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Abstract
In order to study the supercritical carbonation process of concrete from the mesoscopic level, this paper is based on the theory of
aggregate grading, by introducing a randomly distributed two-dimensional circular aggregate to simulate the supercritical
carbonation process of concrete, the uneven carbonation boundary of concrete is obtained, and the carbonation degree of
concrete is described by the maximum carbonation depth. The aggregate distribution of concrete is obtained by discussing the
selection principle of the maximum particle size, the minimum particle size and the volume fraction of the aggregate; after the
obtained aggregate distribution model is added to the supercritical carbonation model, the irregular boundary of concrete
carbonation can be well simulated. The results show that the uneven distribution of aggregate in the cement mortar will lead to
the non-uniformity of the carbonation depth of the concrete, which can be used to evaluate the effect of aggregate on the

carbonation depth of the concrete.

Keywords: - Supercritical carbonation, Random aggregate, Carbonation depth

1. INTRODUCTION

The carbonation process of concrete consumes alkaline
substances in concrete and destroys the alkaline
environment in concrete, which leads to corrosion of steel
bars and affects the durability of concrete[1]. Ashraf[2]
reviewed the carbonation process of cement-based materials,
indicating that carbonation may have a positive and negative
impact on concrete performance. The carbonation reaction
will change the porosity and pore size distribution in the
concrete, affect the permeability, increase the compactness,
and then affect the performance of the concrete[3][4]. In
recent years, due to the rapid development of accelerated
carbonation technology, the beneficial aspects of
carbonation can be used to improve the performance of
cement-based materials, M. FernandezBertos et al.[5]
summarized the research and application of accelerated
carbonation technology, and concluded that accelerated
carbonation technology has great application prospects in
the direction of waste solidification, and it is also a way to
effectively absorb carbon dioxide, a greenhouse gas. The
research[6] of Zha and Wang proved that the carbon storage
capacity of different types of cement materials is different.
Feng[7] wused accelerated carbonation technology to
transform the performance of cement bricks. In summary,
further research is needed on the carbonation process of
cement-based materials to maximize the positive effects of
carbonation and reduce the negative effects of carbonation.

Carbonation of cement-based materials is a complex multi-
physics process. The scholars of the former Soviet Union
derived the theoretical model of natural carbonation of

classical concrete by Fick's first law of diffusion. Anna V.
Saetta et al. established differential equations between water
vapor diffusion, thermal diffusion in concrete materials, and
carbon dioxide diffusion, and applied finite element
methods to solve this coupled nonlinear equations[8][9].
When the temperature and pressure exceed the critical
values of carbon dioxide of 304.12 K and 7.38 MPa, the
carbon dioxide is in a supercritical fluid state. At this time,
carbon dioxide has a gas-like diffusion property and a
liquid-like density, which is an excellent solvent. The
carbon dioxide in this state has a low surface tension and
can be easily diffused into a porous medium to accelerate
the carbonation of the cement-based material. For the
supercritical carbonation reaction, Zha et al. [10] established
a mathematical model of supercritical carbonation with a
pressure gradient as the main driving force under
supercritical conditions. The model considers the chemical
reaction, gas-liquid two-phase mass transfer and heat
transfer, and compares the experimental data to verify the
credibility of the model, which provides a basis for
predicting the carbonation degree of cement-based materials
in supercritical conditions under actual conditions.

Carbonation depth is one of the most important
characteristics used to define the degree of carbonation
reaction. In natural carbonation [11] and supercritical
carbonation [10], the resulting carbonized regions are in an
irregular shape and can be described by the maximum and
minimum carbonation depths. However, in the current
theoretical and numerical models, most of the concrete is
considered to be an isotropic homogenous material, and the
average carbonation depth is obtained instead of the
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maximum and minimum carbonation depth. However, in
engineering applications, the maximum carbonation depth is
required instead of the average carbonation depth. For
example, the corrosion of steel bars in reinforced concrete
requires the maximum carbonation depth to predict the state
of the rusted steel bars. Concrete is a typical multiphase
heterogeneous composite composed of cement mortar
around the aggregate particles. It can be regarded as
aggregate, cement mortar, interfacial transition zone and
pore composition between aggregate and cement mortar,
each phase is non-uniform [12], The randomly distributed
aggregates are brought into a supercritical carbonation
model, and the unevenness of the concrete will affect the
distribution of carbonation depth.

