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In the past 20 years, recycled aggregate concrete (RAC), as a type of low-carbon concrete, has become a
worldwide focus of research. However, the design methodology for RAC structural components remains a
challenge. Consequently, demands for a unified design of natural aggregate concrete (NAC) and RAC com-
ponents have been presented. Accordingly, this study analyses the necessity of a unified design theory
and provides an in-depth demonstration of the strength determination, compressive constitutive rela-
tionship, and design method of concrete components. The coefficient of variation of RAC strength is found
to be generally higher than that of NAC strength. The compressive and tensile strengths of RAC can be
defined and determined using the same method as that used for NAC. The uniaxial compressive consti-
tutive relationship between NAC and RAC has a unified mathematical expression. However, the elastic
modulus of RAC decreases, and its brittleness exhibits an increasing trend compared with that of NAC.
Finally, to unify the design formulae of RAC and NAC components for bearing capacity, modification fac-
tors for RAC components are proposed considering safety and reliability. Additionally, the feasibility of
the proposed unified time-dependent design theory is demonstrated in terms of conceptual design and
structural measures considering the effects of strength degradation and reinforcement corrosion. It is
believed that this study enriches and develops the basic theory of concrete structures.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The supply of natural aggregates is gradually failing to satisfy
construction demands because of the limited exploitation of natu-
ral mines and river sands [1]. In addition, the annual output of con-
struction and demolition wastes has increased obviously in recent
years. The resource utilization rate should be increased; therefore,
promoting the application of recycled aggregate concrete (RAC) is
necessary. Previously, RAC was mainly used in pavement bases,
floor cushions, and enclosure structures with low added value.
With the increasing demolition of old buildings, the application
of RAC structures to gradually replace parts of natural aggregate
concrete (NAC) structures is an important future development
trend conforming to the requirements of recycling and low-
carbon strategies.
Concrete that has been prepared using recycled aggregates is
called RAC. In RAC, the natural aggregates are partially (more than
15%) or fully replaced by recycled aggregates [2] produced from
waste concrete through crushing and sieving according to a certain
gradation. Hence, waste concrete can be recycled into new struc-
tural materials, consequently reducing environmental pollution
and construction costs and partially replacing NAC as low-carbon
materials for infrastructure construction. The economic benefit of
RAC can be improved by increasing the replacement ratio [3]. Cur-
rently, the recycled materials produced by resource production
lines include recycled coarse or fine aggregates and recycled pow-
der [4]. Among these, recycled coarse aggregates have been widely
applied to existing concrete engineering structures [5]. The
replacement ratio is generally 30%–50% and even reaches 100% in
components with special requirements.

It should be noticed that the sources and composition of waste
concrete are generally complex. The variability of properties of
RAC is quite different from NAC. The properties of RAC are affected
by many factors, such as the source of waste concrete, quality,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.eng.2023.03.017&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.eng.2023.03.017
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jzx@tongji.edu.cn
https://doi.org/10.1016/j.eng.2023.03.017
http://www.sciencedirect.com/science/journal/20958099
http://www.elsevier.com/locate/eng


J. Xiao, K. Zhang, T. Ding et al. Engineering 29 (2023) 188–197
gradation, and replacement ratio [6,7], and they degrade when the
replacement ratio increases. The compressive strength of RAC
decreases with the increasing replacement ratio under the same
water–binder ratio; its strength decreases by 20% when the
replacement ratio is 100% [8]. Because recycled aggregates are pro-
duced through crushing, cleaning, and grading of waste concrete,
damagewithin thematerial can accumulate during these processes.
The recycled aggregate is a multiphase material composed of natu-
ral aggregate and attached old mortar [9]. Compared with natural
aggregate, recycled aggregate has a higher water absorption and
crushing index [10,11]. The old mortar can be reduced by physical
means, such as ‘‘grinding’’ [12,13] and shaping [14], while the aggre-
gate can also be strengthened or stripped by physical, chemical, and
biological methods, including nano-modification methods, micro-
bial mineralization, and deposition methods, which can decrease
the variability of RAC. However, these methods cannot be applied
extensively and take away the variability at present. Therefore,
the reliability analysis is very important for RAC considering its
variability, which will also influence the design of RAC structures.

