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Abstract: Recycled aggregate concrete has been widely
used in practical engineering construction, and the carbona-
tion resistance of buildings within their allowable strength
range is currently urgently needed to be considered. By
constructing a time prediction model for the carbonation
depth of recycled concrete, the time when the complete
carbonation zone reaches the depth of the steel bar inside
the concrete can be determined, and then the carbonation
life of the building can be determined. However, the current
carbonation model for recycled aggregates (RAs) has theo-
retical and practical limitations. The existing semi-empirical
model has not quantitatively considered the influence of
particle sizes of RAs on the carbonation depth, but only
qualitatively analyzed the effect of particle size on the carbo-
nation depth. In practical applications, the existing models
usually only determine the structural life under one-dimen-
sional carbonation conditions in laboratory conditions,
ignoring the fact that two-dimensional carbonation mainly
occurs in actual engineering. In order to overcome these
limitations, a semi-empirical model for predicting the car-
bonation depth of recycled concrete is proposed for life
prediction of structural carbonation. Based on the replace-
ment rate of RAs, external environmental influences, and
the stress state of components, the particle size of RAs is
considered in the carbonation depth prediction model, and
model parameters are fitted by performing carbonation
experiments on specimens with different mix ratios. The
model is then validated by applying a large amount of
existing experimental data to the fitted model, and the

results show that the model has good applicability for the
constructed components. Furthermore, the model is used to
predict the carbonation life of the main components in
actual engineering and considers two-dimensional carbona-
tion. It was found that when the replacement rate of RAs
was 40%, the predicted life of the main components after
carbonation in actual engineering was close to the
design life.
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dimension

1 Instruction

The exploitation of quarries, the generation of construction
and demolition waste, and the increasing costs of pre-
paring new landfill space pose significant environmental
and economic challenges. Furthermore, the greenhouse
effect, caused by rapid population growth and industriali-
zation, has elevated atmospheric CO2 levels worldwide,
leading to a negative feedback loop that renders reinforced
concrete structures increasingly brittle over time. To address
these concerns, recycled aggregate concrete (RAC) has gained
scientific interest as a sustainable building material.
Substituting natural aggregates (NAs) with recycled aggre-
gates (RAs) in construction applications is an effective way
to recycle materials. RA is widely available and abundant,
and RAs from demolished buildings are more energy-effi-
cient and cost-effective than mining natural virgin aggre-
gates [1], promoting environmentally friendly construction
practices. Carbonation of RAC can significantly address
these challenges and facilitate the permanent storage and
use of the greenhouse gas CO2 in green building [2].

The durability of RAC during its service life is of
utmost importance, and significant scientific research
and development have been conducted over the last
four decades to investigate this issue. As the subject has
become increasingly complex and includes additional
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variables, the persistence of carbonation effects has also
been taken into consideration.

Recent studies on carbonation of recycled concrete
have focused on the influence of axial pressure, mineral
admixture, water/cement ratio, and RA replacement rate
on carbonation depth. These investigations [2–8] have
shown that as the replacement amount of RA increases,
the carbonation depth of RAC increases, and its resistance
to carbonation steadily decreases. Katz [9] and Xiao et al.
[10] have shown that the increased strength of RAs is pri-
marily responsible for their greater resistance to carbona-
tion. Researchers [11–14] have found that relative humidity
levels between 50 and 70% are ideal for carbonation. When
the relative humidity is too high or too low, it is not con-
ducive to the occurrence of the carbonation reaction or the
diffusion of CO2, which greatly slows down the carbonation
rate. Otsuki et al. reported that the carbonation depth of
RAC increased with increasing water/cement ratio and was
marginally greater than that of NAC at the same water/
cement ratio. Cartuxo et al. [15] and Matias et al. [11]
demonstrated that the addition of water reducer (WR)
could significantly improve the carbonation resistance of
RAC. Different researchers have studied mineral admix-
tures in various ways, including fly ash, silica fume, and
slag. While some authors [16–20] have argued that adding
mineral admixtures fills the concrete’s interior pores and
increases RAC’s carbonation resistance, others [21–25] have
argued that doing so depletes the alkaline material in
recycled concrete and causes deeper carbonation. Tang
et al. [26] showed that the carbonation depth of RAC
increased with increasing stress for compressive stress
ratios greater than 0.2 and tensile stresses, while Mi et al.
[27] confirmed a significant shift in the carbonation depth
of RAC under tensile and compressive loads, which was
more pronounced than for NAC.

