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Using recycled aggregate concrete (RAC) in steel-reinforced concrete structure is an
effective way to eliminate the adverse effects of recycled aggregate, which has an
excellent application prospect. Fire has a great destructiveness to steel-reinforced
recycled aggregate concrete (SRRAC) structure; hence, the bond performance of
SRRAC after high temperature, as the prerequisite for the composite between steel and
RAC, is the key problem for structural safety and the corresponding safety assessment
after fire. In this article, the residual bond behaviors of steel-recycled aggregate concrete
interface after different high temperatures and spraying water cooling were studied
through the push-out test. The failure modes and load–slip curves were examined.
The ultimate bond strength, residual bond strength, and elastic bond shear stiffness
of specimens after high temperature and cooling for the regime of spraying water were
evaluated and compared to that of natural air. A parametric analysis of temperature,
replacement percentage, and studs was conducted. A calculation approach for the
ultimate bond strength and residual bond strength of SRRAC after high temperature
was developed based on the sensitive analysis of gray system theory and regression
analysis. Results showed that the bond properties of SRRAC specimens after high
temperature were decreased as exposure temperature increased. The cooling regime
of spraying water has a more significant influence on the ultimate strength and residual
strength than that of natural air. The specimens with studs on both flange and web have
the highest bond properties after high temperature. In all the factors, the number of
studs showed the largest gray relational degree to the bond strength of SRRAC. The
developed approach provided a reliable prediction of bond strength for SRRAC after
high temperature.

Keywords: steel reinforced recycled concrete, interfacial bond-slip, high temperature, bond strength, push-out
test, gray system theory
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INTRODUCTION

Construction and demolition waste is one of the major city
solid wastes, the treatment of which has become a big issue on
environmental protection all over the world. In the construction
and demolition wastes, concrete wastes account for a sizeable
portion. Recycling use of the concrete demolition waste as
recycled aggregate to partially or fully substitute natural aggregate
for recycled aggregate concrete (RAC) has been recognized as an
effective way to address the construction and demolition waste
and related environmental problem and also offset the shortage of
natural aggregate in building industry (Xiao and Li, 2012; Huda
and Alam, 2014; Tang et al., 2020a).

In recent years, a large number of researches were conducted
to study the mechanical properties of RAC, such as strength,
elastic modulus, toughness, and stress–strain relationship (Belén
and Fernando, 2011; Zhou and Chen, 2017; Xiao and Zhang,
2018). The disadvantage and discreteness of their properties
due to the porous of adhered old mortar and microcrack of
recycled aggregate, compared to the natural aggregate concrete,
have been confirmed (Etxeberria and Vázquez, 2007; Silva
and Brito, 2014). It is a key problem that has hampered
the application of RAC. Therefore, RAC was considered to
be used in steel reinforced concrete structures to eliminate
the adverse effects of recycled aggregate by the composite
between steel and concrete in many studies (Fathifazl and
Razaqpur, 2009; Ma and Xue, 2015; Ma and Dong, 2019).
Ma and Xue (2015) and Ma and Dong (2019) performed
some cyclic loading tests on steel-reinforced recycled aggregate
concrete (SRRAC) columns and joints. Fathifazl and Razaqpur
(2009) conducted a study on the flexural performance of steel-
reinforced recycled concrete beams. A test investigation of
SRRAC frame was carried out by Xue and Zhang (2020). All
the study results indicated that the encased steel in SRRAC
elements can significantly reduce the negative effect of RAC
on the structural performance, and SRRAC elements exhibited
excellent ductility and load carry capacity under static and
dynamic loading.