Pan et al.[13] considering the random distribution of three-
dimensional aggregates in natural carbonation, found that
despite the uniformity of cement mortar, the non-uniform
distribution of aggregates in cement mortar will lead to
macroscopic non-uniformity of concrete carbonation depth.
Han et al.[14] obtained a random aggregation model based
on CT imaging digital imaging method to study the effect of
polymer on carbonation penetration. Huang et al.[15] and
Ruan et al.[16] based on the meso-value concrete model,
studied the influence of the distribution of coarse aggregate
on the carbonation of concrete, and obtained a non-uniform
carbonation depth. Yu et al. [17] studied the effect of two-
dimensional random porosity on the carbonation depth of
supercritical carbonation of cement-based materials based
on the elliptic autocorrelation function considering spatial
correlation. It has been found that random porosity is
suitable for supercritical carbonation of cement mortar and
is not ideal for carbonation of concrete. In order to
investigate the carbonation depth of supercritical
carbonation of concrete, based on the existing supercritical
carbonation numerical model[10], the random distribution of
two-dimensional circular aggregate was introduced to study
the influence of random aggregate on irregular carbonation
depth.

2. SUPERCRITICAL
THEORETICAL MODEL

The process of supercritical carbon dioxide carbonizing a
cement substrate includes carbonation of carbon dioxide,
dissolution and diffusion of carbon dioxide, gas-liquid two-
phase flow, and heat transfer. It can be described by
chemical reaction rate, mass transfer equation, momentum
transfer equation and energy transfer equation. The above
physical and chemical processes are coupled to each other
and affect the supercritical carbonation reaction process.
The mathematical model of supercritical carbonation will be
briefly described below.

CARBONATION

2.1 Governing Equations of Supercritical
Carbonation

In combination with the supercritical carbonation process,
considering the effects of dissolved carbon dioxide
concentration, pressure, temperature, carbonation and other
factors on the chemical reaction rate, the supercritical
carbonation reaction control equations are established, see

Eq. (1)-(4).
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In the formula, five independent variables are included,
namely: carbonation degree R, carbon dioxide
concentration g in water, carbon dioxide pressureP,, water
pressure Py, and temperature T. The detailed description of
the parameters can be found in Zha[10].

2.2 Initial Conditions and Boundary Conditions

The above theoretical model is very complicated, and it is
difficult to obtain its analytical solution, so it can only be
numerically calculated. Therefore, the multiphysics finite
element software COMSOL Multiphysics is used as the
computing platform. The above five equations constitute the
governing equations of supercritical carbonation, and the
initial and boundary conditions of the corresponding
independent variables are as follows:

Initial conditions:

a;Czo; P, =Py P, =P

g0y "w

R. =R, =0and

®)
g=g9g,=0and a—g=0; T =T, and ﬂ=Oatt:00nQ
ot ot

Boundary conditions:

Py and P, and T are inflow boundaries, using the first type
of boundary condition, namely the Dirichlet’s conditions:

P, =Pt(t), P, =P, T =Tt(t)on T, (6)

The carbonation degree R, and the dissolved carbon dioxide

concentration g adopt the second type of boundary
condition, namely Neumann’s conditions:
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The detailed description of the parameters can be found in
Zha[10].

3. RANDOM FIELD MODEL OF AGGREGATE
FOR CONCRETE

Concrete is a typical multiphase heterogeneous composite
composed of aggregate and cement mortar. The arrangement
and distribution of aggregates are obviously random.
Considering the aggregate as a particle combination
structure, computer simulation can be used to generate a
random aggregate structure similar to the prototype
structure. The random aggregate model is used to analyze
the microscopic scale of concrete materials, and then
compensate for the defects of macroscopically using
homogeneous materials to simulate concrete.

3.1 Aggregate Grading Theory

Aggregate grading is important for the performance of
concrete. In order to guide the selection of aggregate
grading in actual engineering, scholars from various
countries have proposed many ideal grading curves.
Zheng[18] gives the probability density function of concrete
aggregate diameter in three-dimensional space:

nM "D,
D)= “0o
pSD ( ) (M n _1) Dn+1 (8)

Where D represents the diameter of the aggregate, in the
interval [Dy, D,y]. and DgareD,, the minimum and maximum
diameters of the aggregate, respectively. When n=3.0, it
represents the equal volume aggregate distribution; when
n=2.5, it represents the Fuller type aggregate distribution;
the general aggregate distribution has n values between (2.5,
3).