Studies have established carbonation depth prediction
models based on the aforementioned research results, con-
sidering the influence trends of various factors on the car-
bonation depth of recycled concrete. Specifically, Alekseyev
et al. [28] developed a theoretical model based on Fick’s
diffusion law, which considers the characteristics of carbon
dioxide gas absorption in porous media. Wenguang et al.
[29] developed an empirical model that takes into account
the effects of ambient temperature, humidity, carbon dioxide
concentration, and compressive strength of recycled con-
crete. Ou et al. [30] fitted and examined the link between
individual parameters, such as temperature, water/cement
ratio, aggregate replacement rate, and cement dose, and car-
bonation depth of recycled concrete to create an empirical
model for carbonation depth prediction. Jianzhuang and Bin

[31] developed a semi-theoretical and semi-empirical model
based on regression analysis that considered the impact of
RAs on concrete carbonation, which resulted in a more accu-
rate prediction of carbonation depth. However, there are
limitations to the models mentioned above: (1) when estab-
lishing the theoretical models, the influence trend of the
particle size of RAs on carbonation depth was ignored; (2)
these models were applied to predict the carbonation service
life of building structures under the assumption of one-
dimensional carbonation under laboratory environmental
conditions while ignoring the two-dimensional carbonation
that occurs in actual engineering.

To address these limitations, a novel carbonation depth
prediction model based on a semi-empirical and semi-theo-
retical approach has been proposed. This model considers
the specific influence of particle size of RA on carbonation
depth and accounts for the actual effects of two-dimensional
carbonation when applied to predict the carbonation ser-
vice life of building structures. The main contributions of
this study can be summarized as follows:
1) The influence of replacement rate of RAs and admix-

tures on the carbonation depth of recycled concrete was
analyzed, and the influence trend and mechanism of
particle size of RA on the carbonation depth of recycled
concrete were investigated.

2) A new semi-empirical and semi-theoretical model was
proposed to predict the carbonation depth. Notably, the
model incorporated the particle size of RAs for the
first time.

3) The carbonation depth model was applied to predict the
carbonation service life of building structures by con-
sidering the actual two-dimensional carbonation that
occurs in engineering, which differs significantly from
the one-dimensional carbonation observed under
laboratory conditions.

The remaining sections of this article are organized as
follows: Section 2 presents the theoretical mechanisms and
characterization methods of carbonation in recycled con-
crete. Section 3 analyzes the influence of substitution rate,
particle size, and admixture on carbonation performance
by conducting carbonation tests on specimens with dif-
ferent mix proportions. In Section 4, a new semi-empirical
and semi-theoretical model for recycled concrete is pro-
posed, and the model parameters are fitted based on
experimental data. Also, the effectiveness of the proposed
model is verified in Section 4, where the model is applied to
predict the carbonation life of the main building structure
under two-dimensional carbonation conditions. Finally,
Section 5 provides the conclusion.
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2 Theoretical background

The proposed carbonation depth prediction model aims to
predict the carbonation depth of recycled concrete and is
applied to predict the carbonation life of building main struc-
tures. First, the relevant concepts of carbonation mechanisms
and characterization measurement of recycled concrete car-
bonation depth are summarized.

2.1 Principle of carbonation reaction of RAC

When RAC is exposed to carbon dioxide, a series of che-
mical processes occur, which result in a reduction in the
pH of the concrete. As CO2 gradually penetrates the surface
of the concrete, it reacts with the hydration products in
both the old and new mortar within the material, resulting
in the formation of insoluble calcium carbonate and calcium
silicate hydrated minerals (abbreviated C–S–H) [32,33], as
described by Eqs. (1) and (2). Furthermore, CO2 reacts with
the unhydrated C S Ca O Si3 3 5( ) and C S Ca O Si2 2 4( ), resulting in
the formation of calcium carbonate and silica gel [34], as
described by Eqs. (3) and (4):

+ → +Ca OH CO CaCO H O,2 2 3 2( ) (1)

+ → + nC – S – H CO CaCO SiO H O,2 3 2 2· (2)

+ + → +n n2CaO SiO 2CO H O 2CaCO SiO H O,2 2 2 3 2 2· · (3)

+ + → +n n3CaO SiO 3CO H O 3CaCO SiO H O.2 2 2 3 2 2· · (4)

The carbonation process described above successfully
fills the pores of the remaining old mortar and microcracks
inside the RAC, leading to the production of calcium carbo-
nate [35,36] as the principal product. This reduces the por-
osity of the concrete and causes a minor increase in
strength and a decrease in permeability [23]. The actual
carbonation rate of the concrete is affected by factors
such as permeability, water content, CO2 content, and rela-
tive humidity of the surrounding air. There are currently
two types of carbonation: natural carbonation and rapid

carbonation. Natural carbonation occurs at a relatively
slow rate on the hardened concrete surface under atmo-
spheric conditions. Accelerated carbonation, on the other
hand, allows concrete specimens to achieve higher surface
hardness and early strength under specific humidity, high
CO2 concentration, and pressure conditions. It is also a
means to determine the anticipated service life of concrete.
In recent years, technology for accelerated carbonation has
rapidly advanced, and carbonation efficiency has also
increased. Table 1 shows the three major popular methods
for carbonation.