In SRRAC structure, the bond behavior between steel section
and RAC is a prerequisite to ensure the composite of them
and also the key problem of structural safety, which has been
attracting the attention of a large number of researchers. Bai
and Ma (2020), Liu and Fan (2019), and Liu and Xing (2020)
carried out the experimental and numerical study of bond-slip
between steel section and RAC with full replacement percentage
(RP). The results demonstrated that the bond characteristic at
the interface of SRRAC was affected by the factors such as
the strength of RAC, the concrete cover thickness of protective
layer, and ratio of stirrups, which was similar to that of steel
and conventional concrete. A push-out test for H-shaped steel
and recycled aggregate concrete with different recycled aggregate
replacement ratios was conducted by Zheng and Chen (2016),
indicating that the interface bonding of SRRAC increases with
the replacement ratio increasing. Pandurangan and Dayanithy
(2016) studied the bond strength of RAC after different treatment
methods. The results showed that the treatment of recycled
concrete aggregate by acid, thermal, and mechanical means

can partly remove the inferior physical properties to improve
the bond strength.

As the research of SRRAC further develops, the performance
of RAC and SRRAC under and after the fire received attention
(Chen and Zhou, 2015; Chen and Chen, 2019; Tang et al.,
2020b). It is because building fires are one of the most frequent
and serious disasters. The performance of SRRAC under and
after the fire is a key structural performance. Among the fire-
extinguishing methods, spraying water is the most common
approach for building fires (Xiao and Xie, 2018). This cooling
regime could cause additional damage to normal and recycled
concrete (Xin and Wei, 2000; Ke and Yang, 2017). In a previous
study (Chen et al., 2020), the residual bond behavior of SRRAC
after exposure to elevated temperatures and natural cooling
was investigated. The bond behavior of SRRAC after high
temperature and cooling by different regimes, especially water
spraying, needs further study.

Therefore, this study was aimed at investigating the bond
behavior of steel and RAC after high temperature and cooling
by spraying water. The push-out test was conducted through
18 SRRAC specimens. The parametric analysis and sensitivity
analysis were carried out to study the influences of different
factors on the bond strength and elastic bond shear stiffness of
SRRAC. Finally, a calculation approach was developed to predict
the ultimate bond strength and residual bond strength of SRRAC
after high temperature.

EXPERIMENTAL PROGRAM

Specimen Design
To study the bond behavior between the steel section and
RAC after high temperature, 18 SRRAC specimens with and
without studs were designed and produced for push-out test
after exposure to high temperature. The recycled aggregate
RP, temperature, cooling regime, and position of studs were
considered as parameters, as shown in Table 1. The length of
specimens was 430 mm including the concrete of 400 mm and
exposed steel section of 30 mm. The cross-section dimensions
of specimens were 280 × 280 and 240 × 240 mm, respectively.
A I14 steel was used as the steel section. The reinforcement was
HRB400 longitudinal rebar with diameter of 12 mm and HPB
300 stirrups with diameter of 6 mm. The studs with a diameter
of 13 mm and a length of 50 mm were mounted on the steel
section with a spacing of 125 mm. The thickness of concrete cover
for the steel section was set as 50 mm for the specimens without
studs, while 70 mm for that with studs according to the Chinese
code JGJ 138 (JGJ 138-2016, 2016). The thickness of the concrete
cover for reinforcement was set as 20 mm. The dimension and
the details of the specimens are shown in Figure 1.

Materials
The water–cement ratio of recycled concrete was 0.4. The mix
proportion was 185:463:561:1,191 by mass (water: cement: fine
aggregate: coarse aggregate). The medium-fine river sand with
the fineness modulus of 2.7, the apparent density of 2,530 kg/m3,
and the bulk density of 1,790 kg/m3 was used as fine aggregate.
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TABLE 1 | Design parameters of specimens.

Specimens RP/% T1/◦C Cooling
regime

C4/mm Position of
studs

SRRAC-1 0 20 – 50 None

SRRAC-2 50 20 – 50 None

SRRAC-3 100 20 – 50 None

SRRAC-4 0 400 WC2 50 None

SRRAC-5 50 400 WC 50 None

SRRAC-6 100 400 WC 50 None

SRRAC-7 0 600 WC 50 None

SRRAC-8 50 600 WC 50 None

SRRAC-9 100 600 WC 50 None

SRRAC-10 100 400 NC3 50 None

SRRAC-11 100 600 NC 50 None

SRRAC-12 100 20 – 70 Flange

SRRAC-13 100 400 WC 70 Flange

SRRAC-14 100 600 WC 70 Flange

SRRAC-15 100 400 WC 70 Web

SRRAC-16 100 600 WC 70 Web

SRRAC-17 100 400 WC 70 Flange+Web

SRRAC-18 100 600 WC 70 Flange+Web

1T is the highest exposure temperature.
2WC is the cooling regime of spraying water.
3NC is the cooling regime of natural air.
4C is the concrete cover thickness for steel section.