Compared with a NAC structure, the short-term and long-term
behaviors of RAC structures are different. Research shows that
[15,16] under compression, tension, or other loading conditions,
the constitutive relationship curve of RAC with a high replacement
ratio extremely differs from that of NAC; moreover, the peak strain
is larger under compression. For RAC components, existing
research includes the influence of coarse aggregate replacement
ratio and the response of structures under static or seismic loading.
The mechanical and seismic behaviors of reinforced RAC compo-
nents are found to be inferior to those of NAC components with
the same reinforcements [17]. However, the behavior of RAC com-
ponents can be rendered equivalent to or even better than those of
NAC through reasonable design so that they can be used in actual
projects [18]. However, the shear resistance of RAC is a bit lower
than that of NAC; it decreases by 6%–30% when the recycled coarse
aggregate (RCA) replacement ratio is 100%. Further, the ductility of
RAC columns is lower than that of NAC columns. Remarkably, RAC
has better damping properties and high-temperature resistance
than those NAC with the same water–binder ratio [19,20]. The
long-term behavior of RAC components and structures compared
with that of NAC is inferior. Nevertheless, it can be improved by
applying appropriate structural measures.

Researchers have conducted lots of excellent work on the vari-
ability and reliability analysis of RAC structures. Pacheco and de
Brito [21] and Pacheco et al. [22] found that one of themain reasons
for skepticism towards RAC was the perceived notion that the
heterogeneity of recycled aggregates might increase the uncer-
tainty of the behavior of concrete, the structural reliability of RAC
was the new trend in eco-efficient and recycled concrete. The deter-
mination of design parameters for RAC was important, Silva et al.
[23] presented the relationship between the modulus of elasticity
and compressive strength of RAC, which showed the loss of modu-
lus of elasticity based on quality and replacement level of recycled
aggregates. In the design of RAC structures, Breccolotti and
Materazzi [24] and Pacheco et al. [25] studied the structural relia-
bility of the bond between reinforcing steel bar and RAC, a partial
factor could be determined so that the probability of failure of the
bond length design of RAC could be equivalent to that of NAC. For
the components, Breccolotti and Materazzi [26] studied the struc-
tural reliability of RAC columns; Silva and de Brito [27] proposed
the design method of reinforced RAC slabs. Many researchers,
including the authors of this investigation, analyzed the reliability
of the flexural capacity of RAC beams, while that of the shear capac-
ity of RAC beams was studied in the past few years. Pacheco et al.
[22], Ju et al. [28], and Sunayana and Barai [29], established the
database for RAC beams with and without shear reinforcement
and proposed its safety margin or partial factor based on reliability
189
analysis. As for the durability of RAC components, Albuquerque
et al. [30] and Faleschini et al. [31] studied the reliability-based
analysis of RAC under carbonation and recommended the concrete
cover design of RAC through comparison to that of NAC. Dehvari
et al. [32] put forward the limited replacement ratio of RCA in a
chloride ion environment through reliability-based design opti-
mization. Cao et al. [33] and Li et al. [34] also studied the sulfate
attack resistance of RAC based on reliability analysis.

Above all, the strength and variability of RAC materials differ
from those of NAC because of the initial defects, waste material
sources, and replacement ratio of recycled aggregates. Conse-
quently, structural design calculations are expected to be inaccu-
rate and can cause safety problems if the design method of NAC
is directly applied without any modifications. The main difference
between RAC and NAC structures can be determined if a united
design theory is established to benefit application and develop-
ment. Moreover, the design method and design software of RAC
could be unified with the existing NAC structural design. This can
promote the engineering application of RAC because it can offer
convenience to designers and manufacturers. Accordingly, the uni-
fied design theory of RAC and NAC structures has considerable the-
oretical and engineering significance.

Against this background, this paper mainly introduces the work
of the authors’ research group on the unified design theory of RAC
and NAC, which aims to provide an analytical method that may be
widely applicable. It mainly expounds on the unified method of
structural resistance based on reliability; preliminarily discussions
cover structural resistance based on time-dependent reliability.
The development of the unified design theory of RAC and NAC
components not only has engineering application significance but
can also supplement and expand the design theory of NAC
structures.
2. Determination of RAC strength

2.1. Representative value of compressive strength

2.1.1. Coefficients of variation of compressive strength
The statistical parameters of component resistance can be

determined by analyzing the strength of RAC when only limited
test results on components are available; this is because strength
is directly related to the bearing capacity of the components. At
the same water–binder ratio, the mean strength of RAC is always
lower than that of NAC [35–39]. This is mainly due to the inferior
interfacial transition zones in RAC that cause different failure
modes under compression [37]. The compressive strengths and
the coefficient of variation (COV) of RAC with different replace-
ment ratios based on reports in the literature [9,24,26,39–41] are
presented in Fig. 1, in which the strength ratios and the COV ratios
of RAC and NAC are provided. These data are collected from differ-
ent countries and regions, including China, Spain, Portugal, and
Italy; therefore, the properties of recycled aggregates are different.