2.2 Characterization of carbonation depth

A colorimetric technique based on phenolphthalein spray
is a common and straightforward approach for evaluating
concrete carbonation [37]. Carbonation consumes the alka-
linity of concrete, resulting in a pH drop from 12 to 9. This
technique, which is applied to cores of real structures or
specimens carbonated in a lab, assesses the depth of car-
bonation corresponding to a pH of around 9, but it does not
accurately characterize the partially carbonated zone of
the concrete. However, by using thymolphthalein reagents
with varying color development pH values, the carbona-
tion zone of concrete can be determined. The higher the pH
value of color development, the deeper the observed car-
bonation depth. This technique can be used to quickly and
easily estimate the approximate depth of carbonation, as
well as the approximate depth of a portion of the carbona-
tion zone, to assess the degree of carbonation of concrete
[38]. A quantitative description of the carbonation front
using fractal theory helps reduce measurement error, but
one drawback is that the carbonation front may not be
apparent enough.

Thermal analysis is a valuable technique for quantita-
tively assessing the extent of carbonation in concrete at
different depths. It allows for a clearer characterization
of both the complete and partial carbonation zones

Table 1: Characteristics of different carbonation technologies

No. Method Chamber conditions Efficiency

1 Standard carbonation = ±T 20 2℃, = ±RH 70 5% Low efficiency and long duration
CO2 concentration = ±20 3%

2 Pressurized carbonation = ±T 25 3℃, = ±RH 50 5% High efficiency
CO2 pressure can be adjusted

3 Flow-through CO2 curing = ±T 25 3℃, = ±RH 50 5% High efficiency and low energy consumption
CO2 flow rate can be adjusted
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[39,40] by measuring the breakdown process of Ca OH 2( )

and CaCO3 in concrete at specific temperatures, which
produces CO2 and water vapor. There are three primary
methodologies based on different concepts, including dif-
ferential thermal analysis (DTA), thermogravimetric ana-
lysis (TGA), and differential scanning calorimetry (DSC)
[39]. DTA measures the temperature difference between
the specimen and the reference material as a function of
temperature or time, while TGA measures the mass change
of the specimen as a function of temperature or time. DSC
examines the power difference between the input to the
specimen and the output from the specimen as a function
of temperature or time. It should be noted that the thermal
analysis method only takes into account the carbonation of
Ca OH 2( ) and does not assess the carbonation of C–S–H.

X-ray diffraction is a widely used technique to deter-
mine the composition of concrete specimens due to the
distinct crystal structures of Ca OH 2( ) , CaCO3, and C–S–H
in concrete [39,40]. By measuring the relative intensity of
each diffraction line and comparing it to the standard dif-
fraction intensity, the composition of concrete can be ana-
lyzed, and the relative contents of Ca OH 2( ) , CaCO3, and
C–S–H components can be determined, and the carbona-
tion region of the specimen can be identified. However, it is
challenging to identify and analyze the amorphous mass as
diffraction is carried out on the entire concrete specimen,
leading to low precision in quantitative analysis.

Infrared spectrophotometry is a technique that can be
used to quantitatively analyze the internal components of
concrete based on the unique frequencies at which dif-
ferent atoms vibrate [41]. The concentrations of CO2 and
CaCO3 can be determined through spectrograms, which are
produced by the resonance absorption of interacting
infrared light with molecules containing C and O atoms
in the concrete. This causes a reduction in light transmis-
sion intensity. However, it is essential to note that the
sample quality must be excellent for this technique to
yield accurate results.

3 Experimental results and
discussion

3.1 Materials and mix proportions

The study employed four different types of coarse aggre-
gates: NAs (NA5-20) with a nominal size of 5–20 mm, and
recycled coarse aggregates (RCA5-20, RCA5-10, and RCA10-
20) with different nominal sizes. River sand with a fineness
modulus of 2.7 was used as the natural fine aggregate. The
Chinese standard [42] was followed to determine the crushing
values, water absorption, water content, and bulk density of
RCA and NCA, which are presented in Table 2. The coarse
aggregate gradation condition is shown in Table 3. The per-
formance specifications and composition of China Cement’s
P.O 42.5 normal silicate cement are given in Tables 4 and 5.
Tables 6 and 7 show the primary compositional indices of the
modified admixture of micron silica and fly ash used in the
study. In this study, we created various RAC blends by
varying the replacement rates, particle sizes, and modified
admixtures, and the ratios and numbers of the blends are
provided in Table 8.