The coarse aggregate was continuously graded recycled coarse
aggregate (RCA) with diameters of 5–30 mm, which originated
from crushed waste concrete with a strength class of C30. The
apparent density and bulk density of RCA were 2,630 and
1,630 kg/m3, respectively. The water absorption and crushing
index were 2.7 and 14.1%, respectively. The P.O.32.5R ordinary
Portland cement was also used. The standard cube specimens of
concrete were cast to obtain the strength of RAC after exposure
to different high temperature according to the Chinese code
GB/T 50081 (GB/T 50081-2002, 2003). The results are shown
in Table 2.

Besides, according to the Chinese code GB/T 228.1 (GB/T
228.1-2010, 2010), the yield strength and ultimate strength
of steel section were measured, respectively, as summarized
in Table 3.

Test Setup and Instrumentation
Heating Device
All specimens were cured with standard curing condition for
28 days and then were heated after 7 days in laboratory condition.
The heating device was RX-45-9 heater, which has a dimension
of 1,200 × 600 × 400 mm and a power of 45 kW. The highest
heating temperature can reach 950◦C. All of the specimens were
four sides exposed in the heater, and the exposed parts of the
steel section were insulated by asbestos to prevent direct thermal
radiation. The heating rate was 0.5◦C/min. After reaching the set
temperature, the specimens in the heater were kept for a further
60 min in constant temperature according to the previous study
(Zhou, 2013). The NC specimens were cooled in air under the
ambient temperature of 25◦C. The WC specimens were cooled
using a water sprinkler. The duration of water spraying was
120 min. For each condition and cooling regime, the concrete
cube specimens were prepared the same as the corresponding
SRRAC specimens.

Push-Out Test Device and Measuring Method
After cooling, the specimens were uniformly placed for 3 days
and then tested under a servo testing machine. The push-out tests
were conducted under incremental displacement controlled with
a constant rate of 0.002 mm/s. When the cracks on the surface of
specimens were observed obviously, or the slip reached 8 mm, the
specimen was recognized to be damaged; meanwhile, the test was
ended. Four linear variable differential transformers (LVDT) were
installed on the setup and specimens to measure the slips. Two of
the LVDTs were used to obtain the slip of the loaded end and the
free end, and the other two were mounted on the top of specimens
and the fixed end of setup. The setup and instrumentation are
shown in Figure 2.

EXPERIMENTAL RESULTS AND
ANALYSIS

The Mass Loss Rate of Specimens
The mass loss of each specimen after high temperature was
obtained and shown in Figure 3. In the figure, L is the mass
loss rate; T is exposure temperature. It can be seen that the
mass loss rate of SRRAC specimens increases with the increase

     Specimens with studs       Specimens without studs 

A B

FIGURE 1 | Dimensions and configurations of specimens. (A) Specimens with studs. (B) Specimens without studs.
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TABLE 2 | Compressive strength of RAC (MPa).

Temperature 20◦C 400◦C 600◦C

Cooling regime of WC 41.4 27.2 22.1

Cooling regime of NC 41.4 25.7 23.9

TABLE 3 | Mechanical properties of steel section.

Temperature 20◦C 400◦C 600◦C

fy
1/MPa 344.7 359.9 329.6

fu
2/MPa 434.4 452.1 410.3

1fy is the yield strength.
2fu is the ultimate strength.

of the maximum temperature due to the evaporation of water
after exposure to high temperature. The cooling regime has no
significant effect on the mass loss rate of specimens because there
was not a lot of mass loss during the cooling process.