The strength ratio of RAC to NAC is observed to decrease with an
increasing replacement ratio (Fig. 1(a)), and the relationship
between the COV and replacement ratio shows an increasing trend
(Fig. 1(b)). From the trend line, when the replacement ratio of RCA
is 100%, the compressive strength of RAC is decreased by approxi-
mately 10.0% and the COV is increased by approximately 20.0%.
2.1.2. Compressive strength
The determination of the RAC strength should satisfy the

requirements and corresponding material partial safety factors in
the existing design codes, to ensure that the reliability of NAC
and RAC structures reaches the same level. For NAC, the Chinese
code GB 50010–2010 [42] stipulates the values of compressive



Fig. 1. The relationship between the replacement ratio and (a) the compressive
strength ratio and (b) the COV ratio (RAC/NAC).

Fig. 2. The relationship between the replacement ratio and (a) the tensile strength
ratio and (b) the COV ratio (RAC/NAC).
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strength (including the mean, standard, and design strengths); the
relationship among these values is also specified. The guaranteed
standard strength of NAC is 95%, and the design strength is equal
to the ratio of the standard strength to the partial safety factor.
The material partial safety factors were obtained from engineering
experience and reliability analysis; the partial safety factor of NAC
was taken as 1.40.

In terms of the relationship of strength values, Xiao [43] con-
ducted studies showing that the ratio of the axial compressive
strength of RAC to the cubic compressive strength increased by
approximately 8% compared with NAC, and concluded that the
same strength conversion relationship can be used for RAC and
NAC.

From the perspective of a unified strength value, the definition
of standard and design strengths should be similar for NAC and
RAC, and the COV of the RAC strength may be fully considered.
For example, in the mix design of RAC, the standard deviation is
6.0 MPa (5.0 MPa for NAC); accordingly, the value of the partial
safety factor of RAC needs to exceed 1.40.
2.2. Representative value of tensile strength

2.2.1. COV of tensile strength
Fig. 2 summarizes the tensile strength of RAC used in different

countries [24,40]. The trend lines indicate that the mean values of
tensile strength of RAC are decreasing with the replacement ratio
of recycled aggregates, while the COV of strength shows an
increasing trend. The number of tests on the tensile strength is
relatively low compared with that on the compressive strength
of RAC mainly because the tensile strength test is relatively
difficult to perform.
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2.2.2. Tensile strength
The tensile strength of RAC is similar to the compressive

strength, including the mean, standard, and design strengths, and
these strength values conform to Chinese codes GB 50010–2010
[42] on NAC. The COV of RAC’s tensile strength should also be con-
sidered, and the standard deviation and partial safety factor need
to be increased correspondingly to ensure the rationality of the
strength value.

The complex sources of recycled aggregates can increase the
strength variability of RAC; this can in turn increase the COV of
the bearing capacity of RAC components and reduce the reliability.
To design the RAC components, the use of theoretical formulas
similar to those of the NAC components is reasonable. The struc-
tural behavior and failure mechanism of RAC components are
similar to those of NAC. The foregoing can facilitate the design,
construction, and application of RAC structures as well as promote
the unified design theory. Therefore, based on the reliability the-
ory, the strength of RAC can be quantitatively determined. Then,
the RAC components can be designed by modifying the existing
design formula, finally satisfying the required reliability.
3. Constitutive relationship of RAC under uniaxial compression

3.1. Test methods

3.1.1. Experimental information
The loading device is shown in Fig. 3. The specimen was a stan-

dard prism with dimensions of 150 mm � 150 mm � 300 mm.



Fig. 3. Loading device. LVDT: linear variable differential transformer.

Fig. 4. (a) The normalized stress–strain curve and (b) the relationship between the
COV and strain of the NAC and RAC with different replacement ratios. rc:
compressive stress; rcp: peak compressive stress; ec: compressive strain; ecp: peak
compressive strain. The number following RAC (30, 50, 70, 100) means the
replacement ratio of RAC in percentage.

Fig. 5. Relation of peak stress and peak strain. The dotted line means the 95%
confidence interval. Reproduced from Ref. [16] with permission.
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During the test, the load was applied at a strain rate of 10�5 s�1

which was regarded as quasi-static loading.

3.1.2. Stress–strain curves
The mean value and COV of stress–strain curves with different

replacement ratios were calculated. The corresponding strain is
0–0.007, as shown in Fig. 4.

As shown in Fig. 4(a), the brittleness of RACs increases as the
descending branch of the stress–strain curve becomes steeper
compared with the curve of NAC. When the strain is less than
0.0062, the COV of the NAC stress shows an increasing trend with
the strain, as shown in Fig. 4(b). For RACs, when the strain is less
than 0.001, the COV of the RAC stress decreases with an increasing
strain. Subsequently, the COV increases with the strain; however,
no distinct trend has been observed for the specimen with a
replacement ratio of 70%.