Table 2: Physical properties of the aggregates

Type NA5-20 RCA5-20 RCA5-10 RCA10-20

Apparent
density (kg·m−3)

2,559 2,507 2,497 2,510

Stacking
density (kg·m−3)

1,377 1,251 1,367 1,219

Moisture content (%) 0.4 2.17 2.31 2.02
Water absorption (%) 1.05 5.47 5.79 5.07
Crushing index (%) 8.7 15.2 — 15.3

Table 3: Coarse aggregate gradation

Type Grading conditions Cumulative sieve residue (by mass (%))

Sieve size (mm)

2.36 4.75 9.5 16.0 19.0

NA 5–20 Continuous 99.1 95.2 79.7 37.2 2.7
RCA 5–20 Continuous 97.2 92.1 79.1 15.7 1.9
RCA 5–10 Single 96.7 90.2 12.7 0 —

RCA 10–20 Single — 97.8 92.4 17.2 0
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3.2 Compressive strength experiment

The concrete cubes were cured for 28 days in water at
room temperature after being demolded. Referring to the
specifications [43] for concrete compressive strength testing,
well-cured concrete specimens were carefully selected and
subjected to a predetermined drying period to allow for
the evaporation of surface moisture. Subsequently, the
compressive test was conducted using a loading rate of
0.5 MPa·s−1. The breaking strength was recorded when the
specimens exhibited significant deformation. To obtain the
final ultimate compressive strength value, the recorded
breaking strength was multiplied by a size conversion factor
of 0.95. The obtained results are summarized in Table 9.

From Table 9, it is evident that the compressive strength
of the specimens decreases as the replacement rate of RA
increases. This can be attributed to the addition of RA in
concrete, which acts as a filler and alters the internal com-
position of the mixture. Furthermore, the strength of RA
itself is generally lower than that of NA.

Moreover, an increasing trend in compressive strength
is observed with the increase in the size of RA. This can be
explained by the fact that larger aggregate particles result

in reduced internal damage and instability when the spe-
cimen is subjected to pressure. Consequently, fewer and
smaller microcracks are formed within the specimen.

Additionally, the use of modified admixtures leads
to a decrease in compressive strength. This is evident in
test piece A9, where the decrease can be attributed to
the high-level water absorption of micro-silica powder.
During the mortar mixing process, the free water/cement
ratio is reduced, affecting the strength of the material.
Similarly, in test piece A10, the decrease in strength can
be attributed to the mismatch between the high-strength
grade of cement and the activity of the compound fly ash,
resulting in a decline in the strength of the composite
material.

3.3 Carbonation experiment

3.3.1 Carbonation depth results

The concrete cubes were cured for 28 days in water at
room temperature after being demolded. Subsequently,
the cubes were subjected to an accelerated carbonation
treatment in a chamber for 28 days. In accelerated labora-
tory carbonization conditions, the values of each para-
meter are set according to the specifications as follows
[44]: temperature T = (20 ± 2)°C, relative ambient humidity
RH = (70 ± 5)%, and CO2 concentration percentageC0 = (20 ±
3)%. The depth of carbonation was measured by fracturing
the samples after 3, 7, 14, and 28 days of carbonation treat-
ment, respectively, followed by spraying the fractured sur-
faces with a 1.0% solution of phenolphthalein ethanol. The
distance of the colorless part from the exposed surface was
measured to determine the carbonation depth, as illu-
strated in Figure 1. The results were determined by aver-
aging the values, as depicted in Figure 2.

Table 4: Cement properties

Initial setting
time (min)

Final setting
time (min)

Compressive
strength (MPa)

Bending
strength (MPa)

Burning
loss (%)

Specific surface area
(m2·kg−1)

Adequacy

172 234 27.2 5.5 4 358 Qualified

Table 5: Chemical component of cement (%)

CaO SiO2 Al O2 3 Fe O2 3 MgO

53.42 24.99 5.25 4.81 3.71

Table 6: Chemical component of micron silica (%)

SiO2 Al C Ca Mg Cu

95.9 1 0.9 0.1 0.2 0.2

Table 7: Properties and chemical component of fly ash

Fineness (5 μm sieve margin %) Burn vector (%) Al O2 3 (%) SiO2 (%) Moisture content (%) Free CaO/(%) Density (g·cm−1)

16 2.8 24.2 45.1 0.85 0.85 2.55
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3.3.2 Discussion

Figure 2 demonstrates that with the progress of the carbo-
nation process, the depth of carbonation in the specimen
increases gradually while the carbonation rate decreases
gradually. This is due to the transformation of the internal
structure of the recycled concrete during carbonation. The
major product of carbonation, calcium carbonate, gradu-
ally occupies the pores within the specimen, changing the
microstructure and significantly reducing porosity, ulti-
mately resulting in a reduced diffusion rate of CO2, which
is reflected in the decreasing carbonation rate.