Failure Modes of Specimens
The failure modes of specimens with or without studs are
different. For SRRAC specimens without studs, the slip first
occurred at the loaded end of specimens in the initial loading
stage. When the load increased to greater than 80% of the
ultimate load, the free end of specimens started to slip, and the
cracks in concrete were observed near the steel flange. With
the load increased continuously, the cracks developed outward
and propagated to the loaded end. Subsequently, the cracks
propagated the whole height of specimens at peak load state, as
shown in Figure 4A. After peak load, no new cracks occurred.
The specimens that suffered higher temperature produced more
cracks in the process of failure owing to the initial damage of
high temperature. The replacement of the recycled concrete had
insignificant influence on the failure modes of specimens.

For SRRAC specimens with studs, the failure process was
similar to that of the specimens without studs in the initial
loading stage. However, when the cracks developed near the
studs, some lateral and inclined cracks appeared on the concrete

at this place. In the specimens with suds on both flange and web,
the lateral and inclined cracks were relatively more and wider. In
the specimens with studs only on flange, the cracks were relatively
less and thin, as shown in Figure 4B. After the test and removing
the concrete cover, the bending deformation of studs can be
found, which indicated that the studs played an important role to
resist the slip between steel and concrete, as shown in Figure 4B.

The failure mode of WC cooling specimens was similar to
that of NC cooling specimens. Hence, the cooling regime has no
influence on the failure more of the specimens.

Load–Slip Curves
The load–slip curves (P–S curves) of SRRAC specimens were
obtained by the loading equipment and LVDTs, as shown in
Figure 5. It can be seen that the shapes of P–S curves of the loaded
end of the specimens without studs were similar to that of the free
end, while they were quite different for the specimens with studs.
During the loading process, the slip of all the specimens occurred
at the loaded end first, while the slip at the free end occurred
later. The slip hysteresis phenomenon between the loaded end
and the free end was more obvious in the specimens with studs.
The maximum temperature had almost no effect on the hysteresis
phenomenon. The slip process of all specimens could be divided
into three stages, which include ascending stage, descending
stage, and residual stage. However, in the specimens without
studs, there was no obvious descending stage, and the load did
not decrease significantly after peak load. For the specimens with
studs on the flange, there was no obvious residual stage, and the
specimens were failure suddenly after peak load. The ascending
stage of the P–S curves for most specimens with studs showed
an elastic-plastic stage, whereas it was almost not observed in the
specimens without studs.

PARAMETRIC ANALYSIS

Bond Properties
According to the P–S curves, a series of bond properties,
including the ultimate load Pu, the residual load Pr , the ultimate

FIGURE 2 | Setup and instrumentation for push-out test.
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FIGURE 3 | The mass loss rate of specimens.

bond strength τu, the residual bond strength τr , and elastic bond
shear stiffness Ke, were obtained and tabulated in Table 4. The
ultimate bond strength was defined as the bond stress between the
steel section and concrete on the peak load of P–S curves, which
has been used to analyze the bond behavior by Nezamian and
Al-Mahaidi (2006). The residual bond strength was taken as the
residual stress without further reduction after large slip due to the
friction force between steel section and concrete, which has been
used to analyze the residual bond behavior by Nezamian and Al-
Mahaidi (2006). The ultimate bond strength τu and the residual
bond strength τr could be calculated according to Eq. (1). The
elastic bond shear stiffness was defined as the secant stiffness at
the point of 0.8 Pu of the ascending stage of the P–S curves of the
loaded end in this study.

τ =
P

Cala
(1)

where Ca is the perimeter of the steel section; la is the embedment
length of the steel section.