3.2. Stochastic constitutive model

3.2.1. Relationship among characteristic indices
The relationships between peak compressive stress (rcp (MPa))

and peak compressive strain (ecp (� 10�3)), between elastic modu-
lus (Ec (� 104 MPa)) and standard cubic compressive strength (f cu;k
(MPa)), and between peak stress and shape factor (ac) can be deter-
mined by Eqs. (1)–(3) which are from the Chinese code GB 50010–
2010 [42], respectively:

ecp ¼ a1 �
ffiffiffiffiffiffiffi
rcp

p þ b1 ð1Þ

Ec ¼ 10
a2 þ b2

f cu;k

ð2Þ

ac ¼ a3 � r0:785
cp � b3 ð3Þ

where a1, b1, a2, b2, a3, and b3 are constants; for NAC, their values
are 0.7, 0.172, 2.2, 34.7, 0.157, and 0.905, respectively.

The shape factor, ac, can be determined using Eq. (4), which
relates to the ratio (g) of the ultimate strain (ecu) to the peak strain
(ecp); ecu is the corresponding strain when the stress drops to
0.85rcp:
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ac ¼
g

0:85 � g
g� 1ð Þ2

ð4Þ

The relationships among the characteristic indices are shown in
Figs. 5–7 where the test results are divided into three parts accord-
ing to the specimen age (28, 56, and 150 days). The modified rela-
tions for RAC are developed with the test results both by the
authors and the experimental data in the literature [16]. A total of
115 specimens are considered, including both prisms and cylinders,
and these data are collected from eight references covering differ-
ent countries and regions (the mainland of China, Spain, Brazil,
Hong Kong of China, and Italy). The sources of recycled aggregates
were various, and they were collected from the runway of an air-
port, real demolition waste of structural concrete, and specimens



Fig. 6. Relation of elastic modulus and peak stress. The dotted line means the 95%
confidence interval. Reproduced from Ref. [16] with permission.

Fig. 7. Relation of shape factor and peak stress. The dotted line means the 95%
confidence interval. Reproduced from Ref. [16] with permission.

Fig. 8. Comparison of NAC and RAC at different strength levels: the main stress–
strain curves (a) with and (b) without normalized.
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crushed in compression tests in a concrete testing laboratory, and
so forth. Therefore, the properties of the recycled aggregates were
different, such as the water absorption (3.20%–9.25%), apparent
density (2381–2525 kg�m�3), and crushing index (15.2%–19.5%).

The coefficient of determination (R2) values of the fitted lines
for the relation between the peak stress and peak strain, peak
stress, and elastic modulus, and peak stress and shape parameter
are 0.58, 0.59, and 0.29, respectively. The R2 values for the relations
between the characteristic parameters indicate that the variability
cannot be ignored, therefore, the stress–strain relationship of RAC
should be modified based on the existing models and the collected
experimental data. Further related studies are still needed to eval-
uate the variability and the stress–strain relationship models.

By fitting the curves, the age of concrete was found to signifi-
cantly affect the elastic modulus of RAC; however, its effect on
the peak strain was less. Cement continues to hydrate with the
concrete ages, improving both the elastic modulus and strength.
When the strengths are the same, the elastic modulus of RAC is
smaller than that of NAC; however, its peak strain and shape coef-
ficient are larger.

3.2.2. Modified relationships
Based on the relationship among the characteristic indices, the

RAC model is obtained by modifying the Chinese code models
given by Eqs. (1)–(3). The stress–strain curves of RAC and NAC with
different strengths are obtained, as shown in Fig. 8. In Fig. 8(a), the
peak strain and elastic modulus of RAC and NAC increase with the
strength level; however, the descending stage of the curves
becomes steep. The descending branch of the curve of RAC com-
pared with that of NAC becomes considerably steep when its
strength increases from 20 to 45 MPa, indicating that its brittleness
increases, as can be observed in Fig. 8(b). Compared with those of
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NAC, the elastic modulus of RAC is 27 110 MPa (which was 17%
lower), and its peak strain is 0.0022 when the peak stress is
40 MPa (which was 23% higher). The shape factors of RAC and
NAC given by the descending branch are 2.489 and 1.936,
respectively.