As illustrated in Figure 3, an increase in the replace-
ment rate of RA results in a corresponding increase in the
carbonation depth of recycled concrete, and a gradual
decrease in its anti-carbonation performance. RA con-
tains more pores than NA and may also contain micro-
cracks generated during production, resulting in more
channels for CO2 propagation. Furthermore, the internal
pore structure of concrete changes when RA is incorpo-
rated, leading to increased pore size and accelerated
CO2 propagation along these channels. These two factors
accelerate the propagation of CO2, ultimately resulting in
the observed trend.

Table 8: Mix proportions of the concrete

Type A0 A1 A2 A3 A4 A5 A6 A7 A9 A10

Substitution rate of RCA (%) 0 20 40 60 80 100 100 100 100 100
Particle size (mm) 5–20 5–20 5–20 5–20 5–20 5–20 5–10 10–20 5–20 5–20
Cement (kg) 410 410 410 410 410 410 410 410 410 369
Water (kg) 205 205 205 205 205 205 205 205 205 205
Additional water (kg) 0 13 26 38 51 64 64 64 64 64
Sand (kg) 625 625 625 625 625 625 625 625 625 625
NA (kg) 1,160 928 696 464 232 0 0 0 0 0
RCA (kg) 0 232 464 696 928 1,160 1,160 1,160 1,160 1,160
WR (kg) 0 0 0 0 0 1.84 1.84 1.84 1.84 1.84
SiO2 (kg) 0 0 0 0 0 0 0 0 12.3 0
Fly ash (kg) 0 0 0 0 0 0 0 0 0 41

Table 9: Summary of compressive strength results

Type A0 A1 A2 A3 A4 A5 A6 A7 A9 A10

Compressive strength 49.8 47.6 45.9 43.5 38.3 32.1 31.7 36.1 28.9 30.8

Figure 1: Sectional view: (a) carbonization profile and (b) titration profile.
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Figure 4 demonstrates that the carbonation depth of
recycled concrete exhibits a positive correlation with the
decrease in the average particle size of RA, while its anti-
carbonation efficiency gradually decreases. The decrease
in the average particle size of RA results in an increase in
its specific surface area, thereby increasing the number of
channels for CO2 propagation. Furthermore, smaller parti-
cles tend to have a greater amount of old, hardened mortar
bonded to them, which accelerates CO2 propagation through
the channels.

In Figure 5, it can be observed that the carbonation
depth of recycled concrete increases while its anti-carbo-
nation efficacy gradually declines with the addition of
fly ash and micro-silica fume. The A10 specimen, which

contains 10% fly ash instead of the same amount of cement
matrix, exhibits reduced cement dosage and an increased
water/cement ratio, but the subsequent hydration of fly
ash lowers the compound’s alkali content, compromising
the anti-carbonation performance of recycled concrete.
Although the addition of fly ash reduces the porosity inside
the specimen, making it more compact and slightly opti-
mizing the specimen’s carbonation resistance, overall, fly
ash has more harmful effects than good effects, which is
evident in the increased carbonization depth in the final
results. For A9, the inclusion of micro silica powder causes
it to react with the alkaline material in cement to form a gel
that fills the internal pores and decreasesCO2 diffusion, but

Figure 2: Graph of the depth of carbonation versus time of carbonization.

Figure 3: The depth of carbonation at different substitution rates.

Figure 4: Carbonation depths of particles with different size ranges.

Figure 5: Carbonation depths of different modified admixtures.
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it also consumes the alkaline material inside the specimen.
This adverse effect is greater than the favorable effect, as
reflected in the increased carbonation depth of the final
specimen.

4 Carbonation depth model

4.1 Establishment of theoretical model

A new model is proposed that combines the advantages of
theoretical and empirical models [30,31] and takes into
account the impact of RA admixture on the carbonation
properties of recycled concrete parts, including the effect
of particle size of RA. This model is expected to provide
more accurate predictions of carbonation depth in RAC:

=x k k k k

D C

m

t

2
,e j s RC

CO CO

0

2 2 (5)

where x is the carbonation depth (mm); ke is the environ-
mental random variable factor; kj is the component posi-
tion influence factor; ks is the working stress factor (= 1.0 in
compression and 1.7 in tension); kRC is the RA impact factor;
DCO2

is the effective diffusion coefficient of CO2 in concrete
(m s2· −1); CCO2

is the concentration of carbon dioxide on the
concrete surface (%); m0 is the amount of carbon dioxide
absorbed per unit volume of concrete at complete carbo-
nation ( −mol m 3· ); and t is the carbonization time (day) (the
units of the parameters are directly utilized in the equation
without any additional conversions or calculations).

