductility. (a) rectangular prisms specimens; (b) columns; (c) bending beams; (d) shear
beams; (e) The influence of temperature; (f) The influence of replacement percentage.

As seen from Figure 17f, the displacement ductility factor of the bending beam increases first
and then decreases. And the displacement ductility factor of bending beam increases 63% when the
replacement percentage is 70%. And the displacement ductility factor of bending beam decreases 24%
when replacement percentage is 100%. Then, the displacement ductility factor of the other three types
of components varies slightly with replacement percentage varies.

4.5. Energy Dissipation

Energy dissipation factors (η = SOUYC/SOABC) are calculated according to the load-deformation
curve. As showed in the Figure 18, the SOUYC is equal to the shadow area surrounded by the load
deflection curve. The SOABC is equal to the rectangle area, which is passes through the peak point (U)
and the limit deformation point (Y).
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Figure 18. The sketch of energy consumption coefficient.

Figure 19 shows the energy dissipation factors of each component after exposure to different
elevated temperature. As seen from Figure 19a–e, the law of energy dissipation factors of each
component is similar to that of ductility factor. Energy dissipation factor decreases with the increase of
temperature when T is lower than or equal to 400 degrees centigrade. When T is equal to 400 degrees
centigrade, the energy dissipation factor of test block, column, bending beam and shear beam decrease
by 13%, 11%, 7% and 10%, respectively. The energy dissipation factor increases slightly when T is from
400 degrees centigrade to 600 degrees centigrade. The energy dissipation factor decreases steeply when
T is above 600 degrees centigrade. When T is equal to 800 degrees centigrade, the energy dissipation
factor of test block and column decreases 36% and 10%, respectively. As seen from Figure 19f, the
energy dissipation factor of each component is not obviously affected by the replacement percentage.
The energy dissipation factor varies from −10% to 16% with replacement percentage increases.

Figure 19. Energy dissipation. (a) rectangular prisms specimens; (b) columns; (c) bending beams;
(d) shear beams; (e) The influence of temperature; (f) The influence of replacement percentage.

5. Conclusions

(1) Significant physical changes occurred on RAC surface after exposure to elevated temperature.
Firstly, color on RAC surface changed from green-grey to gray-white. And then, chapped
phenomenon occurs on the RAC surface when the temperature reached 600 degrees centigrade.
Finally, the spalling phenomenon occurs on RAC surface when the temperature reaches 800
degrees centigrade. The phenomenon of mass loss can be found in the RAC after exposure to
elevated temperature, and the phenomenon is more significant when the temperature and the
replacement percentage increase.

(2) Mechanical properties of RAC test blocks and SRRAC components are significantly degraded
after exposure to elevated temperature. And its bearing capacity and stiffness degrade most
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obviously. And the performance of the prism test block degraded faster than SRRAC components.
Performance degradation of SRRAC beams is slower than RAC test blocks and SRRAC columns.

(3) The bearing capacity, stiffness and peak deformation vary slightly with temperature changes
when the temperature is below 400 degrees centigrade. When the temperature exceeds
400 degrees centigrade, the bearing capacity and stiffness decrease steeply, and the peak
deformation increases steeply. And ductility and energy dissipation are insignificant affected by
elevated temperature.

(4) Loss on ignition of specimen mass, the peak deformation and bearing capacity increase slightly
with replacement percentage increases. The stiffness was significant fluctuation when replacement
percentage was 70% to 100%. The ductility and energy dissipation were significant fluctuation
when replacement percentage was 30% to 70%.

6. Future Research

At present, research on residual properties of SRRAC after exposure to elevated temperature
is still in the initial stage. In order to further promote the application of SRRAC components, the
following focuses should be further studied or discussed.

(1) This research focuses on the influence of the parameters (replacement percentage of recycled
coarse aggregate and exposure to different temperatures) on the residual properties of SRRAC
components. However, the coverage of steel bars or steel profiles can be influence on the
mechanical properties of SRRAC components according to the regulations. Therefore, the
influence of concrete cover and the coverage of steel bars or steel profiles on the residual properties
of SRRAC components should be further discussed.

(2) In this research, in order to ensure the same water–cement ratio of natural aggregate concrete
and recycled aggregate concrete, the same amounts of water were used in the mix proportion.
However, the porosity of recycled aggregate is higher than that of natural aggregate. So that
the water absorption of recycled aggregate is higher than that of natural aggregate. Therefore,
in order to get more accurate test results, it is necessary to further consider the influence of the
water absorption of recycled coarse aggregate on effective water cement ratio.

(3) In order to obtain more comprehensive laws of residual properties of SRRAC components after
exposure to elevated temperature, the X-ray diffraction (XRD), thermogravimetric analysis (TGA)
and SEM tests should be carried out for further research. Because XRD and TGA tests can reveal
the chemical changes produced by the high temperatures in the concrete. And SEM tests and
image analysis can identify on a microscopic scale the original, difference and failure procedures
presented by the different samples.
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