Effect of Temperature
The effect of temperature on the bond properties of SRRAC
is shown in Figure 6. It can be noticed that the ultimate
bond strength, residual bond strength, and elastic bond shear
stiffness of SRRAC decreased with the increase of temperature.
The influence of temperature on the bond strength for the
specimens without studs was more significant than that of the
specimens with studs. In the 600◦C specimens without studs,
the ultimate bond strength and residual bond strength were
reduced by 87.9 and 81.1%, respectively, compared to that of
the specimens without heating. As for the 600◦C specimens
with studs, the ultimate bond strength and residual bond
strength were just reduced by 12.4 and 13.4%, respectively.
The results can be attributed to that the interfacial bond
strength between the steel section and RAC in the specimens
without studs was mainly controlled by the cohesive force
and friction force, whereas the interfacial strength of the
specimens with studs was dominantly by the mechanic interlock
force. The high temperature has a more considerable effect
on the cohesive force and friction force. For the specimens
without studs, with the increase of the temperature, the
degradation of ultimate bond strength was most significant
in all bond properties. The ultimate bond strength of the
400◦C specimens was 24.3–35.5% of that for the specimens
without heating, while the value was just 12.1–22.0% for
600◦C specimens.

Effect of Cooling Regime
The influence of cooling regime on the bond behavior of
SRRAC is shown in Figure 7. It can be seen that after
400◦C, the bond properties of the specimens for WC cooling
regime were lower than that of NC cooling regime. Compared
to the NC cooling specimens, the ultimate bond strength,
residual bond strength, and shear stiffness of the WC cooling
specimens were further reduced by 13.2, 9.8, and 28.4%,
respectively. The results indicated that the cooling regime
of WC made the interfacial performance further deteriorate
for the specimens after high temperature. It was because, in
the WC regime, the external temperature of the specimens
decreased rapidly while the internal temperature remained

FIGURE 4 | Failure modes of specimens. (A) Specimens without studs. (B) Specimens with studs.
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FIGURE 5 | P–S curves of specimens. (A) SRRAC-1. (B) SRRAC-2. (C) SRRAC-3. (D) SRRAC-4. (E) SRRAC-5. (F) SRRAC-6. (G) SRRAC-7. (H) SRRAC-8.
(I) SRRAC-9. (J) SRRAC-10. (K) SRRAC-11. (L) SRRAC-12. (M) SRRAC-13. (N) SRRAC-14. (O) SRRAC-15. (P) SRRAC-16. (Q) SRRAC-17. (R) SRRAC-18.
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TABLE 4 | Bond properties of SRRAC after high temperature.

Specimens Pu/kN Pr/kN τ u/MPa τ r/MPa Ke/kN·mm−1

SRRAC-1 176.2 97.1 0.80 0.44 380.9

SRRAC-2 191.2 106.6 0.86 0.48 350.6

SRRAC-3 202.4 111.9 0.91 0.51 199.4

SRRAC-4 42.9 39.2 0.19 0.18 73.3

SRRAC-5 48.4 47.4 0.22 0.21 101.9

SRRAC-6 60.1 59.0 0.27 0.25 100.9

SRRAC-7 38.8 30.2 0.18 0.14 13.2

SRRAC-8 34.2 31.2 0.15 0.14 30.1

SRRAC-9 24.4 21.2 0.11 0.10 60.5

SRRAC-10 87.2 71.9 0.39 0.32 157.5

SRRAC-11 19.2 18.6 0.09 0.08 43.0

SRRAC-12 378.5 243.5 1.71 1.10 323.7

SRRAC-13 367.5 207.5 1.66 0.94 127.4

SRRAC-14 331.5 211.0 1.50 0.95 43.6

SRRAC-15 778.6 750.5 3.52 3.39 213.5

SRRAC-16 730.0 704.0 3.30 3.18 92.8

SRRAC-17 882.0 871.5 3.98 3.94 114.2

SRRAC-18 850.0 846.5 3.84 3.82 127.6

high. In this process, the temperature stress caused by the
inside and outside differences in temperature, which was
negligible in the NC regime, led to a larger number of
cracks that the concrete was further damaged. However, there
was no significant effect on the bond behavior of specimens
after high temperature of 600◦C between the two cooling
regimes. It was because the large number of cracks caused
by the expansion under the heating process makes more
dominant damage than that caused by the temperature variations
between the internal and external parts of concrete under the
cooling process.