4.1.1 Determination of parameters

1. m0: CO2 absorption per unit volume of fully carbonated
concrete

The number of chemical compounds in concrete that
can react with carbon dioxide is a critical factor that deter-
mines the absorption of carbon dioxide per unit volume of
concrete during the carbonation process. Previous studies
on the carbonation mechanism of conventional silicate
concrete have shown that this process is not difficult to
understand:

=
⎧
⎨
⎩

− −
⎫
⎬
⎭

m

c c cCaO %

M
4

Fe O %

M
4

Al O %

M
,0

C O

2 3

Fe O

2 3

Al Oa 2 3 2 3

[ ] [ ] [ ] (6)

where c is the amount of cement per unit volume ( −kg m 3· );
CaO[ ] is the percentage content ofCaO in cement, and others

as well; and MC Oa
is the molar mass of CaO with a value of

56 g·mol−1, and the same for the others.
When the contents of each component of the silicate

cement used in this test are substituted into Eq. (6), the
result is

=m c6.278 .0 (7)

2. CCO2
: CO2 concentration on the concrete surface

Liting [45] obtained the relation between the percen-
tage concentration of carbon dioxide and the molar con-
centration from the ideal gas equation of state:

=C

P V

R T

,CO

CO

2

2
·

·
(8)

where PCO2
is the partial pressure of carbon dioxide gas

(ptm), and at atmospheric pressure =P C 1 ptmCO 02
· ; C0

is the volume fraction of carbon dioxide, i.e., the percen-
tage concentration; V is the volume of carbon dioxide gas,
taken as unit volume R1 m ;3 is the ideal gas constant
(= 8.31 J·K−1·mol−1); and T is the absolute temperature
(= 293K).

Substituting the aforementioned parameters gives

=C C41.57 .CO 02
(9)

3. DCO2
: Effective diffusion coefficient

Based on the carbonation mechanism of RAC, it can be
inferred that the parameter DCO2

is influenced by the quan-
tity and size of pores in the recycled concrete. This is
because the diffusion rate of carbon dioxide within the
concrete is closely associated with the porosity rate and
pore size of the recycled concrete. Moreover, the relation-
ship between the water/cement ratio of concrete and the
metric DCO2

can be established, as the porosity of concrete
is directly proportional to its water/cement ratio. The the-
oretical models suggest that

=D

m x

C t2
.CO

0
2

CO
2

2

(10)

In general, it can be taken as follows:

=m γ γ c8.03 ,0 HD c
· (11)

where γ
HD

is the degree of hydration correction factor, 28
days of maintenance is taken as 0.85; γ

c
is the correction

factor of cement species, silicate cement takes 1.0, other
cases generally take 0.85.

To determine the relation between the water/cement
ratio of concrete and its internal carbon dioxide diffusion
coefficient in a laboratory setting, carbonation data from
the literature [46–50] were gathered and fitted, as shown in
Figure 6:
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= ×D k5.092 10 ,CO
4 w

c

6.462

2 (12)

where kw/c refers to the water/cement ratio.
4. k : Influence coefficient
The values of the parameter k are given for various

working conditions based on the study of concrete mem-
bers and combined with the outcomes of actual engi-
neering tests: kj is 1.4 for corner members and 1.0 for
non-corner members [29]; ks is 1.0 for members under
pressure and 1.1 for members under tension [51]. Statistics
are obtained as follows for the environmental random
variable factor ke, accounting for the temperature and rela-
tive humidity variables [51]:

= −k T2.56 RH 1 RH ,e
4 ( ) (13)

where T is the average annual ambient temperature (℃)
and RH is the annual average relative humidity of the
environment (%).

Only kRC varies for the same batch of specimens for the
RA influence coefficient, hence kRC for a substitution rate of
0 is treated as 1.

A two-dimensional random circular aggregate model
for recycled concrete is employed here [52] to analyze the
influence trend of the particle size range kRC. In this model,
the aggregates of recycled concrete are viewed as circular
components that are randomly and uniformly distributed,
as illustrated in Figure 7.

Using this model, it can be inferred that the particle
size of aggregates has a quadratic correlation with the
roundness of the aggregate particles, which is positively
correlated with the content of materials that can be carbo-
nized carried by the particles. Hence, the impact coefficient
of RA can be represented as a quadratic function of par-
ticle size.

From the above description, several conclusions can
be drawn. First, for a given substitution rate m, the carbo-
nation rate constant kRC is directly proportional to m, indi-
cating a primary functional relationship between kRC and
m. Second, for a fixed particle size n, kRC is proportional to
the substitution rate m. Third, for a fixed substitution rate
m, kRC is a quadratic function of particle size n.