The constitutive models of RAC and NAC under uniaxial com-
pression can have a similar mathematical expression (i.e., Eq.
(5)); in which the definition and expression of the parameters qc

and m are the same: qc ¼ rcp
Ececp

; m ¼ Ececp
Ececp�rcp

; and dc is the damage

factor (see Eq. (6)). The difference is that in the RAC model, the
relationship among the characteristic indices is determined
through collected data, and the probability distribution of stress
is tested. At a given strain, the corresponding stress follows a nor-
mal distribution.

rc ¼ ð1� dcÞEcec ð5Þ

dc ¼
1� qcm

m�1þgm 0 � g < 1

1� qc

acðg�1Þ2 þg g > 1

(
ð6Þ

where the shape factor, ac, of the descending branch can be deter-
mined using Eq. (7):

ac ¼ 0:151r0:785
cp þ 0:182 ð7Þ
4. Bearing capacity of RAC beams based on reliability analysis

4.1. Partial safety factor of RAC

4.1.1. Calculation process
The RAC beam is presented as a calculation example; the factors

considered are: load type (constant load and live load), ratio of
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constant load to live load (0.25, 0.5, 1.0, 1.5, and 2.0), concrete
grade (C30 and C40), steel grade (hot rolled ribbed bars (HRB) with
yield strength of 335 and 400 MPa, HRB335 and HRB400), and four
reinforcement ratios (q).

The standard, mean, and design strengths of RAC and NAC
remained the same (the strengths of the NAC beam are used as a
reference). In calculating the RAC partial safety factor, the COV of
its strength was set to 8.0%–20.0%.
4.1.2. Determination of partial safety factor of RAC
When the standard strength of RAC remains the same as that of

NAC, the partial safety factors of RAC, including those of concrete
grades C30 and C40, are calculated. The calculation results are
grouped according to the reinforcement ratio, and a curve with a
95% guarantee ratio is given, as shown in Fig. 9.

As shown in Fig. 9, when the standard compressive strengths
are the same, the partial safety factors of RAC can decrease when
the COV of its compressive strength increases. This is mainly
because RAC’s mean compressive strength increases when a high
COV is adopted, improving the reliability index of the RAC beams.
When the COV of its compressive strength exceeds 0.13 (NAC C30)
or 0.10 (NAC C40), the calculated values of the partial safety factors
of RAC reach the maximum value at the maximum reinforcement
ratio. The COV of its compressive strength was assumed to increase
by 10% with the same standard strength. The partial safety factors
of C30 and C40 RAC were determined to be 1.45 with a 95% guar-
antee because of the relatively high variability.
Fig. 9. Partial safety factors of RAC: (a) C30 and (b) C40. cRAC: partial safety factor of
RAC; dfc: COV of compressive strength.
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If the mean strengths of NAC and RAC are the same, the reliabil-
ity of the RAC beams can be improved by increasing the reinforce-
ment ratio, implying a low demand for the mix strength of RAC. For
the same standard strength, increasing the reinforcement ratio is
necessary to improve the reliability when the COV is small. For
the same design strength, the mix strength of RAC should be
improved. This can be achieved by controlling the quality of recy-
cled aggregates and optimizing the mix design of RAC.
4.2. Minimum reinforcement/stirrup ratio of RAC beams

4.2.1. Minimum reinforcement ratio
The minimum reinforcement ratio (q) of RAC beams can be

expressed by Eq. (8), which is the same as that of NAC:

qR;min ¼ gb
f t
f y

ð8Þ

For NAC, gb= 0.45, which is the reinforcement ratio coefficient;
f y and f t are the design values of the tensile strength of the longi-
tudinal reinforcement and RAC, respectively.

The minimum reinforcement ratio of RAC beams is determined
by keeping the reliability index the same as that of NAC beams;
this method is similar to the calculation method for RAC partial
safety factors. During the calculation process, the strength grades
of RAC were C30 and C40, and those of the steel bars were
HRB335 and HRB400. The relationship between gb and COV (dfc )
is shown in Fig. 10, and R2 is 0.98.

As shown in Fig. 10, the minimum reinforcement ratio of the
RAC beams increases exponentially with the increase of COV of
compressive strength. The ratio slightly improves compared with
that of the NAC beams because the influence of the COV of strength
is limited by the contribution of reinforcement. Therefore, when
the COV increases, the decrease in the reliability index is limited.
Moreover, only a small amount of reinforcement is required for
the reliability index of the RAC beams to attain the index level of
the NAC beams. In summary, gb can be considered as 0.47, as
shown in Fig. 10.
4.2.2. Minimum stirrup ratio
The minimum stirrup ratio of the RAC beams (qR,sv min) can be

expressed by Eq. (9), which is similar to that of NAC beams:

qR;svmin ¼ gs
f t
f y

ð9Þ

where gs is the stirrup ratio coefficient; for NAC, gs= 0.24.
Fig. 10. Minimum reinforcement ratio coefficient of RAC beams.
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Similar to the calculation method of the minimum reinforce-
ment ratio (q), in the computation, the chosen concrete strength
grades were C30 and C40, and those of the steel bars were hot-
rolled plain bar (HPB) with the yield strength of 300 MPa
(HPB300) and HRB335. The relationship between gs and the COV
of tensile strength (dft) is shown in Fig. 11, and R2 is 0.97.