Effect of RP
Figure 8 shows the influence of RP on bond properties of
SRRAC after high temperature. In the figure, the relative ultimate
bond strength, relative residual bond strength, and relative
elastic bond shear stiffness for specimens after high temperature
compared to that without heating, namely, τT

u /τ
0
u
, τT

r /τ
0
r
, and KT

e /K0
e
,

were regarded as the bond degradation index for analysis. It
can be seen clearly from the figure that, after exposure to

400◦C, the relative ultimate bond strength and residual bond
strength had no significant difference with the increase of
RP. However, after exposure to 600◦C, the relative ultimate
bond strength and residual bond strength were decreased
as RP increased. Compared to the specimen of RP = 0%,
τT

u /τ
0
u

and τT
r /τ

0
r

for the specimen of RP = 50% reduced by
22.7 and 8.2%, respectively. The reduced values for that of
RP = 100% were 46.2 and 38.4%, respectively. It indicated
that the high temperature had a great influence on the bond
strength between steel section and recycled concrete when
RP increased. It was because the mechanical property of
the new–old interfacial transition zone in recycled concrete
was more liable to be affected by high temperature. On the
contrary, the relative elastic bond shear stiffness was increased
when RP increased.

Effect of Studs
The influence of the stud position on the bond behavior of
SRRAC after high temperature is shown in Figure 9. It can be
seen that with or without studs and the setting position of studs
had a significant influence on the ultimate bond strength and
residual bond strength of the specimens. After high temperature,
the ultimate bond strength and the residual bond strength of the
specimens with studs were higher than those of the specimens
without studs. The ultimate bond strength and residual bond
strength of the specimens with studs on both the flange and the
web were the highest. The ultimate bond strength and residual
bond strength of the specimens with studs only on the web were
higher than those with studs only on the flange. It was indicated
that setting studs on the web exhibited the best bond strength
of SRRAC after high temperature. After high temperature, the
location of the studs had a small effect on the elastic bond
shear stiffness. The elastic bond shear stiffness exhibited the
largest value for the specimens with studs on the web after
high temperature.

SENSITIVITY ANALYSIS

The results of the parametric analysis presented that the bond
strength of SRRAC after high temperature was influenced by
a variety of factors, and all of the factors were interactive.
Therefore, a sensitivity analysis was conducted using a

FIGURE 6 | Effect of temperature. (A) The ultimate bond strength. (B) The residual bond strength. (C) The elastic bond shear stiffness.
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FIGURE 7 | Effect of cooling regime. (A) The ultimate bond strength. (B) The residual bond strength. (C) The elastic bond shear stiffness.

FIGURE 8 | Effect of RP. (A) The ultimate bond strength. (B) The residual bond strength. (C) The elastic bond shear stiffness.

FIGURE 9 | Effect of studs. (A) The ultimate bond strength. (B) The residual bond strength. (C) The elastic bond shear stiffness.

FIGURE 10 | Results of gray relational coefficient and degree. (A) Ultimate bond strength. (B) Residual bond strength.
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FIGURE 11 | Comparison of experimental and predicted τu and τr . (A) Ultimate bond strength. (B) Residual bond strength.

mathematical gray system theory (GST) to examine the
parametric sensitivity of the ultimate bond strength and residual
bond strength. GST is a reliable method for sensitivity analysis
because of its effectiveness in dealing with uncertain and
complicated data. It has been successfully applied in the analysis
of mechanical properties of normal and recycled concrete (Li
and Cai, 2018; Xu and Zhao, 2019).