For the particle size parameter, denoted n, we deter-
mine its final value by considering the average particle
size. More specifically, we calculate the average value by
taking into account the aggregate gradation (e.g., Table 3),
and kRC can be expressed mathematically as follows:

⎧

⎨
⎪

⎩⎪

∂
∂

= +

∂
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= + +
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2 3
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(14)

F(n) and G(m) are functions on n and m, respectively.
For G(m), to ensure that Eq. (14) contains only the primary
term of m, we must make G(m) a constant term, so that G
(m) is a, b, and c, respectively, substituted into Eq. (14). The
partial derivatives of Eq. (14) with respect to m and n,
respectively, are as follows:
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The joint solution gives

= +F n an b2 .( ) (16)

Substituting into Eqs. (14) and (15) then integrating gives

⎧
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= + + +
= + + +
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.
RC

2

RC
2

( )

( )
(17)

In summary, the following equation can be obtained,
where d is also a constant:

Figure 6: Fitted image of effective diffusion coefficient versus water/
cement ratio.

Figure 7: Schematic diagram of the two-dimensional random circular
aggregate model for recycled concrete.
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= + + + +k amn bmn cm bn d.RC
2 (18)

The values of each coefficient can be obtained by fit-
ting the data [53–58] by substitution.

The results of the data fitting are excellent, as can be
seen from Figures 8 and 9, and Table 10, where the fitted
residual values of the data are very small in phase and the
errors of the parameters are also very minimal.

Substituting the values of each parameter into Eq. (18)
gives

= − × + ×
− × + × +

− −

− −

k mn mn

m n

1.641 10 3.02 10

7.54 10 3.02 10 0.920.

RC
4 2 3

3 3

(19)

To summarize the determination of the aforemen-
tioned parameters, it follows that

= − − ×

+ × − × + ×

+
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− − −
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mn m n
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t

2102.1 RH 1 RH 1.641 10
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)

(20)

4.2 Model verification

4.2.1 Data before and after fitting

The prediction model for carbonation depth of concrete
with different RA admixture factors was used to predict
the carbonation depth values at different carbonation
times, and the predicted values were compared with the
measured values, as shown in Figure 10.

The measured values of the specimens show signifi-
cant deviations from the predicted values at 3 days of car-
bonation, which could be attributed to measurement

errors and the slow initial response of concrete carbona-
tion. Therefore, the data at 3 days should be excluded from
the analysis to obtain a more accurate representation, as
shown in Figure 11.

The mean value of the ratio is close to 1, and the
standard deviation is minimal, as shown in the figure,
indicating a strong correlation between the predicted
and measured data.

4.2.2 Experimental database verification

The proposed model for predicting the carbonation depth
of RAC was validated using experimental data from the
literature [46–50], all of which were collected after a car-
bonation time of 28 days. The validation results are pre-
sented in Figure 12.

The calculated values are nearly identical to the mea-
sured values in the figure, and the ratio is close to 1.
However, for a small subset of the data, there is a signifi-
cant discrepancy between the measured and calculated
values. The causes for the substantial divergence of the

Figure 8: Residuals of the independent variable.

Figure 9: Residuals of the independent variable n.

Table 10: Results of the function fitting data

Value Error Statistics

a 1.64088 × 10−4 1.80968 × 10−5 —

b 0.00302 4.00283 × 10−4 —

c −0.00754 0.00207 —

d 0.00207 0.92022 —

Reduced chi-
square

— — 6.46139 × 10−4

Adj. R-square — — 0.97972
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data may include (1) variations in the impact coefficient
of the RAs due to differences in aggregate quality; (2) fly
ash partially replacing regular silicate cement in the raw
materials, which reduces the carbide content of cement
mortar and to some extent affects the carbonation effect
of concrete; (3) the water/cement ratios of certain speci-
mens used in the model computation were set too high,
resulting in significant deviations that exceed the applic-
ability range of the dependent variable; and (4) errors in
calculating the environmental random variable factor due
to low relative humidity during testing. Overall, this carbo-
nation depth model has certain limitations, including its

applicability to recycled concrete without modified addi-
tives, a water/cement ratio ranging from 0.40 to 0.65, and
an environmental humidity level that does not deviate sig-
nificantly from 70%; under these conditions, the data in the
graphs demonstrate that the model can be more effectively
used to predict the carbonation depth in a laboratory
setting.

4.3 Carbonation life prediction

4.3.1 Application background

The primary focus and objective of studying concrete dur-
ability is to predict and evaluate the service life of concrete
under various conditions [58]. The analysis of structural
durability and service life prediction of RAC heavily relies
on research on the carbonation pattern of RAC and the
development of a model for carbonation in atmospheric
environments.

Several scholars, such as Jianzhuang and Bin [31] and
Yongxing [57], have established life prediction models to
forecast the service life of concrete structures. They argue
that for concrete members, the corrosion of concrete rein-
forcement begins when the depth of carbonation reaches
the protective layer. Therefore, the service life is predicted
when the depth of carbonation reaches the protective layer
under natural conditions.

The Code for the Design of Concrete Structures [59]
specifies the protective layers for different elements, as
shown in Table 11.

Figure 10: Data analysis of experimentally measured and predicted
values.

Figure 11: Analysis of the ratio of actual to predicted values of the
experiment.