This figure indicates that the minimum stirrup ratio coefficient,
gs, increases with the increase of COV of tensile strength. When the
strength grade is C30 with a COV of 15% and the stirrup is HRB335,
the gs is 0.261, and the minimum stirrup ratio of the RAC beams
increases by 8.7% compared with that of the NAC beams. When
the COV increases to 20%, the minimum stirrup ratio increases by
36.3%, indicating that when the stirrup ratio is small, the COV of
the tensile strength significantly influences the COV of the shear
capacity, reducing the reliability index of the beams. Therefore,
increasing the stirrup ratio is necessary to ensure that its reliability
satisfies the foregoing requirements. Generally, when the COV of
strength is controlled within 15%, gs can be taken as 0.28.

4.3. Bearing capacity of components

4.3.1. Flexural capacity
The design value of the bending moment, M, of the beams can

be satisfied by Eqs. (10) and (11), as follows:

M � a1 f c bx h0 � x
2

� �
ð10Þ

a1 f c bx ¼ f y As ð11Þ
where a1, f c, and x have the same definitions as those for NAC; a1 is
equal to 1.0; f c is the design strength value; x � nbh0 and
nb ¼ b1= 1 þ f y= Esecuð Þ� �

, in which b1 is the coefficient (0.78); ecu
is the ultimate strain of concrete; Es is the steel bar’s elastic mod-
ulus; b and h0 are the width and effective height of the cross-
section, respectively; and As and f y are the cross-sectional area
and design tensile strength of the longitudinal steel bars,
respectively.

4.3.2. Shear capacity
The shear force, V, of RAC beams can be satisfied by Eq. (12):

V � 0:9acv f t bh0 þ Asv f yv
h0

s
ð12Þ

where 0.9 is the modified reliability coefficient of RAC; parameter of
shear capacity acv is 0.7 for common concrete beams and 1:75

kþ1 for
beams with a concentrated load (k is the shear span ratio); Asv
Fig. 11. Minimum stirrup ratio coefficient of RAC beams. dft: COV of the tensile
strength.
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and f yv are the cross-sectional area and design tensile strength of
stirrups, respectively; and s is the stirrup spacing.

The partial safety factor, minimum reinforcement ratio, stirrup
ratio, and shear bearing capacity of RAC were obtained based on
reliability analysis. The component shear design methods of NAC
and RAC can be unified. Values should be modified after fully con-
sidering the characteristics of RAC to realize the unified design the-
ory of NAC and RAC components. The foregoing results provide
theoretical support for the revision of the Chinese code DG/TJ
08–2018–2020 [2].

5. Preliminary study on time-dependent reliability of RAC
components

The unified design formula of the RAC components can be
determined by reliability analysis. Regarding the durability prob-
lem, the current specification has certain requirements regarding
concrete strength grade and minimum thickness of the concrete
cover. Preliminary research has been conducted on the time-
dependent behavior of RAC components. It mainly includes the
time-dependent strength of NAC and RAC, carbonation behavior,
corrosion of steel reinforcement, and time-dependent reliability
analysis. The foregoing is considered to establish the foundation
for the design of NAC and RAC components based on the time-
dependent reliability.

The durability problem of concrete structures originates from
the deterioration of concrete or steel reinforcement that can be
caused by environmental conditions. The RAC time-dependent
strength data were collected from Ref. [44] and the time-
dependent strength model of NAC. Based on these values, the pre-
diction results of the RAC time-dependent strength and corre-
sponding COV were obtained by preliminary fitting. The
development trend of the RAC time-dependent strength is found
to be consistent with that of NAC. The short-term strength of
RAC is relatively low, but the COV of its compressive strength is
a bit high. As the service time progresses, the absolute difference
between them might increase. The COV of the strengths of RAC
and NAC first decreased and then gradually increased.