By integrating the probability density function, the
Cumulative Distribution Function (CDF) of the aggregate
can be obtained. Any one of them corresponds to the
aggregate passage rate of the corresponding sieve hole, that
is, the ratio of the aggregate passing through the aperture to
the total aggregate. It should be noted that the CDF is for
certain properties of the aggregate, such as the diameter of
the aggregate. In simulating the random aggregate
distribution of concrete, Li[19] derived the aggregate
distribution function of aggregate diameter of medium-
volume aggregate distribution in three-dimensional space
based on Eq. (8):

MDD (1 1
F%D(D)=(M3_l)[§—§) ©)

In this paper, the supercritical carbonation process of
concrete is simulated in a two-dimensional plane, and the
random aggregate adopts a two-dimensional circular
shape.Based on the geometric probability relationship, the
cumulative distribution function of the circular diameter of
the two-dimensional section is derived by using the
cumulative distribution function of the aggregate diameter in
three dimensions[19]:

2M D} d "
Fa (d):1_3(M2—1)d2 [1_F] (10)

m

Where d is the diameter of the section circle, 0<d <D, .

In order to meet the actual situation of the particle size
distribution and to facilitate calculation, the minimum
particle size is introduced, and D, <d < D,, is obtained, and

the corresponding cumulative distribution function is
converted into B, (d):

d*(D?-D?)" - Dz (D% ~d?)"
dZ(D; _D2)1.5

0

P (d)= (11)

3.2 Aggregate Generation

Based on the circular diameter accumulation distribution
function of the two-dimensional section, a two-dimensional
circular aggregate geometric model that satisfies aggregate
gradation can be randomly generated in MATLAB
according to the algorithm shown in Fig -1.

In the above algorithm, for the process of "Position
judgement"”, the requirements are: (1) The aggregate
generated must locate in the calculation domain; (2) The
overlap between the newly formed circular aggregate and
the existing circular aggregate is judged. If the requirements
are not met, the next step is to return and regenerate the
aggregate position.

According to the above algorithm, the simulation shown in
Fig -2 is performed. A random aggregate model with a 40%
aggregate area percentage is generated in a plane of
100100 mm.Among them, the maximum particle size of
aggregate is 15mm, the minimum particle size is 4mm, and
the number of aggregates generated by simulation is 96.
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4. EFFECTS OF RANDOM AGGREGATE
MODELLING ON THE SUPERCRITICAL
CARBONATION PROCESS IN CONCRETE

According to the supercritical carbonation test in the
literature of Zha[l0land Yu[17], Fig -3 shows the
supercritical carbonation zone of concrete. The dimensions
of the concrete cube are both 100 x 100 x 100 mm. The
concrete cube reacted for 5.8 h under supercritical carbon
dioxide. It can be clearly seen from Fig. 3 that the non-
carbonized area around the center of the concrete test block
has irregular boundaries.

In order to simulate the carbonation process shown in Fig -3,
the two-dimensional supercritical carbonation model
proposed by Zha[10] was used for numerical simulation.
The geometric model in the supercritical carbonation model
of concrete uses the algorithm based on Fig -1 to generate a
random aggregate distribution model to simulate the
heterogeneity of concrete. The concrete cube has a cross-
sectional dimension of 100x 100 mm, wherein the concrete
aggregate area percentage is 40%, the maximum particle

size is 15 mm, and the minimum particle size is 4 mm. The
average porosity e,0f concrete is 0.122, and the intrinsic
permeability coefficient ko is 3x10%* m*[21].

This paper compares the carbonation results generated by
COMSOL simulation with the existing experimental
results[10][20]. In this paper, the geometric model of the
supercritical carbonation model is first derived from the
random aggregate model obtained in the third part. A
random aggregate model was obtained in MATLAB by the
given area percentage of the aggregate and the maximum
and minimum particle sizes of the aggregate size, and then
saved as a .mat file and imported into the supercritical
carbonized COMSOL model. The geometric model of the
supercritical carbonation model at this time is composed of
random aggregates.

According to the above supercritical carbonation model, the
results of four kinds of random aggregate distribution
concrete blocks after carbonation for 5.8 hours under
supercritical conditions were calculated and compared with
the results of two-dimensional model of homogeneous
concrete. The random aggregate distribution model is shown
in Fig -4. Fig -4 shows a random aggregate distribution
model based on a 40% aggregate area, a maximum particle
size of 15 mm, and a minimum particle size of 4 mm. The
total number of aggregates simulated in Sample 1, Sample 2,
Sample 3, and Sample 4 are 119, 106, 96, and 114,
respectively. The concrete homogenization two-dimensional
geometric model is shown in Fig -5.