Figure 12: Ratio analysis of measured and predicted values of litera-
ture data.
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For carbonation under natural environmental condi-
tions and accelerated laboratory carbonation conditions,
we consider that the model equations for carbonation still
apply as the specification [44] allows. For carbonation under
natural conditions, the depth of carbonation can be pre-
dicted using the following equation derived from Eq. (20):

=
⎛

⎝
⎜

−

⎞

⎠
⎟t

x c

T k k k k C210.21 RH 1 RH j s RC w/c
6.462

0

2

4 ( )
(21)

However, for carbonation under natural environmental
conditions, each parameter varies depending on the region.
Considering the Lanzhou region as an example, the tem-
perature is T = 10.3°C, the relative ambient humidity is RH
= 60%, and the CO2 concentration percentage is C0 = 0.03%.

4.3.2 Two-dimensional carbonation

One-dimensional carbonation, commonly used in laboratory
settings, only considers two adjacent sides; two-dimensional

and even three-dimensional carbonation are similar to one-
dimensional carbonation but with different sides sealed by
wax. In two-dimensional carbonation, two adjacent vertical
sides are sealed, while in three-dimensional carbonation,
three mutually perpendicular sides are sealed. These differ-
ences allow the carbonation process to proceed similarly in
both cases [60,61]. Theoretically, the carbonation depth in
two-dimensional carbonation should be about √2 times that
of one-dimensional carbonation and about √3 times that of
three-dimensional carbonation. However, in practical engi-
neering, it is common for concrete members to be exposed
to two mutually perpendicular carbonation environments
simultaneously [62,63]. Therefore, it is crucial to consider
the impact of two-dimensional carbonation on the carbona-
tion depth of these members.

Assuming that the cement dosage and water/cement
ratio are consistent with the laboratory conditions, the
time required for the carbonation depth to reach the
protective layer of the reinforcement can be determined
by substituting into Eq. (21), as summarized in Tables 12
and 13.

Table 11: Minimum thickness of concrete protective layer c (mm)

Type Types of components Under the 100-year design life condition Under the 50-year design life condition

І Board, wall, shell 21 15
Beam, column, rod 28 20

Ⅱa Board, wall, shell 28 20
Beam, column, rod 35 25

Ⅱb Board, wall, shell 35 25
Beam, column, rod 49 35

Note: If the concrete strength grade is not greater than C25, the value of the protective layer thickness in the table should be increased by 5 mm.

Table 12: Life projection under 100-year design

Dimension Types of components Service life at different RA replacement rates

0% 20% 40% 60% 80% 100%

One-dimensional Board, wall, shell 178.2 150.8 129.3 112.6 98.1 86.5
Beam, column, rod 261.8 221.6 190.0 165.41 144.1 127.1

Two-dimensional Beam, column, rod 133.0 112.6 96.5 84.0 73.2 64.6

Table 13: Life projection under 50-year design

Dimension Types of components Service life at different RA replacement rates

0% 20% 40% 60% 80% 100%

One-dimensional Board, wall, shell 90.9 76.9 66 57.2 50 44.1
Beam, column, rod 133.5 113 97 84 73.5 64.8

Two-dimensional Beam, column, rod 67.8 57.4 49.3 42.7 37.3 32.9
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As observed from the table, the replacement rate of RA
has a significant effect on the service life of the concrete
frame. Specifically, for components such as slabs, walls,
and shells, a replacement rate of about 80% can ensure
the applicable life of the components, and the requirements
under one-dimensional conditions are lower. However, for
critical components like beams, columns, and rods, even a
100% replacement rate of RAs under one-dimensional con-
ditions can meet the service life requirements. In two-
dimensional conditions, the ultimate service life is achieved
when the replacement rate of RAs reaches around 40%.
Therefore, considering the service life and the cost of RAs,
as well as their impact on the strength of the components,
the RA mix for current common buildings should not
exceed 40%.

5 Conclusion

In this study, we propose a new semi-empirical and semi-
theoretical model that considers the influence of the par-
ticle size of RA on the carbonation life prediction of the
main structure of buildings. Carbonation tests were con-
ducted on recycled concrete specimens with different mix
ratios to obtain a more accurate and applicable prediction
model for carbonation depth of recycled concrete. The
model parameters were validated using experimental data
from this study and were further verified using data from
other researchers, showing that the proposed model has
excellent applicability and accuracy. In addition, the predic-
tion of the carbonation life of the building main structure
considered two-dimensional carbonation. The results show
that when the replacement rate of RA does not exceed 40%,
the predicted carbonation life meets the design life, and the
durability performance of the building is guaranteed.

However, there is still room for improvement in estab-
lishing the model. The specific impact of modified admix-
tures cannot be determined, as different modified admix-
tures have varying effects on the carbonation depth under
different mixing conditions. Future research will address
this issue.
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