Research on the carbonation of RAC has been conducted, and
different prediction models for carbonation depth have been put
forward. The authors proposed a revised carbonation depth predic-
tion model for RAC based on existing models [45], as given in Eq.
(13). This model considers water absorption, temperature, relative
humidity, curing time, water–cement ratio, 28-day compressive
strength, CO2 concentration, and carbonation time:

xcðtÞ ¼ 104kA �
ffiffiffi
T4

p
� ke �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
kc �W
f 3c � C

s
� kCO2 �

ffiffi
t

p
ð13Þ

where xcðtÞ is the carbonation depth at service time t; kA is the
water absorption ratio parameter of aggregates; T is the tempera-
ture (�C); ke is the environmental function (ke ¼ RH1:5ð1� RHÞ; RH
is the relative humidity); kc is the execution transfer parameter;
W and C are the content of water and cement in concrete (kg�m�3),

respectively; kCO2 is the CO2 concentration coefficient; kCO2 ¼
ffiffiffiffiffiffiffi
C0
0:03

q
;

and C0 is the CO2 concentration by volume (%).
The modified model could effectively predict the carbonation

depth which is verified by using ten years of carbonation data
[44]. The prediction results show that the carbonation depths of
NAC and RAC can increase with time. For RAC, the carbonation
depth can also increase when the RCA replacement ratio increases.

Concrete carbonation can reduce the pH value of the concrete,
leading to steel reinforcement corrosion due to environmental
effects. The critical expansion force is modified by considering
different yield criteria for the plastic properties of concrete. The



Fig. 12. Fitting results of mean resistance.

Fig. 13. Fitting results of standard deviation.
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relationship between this force and the parameters is established
based on the elastic–plastic analysis.

Upon steel reinforcement corrosion, the crack development ini-
tiates within the concrete cover when the expansion force
increases. A concrete ring with partial cracks separates into plastic
and elastic zones whose boundary conditions can be established.
The calculation process for the critical sectional loss rate of rein-
forcements is obtained by considering the boundary and deforma-
tion coordination conditions [46].

During the calculation process, RAC and NAC were not differen-
tiated. Therefore, the foregoing calculation method and unified
model are feasible for both models, and the model is verified by
many experimental results [47].

Based on the RAC time-dependent strength, carbonation depth,
and expansion force model of the corroded steel reinforcement, the
time-dependent bearing capacity of beams can be obtained
through numerical simulation using the OpenSees software
(USA). The stochastic time-dependent constitutive relationships
between RAC and reinforcement were considered. The bearing
capacity of RAC beams at different ages was calculated. The fitted
curve and calculated data are compared, as shown in Figs. 12 and
13; the R2 values are 0.983 and 0.859, respectively. This means that
the data of the RAC beams can be well described by the established
models.

The decrease rate of the resistance can increase with the service
time, as displayed in Fig. 12. This is mainly because the sectional
loss rate of the steel reinforcement increases gradually with the
service time. In addition, the RAC time-dependent strength
decreases after the peak strength; this was the reason for the
reduction in the mean value of the resistance. The standard devia-
tion of the resistance can increase gradually with the service time,
as shown in Fig. 13. This mainly occurred because the COVs of the
strengths of both reinforcement and RAC increased. In conclusion,
with increasing service time, the mean value of time-dependent
resistance gradually decreased, whereas its COV increased.

The hypothesis was tested based on the established time-
dependent beam resistance model. The results show that during
service, the resistance is a lognormal random process as it follows
a lognormal distribution at a given time. The degradation of resis-
tance can decrease the reliability index in the design reference per-
iod and affect the structural safety. Therefore, conducting a time-
dependent modification of the partial safety factor of RAC is neces-
sary; this is also a key problem requiring further research.

Consider the RAC beam as an example. Time-dependent relia-
bility was obtained by analyzing the time-dependent strength, car-
bonation depth, expansion of steel reinforcement, and time-
dependent resistance. Note that the prediction results of the
time-dependent strength and carbonation depth of RAC are mainly
obtained using only the 10-year test data. Based on the NAC mod-
els, the unified prediction models of time-dependent strength, car-
bonation depth, and expansion force of the corroded steel
reinforcement were obtained. However, the long-term test data
remain insufficient, and more engineering data are required to
modify the model. The time-dependent resistance of the beams
was mainly obtained by numerical simulation. Further modifica-
tion by relevant experiments on the durability and monitoring of
practical structures is necessary. Furthermore, the time-
dependent reliability of other RAC members must be investigated
to determine a reasonable design method for RAC components
based on time-dependent reliability. In the context of the national
strategy on low-carbon emissions, the time-dependent reliability
design of RAC structures should consider future climate change
and follow the principles of safety and low carbon emissions.

In this section, the authors aimed to find a design method for
RAC components in which the properties, particularly the durabil-
ity of RAC should be reasonably considered. Therefore, the authors
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investigated the long-term strength and carbonation of RAC, corro-
sion of steel reinforcement in RAC, and flexural resistance of RAC
beams, and calculated the time-dependent reliability of RAC com-
ponents. The results indicate that the time-dependent reliability of
RAC components can be evaluated and can provide useful informa-
tion in the design of RAC components. Assumptions were made in
these investigations, such as the uniform corrosion of steel rein-
forcement, and the accelerated experimental results were used to
evaluate the long-term performance of RAC components. In the
next step, the authors will collect the in-situ structural data and
evaluate the structural behavior of RAC components, in which
the models will be updated and calibrated. Finally, the partial
safety factor of RAC which can reflect the difference in performance
between RAC and normal concrete will be proposed based on the
time-dependent reliability analysis.