The ultimate bond strength and residual bond strength were
determined as the reference matrix X0(j). The RCA replacement
ratio (RA), temperature (T), and number of studs per unit length
(k) were considered as the relative matrix X1(j), X2(j), X3(j),
respectively. Based on the normalized data, the gray relational
coefficient ξ i(j) can be expressed as follows:

ξ(j) =
min

i
min

j
1i(j)+ ρ max

i
max

j
1i(j)

1i(j)+ ρ max
i

max
j
1i(j)

(2)

1i
(
j
)
=
∣∣X′0 (j)− X′i

(
j
)∣∣ (3)

where ρ is a coefficient and equal to 0.5 (Liu and Yang, 2017);
X′0(j)

is the normalization of the reference matrix, and X′i(j)
is the

normalization of the relative matrix and can be determined as
follows:

X′0
(
j
)
=

X0
(
j
)

1
n
∑n

j=1 X0
(
j
) (4)

X′i
(
j
)
=

Xi
(
j
)

1
n
∑n

j=1 Xi
(
j
) (5)

The gray relational degree λ, which is used to measure the
correlation between the reference matrix and the comparative
matrix, is given as follows:

λ=
1
n

n∑
j=1

ξi
(
j
)

(6)

In GST, λ close to 1 represents the strong correlation,
whereas λ close to 0 indicates a negligible correlation
(Liu and Yang, 2017). The results of the gray relational coefficient
ξ i(j) and the gray relational degree λ for the parameters are
shown in Figure 10. As can be seen, all the λ were higher than
0.5, indicating a high correlation. The most sensitive parameter
on both ultimate bond strength and residual bond strength is the
number of studs, which had the highest gray relational degree of
0.717 and 0.794, respectively.

CALCULATION OF ULTIMATE AND
RESIDUAL BOND STRENGTH

Based on the above results of GST analysis, the calculation
of ultimate bond strength and residual bond strength of
SRRAC after high temperature (T ≤ 600◦C) can be conducted
according to Eq. (7) and Eq. (8). In the equation, the
coefficients were determined according to the regression analysis
of corresponding parameters.

τu = 1.4702k+ 0.0309R− 0.0011T − 0.0502C + 3.2608 (7)

τr = 1.7741k+ 0.0339R− 0.0005T − 0.0984C + 5.3694 (8)

The comparison of experimental ultimate bond strength and
residual bond strength for SRRAC after high temperature with
the corresponding bond strengths calculated by Eq. (7) and Eq.
(8) is shown in Figure 11. The average ratio of the calculated
ultimate bond strength to experimental values was 0.9760 with
a variance of 0.0579. The average ratio of the calculated residual
bond strength to experimental values was 0.9834 with a variance
of 0.0295. The predicted results showed a satisfactory agreement
well with the experimental results.
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CONCLUSION

(1) When the maximum temperature was less than 600◦C, the
mass loss of SRRAC specimens after high temperature was
all increased with the increase of the temperature. With the
increase of the temperature, the bond properties of SRRAC
specimens after high temperature decreased gradually. The
bond properties affected by the temperature were more
significant for the specimens without studs than those of
the specimens with studs.

(2) The mass loss was not affected by the cooling regime. The
WC cooling has a more significant influence on the ultimate
strength and residual strength of the specimens after high
temperature of 400◦C than that of NC. The decrease of
the ultimate bond strength, residual bond strength, and
elastic bond shear stiffness for the WC specimens after high
temperature was more significant.

(3) After a relatively low temperature of 400◦C, RP has no
significant influence on the bond strength. After a relatively
high temperature of 600◦C, the bond strength decreased as
RP increased. The relative elastic bond shear stiffness was
increased when RP increased.

(4) When the maximum temperature was less than 600◦C, the
specimens with studs on both flange and web exhibited the
highest ultimate strength and residual strength after high
temperature. The ultimate strength and residual strength
of the specimens with studs only on web were higher than
those of the specimens with studs only on flange.

(5) RP, temperature, and the number of studs had a relatively
strong correlation with the bond strength of SRRAC after

high temperature lower than 600◦C. Among the factors,
the number of studs showed the largest gray relational
degree versus the bond strength of specimens, while the
temperature is the lowest one.

(6) The predicted results of ultimate bond strength and residual
bond strength using the proposed equations correlated well
with the experimental results.
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