(1) Sample 1 (2) Sample 2

5 Oo QQ%OOOO

(4) Sample 4

(3) Sample 3

Fig -4: Geometric model of random aggregate
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Fig -5: Uniform concrete geometric model

Fig-6 shows the carbonation curve of the concrete test block
section calculated based on the supercritical carbonation
model of random aggregate. The area inside the yellow
curve indicates the non-carbonized area. Fig -7 shows the
carbonation curve obtained by using concrete as a
homogeneous material. Table -1 shows a detailed
comparison of the average carbonation depth and maximum
carbonation depth obtained from Fig -6 and Fig-7.

(3) Sample 3

(4) Sample 4

Fig -6: Random aggregate model and carbonation results of
concrete

Fig -7: Uniform concrete model and carbonation results of
concrete

Table -1: The average and maximum carbonation depth of
concrete

Numerical simulation

Carbonatio .

n depthTest[10] |[Random aggregate model Uniform

(mm) concrete
1 2 3 4 mode

Average [12.5 16.4 (153 (15.8 |15.7 {12.7

Maximum [27.0 20.2 [19.2 (189 (194 |12.7

From Fig -6, because of the uneven distribution of
aggregates, the irregularity of the carbonation curve of the
concrete test block section is caused. It can be seen that the
carbonation results obtained by different random aggregate
models generated based on the algorithm and parameters
described in Section 3.2 are similar. This shows that the
simulation of concrete carbonation depth by different
random aggregate models is not much different. This shows
the rationality of the algorithm.

Comparing the experimental results[10], in terms of the
maximum carbonation depth, the results obtained by
different random aggregate models have a certain
randomness, and there is no rule to follow. The average
value of the results was 19.43 mm, and the deviation rate
was 28%. The result of the Uniform concrete model was
12.7 mm, and the deviation rate was 52.96%. Therefore, the
random aggregate model has great advantages, and its
simulation results are close to the experimental data, which
can effectively guide the application in engineering practice.

In terms of the average carbonation depth, the simulation
results of the random aggregate model have large deviations.
The reasons are as follows: (1) The random aggregate model
used in this paper is circular and has certain limitations,
which is deviated from the shape and size of the actual
aggregate; (2) The random aggregate model is randomly
generated by the algorithm. For the specific experimental
results, not all random aggregate models are applicable, and
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more parameters need to be introduced later to optimize the
algorithm. In addition, the results of the random aggregate
model are larger than the Uniform concrete model results.
The reason is that in the supercritical carbonation model, the
introduction of aggregates reduces the cement content per
unit volume of concrete. This reduces the amount of carbon
dioxide absorbed per unit volume of cement-based material,
which in turn leads to a further deepening of the carbonation
reaction of the concrete material.

Compared to considering concrete as a homogeneous
material, the introduction of a random distribution of
aggregates can improve the prediction of the maximum
carbonation depth. At the same time, in the simulation
results, it was found that the existence of aggregates, the
development of carbonation depth has a certain delay,
indicating that the aggregate has a hysteresis effect on the
carbonation reaction. The reason may be that the
impermeability of the aggregate hinders the diffusion of
carbon dioxide. As the carbonation reaction continues, the
carbon dioxide must flow around the surface of the
aggregate.

5. CONCLUSION

In this paper, a random generation method of two-
dimensional circular aggregate is established based on the
cumulative distribution  function of two-dimensional
aggregate. The meso-concrete geometry model considering
concrete inhomogeneity is obtained and applied to the
supercritical theoretical model of concrete. By comparing
the experimental data with the numerical results, the
accuracy of the improved model is studied and the following
conclusions are obtained:

(1) After introducing the random aggregate model, the
irregular carbonation curve of the concrete section is
obtained. At the same time, it has higher accuracy in
predicting the maximum carbonation depth of concrete.

(2) For the random aggregate model, when the percentage of
aggregate area and the maximum and minimum particle
sizes of the aggregate are determined, the difference
between the supercritical carbonation calculation results of
the different aggregate random models is small.

The feasibility of the random aggregate model was verified.

(3) The supercritical carbonation simulation using a circular
random aggregate model has a poor effect in simulating the
average carbonation depth.

This shows that the circular aggregate has certain limitations
on the simulation of the actual aggregate. It is necessary to
continue to optimize and study the shape and size of the
random aggregate model.

(4) According to the results of the random aggregate model,
it is found that there is hysteresis in the carbonation process
around the aggregate, and the aggregate has a certain
hindrance to the carbonation of concrete.
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