Above all, to establish a unified design theory, the following
problems need to be considered. The strength of RAC can be related
to that of NAC through the correlation function of the replacement
ratio. However, the relationship between its variability and
replacement ratio is difficult to determine; the key problem is
determining the design parameters. To achieve a unified design
method, the target reliability of RAC and NAC structures must be
consistent. Further, the characteristics of the RAC structure must
be reflected based on the NAC design method, which can be
applied to existing design software. The concept of the unified
design theory is summarized and illustrated in Fig. 14. Note that
the load effect of RAC has certain differences compared with that
of NAC and must be studied in the future. For example, owing to
the difference in thermal and damping parameters, the structural



Fig. 14. Unified design theory of RAC and NAC structures. r: stress; [r]: critical stress; R: resistance; K: structural safety factor; cR: partial safety factor of resistance; RK:
standard value of resistance; cG: partial safety factor of constant load effects; GK: standard value of constant load effects; cQ: partial safety factor of live load effects; QK:
standard value of live load effects; r: replacement ratio of RCA; fRAC: strength of RAC; sRAC: load effects of RAC components; R(t): time-dependent resistants; t: sevice time;
cRRAC: partial safety factor of resistance for RAC; cGRAC: partial safety factor of constant load effects for RAC; cQRAC: partial safety factor of live load effects for RAC; cRRAC(t): time-
dependent partial safety factor of resistance for RAC; cGRAC(t): time-dependent partial safety factor of constant load effects for RAC; c

Q

RAC(t): time-dependent partial safety
factor of live load effects for RAC.
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action effects of RAC differ under earthquake forces and varying
temperatures.

6. Concluding remarks

6.1. Conclusions

Based on the requirements for the unified design of NAC and RAC
components, the strength value, compression constitutive relation-
ship, and unified design method based on the reliability theory are
examined in this study. The following conclusions can be drawn:

(1) The COV of RAC strength is a bit higher compared with that
of NAC strength. This is mainly due to the complex sources, ran-
domization, and quality of the old mortar attached to recycled
aggregates. The definition and determination method of the repre-
sentative compressive and tensile strength values of RAC are con-
sistent with those of NAC. Moreover, modifying the partial safety
factor of RAC is necessary because the variation in strength can
increase its standard deviation, consequently affecting the repre-
sentative strength values.

(2) Based on the constitutive model for NAC, a unified model
has been derived by modifying the relationships among the char-
acteristic indices. The elastic modulus of RAC is lower than that
of NAC, and the decreasing branch of its stress–strain curve is stee-
per, indicating higher brittleness. A random distribution test shows
that stress follows a normal distribution at a given strain, laying
the foundation for the nonlinear analysis of RAC structures.

(3) Based on the reliability analysis, the partial safety factors of
RAC, minimum steel reinforcement and stirrup ratios, and bearing
capacity design formula of RAC components can be determined.
The COV of the RAC mechanical properties is higher than that of
NAC; the foregoing increases the partial safety factors, minimum
reinforcement ratio, and stirrup ratio of RAC beams. Modified reli-
ability factors for the RAC components are proposed to realize a
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unified design formula and establish a convenient theoretical basis
for the computer-aided design of RAC structures.

(4) The strength development, carbonation of concrete, and cor-
rosion of the steel reinforcement are important factors affecting
the time-dependent bearing capacity of concrete structures. The
mean value of the bearing capacity decreases with the service time,
whereas the COV gradually increased, resulting in a decrease in the
time-dependent reliability index. The current design method is
mainly based on the reliability theory, and structural measures
are implemented to ensure structural safety during service life. A
unified design method based on time-dependent reliability can
improve the future design theory of concrete structures.

6.2. Research opportunities

Future research can mainly focus on the following aspects.
(1) Long-term behavior of RAC: Considering the variability and

durability of RAC, its long-term behavior, and corresponding mod-
ification methods should be thoroughly studied based on multi-
scale analysis to ensure safety.

(2) Performance monitoring of RAC components and structures
during service time: Field accurate data on the mechanical behav-
ior of RAC components obtained from practical engineering are rel-
evant for evaluating structural responses. Moreover, they can
provide feedback and verify the design method of RAC structures.

(3) Carbon emissions of RAC: Analyzing the carbon emission
factors and compiling carbon emission data of RAC are necessary
to further improve the unified design method in terms of
sustainability.
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